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Light control of ferroelectric polarization is of interest for the
exploitation of ferroelectric thin films in ultrafast data storage and
logic functionalities. The rapidly oscillating electric field of light
absorbed in a ferroelectric layer can suppress its polarization but
cannot selectively reverse its direction. Here we take advantage of
the built-in asymmetry at ferroelectric/electrode interfaces to
break the up/down symmetry in uniaxial ferroelectrics to promote
polarization reversal under illumination. It is shown that appropri-
ate ferroelectric/metal structures allow the direction of the imprint
electric field to be selected, which is instrumental for polarization
reversal. This ability is further exploited by demonstrating the
optical control of the resistance states in a ferroelectric capacitor.

Introduction

The light control of memory elements holds promise for energy
efficient and ultrafast managing of data storage and computing.”
Moreover, such optically active elements would allow the devel-
opment of devices combining memory and optical sensing
functionalities.”> Among photoresponsive materials, ferroelectrics
are particularly interesting as ferroelectric polarization (P) is a
non-volatile magnitude, thus providing an intrinsic memory
functionality. Therefore, the coupling of photoresponsivity and
polarization retention offers new opportunities. For instance, the
photovoltaic response of a ferroelectric device can be modulated
by the direction of the P>~ Besides, the resistance state of
ferroelectric tunnel junctions or field effect transistors can be
modulated by the electrically-controlled polarization state of the
ferroelectric layer.” Therefore, ferroelectric materials offer the
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New concepts

Ferroelectric materials are fascinating and useful because they show
spontaneous electric polarization and it is strongly coupled to long-range
electric and stress fields. Piezoelectricity and electrically switchable
polarization arise from these coupled magnitudes. Alternatively, optical
control of ferroelectric polarization is of interest for new envisaged devices
integrating optical sensing, logic and memory functionalities. The fact is
that light is coupled to ferroelectric polarization. However, light cannot
univocally determine the final polarization sign and therefore subsidiary
tools are needed to unbalance one of the degenerated polarization states. In
this communication, we evidence that light can selectively produce up-to-
down or down-to-up polarization switching by manipulation of the internal
electric field’s sign and magnitude. Remarkably, the final polarization state
remains after optical stimuli. This method consists in the unbalancing of
the internal electric fields, and therefore ferroelectric polarization final
state, by appropriate electrode selection. The significance of the developed
method combining a photoelectric response and manipulation of internal
electric fields has been proven useful in devices with capacitator structures,
where resistance can be also selectively switched high-to-low or low-to-high
by light.

opportunity to integrate optically commanded memory functions
without relying on voltage-control.®

Of relevance here are the coupling mechanisms between
light and polarization, which depend on materials and arrange-
ments. Optical absorption in ferroelectrics leads to the mod-
ification of its crystal lattice due to the combination of
photogalvanic and piezoelectric/electrostrictive effects,” which
may result in modification of its polarization state.’®™** On the
other hand, when using semiconducting electrodes in ferro-
electric devices, photoabsorption at electrodes allows modula-
tion of the amount of screening charges and consequently of
the depolarization field, which can lead to polarization
reversal.’® Similar mechanisms have been recently exploited
to irreversibly control the polarization state in ferroelectric/
2D-semiconductor devices, with the 2D material acting as a
photoabsorbing electrode,'® and allowing the observation of
the change of resistance state across the devices.'®® The light
can also be absorbed at the interface in metal/ferroelectric
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capacitor structures, such as in Pb(Zr,,Tij g)Os/Lag7Sro3MnO3,
where an important role of the film surface morphology on photo-
induced polarization reversal was identified.>® On the other hand,
ferroelectric materials such as BaTiO3(BTO), PZT, LiNbO;, etc.,
often present very reactive surfaces and a polarization selective
photocatalytic response.>! Concomitantly, polarization can also be
affected by the photoinduced changes of surface state, which
largely affect the internal field.?*® These potentially coexisting
and entangled mechanisms challenge the fine control of ferro-
electric polarization under illumination. Achieving the reversible
rotation of the polarization sign by light using the listed mechan-
isms is not possible. So far, light-induced reversible control of
ferroelectric polarization has only been reported in complex
ferroelectric devices by exploiting the unconventional bulk photo-
voltaic response.>**” Establishing the role of the different intrinsic
electric fields of ferroelectric materials, such as the depolarization
electric field and imprint electric field, is necessary for device
development. Precisely, for applications, it is necessary to fully
control the final P state after illumination, which has not been
achieved hitherto, and only a detailed analysis of the role of
internal electric fields can permit it.

Here we show that the electric imprint field (Ejy,) can be tailored
by the use of suitable bottom electrodes, and this allows up-to-down
or down-to-up polarization switching by illumination. We investigate
films of the seemingly best-known ferroelectric material (BaTiOs,
BTO). We demonstrate that in films showing E;.p, polarization
switching by light can be observed with the final polarization
direction dictated by Ejnp,. Consistently, we also show that when
the imprint is absent (Ei,p, ~ 0), photoabsorption does not affect
the polarization state of the ferroelectric layer. Piezoelectric force
microscopy (PFM) provides the first hint at the observed phenom-
ena. Second harmonic generation (SHG) imaging provides a deeper
insight into its origin, confirming that photoabsorption at the bulk
of the ferroelectric film rules the observed effect rather than changes
in the surface state. Finally, we show the robustness of the effect in a
metal-ferroelectric-metal device structure, where depending on
Eimp, its resistance state can be switched from high-to-low or from
low-to-high after suitable illumination.

Results

Epitaxial BTO films of an identical thickness (65 nm) are grown
on different single or bilayer epitaxial bottom electrodes on
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LaAlO;(001) (LAO) substrates. The structures are: BTO/La,3Sry,
sMnO; (LSMO)/LaNiO; (LNO)//LAO, BTO/LNO//LAO, and BTO/
SrRuO; (SRO)/LNO//LAO, as sketched in Fig. 1(a—c). The thick-
ness of the LSMO, LNO and SRO electrodes is 25, 30 and 30 nm,
respectively. Note that in the three samples, LNO is grown
directly on the LAO substrate, while the LSMO, LNO or SRO
layers are in direct contact with the BTO layer. In the following
we will refer to the three samples as BTO/LSMO, BTO/LNO and
BTO/SRO, respectively. Experimental details on the grown con-
ditions can be found in the methods section and elsewhere.***°
The use of the same bottom LNO buffer layer allows obtaining
BTO layers with similar strain state as demonstrated as follows.
In Fig. 1(a-c), we show the X-ray diffraction (XRD) reciprocal
space maps (RSMs) of the BTO/LNO, BTO/LSMO and BTO/SRO
samples around the (103) reflection of LAO. It can be observed
that the (103) reflection of LSMO, LNO and SRO is close to the
corresponding reflection from the substrate. The lattice para-
meters of the layers are indicated in Table S1, ESI.} It can be
seen that LNO and LSMO are strained, but SRO is relaxed. The
(103) reflection of BTO occurs at a very similar position in the
three samples, indicating that the three BTO films have close
in-plane and out-of-plane cell parameters. In Fig. 1(a-c), the
position of the red cross indicates the peak position of BTO for
the BTO/LSMO sample, which as shown, closely coincides with
the BTO peak position in the RSM of the BTO/LNO and BTO/
SRO samples. The a and ¢ parameters of BTO in the three
samples are indicated in Table S1, ESI.{ It is seen that both the
a and ¢ parameter are expanded with respect to the bulk values.
The expansion, usual in epitaxial BTO films grown by pulsed
laser deposition, is likely due to oxygen vacancies and other
point defects.’® The corresponding XRD specular 0-26 scans
(Fig. S1, ESIt) confirm that BTO films are (001) oriented and
that no other crystal orientations or phases are observed. We
also conclude that although different layers are used as bottom
electrodes, the unit cell parameters of the top BTO films in
these three samples are very similar.

Next, we analyze the Ein, field of these samples by PFM. The
PFM phase loops, Fig. 2(a—c), display the 180° phase contrast
typically taken as a signature of the ferroelectric character of
the material. Macroscopic characterization also evidences the
ferroelectric nature of the three samples (Fig. S2, ESIf). Of
interest here is the horizontal shift, which is a fingerprint of
Eimp. It can be appreciated that the loop of the BTO/LSMO
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Fig. 1
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Reciprocal space maps for the BTO/LSMO (a), BTO/LNO (b) and BTO/SRO (c) samples around the LAO (103) reflection.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2mh00644h

Open Access Article. Published on 04 August 2022. Downloaded on 18.02.26 13:48:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Horizons

View Article Online

Communication

(a1)so (b)180 f C)1so E. <0
-\\ Eimp>0 Eimp=° . imp
) > &
& e & : &
2 gof Eimp = 3 90 Eimp / 3 90 Euro
£ |[gamio g ki -
& aTio,. £ S £ | BaTio,
10 SRO &...
o} LAO ol Lo s\-uu ol LAO —L—‘
108 6 4 20 2 4 6 8 10 10-8 6 420 2 4 6 8 10 10-8 -6 420 2 4 6 8 10
Voltage (V) Voltage (V) Voltage (V)
(d) (e) (f)
— Eimp>0 — Eimp / Eimp=0 . Eimp Eimp<o
504 So04f 510
© s © ©
o] ~ ~ ¢=|
DAL Vg I /
=

£ 02r [gatio, =02 £ %51 [gatio,
£ A £ | I £ | _sro
< < 5-. < .

0.0 LAO 00} LAO 0.0 LAO

10-8 -6 420 2 4 6 8 10 108 64202 46 8 10 10864202 4 6 810

Voltage (V) Voltage (V) Voltage (V)

Fig. 2
indicated by vertical (yellow) and horizontal (open blue) arrows.

sample [Fig. 2(a)] is shifted towards the right (V > 0), signaling
that E;,, favors the up polarization (Ejn,, > 0). In contrast, the
loop of the BTO/SRO sample [Fig. 2(c)] shows a clear left shift,
which indicates that Ejy,p favors down polarization (Eimp < 0).
For the BTO/LNO sample, the loop [Fig. 2(b)] shows only a small
shift towards the left, suggesting a very small imprint. The Ejp,p
values are: 178.5, —29.2 and —167.7 kV em™* for BTO/LSMO,
BTO/LNO and BTO/SRO, respectively. The PFM amplitude
loops [Fig. 2(d-f)] have the butterfly shape expected for an
intrinsic ferroelectric response and indicate an Ej,,;, direction
which is in agreement with that observed in the phase loops.
Therefore, it is concluded that the selection of the bottom
electrode allows the selection of the presence of the imprint
field and its direction in the BTO layer. Several effects can rule

(a)

(a—c) PFM phase and amplitude (d-f) loops of the BTO/LSMO, BTO/LNO and BTO/SRO samples, respectively. Sketches of the Ejm,;, direction are

the observed variation of the Ej,, among samples. Flexoelectric
effects resulting from strain gradients,®' asymmetric defect
distribution,®” or the combination of them®** occurring at
the ferroelectric layer might modulate internal electric fields.
However, given the very similar lattice parameters of the three
samples (Fig. 1), important differences in strain gradients or
defect presence can be ruled out. Thus, flexoelectricity or
asymmetric defect distribution are not the main mechanisms
governing the observed change of sign of the internal electric
field, although these might be present, and the role of the
selected electrode must be considered. Electrode termination®
can determine Ejn,,. However, substrates have not been treated
so the electrode surface charge is expected to be mixed in LSMO
and neutral in LNO and SRO, disregarding a significant change

Before illumination

o08T

o0 HEENT

@

0:‘ After illumination

008T

o0 I

Fig. 3 PFM phase images collected (a—c) before and (d—-f) after illumination for the BTO/LSMO, BTO/LNO and BTO/SRO samples, respectively.
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on the charged terminations of the bottom electrodes among
samples. Therefore, the different chemistry at the electrode/
ferroelectric interface or the different electrostatic boundary
conditions imposed by the different electronic properties of the
used electrodes are both possible mechanisms determining
Ejmp. The three used bottom electrodes have similar workfunc-
tion 4.9, 4.9, and 5.2 eV for LSMO,*®* LNO*’ and SRO,*®
respectively, which are smaller than Pt (5.7 V). Therefore,
the different electrostatic boundary conditions among samples
should not be critical for Ejn,p. Instead, the different particular
chemistry at the electrode/ferroelectric interface can be at the
origin of the observed Ej;,, change of sign. Besides, the
chemistry at the electrode/ferroelectric interface can also be
relevant to determine the type and number of defects, which
might potentially also determine sub-bandgap light absorption.

Next, we turn to the optical switching of ferroelectric polar-
ization and its relation with the imprint. In Fig. 3(a-c), we show
the PFM phase images of the BTO/LSMO, BTO/LNO and BTO/
SRO samples, collected after applying either +8 V (dark) or —8 V
(bright) to write regions with a well defined polarization. The
corresponding PFM amplitude images (Fig. S3, ESIt) show 180°
phase contrast between different regions. In the outer region,
no voltage has been applied and it corresponds to the pristine
polarization state of the BTO film. It can be appreciated in
Fig. 3(a) that the outer region of the BTO/LSMO sample is
bright. Thus, the as-grown polarization state for the BTO/LSMO
sample is up. High temperature retention experiments show
that PFM contrast is similar after heating the sample for 10 min
and 80 °C (Fig. $4, ESIT), an indication of the good retention of
polarization, and therefore the negligible role of depolarization
electric field in the reported optical polarization switch. On the
contrary, for BTO/LNO and BTO/SRO samples, the contrast in
the outermost region is mixed and dark, respectively. Thus, the
as-grown polarization state corresponds to a mixture of up and
down domains for the BTO/LNO sample but to down polariza-
tion for the BTO/SRO. Therefore, it is concluded that the
bottom electrode rules the Ejn,, direction, and Ejn,, governs
the as-grown state polarization, as commonly found in ferro-
electric thin films.*

In Fig. 3(d-f), we show the PFM phase images collected after
illumination (405 nm, 12.2 W em™>, 10 min). Note that the used
photons (3.06 eV) are of sub-bandgap energy (E, = 3.3 eV for
BTO).*' It is known that oxygen deficiencies (or other point
defects) in BTO introduce donor states, either shallow or deep*
and thus a significant photon absorption for sub-bandgap
incoming photons is expected.*® Focusing first on BTO/LSMO,
comparison of the images in Fig. 3a and d, reveals that
illumination promotes the switching of dark regions to bright
indicating that the polarization is optically reversed from down
to up. It can also be appreciated that bright regions with up
polarization do not suffer any change of contrast. Thus, in the
BTO/LSMO sample the as-grown state (polarization up) is
recovered after illumination. Note that the sample conductivity
increase under illumination is much smaller than that pro-
duced by heating the sample up to 40 °C, disregarding the
presence of sample heating (Fig. S5, ESI{). For the BTO/LNO,
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comparison of the images collected before and after illumina-
tion states [Fig. 3(b and e)] does not show any appreciable
change of contrast. On the contrary, in BTO/SRO [Fig. 3(c and
f)], and opposed to BTO/LSMO, the illumination reverses the
polarization from up to down, indicating that in the BTO/SRO
sample, the as-grown state is also recovered after illumination.
Similar optical switching of polarization is observed in BiFeO;
(BFO) films (Fig. S6, ESIt). Absence of optical switching has
been observed in the BTO/LSMO and BTO/SRO samples under
red illumination using the same power (Fig. S7 and S8, ESIY)
and while probing regions near the illuminated area (Fig. S9
and S10, ESIT), further disregarding the important contribution
of heating effects and indicating that the polarization switch is
driven by photocarrier generation as claimed in previous
works.* In addition, the absence of switching under red
illumination in the BTO/LSMO and BTO/SRO samples also
indicates that the light absorption and concomitant photo-
charge generation at the electrode, which should occur at this
wavelength, because the LSMO and SRO bandgaps are smaller
(Eg,sro = 0.27 eV*® and Eg1svo = 0.63 €V*°) than the energy of
the red photons (E..q = 1.94 eV), does not have an impact on the
P switch under illumination. Therefore, photocarriers gener-
ated at the BTO layer are at the origin of the P switch under
illumination. In particular, the amplitude of the polarization of
a ferroelectric semiconductor shall depend on the amount of
available free charges.”” Photogenerated carriers, here gener-
ated at BTO as mentioned, can screen ionic charges and
eventually cancel the coulomb interaction between them. As a
consequence, polarization vanishes. Alternatively, photogener-
ated carriers can help to screen polarization, thus enhancing it,
but cancelling the interaction of internal electric fields with
polarization.*® In both cases, the polarization is unstable under
illumination and the subsequent reduction of available photo-
carriers when the light stimulus is off results in the alignment
of the ferroelectric polarization with the internal electric
fields.**

The PFM measurements described above provide rather
compelling evidence that illumination promotes the reversal
of the ferroelectric polarization direction at the BTO film sur-
face. However, it would be reassuring to use an additional
probe directly related to the ferroelectric polarization of the
ferroelectric layer. This is the purpose of the second harmonic
generation (SHG) microscopy experiments described in the
following. SHG is primarily insensitive to the presence
and nature of surface charges and the SHG signal genuinely
develops in non-centrosymmetric materials and allows map-
ping polar domains in ferroelectric materials.*® Fig. 4(a) dis-
plays the sketch of the experimental set-up. The incident light
impinges the film at an angle 0 (=17°) with respect to the
normal of the film (ie. the polar c-axis of BTO). In this
configuration, in a ferroelectric material with polarization
along the normal direction, such as in the BTO films, the
intensity of the SHG reflected beam shall depend on the
polarization state (up/down) of the material under the field-
of-view.** In Fig. 4(b, left), an SHG map collected on the BTO
surface of the BTO/LSMO sample is shown. The sample is

This journal is © The Royal Society of Chemistry 2022
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After
illumination

illumination| illumination|

(a) Sketch of the SHG measurements. The P, and Pgown directions are indicated by the corresponding arrows. (b—d) SHG images after electrical

writing (left) and after electrical writing and illumination (right) for the BTO/LSMO, BTO/LNO and BTO/SRO samples, respectively.

previously prepoled using either +8V (dark) or —8 V (bright)
using PFM, thus using the same method to that used to collect
the images of Fig. 3(a) described above, despite the patterned
region is here larger to allow easier localization. Prepoled
regions with V" and V™ voltages show an obvious SHG contrast
indicating different polarization directions: point up in the
bright regions and down in the dark ones. The SHG images
collected after illuminating the sample (405 nm, 12.2 W cm™?)

Before illumination

]

LNO

LSMO

After illumination

\

LNO

LSMO SRO

Fig. 5 Sketch of the direction of Ejp in the different studied samples. The
effect of light on the polarization results in its switching towards the Ejmp
direction.

This journal is © The Royal Society of Chemistry 2022

(Fig. 4(b), right), show that regions of dark contrast have
disappeared, indicating down-to-up optically induced switch-
ing. Fig. 4(c) displays the corresponding SHG images collected
before (left) and after (right) illuminating the BTO/LNO sample;
it can be inferred that light does not change the polarization
state of this sample. Finally, Fig. 4(d) displays the SHG images
of BTO/SRO. It can be appreciated that bright regions (poled
with V™) turn dark after illumination, thus indicating up-to-
down polarization reversal. In Fig. 4(d) large dots of bright
contrast are observed due to the higher level of surface adsor-
bates in this sample. Overall, the data in Fig. 4(b-d) show that
the contrast changes observed by SHG and PFM before and
after illumination are closely coincident. These data confirm
that the optical switching of the polarization observed by PFM
reflects the switching of the bulk ferroelectric polarization of
the BTO layer, rather than non-ferroelectric surface charge or
charge injection effects.*

In brief, the data show that light induces polarization
switching in BTO films, and that Ej,, is instrumental and
dictates the light induced polarization switching path, as
summarized in Fig. 5. In the BTO/LSMO the imprint is up
and light switches polar domains pointing down to up. This is
contrary to the case of BTO/SRO, where the imprint is down,
and light switches domains pointing up to down. In the BTO/
LNO sample, where the imprint is negligible, illumination does
not perturb any domain written pattern.

To further crosscheck the impact of optically induced
switching and the robustness of the effect, top Pt electrodes
(see methods) were deposited to build capacitors. PFM data
using Pt electrodes are shown in Fig. S11, ESL.{Fig. 6(a) shows
I-V characteristics for the BTO/LSMO sample. First of all, it can

Mater. Horiz., 2022, 9, 2345-2352 | 2349
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(a) 1=V characteristic of the BTO/LSMO sample in the pristine state and after £8 V prepoling and after 8 V prepoling and subsequent

illumination. (b) The same /-V characteristics with current in semi-log scale. (c) Resistance state measured at —1.5 V for the BTO/LSMO, BTO/LNO and
BTO/SRO samples after application of +8 V prepoling or illumination as indicated.

be appreciated that the -V characteristics for the pristine state
(black line) and that collected after prepoling the sample with a
—8 V pulse (500 ms duration) (red line) overlap and display a
rectifying behavior suggesting it to be dominated by the
presence of a Schottky barrier at the top Pt/BTO and/or bottom
BTO/LSMO interfaces. The overlapping of the I-V curves agrees
with the fact that the as-grown state is already in the
polarization-up state, coinciding with the up state set after
applying —8 V. In contrast, after prepoling the sample with a
+8 V pulse, which results in polarization pointing downwards,
the I-V curve (blue line) clearly indicates a higher conductivity.
This implies that the Schottky barrier height has been modified
(reduced) when reversing the polarization direction.”® The I-V
data is plotted in semilogarithmic scale in Fig. 6(b), where the
I-V asymmetry can be better appreciated. It follows that the
resistance across the prepared capacitors can be used to inspect
the light-induced polarization reversal (the optical transmit-
tance of the 20 nm thick Pt electrode is & 5%). This is shown in
Fig. 6(c) (top panel), where the resistance of the Pt/BTO/LSMO
device (computed at V= —1.5 V) is plotted as a function of the
V-induced polarization writing and illumination protocol (as
indicated in the x-axis). Illumination time dependence experi-
ments show that the resistance change is gradual in a similar
manner to the PFM contrast and that it takes around 200 s
(Fig. S12, ESI¥). Similar data were collected for Pt/BTO/LNO and
Pt/BTO/SRO capacitors [Fig. 6(c, central and bottom panels)]. In
all cases, the changes of the device resistance either after poling
or after illumination are fully consistent with the proposed
illumination-triggered polarization reversal mechanism, which
indicates that polarization switches towards the as-grown state
as dictated by the imprint electric field. Precisely, light induces
a resistance change from low to high [from down to up for
polarization as indicated in Fig. 6(c)] in the Pt/BTO/LSMO
sample and from high to low [up to down as indicated in
Fig. 6(c)] for the Pt/BTO/SRO one. No effect of light is observed
for the Pt/BTO/LNO sample, and after illumination the resis-
tance state is the same. On the other hand, it is observed that
after negative voltage pulse a high resistance state is set and
after a positive voltage pulse a low resistance state is set. This
holds for all samples: BTO/LSMO, BTO/LNO and BTO/SRO,
which we note have a common Pt/BTO interface but different
bottom interfaces. This indicates that the Schottky barrier at
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the top Pt/BTO governs the overall device resistance, which is
further modulated by the polarization direction.

Conclusions

It has been shown that suitable illumination of ferroelectric
BaTiO; films allows switching of the polarization direction.
PFM and SHG data support for optical switching of bulk
polarization. More precisely, after suitably pre-poling, the
polarization can be optically switched back to its polar as-
grown state. It turns out that instrumental to this observation
is the presence of an imprint field acting on the ferroelectric
layer. We have shown that the selection of the bottom electrode
allows to obtain imprint fields in BaTiO; pointing either
upwards/downwards or being negligible, which subsequently
determine the polar state of the as-grown BaTiO; film and
ultimately rule the photo-induced polarization switching. It has
been also observed that in a metal-ferroelectric-metal configu-
ration using top Pt electrodes, the conductivity is determined
by polarization and thus the resistance state can be also
controlled by light from high to low and from low to high
depending on the ferroelectric imprint direction. The observed
selective response provides important insights into the control
of ferroelectric polarization by light and might be instrumental
for optoelectric memory devices based on ferroelectric
materials.

Experimental section
Material growth

All oxide films described in the main manuscript were grown by
PLD (KrF excimer laser). BTO (65 nm)/LSMO (25 nm)/LNO
(30 nm), BTO (65 nm)/LNO (30 nm) and BTO (65 nm)/SRO
(30 nm)/LNO (30 nm) were deposited in a single process on LAO
(001) single crystal substrates. The LSMO, LNO and SRO layers
were grown at 700 °C and 5 Hz of laser frequency, with different
oxygen pressure of 0.1 mbar, 0.15 mbar and 0.2 mbar, respec-
tively. The BTO films were grown at a substrate temperature of
700 °C under an oxygen pressure of 0.02 mbar and a laser
frequency of 5 Hz. The 60 nm BiFeO; film on the LSMO
buffered SrTiO; (001) substrate, described in the Supporting

This journal is © The Royal Society of Chemistry 2022
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Information, was grown by chemical solution deposition.>>>
Top Pt electrodes (20 nm thick, 55 pm in diameter) were
deposited by sputtering through a stencil mask.

Piezoelectric force microscopy

PFM measurements were performed with an MFP-3D ASYLUM
RESEARCH microscope (Oxford Instrument Co.), using the
AppNano silicon (n-type) cantilevers with Pt coating (ANSCM-
PT-50). To achieve better sensitivity, the dual AC resonance
tracking (DART) method was employed.>® PFM voltage hyster-
esis loops were always performed at remanence using a dwell
time of 100 ms. Scanned areas were 20 x 20 pm?” and the
electrically written regions were 10 x 10 pum®. Note that the
bottom electrode was in all cases grounded and the tip was at
bias voltage.

Second harmonic generation microscopy

The SHG measurements were performed using a Kerr lens mod-
elocked Ti:sapphire laser (MIRA 900 f, Coherent). This source
generates 180 fs pulses at a central wavelength of 810 nm with
linear polarization. The laser beam was coupled to an adapted
inverted microscope (Eclipse TE2000-U, Nikon). The coupling sys-
tem included two galvanometric mirrors (Cambridge Technology,
UK), a telescope arrangement and a halfwave plate to control the
polarization of the excitation beam keep the polarized electric field
parallel to the surface of incidence. We used a dichroic mirror
(FF670-SDi01, Semrock) to direct the laser to the illumination
objective (Nikon 20x NA = 0.75). The optical power on the sample
plane was fixed at 25 mW and was maintained at this level in all the
experiments. The sample had a tilting angle of 17° with respect to
the microscope objective. Note that the used power is much lower to
that used to achieve polarization switching by illumination and thus
not producing a significant change on the polar state during the
measuring time. In addition, the used laser wavelength is long
enough to avoid important absorption in the material.

Electrical transport

Current-voltage (I-V) measurements were recorded by a Keith-
ley 6517B electrometer, using bipolar triangular excitation
signals from +1.5 V to —1.5 V with 500 ms integration time.
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