Defect-enhanced polarization switching in the improper ferroelectric LuFeO3
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We present results of switching behavior of the improper ferroelectric LuFeOs. Using a model set of
films prepared under controlled chemical and growth-rate conditions, it is shown that defects can
reduce the quasi-static switching voltage by up to 40% in qualitative agreement with first-principles
calculations. Switching studies show that the coercive field has a stronger frequency dispersion for the
improper ferroelectrics compared to a proper ferroelectric such as PbTiOs. We conclude that the

primary structural order parameter controls the switching dynamics of such improper ferroelectrics.
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Introduction

Prototypical “proper” ferroelectrics such as BaTiO3 (BTO), PbZr14TixO3 (PZT), and PbTiO;
(PTO) have been intensively studied for several decades for applications such as piezoelectric devices
and non-volatile random-access memories (FE-RAMs)!-2:3 . In such proper ferroelectrics, the
spontaneous polarization is the primary order parameter emerging from the transition to a ferroelectric
state at the Curie temperature 7c. Many of the applications for such materials rely on there being
sufficient field-driven evolution of polarization and mobility of the ferroelectric domain walls to enable
polarization switching. Defects, such as oxygen vacancies, are generally considered to be detrimental to
ferroelectric properties and are often key causes for reduced switchable polarization (via the pinning of
domain walls), fatigue, imprint, pinched ferroelectric hysteresis loops*.

The polar order in improper ferroelectrics, on the other hand, is a secondary effect coupled to a
primary-order parameter that is often a structural distortion. In the improper ferroelectric hexagonal
manganite h-RMnO; (R = Sc, Y, In, Ho, Lu) the polarization has a tri-linear coupling to the primary
structural-order parameter. The improper ferroelectric hexagonal LuFeOs; (h-LFO) is iso-structural with
h-RMnOs3 and is also an improper ferroelectric with a 7c = 1020 K and antiferromagnetic Neel
temperature Ty =~ 150 K5-°. While polarization switching has been extensively studied for proper
ferroelectric perovskites”3%10:11 little is known about switching in the improper ferroelectrics, let alone
the role of point defects on the domain-wall dynamics and switching processes. In general, switching
dynamics can be probed either in the time'? or frequency domain (e.g., by probing the frequency-
dependence of the coercive field or voltage) as a function of the ferroelectric layer thickness thus
providing details about the domain nucleation and growth process'*!4. The thickness (7) dependence of
the coercive field has been classically described by interface nucleation and growth processes, first
described by Kay and Dunn'’ in a model that predicts a ¢ “* dependence of the coercive field.
Numerous studies on thin films of proper ferroelectrics have validated, at least empirically, this model

over thicknesses ranging from a few nanometers to several millimeters!®!7:18.19:2021,
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Thus, while the switching dynamics of proper ferroelectrics is generally well established, a
corresponding understanding of improper ferroelectrics such as h-LFO is missing, possibly because
there are not as many exemplars of improper ferroelectrics. Since the polar order is a consequence of
the primary structural distortion, one would intuitively expect a strong convolution of structural effects
in the switching process. Given the lack of a detailed understanding of the polarization dynamics in
such improper ferroelectrics, we have initiated a comprehensive study of the same. Here, we study this
switching process in epitaxial thin films of h-LFO, with particular attention to the influence of the
oxygen (non-)stoichiometry through a combination of ab initio calculations and controlled synthesis
coupled with detailed frequency-dependent studies of the switching field.

The unit cell of the hexagonal ferrites (2-RFeQO3) has four layers: two FeO layers and two LuO»
layers where the lutetium cations are displaced along the ¢ axis in a two-up/one-down corrugated
pattern (Figure 1a). In the Fe-O layers, the iron cations are surrounded by five oxygens (three in the
same plane as the iron and one above and below that layer), forming FeOs trigonal bipyramids??. The
FeOs polyhedra share corners in the a-b plane and are separated by layers of lutetium (Figurela-b). The
structural shift of the lutetium-layer relative to the Fe-O layers breaks inversion symmetry and is
responsible for the improper ferroelectricity, resulting in a saturation polarization of ~6 pC/cm? at room
temperature?®. The Lu-O> and Fe-O layers are linked through the out-of-plane Lu-O bonds along the
polar axis, while the lutetium cations are surrounded by eight oxygen ions (six in the same plane as the
Lu-O layers and one above and below that layer) forming LuOs polyhedra. The FeOs trigonal
bipyramids are also rotated about the [120], which is responsible for the broken inversion symmetry of
the A-LuFeOs structure, allowing for the emergence of ferroelectric order?®. Similar to YMnO32%-26-27,

h-LFO is expected to be able to accommodate large oxygen nonstoichiometry.
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Figure 1 | Interaction of neutral ferroelectric domain walls with oxygen vacancies.
(a) Supercell for DFT calculations including two neutral domain walls (blue and red are terminated by
Lu2 and Lul, respectively). (b) Illustration of FeOs trigonal bipyramid and symmetry-inequivalent O
and Lu positions. (¢) Calculated order parameter amplitude Q and phase ¢ across the stoichiometric
supercell in (a). Q is here represented by the FeOs trigonal bipyramid tilt angle aa with respect to the
ab-plane, while the azimuthal phase ¢ refers to the angle of the trimerization distortion. Dashed lines
are guides to the eye. (d) Calculated Lu—-O, bond lengths across the supercell, illustrating the local
strain fields near the two walls. (e) Formation energies of vacancies of type O3 and O4, as illustrated in
(b) at different positions across the supercell shown in (a). The Lul and Lu2 terminated walls are not
equivalent because of different coordination environments at these walls (see Supplementary Material).
Dashed lines are guides to the eye. (f) Calculated domain wall migration energy barriers for Lu2
terminated wall in the absence and presence of an O4 oxygen vacancy. (g) Approximated “Mexican-hat”
free energy landscape for LuFeO3s with and without an O4 oxygen vacancy. Dashed lines in (c)-(e) are

guides to the eye.



First-principles calculations (Methods) show that, as in YMnOQO3, planar oxygen vacancies (O3
and O4, Figure 1b) are strongly favored over apical (O1 and 02)?® (Supplemental Info.). To investigate
the interplay between oxygen vacancies and ferroelectric domain walls in h-LFO, DFT calculations
were performed on supercells with two neutral domain walls, one Lul and one Lu2 terminated (Figure
la). The evolution of the crystal structure across the domain wall, represented by the order-parameter
phase ¢ and amplitude Q, quantified by the FeOs planar tilt angle ® and the apical tilt angle ap relative
to the [001], respectively (Figure 1c), is similar to that of isostructural YMnQs3 %°,

At neutral domain walls there is no internal electric field that can drive accumulation or
depletion of oxygen vacancies; only elastic strain fields arising from the discontinuity in the structural
order parameter across the walls can drive defect accumulation or segregation. To visualize the local
nature of such elastic strain fields the bond lengths between the lutetium cations and planar oxygen are
shown (Figure 1d), from which it is also evident that the local environments at Lul- and Lu2-
terminated walls differ (Supplemental Info.); a feature that is also found for domain walls in h-RMnO3
systems®’. In contrast with proper ferroelectrics, the calculations show that oxygen vacancies should
not accumulate at the domain walls. While the energy of oxygen vacancy in site O3 (see Figure 1d-e)
(vos) are found to be more stable at Lul-terminated walls, the oxygen vacancy in site O4 (vos) are
more stable vo4 in the bulk of a domain than at the Lu2-terminated walls. As vosare 0.25 eV lower in
energy than vos, the oxygen vacancies are expected to have sufficient mobility to reach their most
stable positions during post-synthesis cooling. Only vosis considered in the following analysis.

To address the impact of oxygen vacancies on the macroscopic ferroelectric response, climbing-
image nudged elastic band (Ci-NEB) calculations were done to quantify the domain-wall-migration
energy barrier in the presence and absence of oxygen vacancies. We find that an oxygen vacancy
reduces the domain-wall-migration energy barrier by ~27% from 0.37 eV in stoichiometric materials to
0.27 eV in the presence of a vos vacancy (Figure 1f). Macroscopically, this implies that the coercive

field should be smaller in oxygen-deficient h-LFO than in stoichiometric versions, as the energy barrier
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for switching the polarization is reduced, as illustrated by the flattened energy landscape in the brim of
the approximated Mexican-hat potential (Figure 1g).

With this theoretical framework as the background, we next focus on experimental results
which show that the oxygen-defect chemistry (and thus the switching characteristics) of the h-LFO thin
film can be systematically controlled during growth: 1) by annealing in different oxygen pressures and
2) by varying the frequency of the laser pulses and thus the deposition rate (details of the deposition
process are presented, Supplemental Info.). We used an epitaxial top and bottom layer of tin-doped
indium oxide (ITO) that promotes (001)-oriented epitaxial growth of the h-LFO, as evidenced by the
lack of any other crystallographic orientations from X-ray diffraction studies (Figure 2a) as well as
reciprocal space maps (RSMs, Figures 2c, d). The reduction of intensity in the 002 peak of h-LFO
grown in different conditions (Figure 2a) can be attributed to the creation of oxygen vacancies related
by the changing the oxygen pressure during cooling or the laser repetition rate at growth. The shift of
the 002-diffraction peak towards lower Bragg angles with less oxidizing conditions and higher
deposition frequency indicates an increase of the out-of-plane lattice parameter, similar to that reported
for the YMnOs 3!, The full-width-at-half-maximum (FWHM) of films grown under different conditions
(growth pressures and laser repetition rates) indicate that the crystallinity of the h-LFO films can be
tuned by changing the oxygen annealing pressure or by controlling the deposition rate during the
growth (Figure 2b). RSM’s for the h-LFO heterostructures grown with optimal conditions by PLD
reveal good epitaxy for the 60-nm-thick films annealed at 750 Torr (Figure 2¢) and 20 mTorr (Figure

2d) of oxygen.
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Figure 2: (a) X-ray diffraction of the (002) peak of 60 nm thick h-LFO thin film produced by PLD and
grown at 10 Hz (cooled in 750 Torr of O2), grown at 1 Hz and cooled in 750 Torr O, and cooled in 20
mTorr of O,. (b) Table to show the FWHM of films grown under different conditions; (c), (d) are

reciprocal space maps of samples cooled at 750 Torr and 20 mTorr, respectively.



HR-STEM studies provide a direct, microscopic picture of defects and local structural changes. The
optimally cooled (750 Torr of oxygen) heterostructures show a highly ordered structure; the
trimerization structure of two-up/one-down cations can also be observed (zoom-in, Figure 3a). The
samples cooled in 20 mTorr of oxygen (Figure 3b) and the sample grown at faster deposition rates 10
Hz both show a higher density of stacking defects if compared with optimal growth condition showed
in Figure 3a. At higher resolution, these defects are resolved to be a mixture of stacking defects can be
illustrated in the HR-STEM images (Supplementary Figure S3- a and b). The disturbed region where a
continuous increase of the vertical coordinates like a 1-2-3 staircase is illustrated in the Supplementary
Figure S3-c. We can observe that the 1-2-3 staircase can be associated with the region between

different polarization and then can be attributed to the domain wall region.

750 Torr 20 mTorr

Figure 3: (a) HRSTEM of defect-free structure in 750 Torr sample; (b) HRSTEM of defects in 20

mTorr sample.

We now turn to detailed ferroelectric measurements. In order to explore (and reduce) the
influence of leakage, the measurements were carried out at both 100 K and 300 K (ferroelectric
hysteresis loops completed at 300 K are shown in Supplementary Figure S4). The leakage current at
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100 K (Supplementary Figure S5) is small enough to allow us to investigate the polarization switching
behavior across a wide frequency range (i.e., from 50 mHz to 100 kHz — nearly 6 orders of magnitude).
The ferroelectric hysteresis loops for four representative h-LFO samples, at a fixed frequency of 25
kHz, are provided for comparison (Figs. 4a-d). The corresponding frequency dependence is also
provided in Supplementary Fig. S6. The first key observation is that all samples show well-saturated
hysteresis loops at 100 K. An interesting feature is that the coercive field is progressively reduced by
the introduction of defects during growth, both by depositing an order of magnitude faster (PLD growth
at 10 Hz vs. 1 Hz; Fig. 4a and b, respectively) or by cooling the film in a less oxidizing environment
(PLD growth at 1 Hz and cooled in 20 mTorr vs. 750 Torr; Fig. 4a and c, respectively). This reduction
of coercive field with increase in defect concentration is consistent with our theoretical finding that

oxygen vacancies reduce the domain-wall-migration barrier.
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Figure 4: Ferroelectric hysteresis loops of the four Pt/ITO/LFO/ITO model systems used in this study
at 100 K. (a) grown at a deposition rate of 1 Hz, cooled in 750 Torr of oxygen; (b) grown at 10 Hz and

cooled in 750 Torr of oxygen; (c) grown at 1 Hz and cooled in 20 mTorr of oxygen.

Next we explored the role of the changing growth conditions on the frequency dependence of
the coercive field. For classical ferroelectrics, the Ishibashi & Orihara model®? describes the dynamics

of the domain walls under the influence of either an AC or pulsed external field. The domain-wall

9



velocity is a function of only the applied field £ (i.e., v(E,?)) and the volume of the domain switching at
a time ¢ is described as a power law of the growth dimension, d. In this model, the coercive field is
described by: E. = E.o +a f°, where fis the measurement frequency, E.ois the limiting value of the
switching field (i.e., the quasi-static field at zero frequency Ec), and a and b are obtained from fits to
the frequency dependent data. The frequency dependence of the coercive field is captured through the
exponent “b”. To eliminate the effects of small shifts of the hysteresis loops (for example, due to
internal fields), we have plotted the average coercive field ([Ec" - (-Ec) = 2Ec]/2) versus frequency. The
frequency dependence of this average coercive field was extracted from the ferroelectric hysteresis
loops for at least 20 capacitors on each sample and for multiple samples for each growth condition. We
plot the coercive field as a function of log(f) for all samples (Figure 5). For comparison, we include
data for PbTiO; as a representative proper ferroelectric. The data were fitted using the Ishibashi model
(solid lines, Figure 5). The data for each of the samples fits well to this model (with regression
coefficients in the 0.93-0.99 range), albeit with significantly different exponents, which we explain

next.
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Figure 5: Coercive field as a function of frequency for LFO samples grown at different conditions and
for PTO. The solid lines are fits to the experimental data using a power law described by the Ishibashi
model

There are several key observations from this frequency-dependent data (summarized in Table I).
First, as expected, all of the samples show a frequency dependence of the coercive field — that of the
proper ferroelectric (PbTi0O3) can be fitted well to a power law behavior with an exponent of b = 1/4;

this is consistent with previous reports3?-34

. Second, as we already observed in the ferroelectric
hysteresis loops (Figure 4), the defective h-LFO samples show a lower E.” (by ~40%) as compared to
PLD samples cooled in 750 Torr of oxygen. Most importantly, however, the value of the exponent b for
all of the h-LFO samples is ~0.66. To get a more unified picture, we have normalized the average
coercive field by plotting [E.-E.%a] as a function of frequency (Supplementary Figure S7). The proper
ferroelectric (PbTiO3) maps onto each other with a slope of ~1/4. In contrast, the improper ferroelectric
samples in this paper that have a large slope that is approximately the same ~2/3 for all sample studied
here. Thus, from the data (Figure 5 and S7), we observe a clear difference in switching dynamics
between the improper (h-LFO) and proper (PTO) ferroelectrics. This difference can be attributed to the
thickness reduction. All improper ferroelectric studied have 60 nm for this the b parameter is around
the same for all sample, this results suggest that each material have a dependence with the thickness
where in large thickness the b parameter is like 1/4 but this value is increase with the thickness
reduction. The ratio with the increase of the b parameter depend of the material and this study will be
very important to understand the dynamics of ferroelectrics.

We explain the difference in the exponent b in terms of the details of the switching process
using the Ishibashi model®? where the frequency dependence of the coercive field follows a simple
power law E, « f?. From symmetry considerations, the h-LFO must display the same topologically

35,36

protected domain structure as the more studied hexagonal manganites . In this topologically

protected vortex-antivortex pattern, the stripe-like domain cannot simply disappear. In this case, two
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boundary domain walls of the stripe-like domains can merge into an unstable broad wall, that splits
again into the two domain walls when the external applied field is reduced®’.Instead of nucleation and
growth, polarization switching is therefore expected to occur through domain-wall movement yielding
growth of domains with polarization parallel to the applied field, and opposite for domains with
antiparallel polarization3®3°.

Another possible scenario involves the structural distortion that is the primary order parameter
in such improper ferroelectrics. For a proper ferroelectric, all energy from the external applied field is
used to move the DWs and change the polarization. In contrast, for an improper ferroelectric a large
portion of the energy is spent on overcoming the structural distortion in the crystal, i.e., move the atoms
to rotate the polyhedra, and the balance is available to change the polarization direction.

A fundamental difference between proper ferroelectric perovskites such as PbTiO; and the
improper ferroelectric h-LFO is the interaction between oxygen vacancies and domain walls. While it

42,43444546.474849  that oxygen

is well established, both from experiments***! and recent DFT studies
vacancies segregate to and pin ferroelectric domain walls, this is not the case for improper
ferroelectrics like h-LFO and YMnO3?%%. Following the extension of the coupling diagram for primary
ferroic orders®® to also include electrochemistry and stoichiometry®!, our results demonstrate a strong
and positive coupling between ferroelectricity and the chemical potential as a conjugate field. For
defects that also give rise to enhanced conductivity, there may be an optimal concentration of defects
which reduced the coercive field without causing significant leakage current. Our finding that the
presence of an oxygen vacancy reduces the domain-wall-migration barrier opens the possibility of
tuning the coercive field through oxygen-vacancy concentration by growth conditions, or even to
“reconfigure” a device by post-synthesis annealing. To utilize oxygen stoichiometry to tune the
coercive field is particularly promising for improper ferroelectrics where the polarization is less

sensitive to point defects?®?® than conventional perovskites where polarization is the primary order

parameter.
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In summary, we have examined the coupling between growth condition, crystal defects and
polarization switching dynamics in a model “improper” ferroelectric, LuFeOs. There are four key
implications from this work. First, the quasi-static switching field can be changed by controlling the
defect structure of LFO through growth parameters. Second, in contrast with the proper ferroelectric
perovskites PbTiOs, defects reduce the switching field in LFO. This is supported by DFT calculations
showing that oxygen vacancies reduce the domain wall migration energy barrier. Third, the frequency
dispersion studies of a large number of LFO films as well as PTO films show a universal power
dependence of the coercive field on the measurement frequency. Fourth, the exponent of this power
dependence is significantly higher for LFO compared to PTO, indicating a key role of the primary

structural order parameter on the energetics of the polarization switching.

Table 1: Quasi-static coercive field, £, and the frequency dispersion exponent, b, obtained from the
fit using the Ishibashi model to describe the mechanism to sweep the polarization for different samples

of h-LFO compared with PTO (proper ferroelectrics).

MBE 281 0.61
750 Torr 244 0.77
20 mTorr 170 0.59

10 Hz 174 0.61

PTO 158 0.22
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Experimental Section

Sample preparation

ITO/h-LFO/ITO heterostructure growth: epitaxial (20 nm) ITO/(60 nm) h-LFO /(20 nm) ITO were
grown on single crystal of 9.5% yttria stabilized zirconia substrate with plane (111) parallel to
surface by pulsed-laser deposition (PLD) using a KrF excimer laser (A =248 nm). The 20 nm of ITO
used as top and bottom electrode was growing with a laser fluence around 4.5 J/cm?, partial oxygen
pressure of 50 mTorr, 920 K and laser repetition rate of 2 Hz. The 60 nm of hexagonal LuFeOs; (h-
LFO) was obtained using a laser fluence of 3.8 J/cm?, partial oxygen pressure of 20 mTorr, 1090 K
and laser repetition rate ranging from 1 Hz to 10 Hz. All three-layer ITO/LFO/ITO was grown in
situ, using a base pressure above 1x10°% Torr. After deposition of the ITO top-layer the ITO/h-
LFO/ITO heterostructure was submitted to an annealing treatment at 1120 K and with different O
partial pressure ranging from 20 mTorr to 750 Torr. The density of the structural defects on the h-
LFO was induced and controlled by change the laser repetition rate of the LFO layers and by change
the partial oxygen pressure on the cooling chamber after the annealing. Capacitor with different
diameter sizes were produced by photolithography followed by ion-milling processes. Before the
ion milling process a 20nm platinum layer was growth on the structure by sputtering.

Sample characterization

The structural properties were investigated by x-ray diffraction (XRD) and reciprocal space map
(RSM) using a Panalytical X Pert? MRD. The microstructure of the Pt/ITO/h-LFO/ITO/YSZ(111)
was characterized by high-resolution transmission electron microscopy and Atomic Force
Microscopy (show in supplementary materials Figure S2-d). The ferroelectric loops were performed
using a Radiant Technologies Precision Multiferroic system attached to a Lake Shore probe station

to measurements of electrical properties at temperatures between 100 K to 300 K. Ferroelectric
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hysteresis loops were measured at different values of frequency and voltage drive amplitude. We

used at least 20 different capacitors to perform the analyses for each frequency and drive amplitude.

Computational details

Density Functional Theory calculations were carried out with VASP using PBEsol and the Lu 3, Fe
and and O pseudopotentials. A cutoff of 550 eV was used along with an effective U-J = 3.5 eV applied
to Fe 3d. A frustrated ferromagnetic (f-AFM) order on the Fe sublattice was assumed. A I'-centered
2 X 2 X 2 k-point mesh was used for (2 X 2 X 1) supercells with one oxygen vacancy and ions were

relaxed until the forces were below 0.005 eV A~!. The oxygen vacancy formation energy in neutral
cells was calculated as E‘];O = Egef — Eres + 1o Where Eg.r and E,.r are the total energies of the

oxygen defect cell and the stoichiometric cell, respectively. The chemical potential of oxygen, ug, was
set to o= —5 eV, corresponding to typical conditions for PLD.

The structural evolution across domain walls were studied using a (1 X 6 X 1) supercell with
two parallel domain walls ~18 A apart and ions were relaxed to forces below 0.01 eV A~!. Interactions
between domain walls and oxygen vacancies were studied using (2 X 6 X 1) supercells and ions were
relaxed to forces below 0.01 eV A~!. Segregation enthalpies AE seg for the two planar oxygen vacancy
sites O3 and O4 were determined by their formation energy profiles across the supercell. Domain wall
migration energy barriers were calculated with the Climbing-image Nudged Elastic Band (c-NEB)
method. The walls were assumed to migrate as parallel equidistant walls, using 5 intermediate images
and with forces on ions relaxed to 0.03 eV A~!. The free-energy landscape was determined from energy
barriers between the domains in using c-NEB as described above, and from the static energy landscape
of the K5 + I,” mode amplitude in (2 X 2 X 1) supercells using intermediate structures interpolated

between P63/mmc and P63cm structures with and without oxygen vacancies.
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Supplementary Figure S1: Domain switching and free energy landscape. Oxygen
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vacancies affect the domain switching energy and perturb the free energy landscape.
Since planar O4 vacancy is energetically most favored, we will in the following focus on
this vacancy type only. The static energy landscape for the K5 + I, mode amplitude
without and with planar O4 vacancy is shown in Figure S1(a). The energy difference
between the high-symmetry P63/mmc phase and the low-symmetry P63cm phase is 0.14
eV per supercell for the vos system. However, no qualitative differences between the two
systems in the K5 + I,” energy landscapes are observed. There is however a significant
difference in the domain switching energy barriers (Figure S1(b)), where the vos system

has an energy barrier of 0.33 eV per supercell while the stoichiometric system has an



energy barrier of 0.48 eV per supercell. This means that the energy required to switch the
electrical polarization is 0.15 eV lower for the system with oxygen vacancies. This is
reflected by the interpolated free-energy landscapes for stoichiometric material (Figure
S1(e)) and for the vo4 system (Figure S1(d)), which shows a flatter energy surface around
the brim of the Mexican hat potential. The reduced domain switching energy can be
rationalized from the structural accommodation of the planar O4 vacancy, where vos
gives a change in (@, Q) resembling the (hypothetical) P3c1 symmetry at the saddle

point between the domains (i.e. the domain wall center).
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Supplementary Figure S2: Optimization of the LuFeQOs; growth conditions. In addition
to the properties shown in the main text, we have explored a wide range of synthesis
conditions to obtain a stoichiometric, single phase of the hexagonal LuFeOs (h-LFO)
phase by pulsed laser deposition. In Figure S2(a) we show the X-rays diffraction patterns
(XRD) of h-LFO grown on YSZ (111) substrate using a laser fluence of 2.6 J/cm? and an
oxygen partial pressure of 20 mTorr. The (004) peak of the h-LFO are superposed on the
(111) substrate peak. Figure S2(b): shows the X-ray reflectometry data that yields a
thickness of ~55 nm. Figure S2(c): compositional analysis of the films was done by
Rutherford Backscattering Spectrometry (RBS) that shows the expected 1:1
stoichiometry of Fe and Lu and a thickness that is in concordance with the results
obtained by X-rays reflectometry. In Figure S2(d) we show an image of the surface

obtained by atomic force microscopy (AFM) that indicates a very smooth surface.
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Supplementary Figure S3: Microscopic changes in the structure induced by growth
conditions. The changes in the structure also can be observed in low magnification
STEM images of the LuFeOs; grown in different conditions. In Figure S3(a) we show
image of the sample grown at the optimized condition with annealing in an oxygen
pressure of 750 Torr; in this case we do not observe in the scale of image a large density
of stacking defects, in contrast to the films annealed in lower oxygen pressures, (b). For
the samples grown in the optimized condition but annealed at 20 mTorr (Figure S3 (b))
we observe a large density of stacking defects, identified by the yellow arrows. The
presence of these defects is directly related to the reduction of the coercive voltage in the

h-LFO. (c) Zoom-in on the region with 1-2-3 staircase.
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Supplementary Figure S4: (a-c) Ferroelectric hysteresis loops at 300 K of the
Pt/ITO/LFO/ITO systems grown by PLD used in this study. (a) grown at a deposition rate
of 1Hz, cooled in 750Torr of oxygen; (b) grown at 1 Hz and cooled in 20 mTorr of
oxygen; (c) grown at 10Hz and cooled in 750 Torr of oxygen. The hexagonal LuFeO;
shows robust ferroelectricity in all samples grown by PLD as shown in Figure S4 which

shows good quality ferroelectric hysteresis at room temperature.
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Supplementary Figure S5: A comparison of the current-voltage responses of (a) sample
grown at a deposition rate of 1Hz, cooled in 750 Torr of oxygen (green line) with the
sample grown at 10 Hz and cooled in 750 Torr of oxygen (blue line); (b) sample grown at
a deposition rate of 1Hz, cooled in 750 Torr of oxygen (green line) with the sample
grown at 1 Hz and cooled in 20 mTorr of oxygen; These results show that the more
defective samples also show a larger leakage current at the macroscopic scale compared

to the films that are of lower defect density.
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Supplementary Figure S6(a-c) Ferroelectric hysteresis loops of the three model systems

used in this study as a function of test frequency at 100 K.
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Supplementary Figure S7: A log-log “universal” plot of normalized switching field, i.e.,
[Ec-Ec/a] as a function of frequency. The proper ferroelectrics (PTO and BFO) map onto
each other with a slope of ~1/4. In contrast, the improper ferroelectric samples all show a
two-stage frequency dispersion. Above ~100Hz, they all map approximately onto the

same plot with a slope of 2/3.
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