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A B S T R A C T

A new Sillen-Aurivillius oxide Bi7Fe2Ti2O17Cl (BFTOCl), in which four perovskite layers are sandwiched by Sillen
slabs, is designed and prepared by the solid-state reaction. Compared with pure Aurivilius structure, the Sillen
slab requires one less positive charge for charge compensation due to the intercalation of Cl anions between two
(Bi2O2)2+, which increases the concentration of magnetic Fe3+ ions in perovskite slab, and may depress the
interaction of Fe3+ ions existing in neighboring perovskite slabs. This unique natural superlattice structure and
the highly orientated texture of the ceramic result in a complex spin structure and an interesting magnetic
anisotropy. The magnetism in in-plane direction (0.00487 emu/g at 100 K) is about 2.5 times larger than that in
out-of-plane direction. Remarkably, exchange bias anisotropy has been observed in the BFTOCl ceramic, of
which the exchange bias fields in in-plane and out-of-plane directions are 345 and 174 Oe at 100 K, respectively.

1. Introduction

Spintronics concerns the intrinsic spin of electrons and the asso-
ciated magnetic moments. This field has drawn special attention due to
a number of important fundamental science questions and also offers
opportunities to realize novel phenomena and contribute to emerging
applications in quantum devices. [1–3] In spintronic devices, the ex-
change bias (EB) effect is the fundamental magnetic interaction used to
control the spin flip. This effect utilizes the coupling between ferro-
magnetic (FM) and antiferromagnetic (AFM) bilayers, and thus has
wide potential applications in spin valves, [4] magnetic random access
memories (MRAMs) [5], and hard drive reading heads [6]. In general,
the EB effect is achieved from the suppressed flip of FM spins that are
coupled to the AFM layers, resulting in a hysteresis loop of the FM,
which is shifted along the field axis. As an interfacial phenomenon, the
EB effect has been extensively studied in multi-film systems, core-shell
nanoparticles and other artificial materials with heterogeneous mag-
netic regions [7–12]. Although many efforts [6,13,14] have been made

to improve the EB properties, tailoring the coupling of magnetism at the
AFM/FM interface is a key challenge to achieve better spintronics [15].

Recently, the EB effect has been realized in single-phase materials
containing AFM and FM interactions within a homogeneous structure.
For example, YbFe2O4 possessing two magnetic sublattices [16], a
SmFeO3 single crystal with a FM background and AFM clusters, [17]
BiFeO3 nanocrystals [18] having a native core (AFM) / shell (spin-
cluster) structure, Ba2FeOs0.88O6 [19] and Heusler alloys [20] with
compensated ferrimagnetism in a ferromagnet. The findings in these
materials systems transcend the restricted AFM/FM interface of the
traditional heterogeneous EB material systems and may contribute to
better magnetic coupling and excite new interest in terms of both basic
science and potential applications. For example, using a single-phase EB
material to substitute for the AFM/FM bilayer, better device integration
can be achieved in spin valve and magnetic tunnel junction devices as
shown in Fig. S1 (a) and (b) (in Electronic Annex). Moreover, if an EB
anisotropy can be realized in single phase materials, new functionality
may be revealed as illustrated in Fig. S1 (c), of which the different
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crystal orientations (such as in-plane and out-of-plane directions) pos-
sessing different degree of pinning effects can be used as free and
pinned FM layers, respectively. Simultaneously, the free and pinned FM
layers can be switched relative to each other, with the change of the
magnetic field direction which may result in a new modulation factor
for enhanced spintronics. Unfortunately, the EB effect in existing single-
phase materials usually vanishes or is small at the room temperature,
and no naturally occurred single-phase EB anisotropy has been reported
to date in existing literature.

Very recently, we found that single-phase, long-period Aurivillius
oxides with the formula of Bin+1Fen-3Ti3O3n+3 ((Bi2O2)2+-(Bin-1Fen-
3Ti3O3n+1)2−), where n indicates the number of perovskite layers,
possess a good EB effect due to the coupling between the inside AFM
layers and spin glass (SG) when n ≥ 7 [29–32]. Moreover, the block
temperatures (the highest existing temperature) for the EB effect in-
crease with the number of perovskite layers (n) due to the enhanced
concentration of magnetic ions embedded in the perovskite slabs.
Nevertheless, the RT EB effect cannot be achieved by simply increasing
the perovskite layer in these Aurivillius oxides due to their close Gibbs
free energies when n ≥ 10, which makes it difficult to obtain homo-
geneous Aurivillius oxides. [24–26] Therefore, efforts on finding novel
materials or new functional mechanisms is of key importance in order
to realize desirable RT EB in single-phase materials.

Sillen−Aurivillius oxides have very similar structures to Aurivillius
oxides and can be described as (Bi2O2XBi2O2)3+ (An−1BnO3n+1)3−

(X=F, Cl, Br). Compared to pure Aurivillius oxides, the existence of a
Sillen layer can effectively reduce the total valence of the B site (Fe-Ti)
and thus improve the content of magnetic ions (Fe) in the perovskite
slab with the same layer number (n). To develop a potential RT EB
material, a new compound with the formula of Bi7Fe2Ti2O17Cl
(BFTOCl, n=4) was designed in this work. The resulting materials
form a homogenous structure (in Fig. 1(a)) which has been theoretically
and experimentally investigated. The as-prepared BFTOCl ceramic was
shown to exhibit two spin-glass-like behaviors, and their origins, which
may contribute to the understanding of complex magnetism in layer-
structured oxides, have been discussed. Moreover, the BFTOCl ceramic

demonstrates an obvious large EB anisotropy. To the best of our
knowledge, this is the first time such a phenomenon has been observed
in a single-phase material, which results in a new regulation factor for
spin flipping. Significantly, the RT EB effect has been successfully rea-
lized with this new compound, which is even superior to 9-layer (n=9)
Aurivillius oxides. [21] These findings shed new light on single-phase
anisotropic EB materials and on provide a basis for further study of the
underlying mechanisms.

2. Experimental section

2.1. Sample preparation

Bi7Fe2Ti2O17Cl (BFTOCl) ceramics are prepared via a conventional
solid-state reaction technique. The detailed synthesis conditions and
procedures are as follows: first, appropriate amounts of the Bi2O3,
Fe2O3, TiO2, BiOCl raw materials are ball milled in ethanol for 48 h.
Next, the mixture is dried and then calcined at 770 °C for 5 h to obtain
BFTOCl powders. BFTOCl powders are pressed into pellets with a dia-
meter of 25mm and a thickness of 5mm. Finally, the pellets are sin-
tered at 820 °C for 4 h under a pressure of 10MPa in a hot-press sin-
tering furnace (Materials Research Furnaces Inc., Suncook, NH, USA)
under an atmosphere of mixed Ar/O2 gas.

2.2. Computational method

All spin-polarized density functional theory (DFT) calculations were
performed using the Vienna ab initio simulation package (VASP) within
the projected-augmented wave method. [27,27] The Perdew-Burke-
Ernzerhof (PBE) functional with a Hubbard U value of 5.3 eV for Fe was
used. [28–30] The energy cutoff was 520 eV. The electronic energy and
atomic force were smaller than 1e-5 eV and 0.01 eV/Å, respectively.
The 4× 4×1 k-point mesh was adopted for the Brillouin zone in-
tegration of the Bi7Fe2Ti2O17Cl unit cell.

Fig. 1. (a) Modified Sillen-Aurivillius structure
with 4-layers perovskite (Bi7Fe2Ti2O17Cl); (b)
Rietveld refinement of the BFTOCl powders; (c)
Relative total energies of 22 symmetrically
distinct structures of the unit cell
Bi7Fe2Ti2O17Cl, with Fe ions in FM (red) and
AFM (blue) states. The energy of the lowest-
energy structure was set as the zero reference.
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2.3. Characterization techniques

The crystalline structure of samples is investigated using an X-ray
diffractometer (Rigaku TTR Ⅲ, Tokyo, Japan) employing Cu Kα1 ra-
diation (λ=1.5406 Å). The atomic structure is visualized using the
aberration-corrected scanning transmission electron microscopy high-
angle annular dark field (HAADF-STEM) and selected area electron
diffraction (SAED) (JEM-ARM200 F; JEOL, Akishima-shi, Japan). The
line-scanning of elements analysis is performed on the equipped X-ray
energy dispersive spectroscopy (EDS) (X-max80, Oxford Instruments).
The fracture surface of the ceramic is imaged via scanning electron
microscopy (SEM; JSM-6390LA, JEOL, Akisshima-shi, Japan). The TEM
images are obtained using a Hitachi HT7650 microscope (TEM; JSM-
7650, JEOL, Akisshima-shi, Japan) operated at 100 kV. The orientations
of the individual grains on the surface of the samples are obtained using
electron-backscattered diffraction (EBSD). The EBSD measurement was
obtained using a scanning electron microscope (SEM) (Hitachi S-6600)
equipped with field emission. A high-speed DigiView CCD camera was
used for pattern acquisition, and data were recorded using a 50 nm step
size. The magnetic properties of the samples are characterized using a
vibrating samples magnetometer (VSM, Quantum Design Inc., San
Diego, CA, USA). The soft X-ray absorption spectra (XAS) are collected
on the BL12B-a of the National Synchrotron Radiation Laboratory
(NSRL, Hefei, P. R. China) using the synchrotron radiation from the
storage ring running at 800MeV with an average current of 300mA.
The XMCD measurements are performed at the beamline 08U-a in the
Shanghai Synchrotron Radiation Facility in Shanghai, P. R. China.

3. Results and discussions

3.1. Structure characterization

The BFTOCl powders with designed composition were prepared
using the conventional solid phase reaction and calcined at 770 °C for
5 h. Fig. 1(a) presents the crystal structure of BFTOCl that was con-
structed by inserting BiFeO3 into Bi6FeTi2O14Cl structures, with Fe/Ti
equivalently occupying the same site. Utilizing this artificial structure,
we performed the XRD Rietveld refinement for the BFTOCl powders, as
shown in Fig. 1(b) resulting in Rwp and Rp values of 6.11% and 3.79%,
respectively. The low Rwp and Rp indices and the fitted peaks reflect
close agreement with the predicted structure, which corresponds to an
orthorhombic structure (space group P nc2) with lattice parameters of
a=0.5496 ± 0.0001 nm, b=0.5531 ± 0.0001 nm and
c=2.6072 ± 0.0001 nm. To identify the magnetic round state of Fe
ions, we performed DFT calculations for BFTOCl with Fe ions in both
FM and AFM states. Fig. 1(c) shows the relative energies of 22 sym-
metrically distinct ordered structures with Fe ions in FM states and AFM
states. We observed that the disordered structures of BFTOCl with Fe
ions in the AFM state have a relatively lower energy than those of Fe
ions in the FM state, suggesting that the ground state of Fe ions in
BFTOCl is the AFM state, which is similar to that in Aurivillius oxides.
[31–33] Additionally, the trivial energy difference (15meV/atom) of
the 22 ordered AFM BFTOCl structures indicates that BFTOCl tends to
be disordered at elevated temperatures, which is consistent with our
previous XRD results.

HAADF-STEM was used to visualize the atomic structure of BFTOCl
powders. As shown in Fig. 2, an orderly arrangement of bright spots can
be clearly observed. The intensity of the spots in a HAADF-STEM image
that is approximately proportional to the square of the atomic number
(Z) of the ions. The bright spots shown in Fig. 2 should correspond to Bi
atoms. As shown in Fig. 2(a), the visual structure of BFTOCl agrees well
with the designed one (Fig. 1(a)) with perovskite slabs (n=4) and
Sillen block alternately stacked, indicating the high quality of the ob-
tained sample. Selected area electron diffraction (SAED) patterns ob-
tained from the HAADF image of the (100) plane confirm the long-
range periodic structure and the good crystallinity of the BFTOCl

powders. The EDS results show that the element ratio is relatively close
to the nominal composition as shown in Fig. S2.

Fig. 2(b) and (c) shows enlarged HAADF-STEM images of the
BFTOCl (110) and (100) planes, from which the atomic distance can be
measured. The measured values are in good accordance with the si-
mulated lattice parameters. Moreover, Fig. 2(b) and (c) jointly indicates
that the distribution of the Bi layers in the perovskite is not uniform
along the [001] direction as illustrated in Fig. 2(d). This finding should
be ascribed to the impact from the Sillen block, similar to the previous
reports on Aurivillius oxide, for which a longer distance is observed for
the Bi-Bi layers that are adjacent to the fluorite-like layers (0.44 nm in
middle, 0.49 nm in side). [34,35] Notably, the large difference in Bi-Bi
the distances along the [100] and [001] directions within the per-
ovskite slab strongly indicates the complicated structural distortions
with compressive strain in the in-plane direction ([100] and [010] di-
rection). This distortion is due to close packing of the Bi ions in the
Sillen slab, which may induce magnetic anisotropy changes, as sug-
gested in several material systems, such as La0.7Sr0.3MnO3 [36], SrRuO3

[37] and La2CoMnO6 [38]. The natural superlattice structure in BFTOCl
may also result in some fantastic magnetic properties, similar to those
in heterogeneous superlattice films [39].

3.2. Characterization of the BFTOCl ceramic

Fig. 3(a) shows the SEM image of the cross section and surface of the
BFTOCl ceramic that was sintered at 820 °C for 4 h under the pressure of
10MPa in a hot-press sintering furnace. Small pores can be detected in
the BFTOCl ceramic, indicating that the ceramic is fairly dense. The
BFTOCl sheets can be obviously observed in Fig. 3(a) and Fig. S3, in-
dicating the preferential growth orientation. Electron backscattered
diffraction (EBSD) mapping is employed to investigate the sample’s
orientation, for which the BFTOCl ceramic surface is polished before
characterization. As shown in Fig. 3(b), the blue regions obviously
dominate the surface area, indicating that the ceramic surface mostly
consists of the (00l) orientation.

The XRD pattern of the BFTOCl ceramic shows a strong orientation,
as demonstrated by the largely enhanced (0 0 l) peak intensities in
Fig. 4. To quantitatively analyze the degree of orientation, the Lot-
gering method is applied using Eqs. (1)–(3) [40]:
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where I(hkl) and I0(hkl) are the peak intensities of the (hkl) plane in the
ceramic and powder samples, respectively; P and P0 are the ratios of all
(0 0 l) (l = 1, 2, 3…) peak densities to the total peak densities in the
ceramic and powders, respectively; and f (0 0 l) indicates the Lotgering
factor in the (0 0 l) planes. Here, f (0 0 l) is calculated as 72.2%, sug-
gesting that the sintered ceramic is mainly oriented in the (00 l) or-
ientation. This result agrees well with the EBSD result.

3.3. Magnetic characterizations

Considering the primarily c-axis orientation and the obvious lattice
distortion, as previously discussed, the magnetic anisotropy of the
BFTOCl ceramic is investigated for the magnetic field being applied in
different directions. As shown in Fig. 5(a), the in-plane, out-of-plane
and sloping-plane directions indicate that the ceramic surface was
parallel, perpendicular and at a 45° deviation angle to the applied field,
respectively. The zero-field-cooled (ZFC) and field-cooled (FC) magne-
tizations measured in the different directions are shown in Fig. 5(b).
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The bifurcation temperature for the FC and ZFC curves, which are
higher than that at room temperature, indicates the onset of a weak FM
state. [41] Below the bifurcation temperature, the irreversibility be-
tween the ZFC and FC curves reflects the appearance of the un-
compensated electron spin, which comes from the Fe3+ ions as con-
firmed by the XMCD results shown in Fig. S4 and S5. Both the ZFC and
FC curves rise significantly as the temperature is lowered, which is
ascribed to the paramagnetic magnetic effect from isolated Fe ions. [22]
A similar phenomenon has also been observed in Aurivillius oxide
Bi7Fe3Ti3O21, which has the same Fe ion concentration in the per-
ovskite slab as BFTOCl, as shown in Fig. S6.

Interestingly, two broad peaks were observed in the ZFC curve in
the in-plane direction, for which the intensity of the low-temperature
peak is much larger than that of the high-temperature one. The large
temperature gap between the two peaks (peak temperatures (Tf) of 70
and 173 K, respectively) clearly suggests the existence of two functional
mechanisms. As shown in Fig. S7, the AC susceptibility measurement
indicates that both peak temperatures, denoted as TfI and TfII, shift to-
ward higher temperatures at higher frequencies, strongly suggesting
two magnetic glass-like behaviors [41]. Unlike those in nanoparticles
[42] or nanobelts [23], such twin glass-like behaviors are seldom ob-
served in ceramic samples due to their large grain size which depresses

Fig. 2. (a) HAADF-STEM images of BFTOCl powder with its selected area electron diffraction (SAED) patterns. HAADF-STEM images of (b) (110) and (c) (100) planes
for BFTOCl powders. The inserts show the intensities of spots in the HAADF image for the measurements of the Bi-Bi layer distance. (d) The sketch map of the BFTOCl
structure with the data obtained from (b) and (c).

Fig. 3. (a) Cross section SEM image of the BFTOCl ceramic (indicated as xz plane). (b) Ceramic surface (indicated as xy plane) EBSD maps are obtained in different
orientations denoted by the different colors: the red, green and blue colors represent the (100), (010) and (001) orientations, respectively.
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surface effects including the uncompensated surface spins. Moreover,
the high-temperature peak depends greatly on the direction of the ap-
plied filed. This peak also appears in the sloping-plane direction,
however it disappears when measured in the out-of-plane direction.
Different magnetic fields were used to further investigate the ZFC and
FC curves, as shown in Fig. S8. The reduction in TfI and TfII in the ZFC
curves for the enhanced magnetic field, as summarized in Table S1 (in
Electronic Annex), further confirms their glass-like behaviors [43].
Based on the magnetic anisotropy and the glass-like behaviors, the fI
and fII peaks in the FC and ZFC curves represent the AFM domain wall
pinning effect from adjacent domains and the SG within the domains,
respectively (detailed analyses in Electronic Annex).

Magnetic hysteresis (MH) loops measured in the in-plane and out-
of-plane directions are shown in Fig. S10, and their related coercivity
(Hc) and remnant magnetization (Mr) values are shown in Fig. 5(c) and
(d). The values of Mr and Hc in the in-plane direction are both larger
than those in the out-of-plane direction, presenting obvious magnetic
anisotropy due to the blocking effect of the Sillen slab and the strong
orientation in the BFTOCl ceramic. Moreover, at TfI and TfII, the values

of Hc and Mr are both in the valley position, as shown in Fig. 5(c) and
(d). As mentioned above, spins tend to be regularly arranged as the
temperature decreases. This means that AFM interaction tends to re-
duce the magnetism and FM has the opposite effect, which result in the
broad freezing peaks on ZFC curve. Consequently, the net magnetic
moment is easy to change with the measuring magnetic field at freezing
peaks, which means that smaller Hc and Mr are observed in the hys-
teresis loop measurement due to the easier flip of spins. A similar
phenomenon has also been observed in nanocrystalline BiFeO3 [44].
Interestingly, the magnetic anisotropy in the two planes can be retained
even above room temperatures, suggesting that this ceramic has a high
Curie temperature.

3.4. Exchange bias

As previously mentioned, the BFTOCl presents complex magnetic
behaviors, which greatly depend on the measured temperature and the
direction and strength of the applied field. Considering the coexistence
of AFM, FM, SG, and the domain wall pinning effect, the BFTOCl po-
tentially exhibits the EB effect. As shown in Fig. S11, obvious shifts
along the axis can be observed for the BFTOCl ceramics measured in
both directions, demonstrating the presence of the EB effect. The
magnitude of the observed EB effect can be characterized by the ex-
change bias field (HEB), as defined in the Eq. (4):

= +H H H| |EB 1 2 (4)

where H1 and H2 are the left and right coercive fields, respectively. To
avoid false signals due to a lack of saturation [45], a magnetic field that
is much larger than the coercive field are used to measure the MH
curves. The authenticity of the EB effect is also reflected in the mea-
surement with a small FC process, as shown in Fig. S12, in which the
differences in HE between both directions are not obvious at tempera-
tures below TfI. This result may be due to the pinning effect of domain
walls on the flips of the spins, which has no anisotropy. Such a pinning
effect can also explain the similar trough temperature of the EB valley
to TfI measured in both directions.

The obvious distinction in the HEB values measured in the in-plane

Fig. 4. The XRD pattern of BFTOCl ceramic surface.

Fig. 5. (a) Relative directions between the
samples and the magnetic field for the mag-
netic measurements. (b) The ZFC and FC curves
for the in-plane, out-of-plane and sloping plane
(45° with the field directions) directions, and
the illustration compares the complete ZFC and
curves. (c) and (d) Temperature dependence of
the coercive field (Hc) and remanence (Mr) for
the in-plane and out-of-plane directions.
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and out-of-plane directions can be observed in the temperature range of
50–270 K, for which the domain wall pinning effect disappears, sug-
gesting the anisotropy of the EB effect. This is also the first observation
of such an anisotropy of the EB effect in a single-phase material. This
difference can be attributed to the parallel direction of the dominant
spins and the in-plane applied field after the FC process. As shown in
Fig. 6(a), after the field cooling process, the frustrated spins tend to be
parallel to the applied magnetic field. For the in-plane test, the in-plane
uncompensated AFM spins couple with the SG spins as a torque on
these SG spins to work to maintain the SG spins aligned along the di-
rection of the cooling field and suppress the SG spins from flipping
when the applied magnetic field changes to the opposite direction of the
cooling field, as illustrated in Fig. 6(b). In the case of the out-of-plane
field cooling, it would be difficult for the AFM to freeze the out-of-
plane-oriented spin due to the lack of a long-range AFM magnetic in-
teraction, thus resulting in lower HEB values. Notably, the EB effect with
a HEB value of approximately 30 Oe can be detected when measured in
both directions even at RT, which successfully fulfills our desire to
develop a room-temperature single-phase EB material.

4. Conclusions

In summary, a new single-phase layer-structured oxide (BFTOCl)
with a RT EB effect has been developed. The intercalation of Cl ions
increases the thickness of the Sillen slab and the concentration of
magnetic ions. Two freezing processes were observed in this complex
magnetic system, originating from the blocked SG spin and the domain
wall pinning effect, separately. Obvious magnetic and exchange bias
anisotropy has been observed in the BFTOCl ceramic, which should be
based on the natural superlattice-like structure and the complex mag-
netic interactions in BFTOCl. Our findings give an informative under-
standing of the origin of the EB effect in single-phase materials and
suggest a new system of materials for use in future applications based
on the EB effect.
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