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Fig. 2. (a) XRD patterns of the BFCTO films grown at 620, 605, and 590 °C with the same oxygen pressure of
20 Pa; the inset magnifies the shoulder feature near the (0020) peak of the film grown at 620 °C, which represents the

spinel impurity (Imp.) peak; the surface morphologies of the three BFCTO films are shown in (b)—(d) respectively;
the scan areas are all 2 pm x 2 um; (e) the HAADF-STEM image taken from a cross section of the BFCTO film
grown at 605 °C; the bright spots are the Bi atoms. Adapted from Ref. [29].
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Fig. 3. (a) and (d) are XRD w-26 scans of BFECTO/LSAT and BFCTO/LNO/LSAT films, respectively. Stars (*)
and number signs (#) indicate LSAT and LNO diffraction peaks, respectively. Rocking curves of the (0024) peaks

are shown in the insets of (a) and (d). (b) and (e) are 2 pm x 2 pm AFM scan height images with roughness RMS
of 3.04 nm and 0.274 nm respectively. (c) and (f) are X-ray reciprocal space maps around (103) LSAT and (1035)
BFCTO diffractions. The (103) LNO buffer layer diffractions is indicated by the arrow in (f). The bottom peaks in
(c) and (f) are from BFCTO films. Adapted from Ref. [30].

FAdE T STEM J H o ¥ R &4 K1 (EELS)
W57 A S ) P T A 485 W R PR 5 40, B0AIE
T FELE AR B ARSOSK S THT A% R E A P S
W&l 4 (a) Fior, £ BECTO 5 LSAT ) 5 1fi 45 77
13RI BA T NS AZ e R, KA A
K— EEERN AR TR 5 AR KA Z, 26
A L-a A5 A KRR BB R 748 )5 A
KAREZ. MEBFCTO 5 LNO f Ft i 4b, i
SERIR R, PR KE E AR R B T
SRJE P AE KB Z, AT Hody 4 8 2K B TIT-b.
AT i 7 EELS 3R AE, EELS 7 LU 44K} )
o FIN A AT RAE. 48 EELS 45 5, FoAI145 H
T AR T SR B B w4 (b) st
W 50 ¢ T 1R 0 R LE, I BbRiE T AN E
(I, N BigOg J2 45 24 HL A7, FT DAFR 4235 43
i 2— L far, B 5 RN S PR N —0.4
i, MTELNO SHER AL, ATVCHFE—

1A P57 I FEL AT 04 XA B i FEL AT T AR SR
BFCTO ¥ i A7 7E A3, B4 () FIE 4 (d)
XL T 28R TT-a 1SS TIL-b FI R A0 3% () FlHL 34
(V). TEHRBI-a S, B BB AT 7 7E, H
bl 25 75 BECTO H (1 J& J& 39 Jn g 384 . 7698 284
HI-b S, B> RRBFRCER 6 = 0.2+, X
FERT LLARH 47 b 5 i B BFCTO 388 Ji55 o 1 4 4% 1
37, R Thomas-Fermi 5t g /7 F&, Bf i & K
2RI ik, RATT LA B B
F B A 474, BFCTO 5 LNO/LSAT () i
bt 5 LSAT i 5 i 58 A g A 1y, AT 9l 2 1 %
BFCTO MEER I 45 S e — R V150,

B T G5BT L m = 5 BFCTO i, 3%
AT 2% 7 [001] & ) B RE T S - (Fe, Co) B2 1
KA W By 1 (Fe,Co)pn3TizOspy3 70 HE FH B m
%1410, i#id XRD M1 STEM SZ56:, & 3 K J& A v
i 7 A JE S JR S (AR 4K, (B R AR 2],

157702-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 15 (2018) 157702

Experiment Simulation
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Fig. 4. (a) Comparisons between the experimental interface images and the corresponding simulated images of the

four types of interfaces. (b) The ionic charges per square unit cell of the Bia O§+ bilayer and the perovskite layers

are shown for the four interfaces in (a). A small screening charge density of d+ per square unit cell is shown in

the first layer of LaNiO3s near the interface. (c) and (d) are the schematics of ionic charge p, electric field E and
potential V' of the type III-a interface in BFCTO/LSAT film and the type III-b interface in BEFECTO/LNO film,

respectively. Adapted from Ref. [30].
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Fig. 5. (a) The magnetization as a function of tem-
perature for BFCTO films grown on LNO buffer layer.
The room-temperature magnetic hysteresis measured
along the in-plane direction is shown in the inset.
(b) The phase and (c) the magnitude of the phase
switching along the out-of-plane direction in the PFM
measurements. Adapted from Ref. [30].
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Fig. 6. (a) The m = 10 BFCTO film magnetic hysteresis measured at room temperature and (b) the magnetization

as a function of temperature; all measurements were done along the in plane direction of the film. (¢) The room-
temperature AFM image, the PFM image measured along (d) out-of-plane and (e) in-plane direction of the m = 10
BFCTO film. Adapted from Ref. [33].
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Fig. 7. (a) The m = 5 BFTO (4BOL) and m = 5 LBFNTO (4B1L, BFTO : LNO = 4 : 1) film agnetic hysteresis loops
measured at room temperature; (b) the magnetization as function of temperature of the two films; all measurements

were taken along the in-plane direction of the films. Adapted from Ref. [31].
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Fig. 8. (a) and (b) Surface morphology, (c) and (d) are out-of-plane phase, (e) and (f) in-plane phase images of the
m = 5 BFTO (4BOL) and LBFNTO (4B1L) films, respectively; (g) the tipbias pulse period in the SSPFM loop with
the in-field and field-off is 2 ms and 1 ms, respectively; (h) the piezoelectric response (PR) of the field-off loops of 4BOL

and 4B1L. Adapted from Ref. [31].
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Fig. 9. Fe L-edge RIXS spectra of (a) BFTO, (b) BFCTO, and (¢) LBFCTO films at selected incident photon
energies. The incident photonenergies are displayed next to the corresponding RIXS spectra. Adapted from Ref. [34].
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Fig. 10. Co L-edge RIXS spectra of (a) BFCTO and (b) LBFCTO films at selected incident photon energies. The
incident photonenergies are displayed next to the corresponding RIXS spectra. Adapted from Ref. [34].
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Fig. 11. Simulated Fe3* (top panel) and Co?t (bottom panel) L-edge RIXS spectra (thick curves) as a function
of Ds in comparison with the experimental spectra (thin curves) of BFTO, BFCTO, and LBFCTO films at the
incident photon energy of (a) 709.7, (b) 710.2, (c) 778.2, and (d) 778.7 eV. The intensities of simulated spectra are

all rescaled for clarity. Adapted from Ref. [34].
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Fig. 12. (a) The spin-dependent R and R+ neutron reflectivities of the BFCTO film at 300 K; (b) the 300 K
spin asymmetryof the BFCTO film. The measurement was done with a 700 mT magnetic field applied along the

in-plane direction. Adapted from Ref. [35].
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Fig. 13. (a) The 50 K spin-dependent R'T and R*} neutron reflectivities of the BFCTO film; (b) the 50 K spin
asymmetry SA of the BFCTO film; (c) the magnetic and nuclear depth profiles used to obtain the fits shown. The

measurement was done with a 700 mT magnetic field applied along the in-plane direction. Adapted from Ref. [35].
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SPECIAL TOPIC — Multiferroicity: Physics, materials, and devices

Research progress of multiferroicity in Bi-layered oxide
single-crystalline thin films”
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Abstract

Room temperature multiferroics with a single phase is very rare, and magnetic elements doped Bi-layered Aurivillius
oxides are an important family of room temperature single phase multiferroics. However, due to the lack of single
crystalline samples, the multiferroic related researches of these materials are mostly based on polycrystalline bulk or thin
film samples. And the multiferroic characterizations are performed mostly by using the bulk type of samples. Therefore
the studies of the origin and mechanism of the multiferroicity of these materials are extremely difficult. Recently, multiple
magnetic elements doped singlecrystalline thin films have been successfully prepared, which makes it possible to study
the physics mechanism of the Bi-layered Aurivillius oxides of multiferroicity. The current study shows that most of
the single-crystalline thin films exhibit in-plane orientated spontaneous ferroelectric polarization and very weak room
temperature magnetism. Moreover, at low temperatures the single-crystalline films exhibit a second magnetic transition.
The resonant inelastic X-ray scattering experiments indicate that the doped structure exhibits a changed crystal field
split, which may enhance the weak ferromagnetism through Dzyaloshinskii-Moriya interaction. On the other hand,
the polarized neutron reflectivity experiments reveal that the single-crystalline thin film possesses much weaker room
temperature magnetism than the bulk sample, which indicates that the origin of the magnetism and the magnetoelectric
coupling in the single-crystalline samples are different from those in the polycrystalline samples. The current study of
the multiferroicity in the single-crystalline Bi-layered Aurivillius thin film opens the road to designing better multiferroic

systems of the Aurivillius materials.

Keywords: Bi-layered oxides, multiferroic, single-crystalline film, magnetism
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