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PFO ceramic target preparation

The Pb,,Fe,O5 ceramic target has been synthesized by solid-state reaction, where the
proportion of PbO (Aladdin, America, 99.9%) to Fe,O3 (Aladdin, America, 99.9%) is 3: 1
because Pb volatilizes during the preparation of target and films. The powders were mixed by
ball milling for 12 h, then sintered at 700 °C for 8h in air. The powder was then pressed into a
pellet and sintered at 750 °C for 6 h in air.

The determination of average lattice parameters of P, ,,FO film (~ 46 nm)

The peak positions of STO substrate and P, 5,FO film can be extracted from RSM raw data
using Gaussian fitting, which can further be used to calculate the pseudocubic lattice parameters
of Py 4FO film. The lattice parameters of tetragonal phase films can be calculated using the

following formulas:

W = H o Gsub (1)
— Lsub
Cp - Lyiim X Csup (2)

where a, and ¢, are in-plane and out-of-plane pseudocubic lattice parameters of P; 4FO
film, (H fitm, Lfum) and (Hsyp, Lsyp) are peak positions of P; ,4FO film and STO substrate
obtained by Gaussian fitting (Figures S1a and S1b), ag,;, and cgy,;, are in-plane and out-of-
plane lattice parameters of STO substrate (3.905 A). Therefore, we can further obtain the
average lattice parameters of P, ,4FO film a =a, and c = 9c,.! The results are shown in
Table S1.

The ion radius of Pb2* ions (1.19 A) is larger than Fe3* ions (0.645 A), so Pb2* ions occupying
sites of Fe3* ions will expand the crystal cell volume. Notably, despite the confinement of STO

substrate and the presence of excessive Pb, which maintains the in-plane lattice parameter a
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and increases the out-of-plane lattice parameter c, the emergence of dislocations with
increasing thickness causes the P ,4FO unit cells to tilt. This tilting results in a slight increase
in a and a decrease in c. Consequently, the average ¢ of P;,4FO film is not as large as

anticipated.

Calculation of the actual polarization value by the positive-up-negative-down

(PUND) measurement

The actual ferroelectric polarization was measured by Positive-up-negative-down (PUND)
measurements, which can separate switching currents from other contributions. Five triangular
wave pulses are applied to the P, ,4,FO film as shown in Figure SSa. The preset pulse is used to
pre-polarize the thin film in the same direction. Then, during the first positive voltage pulse, all
active mechanisms will contribute to the measurement current Ip including leakage currents
I, dielectric displacement current [p, and ferroelectric displacement current . Therefore, the
current Ip:

Ip=Ig+1p+1; (1)

Due to all dipoles have been switched during the second positive voltage pulse, only I
and I; contribute to the current [:

Iy=Ip+1, (2)

Thereby, the ferroelectric displacement current Ir will be obtained:

Ir=1Ip—1Iy 3)

Further, the polarization value could be obtained by integrating the ferroelectric

displacement current [r with time:



P=[Ipdt 4)

Analysis of the causes of asymmetric polarization

We attribute the observed asymmetric polarization values to the presence of the built-in
electric field. The origin of the built-in electric field is attributed to the asymmetric distribution
of oxygen vacancies and the flexoelectric field.

For oxygen vacancies, as shown in Figure S6. We measured EELS mapping to analyze the
distribution of O (red) and Fe (green) elements in P;,4,FO film, and extracted the elements'
single intensity along the out-of-plane direction. As shown in the profile of O element
distribution, from the interface to the surface of P, ,4FO film, the single intensity of O element
gradually decreases, which indicates the content of O ions gradually decreases, meaning that
oxygen vacancies mainly accumulate on one side of the surface. Oxygen vacancies originate
from Pb?* ions occupying Fe** ion sites. To maintain electrical neutrality, oxygen vacancies
will be generated. The defect equation is as follows:

AP0, + 2PBY, + 40, + V)
The signal intensity of Fe element progressively decreases from the interface to the surface,
suggesting an increasing substitution of Fe sites by Pb from the interface to the surface.
Therefore, oxygen vacancies mainly accumulate on one side of the surface. Furthermore, the
oxygen vacancies with positive charges will generate a built electric field point from the surface
(Pt) to the interface (SrRuOs), resulting in the asymmetric P-} and I-V curves.
Due to the larger leakage current of PFO film, the dynamic P-E loop (Figure 2b) was

obtained by the PUND method (Figure S5a). The PUND method calculates polarization by

integrating displacement current over time, as described on page 2 of the Supporting
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Information. Herein, we present a detailed introduction to the measurement process of the
PUND method and how the built-in electric field affects the polarization. Notably, polarization
current is generated during the reversal of ferroelectric domains, and the extent or number of
these domain reversals directly influences the magnitude of polarization current.

The voltage sequence required for measuring polarization using the PUND method consists
of “Preset”, “Positive”, “Up”, “Negative” and “Down”, as shown in Figure S5a. The “Preset”
process involves applying a negative voltage to pre-polarize film and achieve upward
polarization. The “Positive’ process involves applying a positive voltage to switch ferroelectric
domains and achieve downward polarization, where the generated current includes polarization
displacement current, dielectric displacement current and leakage current. The “Up” process
still involves applying a positive voltage, but the generated current only includes dielectric
displacement current and leakage current. Therefore, the polarization displacement current
resulting from ferroelectric domains switching is equal to the “Positive” process current minus
the “Up” process current, as shown by the blue solid line in Figure SSb. Similarly, the upward
polarization displacement current is equal to the “Negative” process current minus the “Down”
process current, as shown by the orange solid line in Figure S5b. The polarization intensity can
be obtained by integrating the current with time (Figure 2b). It can be seen that the polarization
current in the positive voltage region is greater than that in the negative voltage region, therefore
the polarization intensity in the positive voltage region is greater than that in the negative
voltage region.

As shown in Figure SS5c, the downward built-in electric field influences the pristine

polarization state of the P, ,4FO film, leading to a downward net polarization.>? The “Preset”
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process switches ferroelectric domains to upward polarization. Next, when a positive voltage is
applied during the “Positive” process, the polarization direction of ferroelectric domains
reverses downward. Due to the direction of the built-in electric field aligning with the external
voltage, ferroelectric domains are easily reversed, resulting in a larger polarization current and
therefore a larger polarization. When a negative voltage is applied during the “Negative”
process, the opposing directions of the built-in electric field and the external electric field
impede the upward reversal of ferroelectric domains, consequently leading to a reduced
polarization current.

For flexoelectric field, as shown in Figures S3c and S3d. The gradient variation of in-plane
strain along the thickness direction of the film will contribute to the out-of-plane polarization

(Prexo)*, which can be calculated by the following formula:

oe
P flexo u a;x
where a;;x is the in-plane strain gradient along the thickness direction of the film. The

flexoelectric coefficient u can be estimated by the following formula:>¢

e
=X,

Where y is the dielectric susceptibility (y = €, —1 = &,.), ¢ is the electron charge, and a is the
in-plane lattice constant. The dielectric permittivity of P, ,FO film is 200 at 1 kHz measured
by impedance analyzer (Figure S13). The average strain gradient is 3.82 x 103 m! of P ,4FO
film determined by GPA. Consequently, the out-of-plane flexoelectric polarization is 0.32
uC/cm?. Although the out-of-plane polarization induced by flexoelectricity is an order of
magnitude lower than macroscopic polarization (~ 2 puC/cm?), it remains a significant

component of ferroelectric polarization.



The influence of different Pb/Fe ratios on ME coupling, ferroelectricity and

magnetism.

Due to the volatility of Pb during the deposition of thin films, it is difficult to precisely control
the Pb/Fe ratio of Py 54,FO film. However, our Energy Dispersive Spectrometer (EDS) data of
P, 24FO films with varying thicknesses revealed that the Pb/Fe ratio increases with film
thickness (See Figure S11, Table S4), which is consistent with Fe L-edge signal intensity trend
along thickness direction shown in Figure S6. Figure S12a indicates that the saturation
magnetic moment increases with decreasing P ,4,FO film thickness, which may be due to the
increase in the relative content of Fe. We measured the ME coupling coefficients of PFO films
where Pb/Fe ratio is about 1.05 (P ¢sFO) by SPM (Figure S12b), and compared them with the
data (Pb/Fe ratio ~ 1.24, P,,4FO) presented in Figure 2h. The ME coupling coefficients in
different areas of P; ¢sFO film exhibit significant variation, which may be due to the uneven
distribution of Pb/Fe ratio. The average ME coupling coefficient (~ 2.85 x 10* mV-cm™-Oe™!) of
P, osFO film is lower than that of P; ,,FO film (~ 5.35 x 10* mV-cm™!-Oe™").

We compared the ferroelectric response for Py 54FO films and P, osFO by PFM. As shown in
Figures S12c-f, a higher Pb/Fe ratio results in a more pronounced phase reversal after applying
box-in-box voltage, suggesting that excessive Pb is conducive to enhancing the ferroelectric
response.

The antisite defect in P, ,,FO film

Antisite defect is a very interesting phenomenon commonly observed in non-stoichiometric

systems. Lee et al’. reported that the formation of polar nanoregions around Tig, antisite defects
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in Sr deficient SrTiO; film, and showed room-temperature ferroelectricity in thinner STO film.
Gao et al.® reported that the Pby antisite defects are beneficial for the formation of
ferroelectricity in Pb; ,ZrOj; film, rather than traditional anti-ferroelectricity (PbZrOs). Ning et
al.? reported that the presence of Y. antisite defects facilitates a non-centrosymmetric distortion
promoting ferroelectricity. In a word, the antisite defects can break the centrosymmetric
structure and promote polarity distortion, which is beneficial for the formation and
enhancement of ferroelectricity.

As shown in Figure S9, the Pbg. antisite defects in P, 4,FO film can expand the c/a ratio
within about 2 nm of the surrounding area, enhancing local polarity distortion, which is
beneficial for achieving out-of-plane net polarization. Therefore, the ordered distribution of
Pb/Fe ions in mixed layers and the Pbg, antisite defects in perovskite layers jointly contribute

to the enhancement of out-of-plane polarization in P; ,4FO film.

The influence of oxygen vacancies on ferroelectric switching

Oxygen vacancies are a double-edged sword. On the one hand, they can break spatial
inversion symmetry producing ferroelectricity!?, even enhance ferroelectric polarization'!. On
the other hand, they can also pin ferroelectric domains increasing the coercive field'?, and affect
ferroelectric stability!?. The main reasons why oxygen vacancies affect ferroelectric stability
are as follows:

1. Generate leakage current: Oxygen vacancies are equivalent to n-type doping, which
introduces electrons into the materials and increases the leakage current.

2. Increasing coercive field: During ferroelectric switching, oxygen vacancy point defects can
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hinder the growth and diffusion of ferroelectric domains, resulting in a high coercive field.
Switching ferroelectric polarization at a higher voltage can deteriorate the ferroelectric cycle
performance.'?

3. Producing dead layer: During the ferroelectric switching process, oxygen vacancies will
continuously accumulate at the electrode/ferroelectric layer interface, leading to a ferroelectric

dead layer and rendering ferroelectric switching ineffective.!?

The influence of SRO buffer layer on structure of P, ,,FO film

Figure S14a shows the XRD patterns of Pt/P; ,4,FO/SRO film and PFO film deposited on
STO substrates. It can be observed that the characteristic peaks of PFO film deposited on the
SRO bottom electrode exhibit a shift towards higher angles in comparison to that grown directly
on STO, suggesting a decrease in the out-of-plane lattice constant. In addition, the originally
weaker characteristic peaks of PFO (0 0 6), PFO (0 0 14), and PFO (0 0 20) disappeared directly
on the P;,4FO film grown on the SRO bottom electrode, indicating its epitaxial quality was
damaged. We measured RSM to determine the in-plane lattice parameters of P;4FO film
growing on the SRO bottom electrode, as shown in Figure S14b. The in-plane lattice parameter
of P, ,4FO film with SRO buffer layer is still the same as that of the STO substrate. Table S1
shows the lattice parameters as well as the in-plane and out-of-plane strains of Py 5,FO films,
where the strains of P ,4FO films relative to the PFO bulk were calculated by the following
formula:

_ Qritm — Qpulk

Ey =
Apuik

Critm — Cpulk

gy =——

Chulk
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Although the out-of-plane lattice parameter of P;,4FO film with SRO buffer layer are
reduced compared to Py 5,FO film grown on STO substrate, the out-of-plane lattice parameter
of P;,4FO film with SRO buffer layer remains larger than that of PFO bulk. Figure S14c
presents the HAADF image of P, ,,FO/SRO/STO, determining that the thickness of the SRO
bottom electrode is 13 nm. Considering that the in-plane lattice parameter of PFO bulk is 3.905
A and that of pseudocubic SRO is 3.923 A9, this stress mismatch may lead to damage to the
P, 24FO/SRO interface quality, resulting in ferroelectric performance degradation. Figure S14d
shows the EELS mapping of Fe, Ru and Ti elements.

In summary, the c/a axis ratio of Py 54,FO thin films deposited on the SRO bottom electrode
diminishes due to damaged epitaxial quality, potentially inhibiting out-of-plane ferroelectricity,
which is also consistent with the experimental polarization value being lower than theoretical
polarization value (Figure 4b). In future studies, choosing an appropriate bottom electrode is a
promising approach to improve epitaxial quality enhancing the ferroelectric polarization of PFO

epitaxial thin films.
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Figure S1. (a) The RSM intensity distribution of P; 54FO film and STO substrate at L =2.89148
and L = 3.00148, respectively, varies with H. (b) The RSM intensity distribution of P; ,4FO

film and STO substrate at H = -1, varies with L.
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Figure S2. (a) The structural schematic diagram of Pb,Fe,0s. (b) The low-magnification image
shows the sharp interface in an extensive range. (¢c) The measured (blue block) and fitted
(orange line) XRR curves of the P; 54FO film. Inset is the X-ray scattering length density (SLD)
depth profile as a function of the distance from the STO substrate. The film thickness is about
46 nm, acquired from modelling the XRR pattern by using GenX. (d) The electron diffraction

image demonstrates the excellent single crystallinity.
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Figure S3. (a) STEM-HAADF image of P;,4FO film in an extensive range. (b) The out-of-
plane strain g,, image of (a) by GPA. (c) The in-plane strain &,, image of (a) by GPA. (d) The

in-plane strain gradient variation along [001] within the orange dashed box in (c).
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Figure S4. (a) The dislocations of P 54FO film are shown by the HAADF image. (b) Inverse

fast Fourier transformation (FFT) of (a). Two dislocations are highlighted by the red box.

14



)
(WA=

3
= N D
@
g P \ ﬁ \
0-3
S5
gOPreset Negative Down
§-5 Positive \/_\/
0 1 i 2 3
Time (ms) Pristine Preset
(b) ——
2] ~———N-D ! +P
< :
= 1 |
= 1 |
e |
2 |
S 0t---= = -
) </
=4 2 E
6 4 2 0 2 4 6 Negative Positive
Voltage (V)
(d) (e) (fy 02
dh —— as-grown
——Fit data __0.00 T A % 204 grov s =
—_—01 E & 3 annealing 4 i
- £ 01 &
Ol < L 10 =
o | —0Om =i b =
§ é / g 0 00 §
O | Vo~ 2402% 3 j E 5
o £ .10 =
2-0.08- T | 018
':“u o X g
L 220 H // in-plane =
0.2

=]

=

LN
L]
S
[+ ]
o
)
~
(2]

w

o
L8
o

545 540 536 530 525 -05 0.0 0.5 1.0
Binding energy (eV) Voltage (V) Magnetic Field (T)

Figure S5. (a) Time-dependent triangular wave voltage (ranging from -5 V to +5 V, bottom)
and displacement current (top) measured in PUND mode. (b) The polarization displacement
current vs. voltage. (c) Schematic diagram of the influence of the built-in electric field on
ferroelectric polarization switching, where red circles and black circles represent oxygen
vacancies and polarization charges, respectively; red arrows and black arrows represent the
direction of the built-in electric field and polarization, respectively. (d) Deconvolutions of O 1s
XPS analyses of P ,FO film by using the Lorentz-Gaussian model, where the experimental
data, lattice oxygen (O ), oxygen vacancy (Oy) and adsorbed oxygen (Oq) are represented by
black circles, blue line, orange line and purple line. (e) The leakage current density of Py ,4,FO

film between —5 V and +5 V. (f) The hysteresis loops of P ,4FO film before and after annealing.
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Figure S7. (a) The amplitude butterfly loops of P, ,4FO film under various positive and
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Figure S9. The influence of antisite defect on the c/a ratio of the perovskite layer. (a) The
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variation of ¢/a ratio of the perovskite layer along x direction (dark blue dashed box in (a)).

19



"R " e " H
. 5

..
..
..
.e
.

LR
. e
,e
.

LR
L
L
.e
.

-h
-h
. s
.e
e
LR
"

. »
L

" E R R R R R EEEEEERE R B

® o o Qe O 0 -0 00060004
o © °Q| °Qlc © o ® 0o O o|@° |Qc O o M
@ c 0 ol@c Q@ Q0 Q| °Qlc © o 0 o

M3

Q: 00 -0 o d® o @ o
O 0o o @ o O o QO O -
Q° 0°0 -0 oo o @ o

. ©Qc ©Q°0 °Q© °00c ® o @ o
o ©® QO ‘Oobo.ovo@ Q° Q-
©Q°c ©0°0Q °Q °00° 0 o @ o

M2

x
TP,

° ° ° ° °

® ¢ O o Qc 0°0 -©O 00050001

o ©® © Qo ®® o @ ©c @ o Qo Qo O o M
Qc 0°0Q °Q 200 ® o @ o

Dofrobe @ @@ @ oDodop
o ® O o@oéo@o?o@o G O o %
BofoBeo @ @@ @ oDodop

Figure S10. Model diagrams of reference structure and Pb replacing the different positions of

Fe in the mixed layers (M1, M2, M3 and M4).

20



~ 46 nm Pb Ma1
25 um

~23nm Pb Ma1 Fe Kal
25 um

Figure S11. The EDS measurement of PFO film with different thicknesses.
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Table S1. The lattice parameters and strain of P ,4FO films grown on STO and SRO, PFO bulk

and STO substrate.
In-plane Out-of-plane
a (A) &x (%) c (A) ey (%)
P1_24FO film
3.905 0 36.48 1.3
(grown on STO)
P1_24FO film
3.905 0 36.34 0.9
(grown on SRO)
PFO bulk! 3.905 - 36 -
STO substrate 3.905 - 3.905 -
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Table S2. Total energy of Pb replacing Fe at different positions.

Number of Pb
Configurations Energy (eV)
replacing Fe
Pbre 3.56
Pbre, 2.88
Pbge; 1.60
Perovskite layers
Pbrges 0.44
Pbres 3.11
1
Pbres 1.14
Pbrer 0.82
Pbr.s 0.44
Mixed layers
PbFe9 0
Pbrge1o 1.72
Pbres,o 0
Mixed layers
PbFeS,lO 0.04
Pbress 1.50
2
Pbrges,o 1.13 Mixed and
Pbge.s 0.76 Perovskite layers
Pbres, 0.69
Pbrer,8,9 0
Mixed layers
Pbres 0,10 0.30
Pbre1,8,9 3 2.63
Mixed and
Pbress 0.33
Perovskite layers
PDreas9 0.89
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Table S3. Structural relaxation optimization results for four competing structures.

Number of . Net average c/a ratio of
Structures Space perovskite DlSplE.lCGl’nel’lt of displacement perovskite
Eroup unit cells Fe ions (A) (A/Fe) unit cells
Fel 0.06 0.90
Fe2 -0.12 0.95
Fe3 0.18 1.10
M1 P4mm 7 Fe4 -0.30 -0.02 1.15
Fe5 0.08 1.00
Fe6 -0.28 1.10
Fe8 0.26 1.10
Fel 0.06 0.90
Fe2 0.22 1.00
Fe3 0.14 1.02
Fe4 -0.15 1.05
M2 Pdmm 8 Fes | 0.17 0.17 1.00
Fe6 0.18 1.05
Fe7 0.37 1.15
Fe8 0.35 1.15
Fel -0.13 0.90
Fe2 -0.02 0.95
Fe3 -0.03 1.08
M3 P4mm 7 Fe4 -0.18 -0.05 1.10
Fe5 0.41 1.10
Fe6 -0.22 0.98
Fe7 -0.19 1.08
Fel 0 0.90
Fe2 0 0.90
Fe3 0.15 0.92
M4 | 14/mmm 6 Fed | -0.15 0 0.92
Fe5 0.15 0.92
Fe6 -0.15 0.92
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Table S4. The relative content of Pb and Fe in PFO film with different thicknesses.

PFO film thickness (nm) Pb (at%) Fe (at%) Pb/Fe ratio
46 2.19 1.77 1.24
23 1.07 0.93 1.05
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