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ABSTRACT: The anion-deficient layered perovskite Pb,Fe,Os,
featuring a polarizable active Pb cation with lone pair electrons and
a magnetically active transition metal Fe cation, presents a
promising candidate for multiferroic applications. Nonetheless,
the exploration of multiferroic properties and magnetoelectric
coupling in Pb,Fe,O5 is extremely rare due to its complex
structure. Herein, a colossal magnetoelectric coupling coefficient
(5.19 X 10° mV cm ™" Oe™"), high ferroelectric polarization (2 uC/
cm?), and magnetic moment (25 emu/cc) at room temperature
have been discovered in an epitaxial Pb, y,sFe,O5 film. The
findings of this study demonstrate that the introduction of
excessive Pb ions can disrupt the disordered arrangement of the
mixed layer and convert it to an ordered distribution to improve
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ferroelectric properties. This research not only enriches the magnetoelectric coupling material system but also offers a viable strategy
for achieving strong room-temperature magnetoelectric coupling and multiferroicity in layered oxide materials.

B INTRODUCTION

Single-phase multiferroic films with magnetoelectric (ME)
coupling are promising in information storage, such as electric
write-in and magnetic read-out, which can significantly
improve storage speed and reduce energy consumption.'”"
However, the conflict in electronic structures for ferroelec-
tricity (necessitating empty d orbitals) and ferromagnetism
(requiring partially filled d orbitals) typically renders the
incompatibility for these two characteristics.’” Therefore,
developing single-phase multiferroic films at room temperature
is challenging.” Compared to single-phase multiferroics,
composite materials show a larger ME coupling coeflicient
for their flexible design strategies, such as materials selection
(e.g, strong piezoelectric and magnetostrictive materials),
composite architecture designs (0—0 nanodot, 0—3 and 1—3
architectures), etc.””” Nonetheless, the inherent high magnetic
moments and coercive fields of strong magnetostrictive
components generate stray magnetic fields, limiting their
compatibility with ME logic device requirements.'’ Addition-
ally, the complexity of these architectures elevates fabrication
costs and technical challenges.'" Therefore, it is still necessary
to explore room-temperature single-phase multiferroic materi-
als with high ME coupling coefficients to meet the application
requirements. Conversely, single-phase multiferroics face
intrinsic limitations in compositional diversity and tunability,
constraining ME coupling enhancements and practical
scalability. This challenge necessitates the exploration of
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novel material systems through crystallographic engineering
to reconcile these mutually exclusive properties.

Layered oxides including Ruddlesden—Popper
(AA,_1B,03,,1) and Aurivillius  ((Bi,0,)(A,-1B,03.1))
phases exhibit additional atomic planes compared to simple
perovskites. These structures can be engineered through strain
engineering, perovskite layers’ regulation, and abundant
chemical doping to active emergent functionalities, such as
ferroelectricity,'”"* ferromagnetism,'* multiferroicity,>~"* and
polar vortex.”” Hence, layered oxides due to their multiple
adjustable dimensions, compared to perovskite-based oxides,
provide a promising material platform for achieving room-
temperature multiferroicity and correlated ME coupling.
However, there is still a limited number of studies on the
ME coupling effect of layered oxide films, and their ME
coupling coeflicients are much lower than those of BiFeO; and
conventional composite films.”'”"®*'=** Fortunately, they
have at least pioneered a way to go in the field.

Another layered oxide (ie., anion-deficient layered oxide)
appears to have been overlooked in the realm of multiferroics,
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Figure 1. Structure characterization of P, ,,FO films. (a) Synchrotron-based out-of-plane /20 XRD pattern. (b) RSM near the (103) spot of the
STO substrate. (c) HAADF image around P, ,,FO—STO interface along the STO [010] zone axis. (d) The out-of-plane strain €,, image of (c) by

the geometric phase analysis (GPA).

likely due to its intricate structure. To date, only Pb,Fe,Oy
bulk ceramics’* and multiphase films with PbO and Fe,O;
impurities” have been reported to exhibit room-temperature
ferroelectricity and magnetism. Unlike conventional layered
oxides, the additional atomic planes of anion-deficient
perovskite Pb,Fe,Os are formed by crystallographic shear
into quasi-two-dimensional planes composed of both Pb and
Fe ions bonding with 02" jons, meaning that the metal ion
sites are co-occupied by Pb and Fe ions, known as mixed
layers,”® as shown in Figure S2a. The disordered distribution of
Pb and Fe ions in mixed layers leads to a centrosymmetric
structure (space group I4/mmm). However, the weak
ferroelectricity has been observed in Pb,Fe,O; bulk ceramics.”*
This indicates that the Pb,Fe,O; bulk should contain
structurally polar components potentially related to the
distribution of Pb and Fe ions in mixed layers. In other
words, the disordered distribution of Pb/Fe ions indicates that
the energy of Pb and Fe ions occupying the same lattice points
in the mixed layers is proximity. Local disturbances may
disrupt the disordered distribution and lead to the formation of
polarization structures in local structures, resulting in weak
ferroelectricity. Hence, altering the stoichiometric ratio is
anticipated to regulate the distribution of Pb and Fe in the
mixed layer, consequently impacting the ferroelectric and
magnetic characteristics.

In this work, the enhanced multiferroicity and strong ME
coupling of single-phase Pb,,4sFe,05 (P;,,FO) films are
induced by the reordered distribution of Pb/Fe cations in
mixed layers. The high ME coupling coefficient (5.19 X 10°
mV cm™' Oe™) at room temperature of single-phase P;,,FO
films reaches the same level as that of conventional
piezoelectric/piezomagnetic composite films. For the P,,,FO
and Pb,,,,Fe,O4(P,,sFO) films with different stoichiometric
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ratios, the former exhibits stronger ME coupling and a
ferroelectric response. Scanning transmission electron micros-
copy (STEM), synchrotron X-ray absorption spectroscopy
(XAS), and density functional theory (DFT) calculations
prove that the locally ordered distribution of Pb/Fe ions in
mixed layers is responsible for the high ferroelectric polar-
ization (P, ~ 2 uC/cm?) in P, ,,FO films. The mixed layers of
single-phase P;,,FO films play a crucial role in enhancing
multiferroic properties and the strong ME coupling coefficient.
This research not only enriches the magnetoelectric coupling
material system (i.e., anion-deficient layered perovskite oxide)
but also indicates that regulating the additional atomic planes
of layered materials is an effective method for achieving strong
room-temperature magnetoelectric coupling and multiferroic-

ity.

B RESULTS AND DISCUSSION

The epitaxial P,,,FO films were grown on (001)-orientated
SrTiO; (STO) substrates by radio frequency magnetron
sputtering. The out-of-plane synchrotron X-ray diffraction
(SXRD) pattern of the P;,,FO film with (00!) orientation is
shown in Figure la. The characteristic peak positions of
P,,,FO films shifted toward a low angle relative to the bulk
Pb,Fe,0; (a = b = 3.9047 A, ¢ = 36 A) due to excessive Pb
ions increasing crystal cell parameters c. Reciprocal space
mapping (RSM) around STO (103) evidenced that the
P,,,FO film was coherently strained to the STO substrate, as
shown in Figure 1b. The average in-plane and out-of-plane
lattice parameters of the P,,,FO film were estimated by RSM,
as shown in Figure S1 and Table S1. The low-magnification
high-angle annular dark-field (HAADF) image (Figure S2b)
showed the obvious interface between the P,,,FO film and
STO substrate in a large range. The P, ,,FO film thickness was
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Figure 2. Multiferroicity and magnetoelectric coupling of P; ,,FO films. (a) Out-of-plane ferroelectric domain image after writing box-in-box image
with +7 V/=7 V. (b) The P—V loops obtained by PUND measurement. (c) The magnetic hysteresis loops of P, ,,FO films at S and 300 K, where
the magnetic field is parallel to the in-plane. (d) Temperature-dependent magnetic moment curves (ZFC and FC) at a magnetic field of 500 Oe.
(e) Out-of-plane magnetic domain image after writing box-in-box image with +7 V/—7 V. (£h) The piezoelectric response characteristics of
P, ,,FO films, including phase—voltage hysteresis loops (f) and amplitude—voltage butterfly loops (g) with and without the application of an
external magnetic field of 1000 Oe. (h) ME coupling coefficient at different regions in P,,,FO films. (i) Comparison of the microscopic ME
coeflicient @3, and operating voltage of P,,,FO films with those of previously reported materials measured by PFM. Abbreviation: CFO
(CoFe,0,), PZT (Pb(Zty<,Tig4s)05), BEO (BiFeO3), SRO (SrRu03), and BTO (BaTiOs).

approximately 46 nm at a growth time of 60 min, in agreement
with the fitting results from X-ray reflectivity (XRR, Figure
S2c). The selected area electron diffraction (SAED, Figure
S2d) pattern indicated that the P;,,FO film possessed good
single crystallinity. The HAADF image (Figure 1c) along the
[010] zone axis demonstrated that the P,,,FO film was
composed of perovskite layers and mixed layers and was
arranged layer by layer along the out-of-plane direction (the
structural diagram is shown in Figure S2a). The ¢, strain
mapping (Figures 1d and S3a,b) of the P, ,,FO film exhibited a
horizontal striped distribution along the [001] direction due to
the difference of out-of-plane lattice parameters between the
perovskite layers and mixed layers, which is a characteristic of
layered structure.”” In addition, with the increasing film
thickness, the continuity of stripes was disrupted (Figure S3b)
due to many dislocations (Figure S4ab) being generated to
release stress induced by excessive Pb ions.

The ferroelectric properties of P,,,FO films were demon-
strated through piezoresponse force microscopy (PFM) and
positive-up-negative-down (PUND) methods. In Figure 2a, the
box-in-box pattern was written by applying a voltage of +7 V/
—7 V to the probe at a S X § um” region of P, ,,FO films using
the PFM mode. The PFM phase contrast changed from orange
to cyan with a 180° domain switching. The macroscopic
polarization of the Pt/P,,,FO/SrRuO;(SRO, 13 nm)
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capacitor was measured by the PUND method which can
eliminate nonswitching contributions,”*™° where amplitude
and width of voltage triangle were 5 V and 0.5 ms, respectively
(Figure SSa). The impact of the SRO buffer layer on the
structure of the P,,,FO film has been detailed in the
Supporting Information. It should be noted that the displace-
ment current confirmed the ferroelectric characteristics of
P, ,,FO films.”' Figure 2b shows the polarization—voltage (P—
V) loops calculated by the PUND measurement, where the
calculation method is presented in Supporting Information.
The true P, value of the P, ,,FO film was about 2 uC cm™ on

P/ 2+P /2
aVerage (R — hmax 5 ‘max ))

higher than the Pb,Fe,Os bulk.”* Notably, the remnant
polarization of positive voltage was higher than that of
negative voltage, which indicated the presence of a built-in
electric field in the P;,,FO film. The built-in electric field can
be attributed to the asymmetric distribution of oxygen
vacancies (V') and the flexoelectric field. The existence of
oxygen vacancies was confirmed by X-ray photoelectron
spectroscopy (XPS, Figure SSd) and electron energy loss
spectroscopy (EELS, Figure S6). The oxygen vacancies were
mainly distributed near the surface and easily accumulated in
defect areas (e.g., dislocations, as shown in the Figures S4 and
SSc), forming a built-in electric field point from the Pt top

which is 1 order of magnitude
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Figure 3. Origin of ferroelectric and magnetic enhancement. (a) Atomically resolved HAADF image of the P, ,,FO film viewed along the STO
[010] zone axis. (b) The intensity of atom columns’ intensity profile of the red region and the green region (a) along the «x direction. (c) The
schematic diagram: introducing excessive Pb leads to a locally ordered distribution of Pb/Fe ions in mixed layers. (d) HAADF image of mixed
layers in the P ,,FO film. The orange box areas represent perovskite layers. The red box areas represent additional perovskite unit cells due to
locally ordered atomic distribution. Right image: the average c/a of each perovskite unit cell layer along the thickness direction. (e) Polarization
distribution map of perovskite blocks, superimposed to STEM-HAADF image along the [010] zone axis, where scale bar represents 2 nm. (f) Fe
cations displacement of the P, ,,FO film (orange ball) and simulated Pb,Fe,O; bulk (black ball) projected along the [001] zone axis. (g) O-K edge

XAS spectra of the P, ,,FO film and Pb,Fe,O; bulk.

electrode to SRO bottom electrode.’” The positive in-plane
strain gradient along film thickness (Figure S3c,d) could also
lead to a built-in electric field from Pt to SRO. The detailed
discussion on the built-in electric field can be found in the
Supporting Information. The asymmetric leakage current—
voltage curve (Figure SSe) also indicated the presence of a
built-in electric field in P, ,,FO films.*® If the applied voltage
(negative voltage) was opposite the built-in electric field, a
larger voltage was required to polarize to the same polarization
state as the positive voltage. Therefore, the remnant polar-
ization (P,) value of the negative voltage part was lower than
that of the positive voltage part. Figure 2c shows the magnetic
hysteresis loops of the P,,,FO film at 5 and 300 K. The
P, ,,FO films showed weak ferromagnetic characteristics with a
low coercive field (~70 Oe), which is beneficial for achieving
low-voltage controlled magnetization reversal and reducing
power consumption.””** In addition, the remnant magnet-
ization (M,) of P;,,FO films was 2.357 emu/cc (0.286 emu/g)
at room temperature, which was higher than bulk Pb,Fe,O;
(0.037 emu/g).”* The field cooling (FC) curve and zero-field
cooling (ZFC) curve indicated that the magnetic ordering
temperature (Néel temperature, Ty) was higher than 350 K
(Figure 2d). To understand the effect of oxygen vacancies on
magnetism, we measured the magnetic hysteresis of P,,,FO
films at room temperature before and after air annealing (400
°C, 1 h) in a muffle furnace, as shown in Figure SSf. The
saturation magnetic moment (M) of P,,,FO film decreased
from 25 to S emu/cc after annealing, which indicated that
oxygen vacancies can enhance the magnetism of P, ,,FO film.
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In a word, in the case of excessive Pb, the epitaxial P ,,FO film
possessed the coexistence of stronger ferroelectricity and
magnetism than Pb,Fe,O5 bulk at room temperature.

The ME coupling response at room temperature is more
important than independent ferroelectricity and magnetism for
single-phase multiferroic materials. The scanning probe
microscopy (SPM) technique could characterize the local
ME coupling behavior of the film.”~”*® In Figure 2e, the box-
in-box patterns were written by applying a voltage of +7 V/—7
V at other § X S um? regions of P, ,,FO films using the PFM
mode, then reading magnetic domains using the magnetic
force microscopy (MFM) mode. The magnetic domains also
exhibited box-in-box patterns (Figure 2e), which indicated that
applying voltage can regulate the magnetic domain switching
of the P,,,FO film. To further measure the ME effect, the
lateral ME coeflicient a5, could be estimated from the variation
in piezoelectric amplitude butterfly loops induced by a lateral
magnetic field,”” as shown in Figure 2fg. The aj can be
described as the ratio of the longitudinal electric field AE; to
the lateral magnetic field AH,:"

v = AE, _ Ap/(dyy-D)
. AH, AH, (1)

where y is the piezoresponse amplitude (amplitude/quality
factor Q) in dual frequency resonant tracking piezoresponse
measurement, dy; = #/V under zero magnetic field, and V is
the alternating current (AC) voltage, and D is the thickness of
P,,,FO film. In this work, Ay = 15.39 pm Q' and y = 12.9
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Figure 4. DFT calculation of ferroelectric origin and enhancement. (a) HAADF images correspond to M1, M2, M3, and M4 configurations in the
P, ,,FO film, and their charge density distribution. The yellow arrow represents the direction of the dipole moment of the perovskite unit cell. (b)
Theoretical calculation values of out-of-plane polarization for M1, M2, M3, and M4. (c) Ferroelectric double-well energy landscape of perovskite

unit cells with different ¢/a ratios.

pm Q! could be obtained according to the butterfly loops
(Figure 2g) at zero direct current (DC) bias voltage, D = 46
nm, V=2V, and AH, = 1000 Oe. Therefore, the lateral ME
coupling coefficient a3, = 5.19 X 10° mV cm™" Oe™" was
obtained. To demonstrate the universality of ME coupling in
P, ,,FO films, we measured the ME coupling coeflicient in
different regions, as shown in Figure 2h, showing that the ME
coupling coefficient of the P,,,FO film ranges from 10* mV
ecm™ Oe™ to 10° mV cm™ Oe™". Moreover, we sequentially
measured the amplitude butterfly loops under magnetic fields
of 0 Oe, 1000 Oe, —1000 Oe, and returning to 0 Oe, as shown
in Figure S7a. After applying a magnetic field, the maximum
piezoelectric amplitude increased, and once the magnetic field
was removed, the piezoelectric amplitude reverted to a level
close to its original state (Figure S7b), indicating that the ME
coupling behavior of the P;,,FO film is reversible and
reproducible. Figure S7c shows the estimated ME coupling
coeflicients under varying magnitudes of positive and negative
magnetic fields. This observation aligned with the existing
literature®®*” that the ME coupling coefficients decrease with
increasing magnetic field when it exceeds the magnetic
coercive field. In general, the ME coeflicient of single-phase
multiferroic materials was much lower than that of composite
multiferroic materials.”’ Figure 2i shows the ME coupling
coeflicient of P, ,,FO films and other materials with the same
measurement method as this work.”~?3%37#1=%7 Excitingly,

24386

single-phase P,,,FO films exhibited significant ME coupling
coeflicients at low operating voltage, offering benefits such as
simplified manufacturing compared to composite films. These
characteristics support the potential industrial utilization of
low-power ME memory. In the Supporting Information, we
briefly discussed the influence of different Pb/Fe ratios on ME
coupling, ferroelectric response, and magnetism.

The origin of enhanced ferroelectric polarization in the
P, ,,FO film was also discussed. Interestingly, we observed the
ordered distribution of Pb/Fe atomic columns in mixed layers
of the P,,,FO film by STEM (Figure 3a). The red area and
green area showed a gradual transition from Pb atomic
columns (high contrast) to Fe atomic columns (low contrast)
and Fe atomic columns to Pb atomic columns along the x
direction, respectively. To gain a clearer understanding of the
atomic distribution of mixed layers, the strength distribution of
the atomic columns along the x direction is shown in Figure
3b. The strength transition of atomic columns from high to low
indicated an elemental transition from Pb atomic columns to
Fe atomic columns, and vice versa. It should be noted that the
structure cannot be interpreted as an out-of-plane boundary
(OPB) of Aurivillius oxides.””** First, the Pb,Fe,O; bulk
structure differed from Aurivillius oxides on the additional
atomic planes (Figure S8a). If Pb ions occupy Fe, lattice sites,
Aurivillius oxides can be formed, but this situation does not
exist in P;,,FO films according to STEM. Second, if it is
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believed that stacking faults lead to OPB, based on the
Pb,Fe,O5 bulk structure, the adjacent atomic layers of the
mixed layers should show low contrast in the HAADF image
(Figure S8b, green box) but that has high contrast in
experimental observation (Figure 3a). So, the ordered
distribution of Pb/Fe atomic columns should be caused by
the introduction of excessive Pb atoms to disrupt the
stoichiometric ratio, as shown in Figure 3c. As shown in
Figure 3d, the locally ordered atomic distribution in the mixed
layer of P;,,FO films led to the formation of additional
perovskite unit cells (red region) with large c/a.

The ferroelectricity of layered materials such as Aurivillius
oxides originates from the displacement of central ions in the
perovskite layers.*”*” Therefore, the additional perovskite unit
cells increased the ferroelectric component in the P;,,FO
films, which may be the reason for the enhancement of
ferroelectricity. Figure 3e shows the polarization distribution of
perovskite blocks in the P, ,,FO film along the [010] zone axis.
According to the Born effective charge calculation (see
Methods), the polarization magnitude mainly ranges from
0.53 to 4.24 uC cm™?, aligning with experimental evidence
(Figure 2b), suggesting that the ferroelectric polarization in
P,,,FO films stemmed from the perovskite blocks. In
Aurivillius ferroelectric oxides, the mirror symmetric polar-
ization along the [001] direction leads to a zero net out-of-
plane polarization.””*”** Nevertheless, the out-of-plane polar-
ization orientations within a single unit cell of the P, ,,FO films
were uniform, leading to an overall out-of-plane polarization.
To better demonstrate the polarization distribution of P, ,,FO
films, the average displacement of Fe cations in each perovskite
layer along the [001] direction was statistically analyzed, as
shown in Figure 3e. It can be clearly seen that the Fe cations in
the perovskite layers within a P,,,FO unit cell had the same
direction of ion shifts (Figure 3f, green region), which also
proved that the P, ,,FO unit cells had nonzero out-of-plane
polarization, indicating that locally ordered distribution of Pb/
Fe ions was conducive to the out-of-plane polarization. In
addition, the Pby, antisite defects (Figure S9) were beneficial
for enhancing out-of-plane polarization, despite their influence
on the surrounding 2 nm region. The discussion on antisite
defects is presented in the Supporting Information.

Figure 3g shows O K-edge XAS spectra of the P,,,FO film
and Pb,Fe,Oy bulk, where two lower peaks are attributed to
the hybridization between O 2p and Fe 3d t,; and e, orbitals,
respectively. Compared with the FeOg octahedron with a
splitting energy of 2.1 eV in Pb,Fe,O; bulk, the splitting energy
of P ,4FO film reduced to 1.6 eV. Moreover, t,, orbital energy
remained unchanged and e, orbital energy shifted toward low
energy, which also indicated that Fe ions deviated from the
octahedral center.>'”! The ratio of ty, to e, in the Py 5,FO film
was greater than that in the Pb,Fe,O; bulk, indicating a
decrease in the occupation of t,, orbitals and an increase in the
occupation of e, orbitals in the P,,,FO films. This promoted
the formation of high spin states and increased the magnetic
moment of Fe,”” thereby enhancing magnetism.

The locally ordered distribution of Pb/Fe ions in mixed
layers led to the universal existence of four competitive
structures in the P,,,FO film, as observed through STEM
(Figures 4a and S10ab). First, the total energies of Pb
occupying different positions (mixed layers and perovskite
layers) were calculated using the SO structure as a reference
phase. (The calculation models are shown in Figure S10c). In
Table S2, we compared the energies of Pb ions occupying

different positions, which indicated that excessive Pb ions are
more likely to occupy the mixed layers than the perovskite
layers. However, these results do not represent that excessive
Pb ions all occupy the mixed layer in actual P, ,,FO film; they
may also reside in the perovskite layer, forming antisite defects
(Figure S9), a common occurrence in Pb-based perovskite
oxides.””** To elucidate the impact of Pb occupying the mixed
layer on the perovskite layer, we computed the charge densities
of the M1, M2, M3, and M4 configurations. As shown in
Figure 4a, excessive Pb asymmetrically occupying the mixed
layer (M1, M2, M3) disrupted the mirror displacement (not
net displacement) of Fe ions in perovskite layers, leading to a
nonzero net displacement. Due to the central symmetry of the
M4 configuration, only M1, M2 and M3 configurations
contributed to ferroelectric polarization in the P, ,,FO film.

The out-of-plane polarization (P,) values of different
structures were calculated via the Born effective charge
method. As shown in Figure 4b, the M4 configuration exhibits
central inversion symmetry and has no net out-of-plane
polarization. In contrast, the polar structures (M1, M2, and
M3) are generated when Pb atoms partially occupy the mixed
layers. It is noteworthy that while the P, ,,FO film contained a
coexistence of M1, M2, M3, and M4 configurations, only the
first three contributed to ferroelectric polarization. Therefore,
it is reasonable for the experimental polarization value to be
lower than the theoretically calculated one. Additionally, Table
S3 shows space groups of the four configurations, the number
of perovskite cells, and their Fe ions displacement. The partial
substitution of Pb ions within the mixed layers induced the
formation of a polar structure (P4mm), enhancing the polarity
component (number of perovskite units) and the net
displacement of Fe ions, in agreement with experimental
observations (Figure 3d,e). To understand the polarization
contribution of the c/a ratio of perovskite unit cells in the
P, ,,FO film, the Landau energy landscapes of perovskite unit
cells with varying c¢/a ratios in the M2 structure were
calculated, as shown in Figure 4c. With the movement of Fe
atoms, the total energy of these systems featured a classic
ferroelectric double-well potential.”> The increase of the c/a
ratio led to larger displacement of Fe ions, indicating that
perovskite unit cells with a large ¢/a ratio facilitated enhanced
polarization.

B CONCLUSION

A novel material, an anion-deficient layered perovskite oxide
P, ,,FO film, was explored for multiferroic ME coupling. The
mixed layers could be easily controlled to achieve emergent
performance. The high ME coupling coefficient and ferro-
electric polarization at room temperature were achieved in
Pb, ,,FO films with an ordered Pb/Fe ions distribution in the
mixed layers. The ordered Pb/Fe ions distribution within
mixed layers disrupted the central symmetry, resulting in
nonzero out-of-plane displacement of Fe ions within PFO unit
cells. This structural distortion increased the polarity
component and c¢/a axis ratio of perovskite cells, which in
turn enhanced room-temperature ferroelectric polarization.
This approach that regulates the atomic arrangement within
additional atomic planes presents a potential pathway for
layered oxides to exhibit multiferroic properties and robust ME
coupling at room temperature.
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B METHODS

Growth of P, ,,FO and P, ¢sFO Films. P, ,,FO and P, (;FO films
were successively fabricated by radio frequency magnetron sputtering
on SrTi0;(001) substrates using a single target with a nominal Pb/Fe
ratio of 3:2. The preparation condition of a single target has been
shown in the Supporting Information. Before depositing, the
sputtering chamber was pumped to a high vacuum of 6 X 107* Pa,
and then, the substrate was heated to 700 °C. The working pressure
was 1 Pa with a pure argon environment. The power of the RF voltage
source was 100 W. As the thickness increased, the Pb/Fe ratio also
increased. For the P, ,,FO film, the deposition time was 60 min, and
for the P, (sFO film, the deposition time was 30 min. To measure the
ferroelectricity of P;,,FO films, we first deposited the SrRuO; (13
nm) film as the bottom electrode on the SrTiO; substrate by direct-
current (DC) magnetron sputtering, where the growth temperature
was 750 °C, the pressure was 1.5 Pa (pure argon environment), and
the power of DC voltage source was 30 W. The Pt top electrodes were
deposited by DC magnetron sputtering at room temperature, where
the pressure was 0.8 Pa, and the power of DC voltage source was 40
Ww.

X-ray Measurements. XRD and RSM data were obtained at the
IWIA Diffuse X-ray Scattering Station of the Beijing Synchrotron
Radiation Facility (BSRF-1W1A) and Rigaku SmartLab X-ray
diffractometer. The X-ray absorption spectroscopy (XAS) measure-
ments were measured using the photoelectron spectroscopy station
(4B9B beamline) of the Beijing Synchrotron Radiation Facility. X-ray
photoelectron spectroscopy (XPS, Thermo Escalab 250Xi) was used
to characterize the chemical valence and oxygen vacancies of the
P,,,FO film.

Multiferroic and Magnetoelectric Coupling Measurements.
To measure the ferroelectricity of the P;,,FO film, the Pt top
electrodes and SRO bottom electrodes were deposited by magnetron
sputtering at room temperature and 750 °C, respectively. Pt/P, ,,FO/
SRO planar capacitors were measured using a ferroelectric tester
(AiXACCT, TF analyzer 2000). PFM and MFM signals were
measured using a commercial AFM system (Asylum Research MFP-
3D, USA). The PFM and MFM images were collected by the Tilr-
coated tip and the CoPt/FePt-coated magnetic tip, respectively.
Magnetic data of the P, ,,FO films were measured by using a magnetic
property measurement system (MPMS-3, Quantum Design). The
frequency response of the P;,,FO film was measured by an Agilent
4294A.

EDS and TEM Characterization. The Pb/Fe element ratios were
determined by an Energy Dispersive Spectrometer (EDS, ULTIM
MAXA40) and scanning electron microscopy (SEM, Zeiss EVO18).
High-quality thin cross-sectional samples for TEM were prepared by
using the focused ion beam (FIB, Helios 600i, FEI) technique. The
HAADF images and the SAED patterns were obtained on a JEOL
ARM?200F transmission electron microscope equipped with a double
spherical aberration corrector at 200 kV. The HAADF images were
collected at acceptance angles of 90—370 mrad.

Theory Calculations. Density functional theory (DFT) calcu-
lations were performed via the Vienna ab initio package by using
projected augmented wave potential with a cutoff energy of 520
eV.>™>% The Perdew—Burke—Ernzerhof (PBE) functional was
employed in a generalized gradient approximation (GGA) for the
exchange—correlation term.>”** We applied a Hubbard U (U = 4 eV)
correction on d orbital of Fe.’’ Our GGA-PBE pseudopotentials
included 4 valence electrons for Pb (6s?6p?), 8 for Fe (3d’4s'), and 6
for O (2s*2p*). Brillouin-zone integrations were performed with a
Gaussian smearing of 0.05 eV during all structural optimizations. For
charge density and theoretical polarization calculations, the
calculation models are shown in Figure S10c. The reciprocal space
was sampled by gamma point in the Brillouin zone with a grid of 6 X
6 X 1. Geometry optimization was performed with a convergence
condition of 1 X 107 eV per atom for the energy difference and a
maximum force of 0.02 eV/A. The theoretical ferroelectric polar-
ization of the P,,,FO film was calculated by using the Born effective
charge method:*

_i a¥ca
6B = >z

a,j

where @ represents the ion; i, j = x, y, z direction; & is the
displacement of the ion & in the j direction with respect to a reference
phase; Z{* is the Born effective charge tensor for ion @; Q is the
volume of the cell; and e is the electron charge. The Born effective
charges of Pb, Fe, and O ions were calculated by the density
functional perturbation theory (DFPT) method (i.e., LEPSILON =
.TRUE.),*® where the Born effective charge of Fe ion was about 3.21
X 107 C.

For double-well energy landscape calculations, the PbFeOj;
perovskite unit cells with different c/a ratios were established
according to optimized M1, M2, and M3 (Table S3). The reciprocal
space was sampled by gamma point in the Brillouin zone with a grid
of 6 X 6 X 6. Geometry optimization was performed with a
convergence condition of 1 X 107® eV per atom for the energy
difference and a maximum force of 0.01 eV/A.
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