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Multiferroic materials, which offer the possibility of manipulating the magnetic state by an electric field or
vice versa, are of great current interest. However, single-phase materials with such cross-coupling properties
at room temperature exist rarely in nature; new design of nano-engineered thin films with a strong
magneto-electric coupling is a fundamental challenge. Here we demonstrate a robust room-temperature
magneto-electric coupling in a bismuth-layer-structured ferroelectric BisTi;FeO,s with high ferroelectric
Curie temperature of ~1000 K. Bi5;Ti;FeO;5 thin films grown by pulsed laser deposition are single-phase
layered perovskit with nearly (001)-orientation. Room-temperature multiferroic behavior is demonstrated
by a large modulation in magneto-polarization and magneto-dielectric responses. Local structural
characterizations by transmission electron microscopy and Mdossbauer spectroscopy reveal the existence of
Fe-rich nanodomains, which cause a short-range magnetic ordering at ~620 K. In BisTi;FeO;5 with a stable
ferroelectric order, the spin canting of magnetic-ion-based nanodomains via the Dzyaloshinskii-Moriya
interaction might yield a robust magneto-electric coupling of ~400 mV/Oe*cm even at room temperature.

ultiferroic materials, such as those characterized by the coexistence of ferromagnetic and ferroelectric

orders, have recently attracted ever-increasing interest and provoked a great number of research pro-

jects, driven by the intriguing physics and novel functionality resulting from the coupling between
ferroelectric and magnetic orders'”. The key feature of the multiferroic materials, the magnetoelectric (ME)
effect, the coupling interaction between two ferroic orders, provides an additional degree of freedom in the design
of novel multifunctional devices. It would be ideal if there is a single-phase multiferroic material with ME effect at
room temperature, but unfortunately, they are very rare®. The large magnetoelectric coupling in a single-phase
multiferroic material can be achieved by a spin-orbit coupling driven inverse Dzyaloshinskii-Moriya (DM)
interaction between two neighbouring spins in spin-driven ferroelectric systems, as in helimagnets®. The asym-
metric non-collinear spin configuration needed for the inverse DM interaction, however, usually only appears at
very low temperature, which makes it useless for application at room temperature.

Extensive material engineering methods have been tried in order to develop novel multiferroic materials with
large coupling intensity at room temperature, which include chemical substitution in the room-temperature (RT)
ferroelectric antiferromagnet BiFeO;’, strain engineering'’, interface engineering (Fe/BaTiOs)"!, and the com-
bination of ferroelectric and ferromagnetic materials with high ordering temperatures to design composite (or
“artificial”) multiferroics, usually in the form of ceramics or self-organized nanostructures'>'*. Very recently, the
epitaxial BisTi;FeO,5-CoFe,O, multiferroic nanostructures were fabricated and shown how polarization and
magnetism can be manipulated by stress in this system'*. Unfortunately, such engineered ferroic/magnetoelectric
behaviour is still limited by the coupling intensity, application temperature, and application suitability. Therefore,
a practical room-temperature single phase ferroelectric ferromagnet with useful magnetoelectric coupling intens-
ity remains elusive.

Recently, a novel class of materials with the general formula of (Bi;0,)** (A 1BmOsm+1)>" (m: number of
pseudo-perovskite layers) and an Aurivillius layer structure has come to our attention'*'®. This class of compound
is naturally ferroelectric at room temperature, with very high ferroelectric transition temperatures, such as
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1021 K", Importantly, the B sites of those Aurivillius compounds
can accommodate elements with different valence states**>*, making
it possible to achieve the general formula of Bi; Ti;0;,-nBiMO; (M =
Fe, Mn; n = 1, 2), which creates the possibility of introducing novel
properties not possessed by the parent compound, especially the
capability for magnetic ion doping to introduce magnetic ordering
and make the material multiferroic. Magnetic ions in
Bi,Ti;0;,-nBiMO; would be responsible for the observation of mag-
netism. The critical parameters determining the type of magnetism
in terms of the exchange interaction are the local environment of the
magnetic jons and the distance between neighbouring ions.
Thermodynamically the system prefers random distribution of the
ions, however if there is large different in their chemical properties of
the ions, they will prefer to take ordered structure (ordered arrange-
ment of jons in the structure), this arrange will reduce the energy of
the whole system (lower entropy). For example, in some ordered
structured materials®®, due to a big difference in Na*™ and Mn**, a
site ordered structure can be formed. Due to the very large differences
between Tiand other magnetic transition metal ions in terms of their
chemical properties and sizes, magnetic ions have the possibility of
being located at specific positions by replacing Ti to form an ordered
atomic structure. In this case, the ordered transition metal atoms in
the lattice will lead to the formation of a natural super-lattice with the
layers in single-crystal unit-cell thickness in the form of a single
BiMOj; layer sandwiched by Bi,Ti;O;; layers. This situation would
make Bi;Ti;O0;,-nBiMO; a possible multiferroic at room temper-
ature for M = Fe, considering that BiFeOj; is a well-known room
temperature multiferroic material. In addition to the most ideal case,
there are three other possibilities for transition metal distribution in
Bi,Ti30,,-nBiMOs5: Firstly, it can also exist as a precipitate of M-O
compounds at the grain boundaries. That will make the material
actually a composite containing two different chemical phases. All
the measured properties, especially the magnetic properties, would
actually result from a magnetic second phase. Secondly, M may be
randomly distributed in the crystal lattice by replacing Ti to form
some transition metal rich nano-regions, while the material is still in
single phase. Magnetic ordering may occur in the transition-metal-
rich area due to the shorter distance between adjacent transition
metal ions. Due to the nature of the single phase, the magnetoelectric
coupling can be quite large if there is any. Thirdly, the transition
metal may be distributed homogenously in the crystal lattice, while
there is no magnetic ordering because the distances between mag-
netic ions are too large, which makes the exchange interaction dif-
ficult to achieve.

It is quite obvious that how the magnetic ions are distributed in
Bi,Ti;01,-nBiMOj is crucial for deciding the magnetism of the sys-
tem, the possible multiferroic property, the magnetoelectric coup-
ling, and the possible design of a new class of multiferroic materials.
In this work, we fabricated BisTizFeO;5 (Bi Ti;O;,°BiFeOs)
(denoted as BTFO) film on Pt/Ti/SiO,/Si substrate using a pulsed
laser deposition system (PLD), and investigated how the magnetic Fe
ions are distributed in the crystal lattice and whether a magnetic
ordering state can occur. In order to exclude the existence of a second
ferromagnetic phase, as pointed out in the literature®”**, we obtained
a large field-of-view elemental mapping by using a scanning trans-
mission electron microscope (STEM) X-ray energy dispersive spec-
troscopy (XEDS) imaging technique, as well as confirmation by
X-ray diffraction (XRD). Then, we observed the atomic structure
of single crystal grains, taking advantage of the state-of-the-art aber-
ration-corrected STEM technology***, and succeeded in obtaining
very high resolution atomic images of the BTFO film. Finally, the ME
coupling effect was confirmed in this material.

Results

Characterization of BTFO film. As shown in Figure 1, the film
sample was examined by X-ray diffraction (XRD), which

T T T T T T T T T T T T

* Substrate

Log intensity (arb. units)

1 1 L 1 L 1 L 1 2 1 L
10 15 20 25 30 35 40 45
Figure 1 | XRD patterns of BTFO film deposited on Pt/Ti/SiO,/Si
substrate, 4 = 1.5406 A.

demonstrates that the BTFO film can be indexed as a layered
perovskite structure with space group A2,am. There are two extra
unidentified peaks in the XRD and they were indexed as the
pyrochlore phase of Bi,Ti,O,, which were shown in Figure 1 as
Pyro. This feature is similar with the film obtained by PLD in
another paper”. The phase of Bi,Ti,O, will not contribute to the
ferroelectric properties for BTFO film. On the other hand, Bi,Ti,O;
does not contain a magnetic transition metal, it will not affect the
magnetic properties. In addition, the film is polycrystalline in nature,
which makes a film with a certain thickness similar to its bulk form in
physical properties. It has been found that our film is not fully ¢-
oriented, but with a strong (119) diffraction. This is most probably
due to a large lattice mismatch between BTFO and Pt substrate; such
a lattice mismatching prohibits the c-oriented growth of BTFO. The
microstructure of the film was observed in bright-field transmission
electron microscope (TEM) images as shown in Figure 2, which
proved the high quality of the film and its layered structure (also
shown in Figure S1 in Supporting Information). The dark-field TEM
image shown in the inset in Figure 2(b) exhibits a ferroelectric
domain structure in a single grain. The atomic structure of the
layered structure was further visualized by state-of-the-art
aberration corrected scanning TEM high-angle annular dark-field
(STEM HAADF) images, as shown in Figure 3. The image directly
confirmed that there are three layers of Bi atoms (Bi;TiyO;3)*”
sandwiched by two closely stacked Bi layers of (Bi,O,)*". Between
the three layers of Bi atoms, individual columns of Ti/Fe atoms can be
clearly recognized in this image viewed along the [110] direction of
the crystal. A detailed analysis of the image suggested an atomic shift
of the Ti/Fe columns from the central position between the two Bi,O3
columns, which appears as direct evidence of the ion-displacement
driven ferroelectricity of the compound (see Figure S2).

Then, the distribution of Fe atoms in the lattice structure was
analysed by the STEM energy dispersive X-ray spectroscopy
(STEM-EDX) mapping technique, as shown in Figure 4. The direct
evidence that no Fe,O; nanoparticles could be observed by a large
area scan excludes the origin of any magnetism from a second phase.
Furthermore, our high resolution STEM-EDX mapping results
showed no localized distribution of Fe atoms in a specific layer
between the two Bi,O, layers, although there was some degree of
inhomogeneous distribution of Fe atoms. That is, Fe atoms in the
film are not homogeneously distributed, but they do form some Fe-
rich nano-regions. More scans of the elements in different areas of
the thin film sample confirmed the existence of the Fe rich areas, but
excluded the existence of Fe ordering in the single layer between two
layers of Bi,O,. The same measurements on a bulk sample gave
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Figure 2 | TEM images of BTFO film deposited on Pt/Ti/SiO,/Si substrate. A medium and a high magnification bright-field TEM image are shown in (a)
and (b), respectively. In (b), the high quality of the layered structure is clearly visualized. In a dark-field TEM image, as shown in the inset, stripes

corresponding to ferroelectric domains in a single grain can be observed.

similar results. Although this result is not the highly expected case,
i.e., where Fe atoms are located in a single layer and form an ordered
atomic structure, it is expected that such Fe-rich nano-regions could
result in some kind of magnetic ordering and finally, magnetoelectric
coupling. EDX results at grain boundary were also shown in Figure
S3 in the Supporting Information.

Correlation between magnetism and structure. The magnetic
properties of the BTFO film were carefully examined, as shown in
Figure 5. Weak ferromagnetism is observed at room temperature,
which is evidenced by a well saturated M-H loop with a saturated
magnetic moment of ~8 emu/cm’ (0.066 pp per unit cell) at room
temperature (shown in the Figure 6 inset). Similar results on the weak
ferromagnetic properties have been previously reported”. The
Figure 5 inset shows the zero-field-cooled and field-cooled (ZFC-
FC) curves above room temperature, where a weak ferromagnetic
transition around 620 K is observed, which is close to the
paramagnetic to spiral antiferromagnetic transition temperature of
BiFeO; (~640 K)**. To confirm this observation, the same magnetic
transition temperature (~620 K) was also observed in BTFO
ceramics, as shown in Supporting Information Figure S4. To

000\00000
*TIIIIm

[110]
LR N
LR R O AR

aew . w
R LR
L

LR am
..00‘

LR R
LR A
. ee

T I,
T T T YT Y'Y
A BB BB AEEE e

BAABRBANLEELDS
. ey

(@)

.
-
L R
-~

confirm that the abnormality in the magnetization is caused by the
existence of long-range magnetic ordering, powder neutron
diffraction was carried out across the temperature of the magnetic
abnormality. Neutron powder diffraction (as shown in Figure S5 in
the Supporting Information) of the ceramic sample shows that there
is no new peak that appears around the magnetic transition
temperature of ~620 K, but a clear abnormality in the peak
intensity at around ~620 K is observed. This indicates that
although there is no obvious long-range magnetic ordering, some
kind of magnetic ordering does occur at that temperature.
Mossbauer spectroscopy is a powerful and highly sensitive tool to
detect magnetic ordering by monitoring the peak splitting and peak
intensity. The Mossbauer spectra of BTFO ceramic sample at room
temperature contain features consistent with quadrupolar effects
(can be fitted by one doublet), which indicates the absence of long-
range magnetic ordering (as shown in Figure S6). There might be a
short-range magnetic ordering, however, from the Fe-rich areas in
both the thin film and the bulk samples, where the Fe-rich areas
mimic BiFeOs, considering their very similar magnetic ordering
temperature. In addition, the very small magnetic moment per
unit cell of BTFO indicates a canted antiferromagnetic structure in
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Figure 3 | HAADF STEM image (a) of a BTFO thin film obtained by the state-of-the-art aberration corrected STEM instrument, which shows three
layers of Bi atoms (Bi;Ti40,3)>" sandwiched by two closely stacked Bi layers of (Bi,O,)**. Between the two (Bi,O,)** layers, there are four Ti(Fe)Og
octahedra. The insets show a typical image of the unit cell and its pseudo-colour representation. Individual columns of Bi and Ti/Fe atoms are
clearly recognized. A schematic diagram of the Aurivillius structure of BTFO is shown in (b).
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Figure 4 | STEM EDX mapping of a thin film specimen prepared from
the deposited film. The average line profiles of the elemental mapping data
as shown in (a) are presented in (b).

those Fe-rich nano-regions, which mimics BiFeOj; to some extent. At
low temperature, an enhancement of the magnetic moment on both
the FC and the ZFC magnetization curves, accompanied by
bifurcations between the FC and ZFC curves, were observed for all
cooling fields of 500 Oe, 1 kOe, and 2 kOe, as indicated in Figure 5,
but the bifurcation feature is largely suppressed at 5 kOe, and the
temperature for this feature gradually decreases with increasing
applied magnetic field. These observations indicate a spin-glass-
like behaviour, which is similar to the case of BiFeO3*. It arises
from weak ferromagnetism, from the competition between the
ferromagnetic and antiferromagnetic transitions in the thin film or
from the spin frustration caused by strain effect at the film/substrate
interface®>*. The spin configuration in the magnetic locally ordered
BTFO and whether it keeps the same spiral structure as in BiFeO; are
highly uncertain because investigating these aspects is beyond the
ability of our current detection methods.

Characterization of ferroelectric domains and hysteresis loops.
The ferroelectric domain structure of the thin film was studied. As
is well known, the ferroelectric property is mainly determined by the
domain structure and the domain wall motions. The coupling of
the magnetic ordering with ferroelectric ordering will make the
ferroelectric domain structure different from those in normal
ferroelectric materials, which thus could allow judgement of any
coupling effect. The ferroelectric domain morphology of the BTFO
film was studied using piezoresponse force microscopy (PFM).
Figure 7 shows the topography (a) and the corresponding in-plane
(IP) PEM images ((b), (c)), and topography (d) and corresponding
the out-of-plane (OP) PFM images ((e), (f)). Ferroelectric domain
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Figure 5 | ZFC-FC curves measured under different magnetic fields; inset
shows high-temperature ZFC-FC curves at 1000 Oe.

0 100

switching over the polarized square after poling by =6 V (IP) and
+10 V (OP) voltages was also observed, as shown in Supporting
Information Figure S7. The contrast is due to the different phases
of the PEM response for the up and down domains, and they confirm
the polarization reversal in the sample. The presence of contrast in
both the OP and the IP images indicates multiple orientations of
grains and hence domains. Suppression of the OP response
suggests a constrained ferroelectric domain-orientation along the
IP direction. Figure 7 (g) shows an example of the local butterfly-
type piezoresponse hysteresis loops. When a direct current voltage of
up to7 V was applied, the sample exhibited a typical “butterfly” loop.
According to the equation, inverse piezoelectric coefficient d;; = Al/
V, where 41 is the displacement and V the voltage, the effective ds;
could be calculated. At the voltage of 7 V, the sample shows effective
ds; = 22 pm/V. The asymmetry is due to a self-poling effect which
arises at the interface between the film and the bottom electrode.

It can be seen from the PFM images in Figure 7 that the spontan-
eous ferroelectric domains are irregular in shape. It should be noted
that the domains in the BTFO film are bigger than normal ferroelec-
tric domains. The domain period in BTFO film is close to 500 nm,
which is comparable with the domain size of magnetic Co (400-
600 nm)*** and much larger than the ferroelectric domains in
BaTiO; (100-150 nm)*’ with the same thickness. Usually, ferromag-
netic domains are bigger than ferroelectric domains. In multiferroic
materials, such big domain sizes usually suggest a high energy cost of
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Figure 6 | ME coupling versus magnetic field; inset shows the magnetic
hysteresis loop measured at room temperature. The magnetic field is
normal to the thin film surface.
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corresponding PFM images; (g) is the local piezoresponse versus applied

voltage; (h) is the log-log plot of the domain perimeter as a function of
area, with film thickness of 440 nm.

the domain walls and indicate a strong magnetoelectic coupling at
the domain walls. The domains in multiferroics are thus very inter-
esting, which is also consistent with previous results on magneto-
electric coupling at the domain walls*'. The in-plane domains were
characterized by a fractal dimension, as shown in Figure 7 (h). The
domain perimeter (P) as a function of area (A) is plotted on a log-log
scale using the program WSxM**. The ratio of P to A can be analysed
using P oc A "2, where H) is the in-plane Hausdorff dimension of
the domain walls. The value of H} should be in the range of 1 = H) =
2. The smaller the H| value, the smoother the domain walls will be,
and H)| has the value of 1 if the domain walls are perfectly smooth.
The slope of the log(P) vs. log(A) plot for the domains in the BTFO
film was found to be 1.44, which is within the range of BiFeO; films
with values of 1.29 = H|; = 1.52"". The similar H|| values for the
BTFO film and BiFeOj; indicate that they may share a similar mag-
netoelectric coupling mechanism.

The ferroelectric hysteresis loops of BTFO film were shown in
Figure 8. The inset (b) and (c) show the fatigue properties. Judging
from the P-E loops, the sample is relatively leaky, therefore positive-
up-negative-down (PUND) measurement was carried out. Obvious
switchable polarization was observed (as shown in Figure S8 in
Supporting Information). All these measurements, the ferroelectric
domain observation, domain switching behaviour, the switchable

30 ) ) l .

10 Beloreoﬁ |
20 _E 5 / After -

i /1) _
(a) |
7

10 - 0200 zuoy
E(kV/icm /
0

P (uC/cm?)

=10} < i
s (c)
—20¢ f:s ]
Y| I ~ "Switching Cycles |
-600 -400 -200 O 200 400 600

E(kV/cm)

Figure 8 | (a) Ferroelectric hysteresis loops measured at room
temperature at a frequency of 100 Hz, (b) and (c) show the fatigue
properties of BTFO film.

polarization detected in PUND measurements, and P-E loops con-
firmed the ferroelectric property of the BTFO film.

Magnetodielectricity and magnetic field control of electric
polarization. In order to test for any magnetoelectric coupling
aroused by such short-ranged magnetic ordering, polarization-
electrical field (P-E) loops from direct measurements of BTFO
films in different magnetic fields at the temperatures of 10 K,
50 K, 100 K, and 300 K were collected as shown in Figure 9. A
continuous increase in electric polarization (P) values can be
observed until the applied magnetic field reaches a maximum for
the temperatures studied. This is indicative of coupling between the
two ordered ferroic parameters, especially at low temperature. The
increase in the electric polarization in magnetic field can reach a
value of 574%, with a real P = of 77.5 nC/cm” in 1 Tesla magnetic
field at 10 K, which is defined as Py;g = (Py — Py)/Py = 574%, where
Py and P, are the polarizations measured with and without magnetic
field, respectively. Note that the reported value of the ferroelectric
polarization of BTFO is P, = 13 pC/cm’ *. In addition, a strong
nonlinear magnetic field dependence of the electric polarization is
observed, which is evidenced by the sudden increase in the electric
polarization at around 6500 Oe, which is more obvious at 10 K. This
result shows the presence of a magnetic field induced polarization at
room temperature, while the drastic enhancement of the polarization
driven by magnetic field at 10 K may follow a mechanism different
from what happens at room temperature. An increase in the
dielectric constant as a function of magnetic field at 10 kHz was
observed at room temperature and is shown as Figure 10 (with the
inset showing the typical frequency dependence of the dielectric
constant and dielectric loss under zero magnetic field). A
magnetodielectric effect occurs, with a percentage value as great as
5.4%, which is defined by the percentage change in the dielectric
constant, eyg = (e — €9)/€0, Where €y and g, are the dielectric
constant values in magnetic field and in zero magnetic field, respect-
ively. This is another signature of the ME conversion occurring at
room temperature in the sample. The room temperature ME co-
efficient, determined through direct measurement of the magnetic
field induced electric voltage in the thin film, has a value of
~400 mV/(Oe*cm) at H = 0, as is shown in Figure 6, which is
three orders of magnitude higher than in the previous report of a
value of 0.1 mVem™'Oe™" in a ceramic sample®. The value is also
nearly two orders of magnitude higher than that in a ceramic sam-
ple which was reported recently with the ME coefficient of
828 mVem 'Oe™! *. For the large difference for our film and
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Figure 9 | Electric polarization versus magnetic field measured at the

temperatures of 10 K, 50 K, 100 K, and 300 K. The magnetic field is
normal to the film surface.

ceramics, there are two reasons, one is the pure and good crystalline
BTFO phase in the film sample; the other reason is strain which may
cause a large difference between film and ceramics. This is direct
evidence showing the possibilities for magnetic field control and
switching of the electrical polarization at room temperature in
BTFO film.

Discussion

The magnetoelectric coupling in BTFO film is regarded as driven by
the inverse Dzyaloshinskii-Moriya (DM) interaction in the form of
B=u Zij e X (§, X 3}), where e;; is the unit vector connecting the

neighbouring spins S; and S, and the proportionality constant o is
determined by the spin-orbit and spin-exchange interactions, as well
as the possible spin-lattice coupling term”. For example a non-zero
value of the polarization P along the vertical direction requires mutu-
ally canted adjacent atomic sites and broken horizontal mirror-plane
symmetry. Such a polarization can be easily controlled by an external
magnetic field in a specific direction, as evidenced by the generation
and/or flipping of the spontaneous polarization. Although the exact
spin-ordering structure of the Fe-rich nano-regions in BTFO is not
clear, the weak magnetic moment indicates a canted antiferromag-
netic ordering. Such a canted antiferromagnetic structure can induce
an electric polarization based on the above inverse DM interaction,
which will be added to the dominant ion-displacement driven ferro-
electric polarization. Therefore, at low and room temperature, only
part of the polarization will show a response to external magnetic
field. This part of polarization, which is driven by spin (canted anti-
ferromagnetism), can be flipped by magnetic field (as evidenced by
direct ME coupling measurements). The polarization may also be
enhanced by magnetic field though complete spin-orbit-lattice coup-
ling when the magnetic field works on spin (as evidenced by mag-
neto-polarization measurements). Due to the polycrystalline nature
of BTFO film, we cannot separate out how the magnetic field will
affect the polarization by current measurements, i.e., flipping or
enhancement, or even both. In addition, further studies like leakage
property and dielectric loss under magnetic field and different tem-
perature to exclude the possible reason of ME response, should be
carried out in depth although now it is very difficult for us.

The introduction of magnetic Fe ions into Aurivillius layer-struc-
tured bismuth titanate forms some iron-rich nano-regions inside
single grains. Such iron rich areas show a short-range magnetic
ordering with a detectable transition temperature of ~620 K.
Although long-range magnetic ordering is not formed at room
temperature, magnetoelectric coupling is observed and has been
confirmed by magneto-polarization, magnetodielectric, direct mag-
netoelectric coupling, and ferroelectric domain observations. The
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Figure 10 | Dielectric response in magnetic field measured at room
temperature at a frequency of 10 kHz. The inset is the curve of the
dielectric constant and dielectric loss versus frequency at zero magnetic
field. The magnetic field is normal to the thin film surface.

introduction of iron is not only the reason for the observed room
temperature ME coupling, but also the reason for the enhancement
in ferroelectric polarization. Therefore, short-range magnetic
ordering is proposed for the first time as an origin of magnetoelectric
coupling in Aurivillius layer-structured bismuth titanate. This novel
concept will broaden the number of candidates that can show a
magnetoelectric coupling effect for room temperature application.
For example, by simply doping some magnetic ions into a ferroelec-
tric host material which has very large chemical solubility, a single
phase magnetoelectric material could be designed if there is no
impurity formation. As BTFO shows a ferroelectric transition start-
ing from a temperature much higher than the magnetic transition
temperature, the ferroelectric polarization in BTFO at room temper-
ature is not entirely driven by spin. The component of spin-driven
polarization in the thin film becomes dominant, however, at low
temperature due to changes in the spin configuration, as evidenced
by both the significant enhancement of electric polarization and the
magnetic transition that occurs around 50 K. In low magnetic field,
the system will have a strong response to external magnetic field
(magnetization process and thus caused ME) for such a short range
order system. At the large magnetic field, the system gets saturated
and the response to external magnetic field will become weak.

In summary, the origin of the room-temperature multiferroic
properties in BTFO has been investigated by an analysis of the rela-
tionships among the microstructure and magnetism, magneto-
polarization, magneto-dielectricity. The Fe atoms are not formed
as a single layer in the interesting super-lattice microstructures;
instead, there are some special Fe-rich nano-regions which contrib-
ute to the short-range magnetic ordering. Moreover, the magnetism,
magneto-polarization and magneto-dielectricity are originated from
the short-range magnetic ordering. It is expected that a higher con-
centration of iron may shorten the distance between iron ions and
help in the formation of long-range magnetic ordering, eventually
promoting larger spin-driven polarization and stronger ME coupling
at room temperature.

Methods
BTFO films were deposited using pulsed laser deposition (PLD) on Pt/Ti/SiO,/Si
substrates. BTFO targets were 5-10% Bi-enriched sintered ceramics. The growth took
place at the temperature of 520°C and under an oxygen pressure of 120 mTorr. XRD
patterns were collected by a JEOL 3500 with Cu K, radiation. The obtained thin film is
around 400 nm in thickness.

The ferroelectric properties were measured at room temperature using an
aixACCT EASY CHECK 300 ferroelectric tester and a RT6000 HVS test system
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(Radiant Technologies). Pt upper electrodes with an area of 0.0314 mm? were
deposited by magnetron sputtering through a metal shadow mask. The dielectric
properties were measured using a HP4248 LCR meter and a precision impedance
analyser (Agilent Technologies 4294A). The ferroelectric domain morphology was
studied by piezoresponse atomic force microscopy (PFM). AnAC signal with
amplitude of 1.5 V and frequency of 8 kHz was applied between the atomic force
microscope (AFM) tip and the bottom electrode of the sample to acquire the piezo-
response images. Nanotec’s WsXM software was used to analyze the PFM images.

Magnetic measurements were performed using a magnetic properties measure-
ment system (MPMS, Quantum Design). All of the curves shown in this letter are
corrected to eliminate the diamagnetic background of the substrate, which was
obtained from the same MPMS system.

The Magneto electric (ME) effect of was performed by using a Dynamic
Magnetoelectric coupling measurement setup****. A Keithley 6221 ac source was used
to supply the constant amplitude ac current to the solenoid to generate a 5 Oe ac
magnetic field h(f) with the frequency from dc to 100 kHz. A lock-in amplifier is
employed to detect the induced ME voltage V(f) across the sample thickness (d) with
the same frequency of the ac current source. The background voltage noise due to the
Faraday’s Law has been successfully reduced to a very small level (below several
microvolts) by a careful design of the voltage detecting circuit with twisting and
electric field shielding. The high signal-to-noise ratio can guarantee the accuracy of
our measurements. The ac magnetic field was applied parallel to the direction of the
induced ME voltage, i.e., in a longitudinal mode. The linear ME coefficient « is

OE  Vo(f) 1
defined as o= SH = o) X

Thin films for TEM/STEM observations were prepared by conventional mech-
anical grinding followed by Ar ion-beam milling using an Ion Slicer (IS, model EM-
09100IS, JEOL, Ltd.) and a Precision Ion Polisher System (PIPS, Gatan, Inc.). Prior to
TEM/STEM observations, the thin films were further polished with a low-voltage and
low-angle Ar ion beam milling apparatus (model 1010, Fischione, Inc.). For TEM
observations, we used a JEM-2010HC (JEOL, Litd.). STEM observations were per-
formed using a JEM-2100F with a probe-forming Cs corrector (CEOS, GmbH), and
elemental analysis was performed in combination with a JEOL EX-24065 X-ray
detector.
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