Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2017.

ADVANCED
MATERIALS
INTERFACES

Supporting Information

for Adv. Mater. Interfaces, DOI: 10.1002/admi.201700252

Controlling Magnetic Properties at BiFe, .Mn, O,/
La,;Ca;sMnOQO; Interfaces by Tuning the Spatial Distribution
of Interfacial Electronic States

Mingjing Chen, Xingkun Ning*, Xiaobing Hu, Jirong Sun,
Nian Fu, Yanxi Li, Jianglong Wang, Shufang Wang*, and
Guangsheng Fu



Supporting Information

DOI: 10.1002/ (No. admi.201700252R2)

Controlling Magnetic Properties at BiFe;—xMn,Os/La;;3Ca;sMnO3 Interfaces by Tuning the
Spatial Distribution of Interfacial Electronic States

Mingjing Chen, Xingkun Ning*, Xiaobing Hu, Jirong Sun, Nian Fu , Yanxi Li, Jianglong Wang,
Shufang Wang*, Guangsheng Fu

M. J. Chen, Prof. X. K. Ning, Dr. N. Fu, Prof. S. F. Wang, prof. G. S. Fu
Hebei Key Lab of Optic-electronic Information and Materials, The College of Physics Science

and Technology, Hebei University, Baoding 071002, People’s Republic of China

Dr. X. B. Hu
Nanostructures Research Laboratory, Japan Fine Ceramics Center, Nagoya 456-8587, Japan

Prof. J. R. Sun

Beijing National Laboratory for Condensed Matter Physics and Institute of Physics, Chinese
Academy of Sciences, Beijing 100190, People’s Republic of China

Dr.Y. X. Li

Department of Materials Science and Engineering, Virginia Tech, Blacksburg, Virginia 24061,
USA.

E-mail: xkning@alum.imr.ac.cn; sfwang@hbu.edu.cn



mailto:xkning@alum.imr.ac.cn
mailto:sfwang@hbu.edu.cn

10
—— Mn-0

—— Mn-10%
—— Mn-20%
= —— Mn-30%
—— Mn-40%
—— Mn-50%

4]

Magnetization (emu/cc)
o

]
($)]
L

_10 2 " 2 " o 2 o [
-30 -15 0 15 30

Magnetic Field (kOe)

Figure S1 Magnetic hysteresis loops for the pure BFMO films record at 10 K in in-plane orientation after

FC at +3 kOe

200 )
LCMO film {
m -
£ 200 L In-plane
=
£
2
c
g 0 T 200 LCMO film g
(1] g Out of plane
::;“ 5 100 f
2 1100 ’.—g 0
Q %100 Z
= _ =.200
-200 30 15 0 15 30
Field (kOe)
1 i

30 20 10 0 10 20 30
Field (kOe)

Figure S2 Magnetic hysteresis loops for the pure LCMO films record at 10 K in in-plane orientation after

FC at 30 kOe, and the inset shows that record in the out-plane orientation after FC at 30 kOe.
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Figure S3 The magnetic hysteresis loops of these samples in the out-of-plane directions after FC at

+3 kOe at 10 K with an external field of £3T.
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Figure S4 Exchange bias field (Hgg) of the Mn-0%, Mn-20% and Mn-40% heterostructures as a function
of temperature. The exponential fitting of the Hgg as a function of temperature is noted by the blue line.

The hysteresis loops of the BFMO/LCMO heterostructure measured at different

temperatures show that both Hg decrease with increasing temperature, as shown in Figure S3,

which shows the variation of the Hg with temperature from 5 K to 275 K. The Hg decreases

almost monotonously with increasing temperature and becomes zero at about 150 K for Mn-0%



and Mn-40% heterostructures, but 50 K for Mn-20% heterostructure, which corresponds to
conventional (Exchange bias) EB-blocking temperature (Tg). The relation between Hg and
temperature can be described by the following formula: He = Hp exp(-T/To), where Hg is the
extrapolation of Hg at 0 K and Ty is a constant. As shown in Figure S4, He exponentially decays
with increasing temperature. This is in agreement with the experimental results in perovskite
manganite in recent reports such as FM/AFM of La;.,CayMnOs/La;.,CayMnOs superlattices, ™
LSMO/SrMnO3? and LSMO/NiO composite films.!®! This kind of thermal activation of the FM
interactions across the interfaces has been proposed to manipulate the EB effect in the manganite
systems. It has been reported by Cai et al.l that the random spin coupling can be established in

the PM states even with the films.
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Figure S5 Temperature dependence of magnetization for the BFMO films with the Mn content

from 0% to 50%, measured in an in-plane magnetic field of 3 kOe.
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Figure S6. EELS spectra of the O K edge, Mn L, 3, and Fe L, 3across the BFMO/LCMO (Mn =

50%) interface.
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Figure S7. The schematic energy diagram of the BFMO/LCMO heterostructures. (b) VBO values

VS the valence states of Fe and Mn ions.

Figure S6(a) shows the schematic energy diagram of the BFMO/LCMO heterostructures. If we
consider the BFMO and as wide band gap semiconductors and without considering the polarization
charges, the band structure of the BFMO/LCMO heterostructure can be described as Figure 6(a). The
knowledge of the valence band offset (VBO) (Figure 6(a)) at oxide heterostructures is of ultmost
importance for the understanding and operating the local oxide interface environments, as the electronic
transport properties are governed by the band alignments. The VBO is obtained by the following

equation:"!

AEypows) = (Ecrun - Ecus-n) — [(Ecrwy — Evw) — (Ecue) — Eve)]

Where AE o5 1s the VBO of the manganites relative to the cap layer of BFMO and LCMO (where A
refers to the LCMO and B refers to BFMO), Ec; .1y - Ecis-n 1s the energy difference between Mn 2p and
Fe 2p core levels (CLs) in the BFMO/LCMO heterostructure, Ecyuy — Epayand Ecyg — Eyg) are the
energy differences between the CLs and the valence band maximum (VBM) for the LCMO and BFMO
inner layers, respectively. The shifts of the Fermi level position for the BFMO show a linear relationship

with the Mn doping x. Thus, the Mn doping level determines the value of the VBO and the valence states.
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Figure S7. Time dependence of the magnetization of the BFMO/LCMO heterostructure at 10 K
in a field of 1000 Oe after ZFC from room temperature. The dots are experimental data and the
solid lines are fits to a double-exponential equation.

At low temperatures, after a sudden change in magnetic field, the magnetic relaxation has
been found to follow dominantly the usual logarithmic time dependence as reported by
Panagiotopoulos et al.”! Figure S7 shows the time dependence of the magnetization at 10 K in a
field of 1000 Oe after ZFC from room temperature. The magnetic relaxation is found to deviate
from the usual logarithmic time dependence and follows a double-exponential equation: M (t) =
M (0) + Mie¥™+ Mye¥ where, M (0), My, My, 71, and 2 are constants. For the Mn-0%,
Mn-30%, Mn-40% and Mn-50% heterostructures, an initially relatively fast exponential
relaxation (t1) Is followed by a slower relaxation (z) has been observed, as shown in Figure S7.
During the ZFC process, the Fe-O-Mn double-exchange interaction FM clusters in the

heterostructure are randomly frozen at low temperature. Firstly, the random spins of the



interfacial FM clusters rapidly reorient to a more stable state in the direction of the external
magnetic field due to the Zeeman interaction.l”] With further increasing time, the magnetization
continues to increase due to the strong exchange coupling between the spins of the AFM BFMO
and the FM LCMO inner layers. For the Mn-20% and Mn-30% heterostructures, the
magnetization remains almost unchanged with the increase of time. Thermal activation leads to
the weak exchange coupling at the interface which makes it hard to separate the fast and slow

relaxations. This is consistent with the experimental result of the weak EB for these samples.
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