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Dear editors,

Please find enclosed our manuscript “Ferroelectric self-poling, switching and
crystallinity in BiFeO3 thin films” for publication in Advanced Functional Materials. In
this work, we show that the polarization state formed during the growth in a model
ferroelectric material acts as “imprint” on the polarization, and that switching away from
the preferred as-grown polarization direction necessitates the formation of smaller,
more disordered domains and therefore leads to larger strain and crystalline
distortions.

We believe this work will be of great importance for a broad range of researchers
focusing on current or future applications of polar materials (piezoelectrics,
ferroelectrics), in particular using novel materials that are desirable due to their high
transition temperatures. Usually, “imprint” in ferroelectrics results from repeated
switching leading to an off-set of the polarization-vs-field curves that makes switching
difficult (i.e., aging). We here observe and explain a very different phenomenon that
occurs in materials with a ferroelectric transition temperature above the growth
temperature of thin films. In this case, defects and domain structures are created and
“locked in” during the growth, such as to stabilize a particular polarization orientation,
which may be a serious detriment for memory devices but a critical advantage where a
non-switching polar material is desired (such as piezoelectric actuators, novel
photovoltaic or photocatalytic applications). Thus, the results are important to a very
broad audience across different areas of applications of polar oxides.

We investigate the effect of such self-poling on the crystallinity and the switching
properties of the two polymorphs of BiFeO3 (R’ and T’) in thin films grown on LaAlIO3
substrates with slightly different buffer layers. We chose BiFeO3 as it is an ideal model
system due to the amount of information available on its structure and ferroelectric
properties. We apply a rather unusual combination of techniques to this investigation:
synchrotron x-ray microdiffraction to probe the areas that have been switched using a
piezoresponse force microscope, and switching loops recorded using a force
microscope in ultra-high vacuum conditions. The use of microdiffraction in particular is
crucial, as macroscopic switching on this material is not possible (as we have been
able to explain in our previous paper, Beekman et al., Adv. Mater. 25, 5561 (2013)). In
addition, we applied atomically resolved transmission electron microscopy to confirm
the polarization orientation, and temperature-dependent measurements of the “stripes”
that form in this material. In fact, a specific approach to low-voltage scanning electron
microscopy reveals the importance of electronic changes at the domain walls in this
material, confirming our interpretation of charged defects as pinning sites for domains
and domain walls.

The use of these sophisticated measurement approaches on a topic of high
importance for applications in piezoelectrics, photovoltaics or electro- or photo-
catalysis makes our manuscript highly valuable to a broad audience; therefore we
believe it satisfies the strict requirements for publication in Advanced Functional
Materials.
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Self-poling of ferroelectric films, i.e., a preferred, uniform direction of the ferroelectric
polarization in as-grown samples is often observed yet poorly understood despite its
importance for device applications. The multiferroic perovskite BiFeO3, which
crystallizes in two distinct structural polymorphs depending on applied epitaxial strain,
is well known to exhibit self-poling. We investigate the effect of self-poling on the
crystallinity and the switching properties of the two polymorphs of BiFeO3 (R'and T') in
thin films grown on LaAlO3 substrates with slightly different La0.3Sr0.7MnQO3 buffer
layers. We show that the polarization state formed during the growth acts as "imprint"
on the polarization and that switching the polarization away from this self-poled
direction can only be done at the expense of the sample's apparent crystalline
uniformity. We observe a fully reversible reduction of the monoclinic domain size;
hence, the crystalline uniformity is restored when the polarization is switched back to
its original orientation. This is a direct consequence of the growth taking place in the
polar phase (below Tc). Switching the polarization away from this configuration, in
which defects and domain patterns synergistically minimize the system's energy, leads
to a domain state with smaller (and more highly strained and distorted) monoclinic
domains.
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Self-poling of ferroelectric films, i.e., a preferred, uniform direction of the ferroelectric
polarization in as-grown samples is often observed yet poorly understood despite its
importance for device applications. The multiferroic perovskite BiFeOs, which crystallizes in
two distinct structural polymorphs depending on applied epitaxial strain, is well known to
exhibit self-poling. We investigate the effect of self-poling on the crystallinity and the
switching properties of the two polymorphs of BiFeOz (R’ and T’) in thin films grown on
LaAlOs substrates with slightly different Lao3Sro.7MnOs buffer layers. We show that the
polarization state formed during the growth acts as “imprint” on the polarization and that
switching the polarization away from this self-poled direction can only be done at the expense

of the sample’s apparent crystalline uniformity. We observe a fully reversible reduction of the
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monoclinic domain size; hence, the crystalline uniformity is restored when the polarization is
switched back to its original orientation. This is a direct consequence of the growth taking

place in the polar phase (below Tc). Switching the polarization away from this configuration,
in which defects and domain patterns synergistically minimize the system’s energy, leads to a

domain state with smaller (and more highly strained and distorted) monoclinic domains.

1. Introduction

A well-established phenomenon in ferroelectric materials and devices is that of self-
poling, i.e., a preferred uniform direction of the ferroelectric polarization in as-grown samples.
This phenomenon is ubiquitous but not well understood and it is often detrimental to device
functionality. One of the main issues caused by self-poling is that of retention loss (i.e.
backswitching), [ which seriously impairs the reliability of ferroelectric capacitors. 271 A
tell-tale sign of such self-poling or “imprint” is a horizontal shift in the hysteresis loop of the
ferroelectric switching process.[® °1 These shifts are observed in a range of ferroelectric
materials and are mainly attributed to the presence of uncompensated charges.[* For example,
charges can accumulate at ferroelectric-electrode interfaces due to fatigue/aging™'2®! or they
can be induced by introducing charged defects (i.e. Bi or O vacancies) 711 thermally or
optically.[** 20 Furthermore, it has been shown that simply applying mechanical stress by
bending PbZrTiOs films can lead to elastic switching and to imprint caused by strain
gradients (i.e. flexoelectric effect).[?! Hence, charge and strain are very important parameters
that determine the severity of self-poling in a wide range of ferroelectric materials. Obtaining
a better understanding of imprint is crucial in fabricating improved ferroelectric devices.

In this paper we explore how self-poling affects the ferroelectric switching properties
and the monoclinic domain configuration in strained films of multiferroic BiFeOs. In the bulk,
the crystal structure is rhombohedral with a remnant polarization of 96 nC/cm?.1?2 Epitaxial

films are monoclinically distorted when grown onto substrates that lead to moderately
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compressive or tensile strains. For films grown on SrTiOs (i.e. under weak compressive
strain), the structure is rhombohedral with a small monoclinic distortion (R”).[?®l When grown
under large compressive strain, such as by coherent or nearly-coherent growth onto LaAlO3
(LAO) substrates, BiFeOs forms a monoclinic structure with a large ratio (~1.25) between the
out-of-plane (cpc) and the in-plane (apc, bpc) lattice parameters (where “pc” denotes the
pseudocubic notation);!242¢1 we refer to this polymorph as T’. In this form, BiFeOj3 has a large
predicted(?? and experimentally confirmed[?”28l polarization (~150 uC/cm?). The Tc for both
T’ BiFeOs (as extrapolated from Raman datal?®) and R’ BiFeOs thin films is around 1100
K223 For films grown on LAO substrates and thicknesses exceeding ~ 20 nm, strain
resulting from thermal-expansion differences between the film and substrate lead to the
(reversible) formation of a complex phase coexistence (stripe patterns) when the sample is
cooled below 300 °C, and these stripes can be created, moved, and erased using the electric
field from a scanning probe.?* 26.31-331 The monoclinic majority of these films is made up of 4
symmetry-equivalent structural domain variants, and thus 8 possible polarization directions,
each having both an in-plane and an out-of-plane component, as is the case for any polar
monoclinic material grown on a square lattice. As mentioned above, high-quality films are
typically self-poled such that an as-grown sample exhibits only one direction of the vertical
polarization component, i.e. only 4 of the possible 8 polarization orientations are present.
According to current literature it appears that when BiFeOzs is grown on Lag3Sro.7MnQO3
(LSMO), the polarization points primarily towards the LSMO electrode both for R’ and T’
BiFe0s.[27:28:343%] Interestingly, we find that our T” and R’ thin films (both grown on LAO
substrates under the same nominal growth conditions, as discussed below) reproducibly show
opposite preferred polarization directions with respect to one another, which confirms the
common assumption that the origin of self-poling (but not necessarily its impact on switching)
is strongly dependent on details of sample fabrication. Here we characterize switched regions

in our samples using atomic force and piezoresponse force microscopy (AFM and PFM),
3
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transmission electron microscopy (TEM) and synchrotron microdiffraction to determine local
crystallographic information. Surprisingly, we find that switching the polarization away from
the ferroelectric “self-poling direction” established during growth leads to a reversible
reduction in apparent crystallinity, which is defined by the thickness of the film (i.e., reduced
x-ray diffraction peak intensities as a consequence of a domain pattern that is associated with
large strains, smaller domains, and stronger structural distortions) of both the majority T’
polymorph and the R’ polymorph; the apparent crystallinity (i.e., diffraction peak intensity) is
fully restored when the polarization is switched back to the as-grown direction. We find that
the specific conditions of the growth surface are very important in determining the strain state
and the morphology of the thin films. The strain and hence the monoclinic domain
configuration vary locally across the samples resulting in a spatially varying strength of the
imprint. The ability to clear or screen the trapped charges at the film substrate interface and
perhaps at the monoclinic domain walls is extremely important in determining the response of
the film to the ferroelectric switching process.
2. Results and Discussion

Figure 1 shows AFM topography images for the two types of films
investigated here. It is important to emphasize that both the T’ phase BiFeOs thin film and the
R’ BiFeOs thin film are grown on a LSMO backelectrode on a LAO substrate. Slight
variations in growth conditions for the 10 nm thick LSMO layers are most likely the cause for
the difference in strain state of the two films. The T’ film shows the typical phase coexistence
(i.e. stripes embedded in the T’ like majority phase) of highly strained BiFeOj films!?* 26, 28.30-
%2 and the R’ film shows the typical square island growth. The difference in growth
morphology for two films of the same composition and grown under the same nominal
growth conditions is striking and shows an interesting link between epitaxial strain and
surface morphology. Reference films of BiFeO3z on SrTiOs grown in our laboratory (data not

shown) show a morphology that is similar to the R” BiFeOz on LSMO on LAO films
4
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presented here. In Fig. 1 we also show the 6-20 scans that confirm that R’ and T’ are the
majority polymorphs of the two films, respectively, with clear finite size fringes visible for
the T’ film indicating thickness uniformity. The small amount of intensity at 20 = 22.3° in the
T’ film is a diffraction peak of the LSMO, i.c., there is no detectable R’ phase in this film.
Figure 2 displays STEM —High Angle Annular Dark Field (STEM-HAADF) images of both
films. In these atomically resolved images it is clearly seen that the Fe occupies a non-
centrosymmetric position with respect to the Bi sublattice (Figure 2 ¢), i.e. both R’ and T’ thin
films exhibit self-poling. In agreement with the PFM data discussed below, the high
resolution TEM images show that the as-grown ferroelectric polarization direction, which is
determined during growth, is opposite for the two films; in the T* film the polarization points
predominantly towards the substrate (i.e. the Fe-ions are displaced upward, see Figures 2a and
¢ (top)) and for the R’ film the polarization points predominantly away from the substrate (i.e.
the Fe-ions are displaced downward, see Figure 2 b and c (bottom)). Although a preferred
out-of-plane polarization is commonly reported, the direction of the as-grown polarization is
not always specified in published reports but is most often observed to point towards the
bottom electrode. Contrary to ferroelectrics with a T below the growth temperature, where a
domain pattern is formed after growth and under a condition of limited ionic charge mobility,
these films are grown in the polar phase. Thus, there is an intricate interplay between
polarization and surface termination, as small charges that naturally exist at the surface of the
bottom electrode can dominate the polarization of the material as it nucleates, and domain
energetics may result in accumulation of charges at specific locations (to screen polar field) —
with ionic motion being potentially high at the growth temperature under low-oxygen
pressure conditions.

It is well known that a PFM can be used to locally switch the polarization in R” and T’
BiFeOs thin films. For both samples PFM was used to reverse the polarization with respect to

the as-grown direction and subsequently a smaller square was poled back towards the as-
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grown polarization direction. To accomplish this, we have applied voltages of +/-8V while
scanning the tip across the sample surface to write the ferroelectric domain patterns shown in
Figure 3. Here we note that the PFM measurements confirm the observation from TEM in
that for the as-grown regions the polarization directions for the R” and T’ film are indeed
opposite. For both samples the out-of-plane PFM images (amplitude and phase) of the poled
regions are shown in Figures 3 (a, b and d, e). Since it is impossible to pole macroscopic
regions in these samples, typical sizes of poled areas are only a few tens of microns across.
Therefore, we used x-ray synchrotron microdiffraction,8 a technique that is uniquely suited,
to investigate how the structural properties change as the ferroelectric polarization is switched
away from the self-poled direction. We identified the 005pc peaks of the T’-phase and the R’-
phase and we subsequently monitored the diffraction peak intensities of these peaks while
scanning the beam across the poled regions at fixed (monochromatic) x-ray energy (i.e., at
fixed d-spacing). Surprisingly, we find that for both R” and T~ films, the regions that are poled
away from the as-grown polarization direction show lower diffraction peak intensity
compared to the as-grown region, but the regions that were poled twice (i.e., back into the as-
grown direction) showed recovered diffraction intensity. This contrast is clearly visible in the
area maps of the 005 diffraction peak intensity measured at fixed energy shown in Figure 3 ¢
and f. To clarify the reason for the reduced intensity at fixed Q (the measured intensity is
sensitive to the sharpness of the Bragg peak but also to slight changes in lattice orientations),
we performed Q-scans (i.e., energy scans) through the 005, diffraction peaks on the as-grown
regions, the region that is poled once and the region that is poled twice for both samples.
These scans are shown in Figure 4. Clearly, switching the polarization away from the self-
poled direction established during growth results in a peak that is broadened in Q and with a
reduced intensity for both T” and R’ thin films (i.e. crystallinity is reduced and multiple lattice
parameters coexist). There is likely an additional broadening in , as the integrated intensity

over the Q-region is also reduced; however, the experimental conditions of the icrodiffraction
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experiment aren’t conducive to scans in that direction. Upon switching the polarization back
into the as-grown direction the peak intensity and hence the crystallinity are almost fully
restored, i.e. this process is largely reversible. Hence, both films are self-poled and can be
switched away from that original direction only at the expense of the sample’s apparent
crystallinity.

When discussing the origin of the changed intensity, we need to note that the T’ film is
not structurally uniform, the presence of the striped phase (comprised of tilted T” and tilted S’
polymorphs)?® definitely results in a weaker T°(005,c) majority phase diffraction peak.
Furthermore, switching the polarization leads to changes in the amount of stripes in that
region as is obvious from the PFM amplitude image in Figure 3. However, the apparent
contrast in crystallinity observed using microdiffraction cannot solely be explained by the
creation and erasing of the stripes, since the R’ film also shows this behavior. This is most
strongly demonstrated by the fact that for both the T’ and the R’ films the contrast in
crystallinity of the poled regions remained when the samples were heated to 250 °C (see
supplemental information), i.e., a temperature for which most of the striped-phase in the T’
film disappears. (261 The reversible change in apparent crystallinity upon switching must
therefore be related to the monoclinic domains that exist both in the R’ and the T’ majority
phase. Indeed, focusing for the moment on the T’ film, PFM confirms that the majority phase
(i.e. the flat areas showing unit cell high terraces) consists of four monoclinic domains as
evident from two different stripe orientations and three different contrast levels in the PFM
image,71 and allows us to determine the domain sizes in the film (see Figure 5). We find that
the as-grown T’ BFO has stripe-like monoclinic domains with average length of about 1 um
with the domain walls pointing along the (110)LAO direction consistent with observations by
others in a variety of BiFeOs thin films.”.[38-4 Interestingly, we found that both the striped
phase and the monoclinic domain walls are visible in low voltage SEM images as well (Figure

5d). In situ heating study in the SEM showed that the stripes disappeared during heating and
7



©CO~NOOOTA~AWNPE

WILEY-VCH

reappeared after cooling down to near room temperature. This is particularly interesting as the
surface corrugation accompanying them is too small to lead to this contrast. Therefore,
changes in electronic conductivity and/or work function may accompany the domain walls (as
would be expected, for example, for charged domain walls), or large local discontinuities of
the polarization may lead to contrast (see the supporting information for more details on the
SEM measurements). To investigate the domain structure further, we turn to in-plane PFM
images taken on the T’ film on which we again poled a square (5 x 5 um) away from the as
grown polarization and subsequently a smaller square (2x2 pm) within this poled region back
into the as-grown polarization direction (see Figure 6). We find typical domain
configurations and sizes for the as-grown area (compare to Figure 5¢). However, when the
polarization is forced away from the as- grown preferred direction, the monoclinic domains
appear to be greatly reduced in size compared to the as-grown regions. In fact, in this sample
they become too small to be observed with our PFM. When switched back to the as-grown
direction the monoclinic domains are as large as or perhaps somewhat larger than in the as-
grown regions (see Figure 6 b). This clearly shows that switching the polarization away from
the self-poling direction leads to a reversible reduction in average size of the monoclinic
domains that make up the T’ majority phase, which in turn leads to the reduced x-ray
diffraction intensity. We note that the voltage necessary for switching the polarization is
somewhat location dependent: This is emphasized in Figure 7 in which we show butterfly
loops recorded on a 5 x 5 grid across a scan area of 1.5x 1.5 um. We show three typical loops
to represent the full data set of 25 loops. The figure clearly shows that there is a horizontal
shift in all loops, i.e. switching the polarization away from the as-grown direction requires a
higher voltage than switching it back, a behavior typically referred to as “imprint” when

observed as a consequence of repeated switching.
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To understand the origin of these behaviors — the off-set switching loops, the change
in apparent crystallinity, and the reduction in domain size — we again consider the fact that
these films are grown in the polar phase, i.e., below T for this material. This leads to some
very fundamentally different behaviors than what is expected for materials such as BaTiOs or
PZT that are typically grown in the paraelectric phase. In these latter cases, a domain pattern
emerges as the material is cooled through the transition temperature, and the domain
configuration is such as to minimize the electrostatic and elastic energies, typically in the
absence of mobile charges. For BiFeOs it is known that ultrathin films are tetragonal 4, and
therefore we can assume that during the growth of the first few monolayers, a tetragonal
material is formed. Adsorbed species at the surface of the LSMO electrode (i.e., the surface
onto which BiFeOs nucleates), oxygen vacancies in the LSMO and in BiFeOs, and adsorbed
species at the top surface of the BiFeOs film, can easily result in a uniformly poled material
(the effects of chemically absorbed species at the surface of a film on its polarization
orientation are well reported in the literature [*>431). Thus, it is likely that a defect structure is
created at the electrode/ferroelectric interface that favors a specific polarization direction, and
this defect structure will persist during polarization reversal. While it is difficult to estimate
how many defects (and what type of defects) are required to fully stabilize a uniformly
preferred polarization orientation during growth, the off-sets in the switching data of Fig. 7
indicates that a voltage of ~1V is required to overcome their effect. Upon further growth of
BiFeOs beyond the initial tetragonal layer, a monoclinic material forms with a domain pattern
that minimizes the electrostatic and elastic energies of its domains on a square lattice. Four
monoclinic domains (as observed in these samples) cannot coexist with strictly charge-neutral
domain walls, which may explain why the domain structure is readily visible in SEM images.
However, there is clearly an energetic advantage to incorporate at least some charged defects
that help screen the electrostatic energy of some of the domain walls. Upon polarization

reversal with a scanning tip, these trapped charges are likely to remain immobile, and the
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system will not be allowed to find an equally favorable domain configuration as was created
during growth and incorporation of these defects. It is therefore not surprising that a domain
structure with smaller domains, and possibly broader, more poorly defined domain walls, will
form. The resulting large internal strain variations then lead to the decrease in apparent

crystallinity (as observed by the reduced x-ray diffraction intensity in these switched regions).

3. Conclusion

In summary, thin films of BiFeOs have a clear self-poling direction that is determined
by the specific substrate, bottom electrode and film conditions during growth (in our case,
pointing towards the film surface in the case of an R’ film grown on LSMO/LAO, and
towards the bottom electrode for the T* film on a slightly different LSMO/LAO. Switching
the polarization away from this self-poled direction can only be done at the expense of the
sample’s apparent crystallinity (i.e. significant changes in the local strain distribution
corresponding to a changed monoclinic domain configuration). The reduced apparent
crystallinity, in the form of a large reduction of the monoclinic domain size, is fully
reversible; hence almost full recovery of the crystallinity is observed when the polarization is
switched back. This behavior can be attributed to defects that are incorporated during the
growth of this polar material to minimize its electrostatic and elastic energy — defects that may
be present at the electrode/ferroelectric interface and within the ferroelectric, i.e., at domain
walls. Switching away from this pre-formed state is therefore unfavorable, requires a higher
voltage than switching back to it, and results in larger structural distortions. Understanding
such behavior is crucial for the formation of ferroelectric memory devices based on this
highly promising material, as it may negatively affect switching. Conversely, stable pre-
poling may be of technological benefit for piezoelectric applications or future uses of

ferroelectrics in photovoltaics or for applications in electro- or photo-catalysis.
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4. Experimental Section

The experiments were performed on BiFeOz films grown by pulsed laser deposition (PLD) on
LAO substrates. The films were grown in a 25 mTorr oxygen background pressure while the
substrates were kept at a temperature of 675 °C. A pulsed KrF excimer laser with a
wavelength of 248 nm was focused on a 10% excess Bi BiFeOs sintered pellet with an energy
density of 0.4 J/cm? and operated at 2 Hz, resulting in an average deposition rate of ~0.03
Alpulse. We compare two samples in this work that have the same nominal composition
(BiFeOs on LSMO on LAO), where the LSMO layer acts as bottom electrode for ferroelectric
switching and piezoresponse measurements. The T’ sample is obtained by growing a
sufficiently thin layer of LSMO for it to be coherently strained to the LAO substrate, thus
imposing the same strain state on the BiFeOs film as the bare substrate would. This strain
coupling across the bottom electrode is highly dependent on the deposition parameters of the
LSMO film, with minute variations in film thickness or surface morphology immediately
resulting in strain relaxation, i.e. formation of R” BiFeOz on a nominally identical (or highly
similar) LSMO electrode. This allows us to compare R’ and T’ films both grown on LAO
substrates. Characterization of the films was done through synchrotron x-ray microdiffraction,
which was performed at beamline 34-1D-E at the Advanced Photon Source at Argonne
National Laboratory[44], with 0.5 x 0.5 pm? beam focal size, 45° fixed incidence angle , and
tunable photon energy from 7 to 30 keV. AFM images were taken on a Veeco D3100
operated in tapping mode. The PFM measurements were performed on the same Veeco
Dimension Nanoscope equipped with external lock-in amplifiers. Using conducting AFM tips
we measured the local electrical and topographical properties simultaneously and
independently. For the out-of-plane PFM imaging, a single frequency ac bias of 2V close to
the contact resonance frequency of the tip-sample contact was applied to the tip and the PFM
amplitude and phase were recorded. For poling, a dc voltage of +/- 8V was applied to the

scanning tip which was sufficient to reverse the orientation of the ferroelectric domains

11



©CO~NOOOTA~AWNPE

WILEY-VCH

without inducing irreversible topographic changes (i.e. sample destruction). For the in-plane
PFM measurements we used the band-excitation method to avoid crosstalk with the surface
topography.[*! The method allows mapping of the resonance frequency, local quality factor
and response amplitude (amplitude-based feedback is used to track the cantilever resonance
and quality factor). The switching loops were taken in ultrahigh vacuum using an Omicron
VT-SPM modified for piezoresponse force microscopy.® All the vacuum experiments were
carried out at pressures better than 5 x 10~ ° Torr using Pt-coated conducting AFM tips
(Budget Sensors ElectriMulti75). The labscale x-ray diffraction (XRD) reciprocal space
mapping (RSM) was performed on a laboratory PanAlytical X’Pert thin film diffractometer
with Cu Ka radiation. The TEM characterization was carried out on an FEI-Titan 60/300
microscope at the operation voltage of 300 kV. TEM specimens were prepared using
mechanical polishing, followed by low-voltage (2 kV) cryo ion-milling. SEM study was
undertaken using a Zeiss Merlin SEM at 0.7 kV accelerating voltage. The SEM specimen

was prepared by back-thinning of the LAO film to 20 pm.
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Figure 1. a) AFM topography image of a 50 nm thick T’ BiFeOs film on 10 nm thick LSMO
on LAO. Scan size: 5 x 5 um b) AFM topography image of a 50 nm thick R’ BiFeOz film on
on 10 nm thick LSMO on LAO. Scan size: 5 x 5 um. ¢) X-ray 0-20 scans for both samples R’

(red curve) and T’ (blue curve).
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Figure 2. STEM-HAADF images at room temperature of the same films shown in Figure 1
taken along the 100 zone axis. a) the T’ BiFeOzs film. b) the R’ BiFeOs film. c) Magnified

images to display the unit cells, top: T’ BiFeO3 and bottom: R’ BiFeOs. Atomic positions are

17
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indicated by the arrows. The image of the T” film was taken on a region devoid of the stripes

that are visible in AFM (Figure 1a).

Figure 3: Top panels: a) PFM amplitude image on a T” 50 nm BiFeOz grown on LSMO
bottom electrode on a LAO substrate. b) PFM phase image on the sample shown in a. c) Area
map of the total intensity of the T’(005pc) BiFeOs x-ray diffraction peak measured at fixed
energy E = 9.64kV. Bottom panels: d) PFM amplitude image on a R’ 50 nm BiFeOs grown on
LSMO bottom electrode on a LAO substrate. ) PFM phase image on the sample shown in d.
f) Area map of the total intensity of the R’(005,c) BiFeOs diffraction peak measured at fixed

energy E = 11.056kV. (Note: these are the same films as in Figures 1 and 2).
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Figure4 a) Energy scans covering the entire Q-range of a particular diffraction peak. a) Scans

through the T°(005) film diffraction peak at three different locations in the switched regions,

as-grown (black), poled up (red) and poled back down (blue). b) Scans through the R’(005)

film diffraction peak at three different locations in the switched regions, as-grown (black),

poled down (red) and poled back up (blue).
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Figure 5: a) Schematic showing the structural domains of a monoclinic T’(Mc) BiFeQOs thin

film. b) AFM image showing the region for which we recorded the PFM signal. ¢) In-plane

PFM signal corresponding to the image shown in b). Scan size: 3 x 3 um. d) SEM image of

the BiFeOs thin film surface at E = 0.7 kV (beam range 5 nm) taken at room temperature.
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Figure 6. In-plane PFM amplitude images of a 50 nm T’ BiFeOs film. Scan sizes: a) 8 x 8 um
b) 3 x 3 um. The two images are taken in separate scans. Due to multiple tip-crashes for the
image shown in b, it was necessary to substract a fitted baseline to flatten that image. The

color scale bars are in volts.
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Figure 7: (top) Local PFM butterfly loops taken at room temperature on the as-grown T’
phase film. The numbers indicate positions in a5 x 5 grid spanning a 1.5 x 1.5 um scan area.

(bottom) histogram of the switching voltages determined from the butterfly loops in the
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measured grid. The switching voltage were either taken as the minimum in the butterfly loops
or as an average determined for very broad switching features as for example in loop 20. (see

supporting information for details)
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