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M A T E R I A L S  S C I E N C E

Role of oxygen vacancies in colossal polarization 
in SmFeO3− thin films
Hao Li1†, Yali Yang2,3†, Shiqing Deng1,4,5*, Linxing Zhang6, Sheng Cheng7, Er-Jia Guo8, 
Tao Zhu7,8, Huanhua Wang9, Jiaou Wang9, Mei Wu10, Peng Gao10, Hongjun Xiang2,3, 
Xianran Xing1, Jun Chen1,4*

The orthorhombic rare-earth manganates and ferrites multiferroics are promising candidates for the next gener-
ation multistate spintronic devices. However, their ferroelectric polarization is small, and transition temperature 
is far below room temperature (RT). The improvement of ferroelectricity remains challenging. Here, through the 
subtle strain and defect engineering, an RT colossal polarization of 4.14 C/cm2 is achieved in SmFeO3− films, 
which is two orders of magnitude larger than its bulk and is also the largest one among the orthorhombic rare- 
earth manganite and ferrite family. Meanwhile, its RT magnetism is uniformly distributed in the film. Combining 
the integrated differential phase-contrast imaging and density functional theory calculations, we reveal the 
origin of this superior ferroelectricity in which the purposely introduced oxygen vacancies in the Fe-O layer 
distorts the FeO6 octahedral cage and drives the Fe ion away from its high-symmetry position. The present approach 
can be applied to improve ferroelectric properties for multiferroics.

INTRODUCTION
Multiferroic materials, with intimately coupled ferroic-order param-
eters, are widely considered to breed fascinating physical properties 
and provide unique opportunities for the development of next gen-
eration devices, like multistate nonvolatile memory (1, 2). The ori-
gin of magnetic and ferroelectric order is independent of each other, 
which is denoted as type I multiferroic, while the ferroelectric 
order of the so-called type II multiferroic is induced by specific 
spin structures (3, 4). Because of the symmetry breaking caused by 
the Dzyaloshinskii- Moriya interaction between cycloidal spiral spins 
(5), a good magnetoelectric (ME) effect was first observed in the ort-
horhombic TbMnO3, which enables the control of electric polariza-
tion by a magnetic field (6). For example, through the manipulation 
of special composite domain wall structures in GdFeO3, ferroelec-
tric polarizations and magnetic moments were reported to be 
switched by a magnetic and electric field below 2.5 K, respectively 
(7). This intriguing phenomenon and other concomitant emergent 
physical characteristics brought the orthorhombic rare-earth man-
ganates and ferrites [o-REMO3 (RE = rare-earth and M = Mn, Fe)] 
to the focus of attention (8–17). Recent breakthroughs include the 
realization of giant ferroelectric polarization of 1.8 C/cm2 at 5 K 
in TbMnO3 via 1.14% strain induced by rigorous 10 GPa external 

pressure, which is the highest one to date (18). However, the de-
velopment of the o-REMO3 family has been greatly hindered by 
their weak ferroelectricity in magnitude (<0.2 C/cm2) or transi-
tion temperature (<40 K). It is thus of both scientific and practical 
importance to develop an effective strategy to reinforce the ferro-
electricity of the o-REMO3 family to a large and stable polarization 
(at least larger than 1 to 5 C/cm2) without deteriorating the room 
temperature (RT) ferromagnetic properties (2).

SmFeO3 (SFO) is one promising candidate for RT multiferroicity 
and ME effect in the type II multiferroic o-REFeO3 family because 
the improper ferroelectricity and antiferromagnetism (AFM) coexist 
therein above the RT (19, 20). Bulk SFO exhibits a canted AFM spin 
ordering with a weak net magnetic moment [~0.05 B per formula 
unit (f.u.)] along the a axis at RT (21), in which the exchange striction 
mechanism of Fe spins drives a tiny polar displacement of oxygen ions 
in the antiferromagnetic domain wall (22). This leads to the extremely 
small ferroelectric polarization in magnitude (~0.01 C/cm2) (19, 22). 
In this sense, although it is considerably challenging, improving the 
ferroelectric polarization is the key step to the realization of strong 
RT multiferroicity of this and related systems in the o-REMO3 fam-
ily, which lays the foundation for their development and especially 
the practical application.

Here, combining the subtle strain and defect engineering, we sub-
stantially improve ferroelectric polarization of SFO magnitude from 
~0.01 to ~4.14 C/cm2, which is the largest one to date in the o-REMO3 
family. The combination of the synchrotron x-ray diffraction (SXRD) 
and scanning transmission electron microscopy (STEM) investiga-
tions attributes this prominent ferroelectricity to the collaboration 
of the expanded lattice volume and the specific oxygen vacancies 
(VO) in the Fe-O layer. In particular, the critical role of the VO in the 
Fe-O layer is highlighted in determining the expanded lattice struc-
ture relative to bulk SFO and driving the Fe ion away from its original 
high-symmetry position, which eventually introduces local electric 
moments. Density functional theory (DFT) calculations further 
elucidate the effect of VO at different positions on the pristine struc-
ture, local strain state, and ferroelectricity, providing fundamen-
tal insights into the origin of the achieved colossal ferroelectricity. 
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By combining the subtle strain and defect engineering, our work 
provides a feasible strategy for boosting the ferroelectricity of the 
o-REMO3 family.

RESULTS AND DISCUSSION
The epitaxial SFO films were grown on (001)-orientated SrTiO3 
(STO) substrates by the advanced radio frequency magnetron sput-
tering system at 20% oxygen partial pressure. The out-of-plane SXRD 
patterns in a wide range indicate the epitaxial growth and high phase 
purity of the film (Fig. 1A). Laue fringes and the oscillating peaks of 
x-ray reflectivity (XRR) verify the high crystallinity, smooth surface, 
and uniform chemical compositions of the film (fig. S1). The substrate- 
film interface is atomically and chemically sharp, as demonstrated 
by the atomically resolved high-angle annular dark-field (HAADF) 
imaging (Fig. 1B) and energy-dispersive x-ray spectroscopy (EDXS) 
mapping (Fig. 1C) by spherical aberration-corrected STEM. It is 
known that bulk-state SFO adopts an orthorhombic distorted pe-
rovskite structure (Pbnm; a = 5.400 Å, b = 5.597 Å, and c = 7.711 Å) 
(23). Therefore, there exist two growth scenarios for this structure 
on STO substrates (fig. S2) (24), which can be confirmed by the 
STO (011) -2 scans that show both SFO (200) and (020) diffraction 
peaks (Fig. 1D). By optimizing the rocking curves of SFO (200) and 
(020) peaks, the lattice parameters of a and b are determined as 
around 5.479 and 5.648 Å, corresponding to +1.46 and +0.91% lat-
tice expansion along the a and b axes, respectively. Phi scans of SFO 
(200) and (020) and STO (011) planes further certify the epitaxial 
growth relationship of SFO (110) // STO (001) (Fig. 1E and fig. S3). 

This can also be verified by HAADF-STEM images at [001] (Fig. 1B) 
and  [1 

_
 1 0]  (fig. S4) zone axes of the SFO films. According to synchro-

tron x-ray reciprocal space mappings (RSMs) around STO (103) 
and SFO (332) reflections and HAADF images, the c axis of the film 
lies in-plane and matches well with the double a axis of the substrate 
(~7.81 Å) (Fig. 1F). Note that the c axis of the film is +1.28% elongated 
compared to the bulk.

All three axes of the film here are found to be stretched simulta-
neously, which is different from the usual situation where the in-plane 
tensile strain generally leads to the compression of the out-of-plane 
lattice, keeping the cell volume almost unchanged (25). It is well rec-
ognized that strain engineering that can induce unique lattice structure 
is effective in modulating the ferroelectric polarization of perovskite 
oxides (26). For example, the general biaxial compressive strain can 
elongate the out-of-plane lattice of BiFeO3 and increase its ferro-
electric polarization by an order of magnitude (1, 27). Using the late-
ly developed interphase strain method, a giant c-axial tensile strain 
of 16.5% can be introduced in the PbTiO3 lattice by the fully coher-
ent PbTiO3/PbO interphase to substantially increase the tetragonali-
ty (c/a = ~1.238), resulting in a giant polarization of 236.3 C/cm2 
(28). Therefore, a previously unknown ferroelectric property can 
be expected in these SmFeO3− thin films with expanded lattice rel-
ative to bulk SFO.

As shown in Fig. 2A, a remanent polarization Pr [= (Pr
+−Pr

−)/2] of 
4.14 C/cm2 is achieved in this SmFeO3− film at RT. This is two 
orders of magnitude higher than that of its bulk (19, 29) and larger 
than that achieved in stoichiometric SFO epitaxial films in previous 
studies (30–33), as well as the record of 1.95 C/cm2 for the o-REMO3 

Fig. 1. Crystal structure characterization of SmFeO3− epitaxial thin films. (A) Out-of-plane synchrotron XRD pattern of (110) SmFeO3− thin films on (001)-orientated 
STO substrate. Inset in (A) is a schematic of epitaxial growth mode. a.u., arbitrary units. (B) HAADF-STEM image of the SFO-STO interface viewed along the SFO [001] 
zone axis. The top and left inset is the low-magnification image showing the sharp interface in a large range. (C) Atomically resolved EDXS mapping of Sm, Fe, Sr, and Ti 
elements, acquired from the orange rectangle region in (B). (D) Synchrotron XRD pattern of this film for the STO (011) -2 scans. (E) Phi scans of STO (011) and SFO (200) 
planes, indicating the epitaxial growth relationship of SFO (110) // STO (001). cps, counts per second. (F) Synchrotron x-ray RSM around the STO (103) spot. SFO (240) 
and (420) spots come from the in-plane 90° domain.
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systems (34). This ferroelectricity was double-confirmed by the 
positive- up-negative-down (PUND) method, which is more accurate 
than the polarization–electric field (P-E) hysteresis loops because it 
can exclude the possible contribution from nonferroelectric artifacts. 
Under low electric fields, the P-E loop shows a Pr of 1.37 C/cm2 
(orange loop in Fig. 2A), in which the true contribution of ferro-
electric polarization is determined to reach 91.2% (~1.25 C/cm2) 
by applying the PUND triangle waveform under the same voltage 
(Fig. 2B). It should be noted that the displacement current in Fig. 2B 
shows a platform rather than a typical switching peak, which implies 
that the ferroelectric domain of the film may consecutively switch 
under the electric field. This may also account for the lozenge shape 
of the P-E loop. Such a phenomenon was also previously observed 
in the normal SFO epitaxial thin films (30, 33) and supertetragonal 
PbTiO3 film (28). Besides, to exclude the possible artifacts contrib-
uted by the leakage current, we checked the resistivity in Fig. 2C, 
where the film shows excellent insulation with the resistivity values 
of ~5.92 × 1011 ohm·cm (inset in Fig. 2C). Under an electric field of 
150 kV/cm, the leakage current density is only about 2.27 × 10−7 A/cm2, 
which is much lower than other classic ferroelectric films, like BaTiO3- 
and PbTiO3-based thin films (35, 36). Meanwhile, such stable large 
polarization can be reproduced in other samples and observed at 
different tested electric field frequencies (10 to 1000 Hz), verifying 
the intrinsic ferroelectricity of the SFO films (figs. S5 to S8) (20). 
Temperature-dependent dielectric permittivity tests were per-
formed to determine the ferroelectric transition temperature (Tc). 
Inheriting from the bulk (21), the film also has a broad phase tran-
sition with strong frequency dependence (Fig. 2, D and E). The 
dielectric permittivity maximum (Tm) and anomalies of dielectric 
loss tangent appear at the same temperature at 10 kHz, indicating 

the ferroelectric transition temperature being around 560 K. As 
summarized in Fig. 2F, such superior ferroelectricity achieved in both 
magnitude (Pr = ~4.14 C/cm2) and transition temperature (Tc = 
~560 K) greatly extends the property boundary of the o-REMO3 fam-
ily, which, meanwhile, highlights the critical role of the lattice expan-
sion of our film.

The magnetic properties of this film were characterized by a 
combination of the superconducting quantum interference device 
and the polarized neutron reflectometry (PNR) (37). Figure S9A 
displays the specular neutron reflectivity for spin-up (R++) and spin- 
down (R−−) polarized neutrons as a function of wave vector q (= 4 
sin i/; i is the incident angle, and  is the neutron wavelength), 
which are normalized to the asymptotic value of the Fresnel reflec-
tivity RF (= 162/q4). The tiny differences between R++ and R−− and 
the corresponding spin asymmetry oscillation as a function of q man-
ifest the weak magnetism of the film (fig. S9). On the basis of the 
chemical depth profile acquired by the XRR fitting model (fig. S1), 
we obtained the best fit to our PNR data and magnetic depth profile 
(inset in fig. S9A), from which the magnetization of the film is 
determined as around 2.95+1.01 −0.66 × 10−2 B/f.u. at RT. This is consist-
ent with the bulk magnetic properties (19,  21). Meanwhile, the 
equivalent magnetic scattering length density within the film indicates 
that the magnetization is uniformly distributed along the thickness 
direction. This bulk-like magnetic property is further corroborated 
by magnetic field–dependent magnetization (M-H) loops of the films 
with different thicknesses, where the total saturated magnetization 
(Ms) is found to be approximately proportional to the film thickness 
(Fig. 3A). The zero-field cooling (ZFC) and field cooling (FC) curves 
indicate that the magnetic ordering temperature [Néel tempera-
ture (TN)] is as high as 546 K (Fig. 3B). Below TN, the film exhibits 

Fig. 2. Ferroelectric properties of lattice expanded SmFeO3− films. (A) P-E loops under different electric fields of SmFeO3− films grown on Nb-doped STO with Pt top 
electrode capped. (B) Time dependence of the triangular wave voltage (ranging from −5 to +5 V; bottom) and displacement current (top) measured in PUND mode. 
(C) J-E characteristics of SmFeO3− films with the same maximum electric field as P-E loops in (A). Inset shows the linear fitting of data near-zero electric field to obtain 
resistivity of the films. Temperature-dependent dielectric permittivities (D) and loss tangents (E) at 10- and 100-kHz and 1-MHz frequencies. (F) A comparison of polariza-
tion values versus Tc of o-REMO3 systems (6–19, 29–34).
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ferromagnetic-like hysteresis behaviors where both Ms and magnetic 
coercivity (Hc) decrease with increasing temperature, manifested by 
the M-H loops at different temperatures (Fig. 3C and fig. S10). Thus, 
with the great improvement of ferroelectricity, this film realizes the 
coexistence of strong RT ferroelectricity and magnetism. Further-
more, by applying an external electric field of 1.76 MV/cm, the magne-
tization and Hc only show a slight increase and decrease, respectively, 
indicating that the possible ME coupling is weak in this system at 
RT (fig. S11).

To get the microscopic origin of these outstanding properties of 
the film, we conducted atomically resolved STEM investigations. By 
using integrated differential phase-contrast (iDPC) imaging, both 
the cations and oxygens were visualized simultaneously (Fig. 4A). 
Detailed inspections of the image can find intensity anomalies of ox-
ygen columns in randomly distributed nanoregions, as confirmed by 
the intensity profile (Fig. 4B) extracted from the orange rectangle 
shaded area in Fig. 4A. With almost unchanged Fe column intensi-
ties, the apparent intensity drop of O columns is observed within 
these nanoregions, as outlined by the dashed lines in Fig. 4B, indi-
cating the existence of randomly distributed VO in the Fe-O lay-
er. VO has been proven to distort the surrounding lattice, drive 
atoms off original equilibrium positions, and thus induce possible 
local electric dipole moment (38, 39). In our case, by quantitatively 
analyzing the atomic positions Sm, Fe, and O columns in Fig. 4A (for 
details, see fig. S12), the positive and negative charge centers are found 
separate from each other, resulting in evident local polar displace-
ments roughly along the  [ 

_
 1  
_

 1 0]  direction (Fig. 4, C and D). Moreover, 
the polar displacement in each unit cell in Fig. 4A was calculated 
and mapped in Fig. 4C, which manifests evident fluctuations corre-
sponding to VO-contained nanoregions. The average displacement 
of the whole region is determined as around 11.6 pm.

The existence of VO and structural distortion can be further con-
firmed by x-ray photoemission spectroscopy (XPS) and x-ray ab-
sorption spectroscopy (XAS). Compared to the bulk SFO, the Fe 
2p3/2 energy level of the film shifts toward lower energy and can be 
deconvoluted into two peaks at around 710.9 and 709.6 eV, cor-
responding to Fe3+ and Fe2+, respectively (Fig. 4E and fig. S13). The 
40.1% Fe2+ content obtained from the fitting of the XPS spectrum 
indicates that the concentration of VO is about 6.7% (40). Besides, 
the existence of VO and its critical influence on crystal structure and 
ferroelectricity were further confirmed by changing the growth oxy-
gen partial pressure, where the out-of-plane lattice parameters and 
Pr of SmFeO3− films increase with the decrease in growth oxygen 

partial pressure (Fig. 4F and figs. S14 and S15). Moreover, the XAS 
results indicate that VO can notably distort the FeO6 octahedron and 
affect the coordination environment of Fe. Compared with the ide-
al FeO6 octahedron with a splitting energy (energy difference be-
tween the t2g and eg orbitals) of 1.50 eV in bulk SFO (41), the splitting 
energy of SmFeO3− film reduces to 1.33 eV, and the peaks formed 
by the hybridization between O 2p and Fe 3d eg orbitals shift toward 
lower energy, both demonstrating the distortion of FeO6 octahedron 
in the film (Fig. 4G). Such a distortion results from a series of changes 
in Fe─O bond lengths induced by the downward displacement of 
Fe ions (fig. S16), accompanied by the inversion symmetry broken 
and thus laying a foundation for enhanced ferroelectricity. So, the 
presence of the VO should account for the expanded lattice volume 
of the film (Fig. 1), which is consistent with previous studies and is 
also corroborated by our theoretical calculations (Fig. 5).

First-principles calculations further provide fundamental insights 
into the critical roles of VO in determining crystal structure, local 
strain state, and ferroelectricity of the present SmFeO3− thin film. A 
40-atom bulk supercell (Fig. 5A and fig. S17) is adopted, and 11 con-
figurations with VO at different crystallographic positions are con-
structed. We first investigated the effect of VO on the bulk structure 
by fully relaxing the structure in which one or several oxygen atoms 
are removed. When the O atoms in the Fe-O layer are removed, the 
out-of-plane lattice of the supercell greatly increases, while the VO 
in the Sm-O layer basically does not elongate the out-of-plane lat-
tice (see detail in table S1). Thus, only the Vo in the Fe-O layer was 
considered in the following calculations. To be consistent with the 
experimental conditions, we fixed the in-plane lattice of the supercell 
from 7.71 to 7.81 Å to mimic an in-plane biaxial strain state. Mean-
while, the products of Born effective charges and ionic displacements 
with respect to the paraelectric Pbnm phase are used to give a pri-
mary estimation of spontaneous polarization (Ps) of the supercells in 
different cases (table S2) (42). Calculation results show that polariza-
tions change little with the in-plane lattice (Fig. 5B) but overall show 
a gradual increase with the increase in out-of-plane lattice (Fig. 5C). 
Detailed inspections of Fig. 5 (B and C) can also find the strong de-
pendence of polarization on the configuration and concentration 
of VO. Considering the facts of the experimental VO concentration 
of 6.7% (equivalent to 1.6 VO in the supercell), the in-plane lattice of 
7.81 Å, and the polarization of 4.14 C/cm2, the dominative VO 
configuration of the film is likely to be VO6,O5 (Fig. 5D). The relaxed 
structure shows polarization displacement roughly along the  [ 

_
 1  
_

 1 0]  
direction of the primitive cell (Fig. 5D), which is consistent with the 

Fig. 3. Characterization of magnetic properties. (A) Field-dependent magnetization of films with different thicknesses at 300 K, which is normalized by the total satu-
rated magnetization of 38.2-nm-thick film. (B) Normalized ZFC and FC curves at a magnetic field of 0.3 T. (C) Normalized field-dependent magnetization loops obtained 
at various temperatures. D
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Fig. 4. Microscopic origin of superior ferroelectric properties. (A) Atomically resolved iDPC image of SmFeO3− film. Abnormal nanoregions with VO are marked by 
orange dashed circles. (B) Intensity profile of Fe-O layers in the orange rectangle shaded area in (A). (C) Polar displacement map of the whole region in (A). (D) Enlargement 
of the orange rectangle region in (A), overlaid with the polar displacement vector. (E) Deconvolutions of Fe 2p XPS analyses of the thin films. (F) Growth oxygen partial 
pressure dependence of out-of-plane lattice parameter and Pr of the SmFeO3− films. (G) XAS O K edges of thin film and bulk. Inset shows the distortion of two kinds of 
FeO6 octahedra in the film SmFeO3− obtained from iDPC images.

Fig. 5. Theoretical calculation of the effect of VO and crystal structure on ferroelectric polarization. (A) Supercell model in theoretical calculation. The dashed lines 
represent the SFO primitive cell, which is the same as the inset in Fig. 1A. Spontaneous polarization as a function of in-plane lattice (B) and out-of-plane lattice (C). 
(D) Relaxed unit cell with two VO and the in-plane lattice of 7.81 Å where the polarization vector is overlaid. (E) Spontaneous polarization as a function of the number of 
VO. Each polarization value is derived from the average polarization of the corresponding number of VO in all cases. (F) Spontaneous polarization as a function of supercell 
volume expansion V. Regions with large lattice volume expansion is marked by the red shade, in which ferroelectric polarization can be greatly improved. The subscript 
of VO means that the position of oxygen is removed for the data in (B), (C), and (F). For example, VO6,O5 represents that O6 and O5 are both removed from the supercell.
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atomic-scale iDPC images (Fig. 4D). Moreover, we extracted the 
relationship between the VO concentration and the polarization 
magnitude, where the increase in VO concentration leads to the en-
hanced polarization (Fig. 5E) and the experimental result (marked 
by the red star) and the variation trend of Fig. 4F are in good agree-
ment with the calculations. This consistent result conclusively proves 
that the control of VO is a feasible mean to boost polarization. 
Figure 5F shows the variations of polarization with the expansion 
of supercell volume V =  (V − V1)/V1 (V1 is the volume of the 
relaxed 40-atom bulk supercell), which highlights the effect of the 
expanded lattice volume. When the lattice volume expands greatly 
(the red elliptical area), the polarization substantially increases. These 
calculation results manifest the critical role of the collaboration of 
the expanded lattice volume and specific VO in achieving superior 
ferroelectricity in SmFeO3− thin films, insights from which can 
also be enlightening for the design and property improvement of 
numerous ferroelectrics.

Through the subtle strain and defect engineering, we achieve an 
RT coexistence of the substantially improved ferroelectricity and mag-
netism in multiferroic SmFeO3− thin films. Systematic experimen-
tal characterizations reveal that the Pr of the film is as high as around 
4.14 C/cm2, which is two orders of magnitude higher than the bulk 
state and the largest value in the o-REMO3 systems. Combining 
atomic-scale quantitative electron microscopy analysis with DFT 
calculations, we unravel the origin of this strong ferroelectricity in 
which the cooperation of the expanded lattice volume and VO at 
special positions contributes to local electric dipoles. Corresponding 
changes are found in the orbital hybridization, electronic structure, 
and exchange interaction between atoms, which may offer chances 
for the emergence of novel physical properties. It is worth mention-
ing that with the achievement of the coexistence of the robust RT 
ferroelectricity (TC = ~560 K) and magnetism (TN = ~546 K) 
(although their coupling is relatively weak at this stage), our devel-
oped materials could be a good start point and a promising platform 
for exploring strong ME coupling through further engineering. In-
sights from this study may point to effective strategies for the control 
and improvement of functionalities of strongly correlated function-
al materials, including ferroelectrics, multiferroics, and magneto-
resistance materials.

MATERIALS AND METHODS
Thin-film preparation
The SmFeO3− films were fabricated by radio frequency magnetron 
sputtering on SrTiO3 (001) substrates using a single-phase SmFeO3 
target. Before depositing, the sputtering chamber was pumped to a 
high vacuum of 8 × 10−4 Pa, and the substrate was heated to 680°C. A 
total of 50 standard cubic centimeters per minute of argon and oxy-
gen is delivered to the chamber, yielding a working pressure of 0.5 Pa, 
and the partial pressure of oxygen is controlled to be 20%. After de-
positing, the films were annealed at the same temperature and atmo-
sphere for 30 min and then slowly cool down to RT. Then, keeping 
other conditions unchanged, the crystal structure of the film changes 
regularly by controlling the oxygen partial pressure in the chamber 
(0, 10, 20, 30, and 40%).

Structural and XAS characterization
The crystal structure of films was investigated using the Beijing 
Synchrotron Radiation Facility (1W1A beamline, China) with 

high- resolution synchrotron x-ray by a four-circle diffractometer. 
The XAS measurements were performed at the photoelectron spec-
troscopy station of Beijing Synchrotron Radiation Facility (4B9B 
beamline), the Chinese Academy of Sciences.

Electron microscopy characterization
The cross-sectional STEM specimen was thinned to less than 30 m 
first by mechanical polishing, and then we performed argon ion mill-
ing. The ion beam milling was carried out using PIPS (Precision Ion 
Polishing System) (Model 691, Gatan Inc.) with the accelerating 
voltage of 3.5 kV until a hole was made. Low-voltage milling was 
performed with an accelerating voltage of 0.3 kV to remove the sur-
face amorphous layer. The HAADF-STEM images were recorded 
at an aberration-corrected FEI (Titan Cubed Themis G2) operated 
at 300 kV. The energy-dispersive x-ray spectroscopy (EDXS) ex-
periments were carried out at 300 kV by the Super EDS detectors. 
The iDPC- STEM imaging was performed using a four-quadrant 
segmented detector (DF4 detector), recorded at 300 kV.

Polarized neutron reflectivity measurements
PNR measurements on a SmFeO3− sample were conducted on the 
multipurpose reflectometer (MR) beamline at the Chinese Spallation 
Neutron Source (43). The sample with a thickness of about 67-nm 
SmFeO3− thin film was grown on STO (001) substrate with the size 
of 10 mm by 10 mm by 0.5 mm. The specular reflectivities were mea-
sured as a function of the wave vector transfer along the film surface 
normal under 9000-Oe magnetic field at RT. R++ and R−− represent 
the reflectivities from the spin-up and spin-down polarized neutrons, 
respectively. PNR data were fitted using GenX software.

Theory calculations
All the calculations are performed within the framework of DFT as 
implemented in the Vienna Ab initio Simulation Package (VASP) 
(44). The generalized gradient approximation in the form of revised 
functional of Perdew-Burke-Ernzerhof (so-called PBEsol) (45) and 
the projector augmented-wave method are applied to describe the 
exchange correlation and the core electrons, respectively. The plane- 
wave cutoff and convergence criteria for energy and force are set to 
be 550 eV, 10−6 eV, and 0.001 eV/Å, respectively. Here, the 4f elec-
trons of Sm3+ are treated as core electrons. Moreover, a Hubbard U 
correction of 3 eV is adopted for Fe 3d orbitals (22).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8550
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