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HIGHLIGHTS

e The high quality BiFeOs thin films were prepared by magnetron sputtering.

e Inthe 17-nm-thick BiFeOs thin films, an obvious magnetic moment is induced by
spin canting.

e The orbital reconstruction exists at the mixed BFO phase boundaries.
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Abstract

BiFeO; (BFO), a room-temperature antiferromagnetic-ferroelectric multiferroic, is
widely researched due to its potential applications for electric-field control of the
magnetism. In this work, the strain control of the phase transition and magnetic
properties in the BFO/LaAlO;z; heterostructures were investigated. The O K edge
polarization-dependent X-ray absorption spectroscopy (XAS) spectra show that the Fe
3d level splits into five levels, which proves that the FeOs pyramid is asymmetric in
the highly strained tetragonal-like BFO. The spin canting induced by the asymmetric
structure leads to the magnetic moment. Thus, an obvious magnetic signal in the
17-nm-thick BFO thin films was observed by the Quantum Design magnetic property
measurement system. With the increase of the BFO film thickness, the clamping
effect induced by the substrate becomes weak, further leading to the BFO phase
transition. The O K edge polarization-dependent XAS spectra demonstrate that the
orbital reconstruction exists at the mixed BFO phase boundaries. Since the orbital
reconstructions can induce the strong magnetic coupling, the magnetic order of the
different BFO phases will be coupled with each other. It causes a variation of the

magnetic property at the phase boundaries or in the BFO phases.

Keywords: Strain effect; Spin canting; Orbital reconstruction; Magnetic moment;
Bismuth ferrite
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1. Introduction

Multiferroics  simultaneously possess varieties of ferroics, such as
ferromagnetism, ferroelectricity and ferroelasticity [1, 2]. Apart from their intriguing
properties, multiferroics could be applied in numerous fields, such as optoelectronics,
spintronics and agile electromagnetics [3, 4]. The magnetoelectric coupling in
multiferroics provides a chance to reverse magnetization by applying an electric field
instead of a magnetic field, which would benefit the design of next generation
information storage technology with fast speed and low energy cost [2, 5, 6]. BiFeO3
(BFO) is the single phase multiferroics with coexisted room-temperature
ferroelectricity (the Curie temperature Tc=1103 K) and antiferromagnetism (the Néel
temperature Ty=643 K), which has attracted wide attentions [7, 8]. Through strain
engineering, various phases such as rhombohedral bulk-like (R-), tetragonal-like (T-),
and orthorhombic phases, can be attained in the BFO thin films, which show
completely different magnetic properties and polarization vectors (P) [9-17]. With the
different epitaxial strains, the BFO thin films can show different antiferromagnetic
orders. With the lower compressive strain, the bulk-like cycloidal spin modulation
exists in the BFO thin films, and with the higher strain (both compressive and tensile),
the pseudo-collinear antiferromagnetism appears in the BFO thin films [18]. The
Prro in the R-BFO is ~90-120 uC/cm2 along the [111], direction, and the Pr.gro in
the T-BFO is ~150 pC/cm? along the [001],c direction [19-21]. In the BFO/LaAlO;
(LAO), the structure of the BFO changes as the film thickness increases. However,

the corresponding magnetic property in the T-BFO thin films has been rarely reported.
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In this work, we investigate the strain modulation of the BFO phases and the
magnetic property in the T-BFO thin films with various thicknesses. The
polarization-dependent X-ray absorption spectroscopy (XAS) spectra demonstrate
that the FeOs pyramid structure in the highly strained T-BFO is asymmetric, which
induces the spin canting and further leads to the magnetic moment. With the increase
of the film thickness, the orbital reconstruction between different BFO phases was
observed by the polarization-dependent XAS spectra, which causes the variation of

the magnetic order at the BFO phase boundaries or in the BFO phases.

2. Experimental details

The BFO thin films were fabricated on the LAO (001) substrates by
radio-frequency magnetron sputtering. The deposition temperature, the sputtering
power and the gas pressure were 650 °C, 40 W and 1.2 kg*m™*s~2, respectively. The
flow ratio of the Ar and the O, is 5/4. The BFO thin films with different thicknesses
were acquired by changing the sputtering time. The sputtering time was 20, 50, 100,
150, 200 min and the deposition ratio was 0.85 nm/min. To avoid the volatilization of
the Bi element and the appearance of the Fe?* in the BFO, the BFO thin films were
prepared by a Bi; ;FeO; target and were cooled down to room temperature in pure O,
atmosphere at 200 kg*m *s%. The thicknesses of the BFO layer were measured by
the Dektak 6M surface profiler. The crystal structure was analyzed by X-ray
diffraction (XRD) (Cu Ka radiation, 1=1.54056 A, and Beijing Synchrotron Radiation

Facility, beamline 1W1A, 1=1.5491 A), reciprocal space map (RSM, Beijing
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Synchrotron Radiation Facility, beamline 1W1A) and transmission electron
microscopy (TEM). The TEM apparatus model is the Tecnai G2 F20 S-Twin. During
the process of the sample preparation, the sample was divided into two parts and stuck
face to face by the M-Bond 610. Then, the sample was grinded by the mechanical
thinning method. When the sample thickness along the normal of the cross section
was below 20 pum, the sample continued to be thinned by the Gatan691 Precision lon
Polishing System. The thinning process was finished until the canting angle (the angle
between the cross section and the BFO thin film surface) changed from 10° to 4°.
Finally, the sample was observed by the TEM and the acceleration voltage of the
electronic gun was 200 kV. Surface morphologies were imaged by the Bruker
Multimode 8 atomic force microscopy (AFM). XAS spectra were performed at
beamline 4B9B of the Beijing Synchrotron Radiation Facility. Polarization-dependent
XAS spectra were acquired by recording the surface sensitive total electron yield
current as a function of X-ray photon energy at beamline 12B-a of the National
Synchrotron Radiation Laboratory in Hefei, China. Hysteresis loops (M—H), thickness
dependent magnetization (M—t) and temperature dependent magnetization (M—T) were
measured using a Quantum Design magnetic property measurement system
(Superconducting Quantum Interference Device, SQUID). The M-T curves were
measured after zero field cooling (ZFC) and field cooling (FC) under 0.03 T. X-ray
magnetic circular dichroism (XMCD) spectra were carried out at beamline 08U1A of
Shanghai Synchrotron Radiation Facility. The measurements were done under high

vacuum (6.7x10"" kg*m™*s7?) at room temperature. The direction of the external
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magnetic field and the incident beam was perpendicular to the surface of the samples.
3. Results and discussion

3.1 Structural characterization

Figure 1(a) shows the XRD patterns of the LAO substrate and the BFO thin films
with film thickness varying from 17 to 170 nm. In the XRD pattern of the
17-nm-thick BFO thin films, only the T-BFO (001), (002), (003) and (004) peaks
which are located at the 19.3°, 38.98°, 60.22° and 83.16° appear [22, 23], expect for
the diffraction peaks from the LAO substrate. It suggests that the BFO thin films grow
on the LAO substrate with a (001) orientation and indicates that the high strain from
the substrate is applied on the BFO thin film [24]. With the increasing thickness, the
compressive strain driven by the LAO substrate gradually relaxes. In the XRD pattern
of the 85-nm-thick BFO thin films, the (001) diffraction peak of the S’ phase
(c~0.42+0.03 nm) is observed [25, 26], implying the coexistence of the T-BFO and
the S’k phases. In the XRD pattern of the 170-nm-thick BFO thin films, the R-BFO
(001), (002) and (003) peaks which are located at the 22.56°, 45.84°, and 71.36°
appear [22, 24], demonstrating the existence of the R-BFO phase. These results reveal
that the T-BFO phase transforms into the other BFO phases (including intermediate
monoclinic (Si) and R-BFO phases) as the film thickness increases and all the BFO
phases have a (001) orientation.

To gain further insights into the structure of the BFO, RSM patterns of the (103)

diffraction condition were performed, as shown in Figs. 1(b) to 1(d). Figure 1(b)
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shows four peaks, which correspond to the (103) diffraction peaks of the LAO
substrate and the T-BFO. In the RSM measurement, since the reference plane is the
LAO (103) plane, the peak at the H=1, L=3 is the (103) diffraction peaks of the LAO
substrate. Due to the ¢ a0~0.3789 nm and cr.gro~0.4655 nm [25], the peaks around
the H=0.99, L=2.5 is the (103) diffraction peaks of the T-BFO. In Fig. 1(b), one peak
shifts upward and another peak shifts downward with respect to the central peak. It
demonstrates that the structure of the T-BFO is distorted with a small angle tilting
along the [100] orientation. The monoclinic angle g extracted from the (103) RSM is
88.9°+0.3°, more than the reported value 88.12° [24, 25]. It demonstrates that the high
compressive strain is applied to the T-BFO in the 17-nm-thick BFO thin films. The
overlapping of the (013) and the (0i3) peaks reflects that the a-axis is perpendicular
to the b-axis. According to the RSM patterns, the lattice constants of the T-BFO were
calculated as shown in the Tab. 1. These results confirm that the T-BFO in the
17-nm-thick BFO thin fiims is the highly strained T-BFO. With the increase of the
thickness, the c-axis lattice constants of the T-BFO increase and then almost remain
unchanged. In the 170-nm-thick BFO thin films, the lattice constants are consistent
with that of the previous reports [22, 24, 25, 27-29]. The monoclinic angles g
extracted from the (103) RSM are 88.5°+0.3° in the 85-nm-thick BFO thin films and
88.0°+0.3° in the 170-nm-thick BFO thin films, respectively. The varied lattice
constants and the decreased £ indicate the transformation from the highly strained
T-BFO to the T-BFO and the relaxation of the compressive strain. In Fig. 1(c), two

diffraction peaks appear at the H=0.955, L=2.465 and H=1.07, L=2.41. It reveals that
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the diffraction peaks are the (103) diffraction peaks of the Mcqy [25]. With the
increase of the film thickness, the diffraction peak of the S at the H=1.095, L=2.67
emerges in Fig. 1(d) [25, 30]. According to the XRD and RSM patterns, the highly
strained T-BFO—T-BFO—Mc 1iir—Siir—R-BFO phases transition occurs with the
increase of the film thickness.

To reflect the quality of the BFO thin films and the relationship between the BFO
phases and the thickness, the surface morphologies of the BFO thin films were
obtained by AFM. In Fig. 2(a), the atomically smooth morphology of the 17-nm-thick
BFO thin films is observed with the step height (Ah~0.92+0.03 nm) of nearly two unit
cell as a result from the superposition of the atomic layer. With the increasing
thickness of the BFO thin film, a striped contrast gradually emerges due to the
different c-axis lattice parameters of various BFO phases [23], as shown in Figs.
2(b)—(d). The bright plateau areas comprise the T-BFO and the Mc st phases while the
dark banded needle-like structures consist of the R-BFO and the S’ phases. It
reflects that the S’; or the R-BFO or both phases exist in the 43-, 85- and
170-nm-thick BFO thin films. However, there are no (00l) peaks of the R-BFO in the
XRD pattern of the 85-nm-thick BFO thin films, suggesting that the dark banded
needle-like structures in the 43- and 85-nm-thick BFO thin films represent the Sy
Due to the existence of the R-BFO and the S’ peaks in the XRD pattern of the
170-nm-thick BFO thin films, the dark banded needle-like structures in the
170-nm-thick BFO thin films represent the R-BFO and the S’ii. These results reveal

the high quality of the BFO thin films, and the transformation of the T-BFO phase to
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the other phases (including the R-BFO, the St and the Mc i) with the relaxation of
the compressive strain.

To analyze the quality and the in-plane structure of the highly strained T-BFO,
TEM patterns of the 17-nm-thick BFO thin films were performed, as shown in Fig. 3.
The cross-sectional image in Fig. 3(a) confirms the thickness of the BFO thin films.
Figures 3(b) and (c) present the high resolution TEM (HRTEM) images of the
BFO/LAO interfaces. In Fig. 3(b), some local interface defects are observed at the
BFO/LAO interface. Moreover, the positions of the Fe ion in BFO unit cells are
different for the region A and B. In order to clearly demonstrate this phenomenon, the
magnified images are shown in Figs. 3(d) and (e). In Fig. 3(d), the Fe ions in the left
part of the image are located at the upper-left of the BFO unit cell, but the Fe ions in
the right part of the image are located at the upper-inward (or upper-outward) part of
the BFO unit cell. Similarly, in Fig. 3(e), the Fe ions in the right part of the image are
located at the upper-right of the BFO unit cell, but the Fe ions in the left part of the
image are located at the upper-inward (or upper-outward) part of the BFO unit cell.
This phenomenon is related to the highly strained T-BFO structure. Since the lattice
constants a~0.382+0.002 nm and b~0.37920.002 nm of the highly strained T-BFO are
different and the in-plane structure of the LAO is isotropic, both the [100] and [010]
orientations of the BFO can be parallel to the [100] orientation of the LAO. And it
demonstrates the in-plane structure disorder in the 17-nm-thick BFO thin films.
Moreover, since the O ions in the BFO unit cell are located at face-centered position,

the positions of the O ions can be deduced according to the positions of the Bi ions. In

10
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Figs. 3(d) and (e), the Fe ions are located at the off-centered position, indicating that

the Fe ions deviate from the center of the FeOs pyramid.

3.2 X-ray absorption spectroscopy spectra

In order to further analyze the quality of the BFO thin films and the BFO
structure, the Fe L, 3 edge XAS spectra were performed, as shown in Fig. 4. In Fig.
4(a), the peaks in the Fe L, 3 edge XAS spectra occur around 708.4, 709.4, 721.6 and
723 eV, demonstrating that the Fe valence state is +3 [31]. In the highly strained
T-BFO, the T-BFO and the Mc i, the Fe ions are in square pyramidal sites. In the S it
and the R-BFO, the Fe ions are in the octahedral sites. In the y-Fe,Os, the Fe valence
is also +3, and five of the eight Fe ions are in octahedral sites while the others are in
tetrahedral sites [32]. Thus, the 723 eV peak shapes of the Fe L, edge XAS spectra for
the T-BFO and the y-Fe,O are different. Figure 4(b) shows the XAS spectra of the Fe
L, edge for the BFO-thin films. Obviously, for the 17-nm-thick BFO thin films, the
723 eV peak shape of the Fe L, edge is distinctly different from that of the BFO
samples with the y-Fe O3 impurity [33]. It reveals the inexistence of the y-Fe,Os.
These results further confirm that only the BFO phases exist in the BFO thin films
without the impurity phases. With the increase of the thickness, the 723 eV peak
shapes of the Fe L, edge change. Since the measurement depth of the XAS is only
several nanometers, the XAS is not deep enough to detect the orbital information of
the inner layers. With the increase of the film thickness, the highly strained T-BFO

phase transforms into the other phases (such as the R-BFO, the S i, the Mc it and the

11
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T-BFO). Thus, as the film thickness increases, the XAS spectra of different BFO
phases overlap, causing the variation of the line shape in the XAS spectra.

As the Fe ions are surrounded by O ions in the BFO, the site of the Fe ions can
be determined by the polarization-dependent O K edge XAS spectra. Figure 5 shows
the 3d level splits for different site symmetries and the polarization-dependent O K
edge XAS spectra. In Fig. 5(a), the 3d level of single Fe ion is fivefold degenerated,
according to the ligand field theory. In octahedral symmetry, the fivefold degenerated
3d level splits into two levels of doublet ey and triplet t;g. Although the oxygen
octahedron slightly tilts in the R-BFO, the orbital anisotropy is minimal and the
fivefold degenerated 3d level still splits into two levels [34]. When the oxygen
octahedron is elongated along the c-axis, the oxygen octahedron transforms into the
FeOs pyramid. And it can cause the Jahn-Teller-type level splitting [35]. In the T-BFO,
the formation of the FeOs pyramid is induced by the displacement of the Fe ions
along the c-axis. According to the RSM and TEM patterns of the 17-nm-thick BFO
thin films, the structure of the highly strained T-BFO is distorted with a small angle
tilting along the <100> orientation, which will lead to the distortion of the FeOs
pyramid. Further, the Fe ions shift to the upper-right of the FeOs pyramid, leading to
the elongation of the in-plane Fe-O bond length and the shrinkage of the out-of-plane
Fe-O bond length. The fivefold degenerated 3d level splits into five levels in the
highly strained T-BFO. Figure 5(b) shows the polarization-dependent O K edge XAS
spectra for the 17-nm-thick BFO thin films. The different spectra with the different

incoming light polarizations (E//c and E//a) indicate the strong orbital anisotropic.

12
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Based on the strict dipole selecting rules in polarization-dependent XAS spectra, the

E//c incoming light enhances the absorption to the O 2p states hybridized with the

out-of-plane orbitals (d,,, d, and d_, ,) while the E//a incoming light enhances

yz ! X

the absorption to the O 2p states hybridized with the in-plane orbitals (d,, and dxz.yz)

[34]. By comparing with the slope of the O K edge XAS spectra with the E//a and the
E//c incoming light, we clearly identify the five distinguishable Fe 3d orbital states in

the conduction band and the energy distribution of the Fe 3d orbital states is
d.. .> dxz_yz >d, >d, >d,, demonstrating that the Fe ions in the highly strained
T-BFO are in the asymmetric FeOs pyramid. Therefore, a large spin canting angle is
likely to be induced by the asymmetric FeOs pyramid, and further leads to a magnetic
moment in the 17-nm-thick BFO thin films. The schematic diagram of the magnetic
moment in the 17-nm-thick BFO thin films is shown in Fig. 6. Since the positions of
the Fe ions are different, the orientation of the magnetic moment might be along the
[1i0] or [ilO] orientation [7]. For the highly strained T-BFO with the same ordered
structural arrangement, the vector sum of the magnetic vector is parallel to the
out-of-plane direction, which leads to the out-of-plane net magnetic moment. At the
interface of two highly strained T-BFO unit cells with the different ordered structural
arrangement, the magnetic moment vector sum generates in-plane and out-of-plane
magnetic moment components. Therefore, an obvious magnetic moment should be
observed in the 17-nm-thick BFO thin films.

With the increase of the BFO thin film thickness, the polarization-dependent O K

edge XAS spectra obviously change. In Fig. 5(c), the Fe 3d orbital states are four

13



Journal Pre-proof

levels, and the energy distribution of the Fe 3d orbital states is
d. .>d.. .>d,,>d, . This evident variation of the Fe 3d orbital states is
derived from the Fe ions shifting, compared with the result of the 17-nm-thick BFO
thin films. In the 43-nm-thick BFO thin films, the Fe ions shift to the center axis from
the upper-right position in FeOs pyramid, as shown in Fig. 5(a). These results are
consistent with that in previous report [34]. With the increase of the film thickness,
the energy distribution of the Fe 3d orbital states in the 85-nm-thick BFO thin films is
almost unchanged. According to the XRD and AFM data, the T-BFO, the Mc 4 and
S’ exist in the 85-nm-thick BFO thin film surface. In the S’y the c-axis lattice
parameter decreases and the Fe ions shift largely along the c-axis, causing the
decrease of the Coulombic force between the Fe ion and neighboring O ions along the
c-axis. Furthermore, the energy of the d,, orbital state decreases. Since the T-BFO,
the Mcyr and the S’y exist in the 85-nm-thick BFO thin film surface, the d,
orbital state should show two peaks (~529.5 eV for the T-BFO and the Mc g, lower
energy <529.5 eV for the S’4) in the O K edge XAS spectra with the E//c incoming
light. However, these two peaks don’t appear in Fig. 5(d). So it indicates the existence
of orbital reconstruction between the Mcgix and the S’ When the thickness of the
BFO layer reaches 170 nm, the energy distribution of the Fe 3d orbital states hardly
change. Combined with the XRD and AFM data, the R-BFO, the S, the Mc 4 and
the T-BFO exist in the sample surface. In the R-BFO, the XAS spectra with the
different incoming light polarizations (E//c and E//a) are almost the same and show

two peaks. One peak represents the dxz_yz and d.. . orbital states around 531 eV,

14
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and another peak represents the d,,, d, and d, orbital states around 530 eV [34].
But the characterized peaks of the R-BFO don’t appear at ~530 eV in the XAS spectra
with the E//c incoming light. This phenomenon indicates the existence of orbital
reconstruction between the R-BFO and the S’i. Since the orbital reconstruction can
induce the strong magnetic coupling [36], the magnetic order of the Mc it and the S
(or the S’ and the R-BFO) will be coupled with each other. Furthermore, it leads to a

variation of the magnetic order at the phase boundaries or in the BFO phases.

3.3 Magnetic characterization

To confirm the existence of the magnetic moment and analyze the magnetic
property near the BFO phase boundaries, the M—H curves for the BFO thin films with
different thicknesses at 300 K were performed, as shown in Fig. 7(a). For the
17-nm-thick BFO thin films, the significant magnetic signal is observed in the M—H
curve. And the calculated average saturation magnetization is (1.8+0.3)*10° A/m. In
Fig. 7(b), an obvious unsaturation magnetization at low temperatures (below 50 K) is
observed. Due to the Ty=643 K, the unsaturation magnetization at low temperatures
doesn't result from the paramagnetic contribution of the BFO. With the increase of the
temperature, the magnetization can reach saturation at 6 T, demonstrating that the
magnetic moment might be related to the spin canting. Moreover, in Figs. 7(c) and
7(d), the clear splitting in the ZFC-FC curves and the obvious XMCD signal in the
XMCD spectra also reveal the existence of the net magnetic moment in the

17-nm-thick BFO thin films [37].
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Previously, Ramesh et al. reported that a large saturation magnetization
(~1.5%10° A/m) was in the R-BFO(70 nm)/SrTiOs and the saturation magnetization
decreased with the increasing of the thickness. It indicated that the magnetic moment
in the R-BFO thin films was related to the epitaxial strain [38]. In 2005, Eerenstein et
al. demonstrated that the magnetic moment could be induced by the Fe®* [39]. Then,
Remash et al. confirmed that the magnetic moment might be related to the enhanced
canting angle, which could result from the epitaxial strain, oxygen vacancies or both
[40]. In 2011, Ramesh et al. reported that the highly distorted R-BFO in the mixed
phase BFO films had an enhanced saturation magnetization (~4.5*10* A/m), which
arose from a piezomagnetic effect [41]. Therefore, although the view that the
enhanced magnetic moment in the BFQO thin films can be induced by the epitaxial
strain is controversial, many experimental results demonstrate that the epitaxial strain
can enhance the magnetic moment in the BFO thin films [42-44]. In this work, the
saturation magnetization (1.8+0.3)*10°> A/m in the 17-nm-thick BFO thin films was
measured by the SQUID. Since the SQUID is a macroscopic measurement and it
detects the total magnetic signal of the sample, the magnetic moment mainly results
from the canted magnetic moment induced by the strain and the additional magnetic
moment induced by the structure disorder and defects. With the increase of the
thickness, the saturation magnetization decreases from 1.8¥10° A/m to 1.3*10* A/m,
as shown in Fig. 7(a). It is related to the phase transformation and the decrease of the
spin canting angle, which is induced by the relaxation of the compressive strain. The

BFO phases in the 43-nm-thick BFO thin films consist of the highly stained T-BFO

16
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and the T-BFO phases. Previous work has shown that there is no magnetic signal in
the T-BFO phase [41]. Moreover, the spin canting angle decreases in the highly
stained T-BFO phase due to the relaxation of the compressive strain. Thus, the
saturation magnetization in the 43-nm-thick BFO thin films obviously decreases,
compared to that in the 17-nm-thick BFO thin films. The BFO phases in the
85-nm-thick BFO thin film are the highly strained T-BFO, the T-BFO, the Mc i and
the S’ phases. According to the O K edge polarization-dependent XAS spectra, the
orbital reconstruction exists between the Mcix and the 7 phases. The magnetic
order changes at the Mc qiit/S it boundary or in the Mc i (or the S’si) phase, leading to
the enhanced saturation magnetization in the 85- and 128-nm-thick BFO thin films.
The BFO phases at the 170-nm-thick BFO thin film are the highly T-BFO, the T-BFO,
the Mcyri, the S’ and the R-BFO phases. In the R-BFO phase, a weak magnetic
moment is induced by the structural distortions [8], and the magnitude of the magnetic
moment is less than-that of the S’u: [25, 30, 41]. So the saturation magnetization
decreases in the 170-nm-thick BFO thin films. Since the BFO phase compositions in
the 85-nm-thick BFO thin films are complex, the magnetic properties at the Mc /S it

boundary or in the Mc it (or the S’si) phase will still need to be investigated in future.

4. Conclusion

To summarize, we fabricated the 17-, 43-, 85-, 128-, 170-nm-thick BFO thin
films on the LAO substrates by magnetron sputtering. In the 17-nm-thick BFO thin

films, the phenomena that the [100] and [010] orientations of the BFO are parallel to
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the [100] orientation of the LAO were observed by TEM. The polarization-dependent
O K edge XAS spectra demonstrate the presence of the asymmetric FeOs pyramid,
which causes the spin canting. And the spin canting can induce the magnetic moment.
Thus, the magnetic signal in the 17-nm-thick BFO thin films was observed by the
SQUID. Moreover, the in-plane structure disorder and defects might cause additional
magnetic moment. For t>43 nm, the polarization-dependent O K edge XAS spectra
demonstrate that the orbital reconstruction at the interface between the Mc /S it
boundary or (the S’;/R-BFO boundary), further leading to the variation of the

magnetic order.
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Table

Table 1 Lattice constants argro, br-ero, and crero for the t-nm-thick BFO thin

films.
t (nm) ar.gro (NM) brsro (NM) Cr-sro (NM) Cr-sro/ar-sro
17 0.382+0.002 0.379+0.002 0.454+0.001 1.19
85 0.381+0.002 0.375+0.002 0.465+0.001 1.22
170 0.384+0.002 0.375+0.002 0.466+0.001 121
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Fig. 1 (a) XRD patterns of the 17-, 85-, 170-nm-thick BFO thin films and the LAO

(001) substrate. RSM of the (103) reflection of (b) 17-, (c) 85-, and (d)

170-nm-thick BFO thin films.
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Fig. 2 Surface morphologies of the (a) 17-, (b) 43-, (c) 85-, and (d) 170-nm-thick

BFO thin films. The inset shows the height data of the labeled region.
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Fig. 3 (a) TEM cross-sectional images at the BFO(17 nm)/LAO interface. (b) and (c)

HRTEM images at the BFO(17 nm)/LAO interface. (d) and (e) Magnified
patterns of the region A and region B respectively. The yellow ball is the Bi ion

and the red ball is the Fe ion.
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Fig. 4 (a) XAS spectra at the Fe L,3 edge for the BFO thin films with different

thicknesses. (b) Zoomed area of (a) next to the Fe L, edge for the BFO thin

films.
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5 (a) Local structure of the transition metal oxide and the 3d level splits in
different site symmetries. The ball represents different elements as follows: the
red ball Fe ion, blue ball O ion, and vyellow ball Bi ion. (b-e)
Polarization-dependent XAS spectra at O K edge for the 17-, 43-, 85- and
170-nm-thick BFO thin films. The blue line represents the O K edge XAS with
the E//a’incoming light. The red line represents the O K edge XAS with the E//c
incoming light. The histograms represent the slope of polarization-dependent

XAS at O K edge [E//a (blue column) and E//c (red column)]. The black filled

diamond represents the dxz.yz orbital state. The empty diamond represents the
d, . . orbital state. The empty lower triangle represents the d,, orbital state.
The empty upper triangle represents the d, orbital state. The black dot

represents the d, —orbital state.
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Fig. 6 Schematic diagram of the magnetic moment in the 17-nm-thick BFO thin films
(corresponding to the Fig. 3(e)), the mi, m., ms, ms, ms and ms represent
the magnetic vectors of the highly strained T-BFO, and the mm, maz and Mus

are the vector sum of the magnetic vector.
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Fig. 7 (a) M—H curves for the 17-, 43-, 85-, 128-, 170-nm-thick BFO thin films at 300
K. The inset shows the M-t curve. (b) M—H curves for the 17-nm-thick BFO thin
films at different temperatures. (¢) ZFC-FC curves of the 17-nm-thick BFO thin
film after the subtraction of the LAO substrate response. The range of

temperature is from 5 K to 390 K and the external magnetic field is 0.03 T. (d) Fe
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L, 3 edge XAS and XMCD spectra for the 17-nm-thick BFO thin films at room
temperature. The blue line represents the Fe L,3 edge XAS (u.) with the left
circularly polarized (LCP) incoming light. The red line represents the Fe L;3
edge XAS (u+) with the right circularly polarized (RCP) incoming light. The
green line represents the Fe L,3 edge XMCD spectra, which is the difference

value between the p. and the ..
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