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Room-temperature ferromagnetism was observed in transparent Mn-doped BaSnO3; (BSMO) films epitaxially grown on SrTiO3; substrates by
pulsed laser deposition. X-ray photoelectron spectroscopy and X-ray absorption near-edge structure spectra analysis revealed that Mn?* is the
primary Mn ion in the BSMO films. The high saturated magnetization of BSMO films grown at a low oxygen pressure can be attributed to the
effective exchange coupling interaction between oxygen vacancies and magnetic Mn ions. Further, the band gap energy of the BSMO films
increases from 3.27 to 3.74 eV with decreasing growth oxygen pressure. The results demonstrate that Mn-doped BaSnOj films may be useful in
integrated magneto-optical device applications. © 2014 The Japan Society of Applied Physics

btaining room-temperature ferromagnetism (RT-FM)
in semiconductor oxides by doping with transition
metal (TM) elements has attracted much attention
because of potential applications in spintronics. In particular,
TM-doped wide band gap oxide semiconductors, such as
Co-doped ZnO and Mn- or Co-doped SnO, and TiO,, were
extensively investigated in the past decade owing to their
wide band gap, high optical transparency, and large magneto-
optical response.'™ To date, several models have been pro-
posed to explain the origin of the FM observed in semicon-
ductor materials, including double exchange, carrier-medi-
ated exchange, and bound magnetic polarons.”” However,
the mechanism responsible for the ferromagnetic interaction
is still under debate, though it is generally accepted that
structural defects present in the materials may well play an
important role in the appearance of ferromagnetic ordering.
It is necessary to develop other wide band gap materials
that exhibit RT-FM to better understand the origin of the
FM. Among the oxide semiconductors, perovskite-structured
oxides are an important class of materials that can introduce
novel functionalities to electronic devices because of the
richness of their excellent electronic, magnetic, optical, and
multiferroic properties. Recently, the induction of RT-FM
by doping nonmagnetic perovskite-structured materials with
a TM, for example, Co- or Fe-doped SrTiO;, Co-doped
BaTiOs, and Co-doped BaysSrosTiO3,%'? was intensively
studied because the addition of spin functionality to the host
crystal significantly expands its applications.
Perovskite-structured alkaline earth stannates, with the
general formula RSnO;3 (R = Ba, Sr, or Ca), have attracted
considerable attention in recent years owing to their
interesting physical properties and a number of potential
applications in the electronics industry. Among RSnO3 com-
pounds, the wide band gap semiconductor BaSnO; (3.4¢V)
has a cubic unit cell and can remain stable even at high
temperatures.'*'Y Undoped BaSnO; has been found to be
useful in thermally stable capacitors, humidity sensors, gas
sensors, and other applications. Many ions were recently
chosen to dope BaSnOj; ceramics to probe their structure,
electrical conduction, and dielectric properties.'>™'” La and
Sb doping can increase the RT electronic conductivity of
BaSnOjs significantly.'®2% Sr and Pb doping was found to
tune the band gap and enhance the photocatalytic activity of
BaSn0s.2'"?? Interestingly, Balamurugan et al.?*** reported
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more recently that Mn- and Fe-doped BaSnO; ceramics
exhibit moderate RT-FM. Although BaSnOj; polycrystalline
ceramics may have potential applications and were studied in
detail, BaSnO; in thin-film form is much more attractive in
terms of basic science and applications. The properties of bulk
and thin-film materials, especially dilute magnetic semi-
conductors, differ greatly. On one hand, the lattice strains
induced by the substrate in epitaxial films would modulate
the film properties compared to those of bulk materials. On
the other hand, oxygen vacancies might easily be generated
during various thin-film growth processes owing to the use
of vacuum environment, and oxygen vacancies have been
suggested to play an important role in the origins of the
magnetism.”® Therefore, it is necessary to investigate the
structural and magnetic properties of perovskite-structured
TM-ion-doped BaSnOj films. In this paper, we report trans-
parent 5%-Mn-doped BaSnO3; (BSMO) films grown epitax-
ially on SrTiO3(001) [STO(001)] substrates by pulsed laser
deposition. The structure and properties were characterized in
detail, and RT-FM was observed in the BSMO films.
Single-phase ceramic targets of Ba(Sng¢sMngo5)O3 were
synthesized by conventional solid-state reactions using high-
purity BaCOj3, SnO,, and MnO,. Epitaxial BSMO films were
deposited on STO(001) single-crystalline substrates by laser
ablation using a 248 nm KrF excimer laser. The laser repeti-
tion rate was set to 10 Hz, and the laser energy density was
maintained at about 1.8 J/cm? on the rotating target surface.
During deposition, the substrate temperature and oxygen
pressure were kept at 780 °C and 1.0 x 1073 Pa, respectively.
For comparison, samples were also grown under an oxygen
pressure of 20 Pa on an STO(001) substrate at 780 °C. The
film thicknesses were determined to be 630 £ 30 nm by using
field emission scanning electron microscopy. The film struc-
tures were characterized by X-ray diffraction (XRD) using
Cu K, radiation with 1= 1.5406 A (Philips X’pert). X-ray
photoelectron spectroscopy (XPS; VG Scientific ESCALAB-
250) measurements were made to identify the composition
and electronic states of the films using Al Ko X-radiation
(hv=1486.6¢eV, 15kV, 10mA). The binding energies of the
spectra were internally calibrated using the maximum of the
adventitious C 1s signal at 284.6 eV. X-ray absorption near-
edge structure (XANES) spectra were recorded under the total
electron yield detection mode at the National Synchrotron
Radiation Laboratory in Hefei, China. A vibrating sample

© 2014 The Japan Society of Applied Physics
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Fig. 1. XRD linear scans of BSMO/STO(001) heterostructures grown in 1 x 1073 Pa oxygen atmosphere along normal of (a) STO(001) and (b) STO(101)
diffraction planes. Inset of (a) shows w-scan rocking curve of BSMO(002) peak. (c) P scans of BSMO(202) and STO(202) reflections. (d) Asymmetric XRD
reciprocal space mapping on (103) reflections from BSMO/STO(001) heterostructures.

magnetometer (Quantum Design) was used to measure the
magnetic properties of the films. The optical transmission
spectra were measured with a conventional spectrophotometer
(Hitachi U-4100).

Figures 1(a) and 1(b) show the X-ray 6-26 linear scans of
the BSMO/STO(001) heterostructures along the normal of
the STO(001) (specular) and STO(101) (off-specular) diffrac-
tion planes, respectively. The reflections from the (101) dif-
fraction plane were indexed according to the cubic perovskite
structure [Fig. 1(b)]. Only reflections from the (001) planes
of the BSMO films and STO substrates were observed
in Fig. 1(a). No diffraction peak from impurity phases or
randomly oriented grains appeared in the scans, indicating
that the films exhibit a preferred orientation along the c-axis.
The inset of Fig. 1(a) shows the w-scan rocking curve (RC)
of the BSMO(002) peak. The full width at half-maximum
of the RC at the (002) peaks was 0.54°, confirming the high
crystallinity of the films. The out-of-plane lattice parameter of
the BSMO film was calculated to be 4.2284 4 0.0017 A,
which is much larger than the value of 4.1176 & 0.0009 A
obtained for films grown at 20 Pa, whereas the value was
4.1163 A for pure BaSnO;.!” This large increase in the lattice
parameter was related to the presence of a high concentration
of oxygen vacancies in the films, which cause high Coulombic
repulsion between the Ba and Sn cations. Because of this
electrostatic repulsion, the cations are displaced away from the
oxygen vacancies. As a result, the lattice parameter increases,
and the unit cell volume expands proportionally.>” To check
the epitaxial properties, ® scans of the BSMO(202) and
STO(202) reflections were performed, as shown in Fig. 1(c).
A set of four distinct peaks separated by 90° indicates that the
heterostructure achieved parallel epitaxial growth. Figure 1(d)
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shows the X-ray asymmetric reciprocal space mapping on the
(103) reflections from the BSMO/STO(001) heterostructure.
O, and Q, are coordinates in the reciprocal space, and the
in-plane and out-of-plane lattice constants of the film in real
space can be determined from the O, and Q, values using
a=—21/20, and ¢ =31/20,.*® 1t was found that because
of a large lattice mismatch (8.28%) between the film and
the substrate, the BSMO films are fully strain-relaxed, and a
pseudocubic perovskite structure was formed.

The valence state of Mn ions in BSMO films was
characterized by XPS and XANES. Figure 2(a) shows the
XPS core-level spectrum of Mn 2p in the BSMO films. The
two peaks located at binding energies of 640.1 and 653.2 eV
correspond to Mn 2ps3,, and 2p;,, components arising from
spin—orbital interaction, respectively. Considering that the
2ps,2 peaks of Mn**, Mn**, and Mn** ions in oxides are
located at binding energies of 640.0-640.6, 641.1-641.7, and
642.7-645.0¢eV, respectively, and that of metallic Mn is
located at 637.7-639 ¢V,?°!) we estimate that the Mn ions in
the BSMO films are mainly Mn?>*. Because the BSMO films
were deposited at a low oxygen pressure and are apt to contain
oxygen vacancies, the low valence state of the Mn ions can
maintain the charge balance. The low valence state also gives
rise to a large average diameter of Mn ions (Mn?*: Ry =
0.80 A, Mn**: Rer=0.58 A),>? which is consistent with the
observed lattice expansion.

Although XPS provides information on the valence states
of Mn ions, only several nanometers of the surface layer of
the BSMO film can be probed. It is necessary to investigate
the Mn valence states and local environments over a larger
sampling depth. Figure 2(b) shows the measured XANES
spectra at the Mn K edge. For comparison, the absorption

© 2014 The Japan Society of Applied Physics
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Fig. 2. (a) XPS core level spectrum of Mn 2p peaks in BSMO films
grown in 1 x 1073 Pa oxygen atmosphere. (b) Mn K-edge XANES spectrum
of BSMO film deposited at 1.0 x 1073 Pa, with MnO, Mn,03, and MnO,
chemical powders as references.

spectra of MnO, Mn,0O3, and MnO, chemical powders were
also measured. On the energy scale, the onset and shape of
the Mn-K absorption spectra for the BSMO films were found
to almost match that of MnO, which directly suggests that
Mn has an oxidation state of +2. The conclusion regarding
the Mn?* valence state is also confirmed by the pre-edge
features originating from the p—d hybridization of BSMO
films. Titov et al.’* reported that the Mn charge state in
octahedrally or tetrahedrally coordinated Mn compounds can
be obtained from the pre-edge spectral features originating in
p—d hybridization. A single pre-edge peak indicates Mn?™,
whereas a double pre-edge peak indicates Mn**. In the
spectra of the BSMO films, the appearance of a single peak at
the Mn pre-edge also support the presence of Mn’*. This
qualitative estimate is consistent with the XPS results. The
same valence state of Mn* ions has been reported in many
other oxide semiconductor films that exhibit RT-FM.3+39
Figure 3(a) shows the magnetic hysteresis loops of the
BSMO films at 10, 100, and 300 K, where the magnetic field
was applied parallel to the surface plane of the sample. The
insets of Fig. 3(a) show the original ferromagnetic signals
from BSMO/STO heterostructures prepared at different oxy-
gen pressures. The hysteresis loops were obtained by sub-
tracting the diamagnetic signal from the STO substrates. The
BSMO films grown at 1.0 x 1073 Pa show RT ferromagnetic
behavior. With decreasing temperature, the saturated magnet-
ization (M;) and coercivity field increase from 10.86 emu/cm?
and 490.2 Oe to 12.25emu/cm’ and 650.2 Oe, respectively.
Considering the total molar ratio of Mn in the BSMO films,
we obtain a value of My = 1.77 £ 0.10 pg/Mn and a remnant
magnetization of 0.68 + 0.04 ug/Mn at 300 K. However, the
BSMO films deposited under an oxygen pressure of 20 Pa
have a relatively low M; (0.125 pg/Mn), which is associated
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Fig. 3. (a) Magnetization—field loop curves of BSMO films at various
temperatures. Insets show original ferromagnetic signal from BSMO/STO
heterostructures deposited in 1 x 107> and 20 Pa oxygen atmosphere,
respectively. (b) Zero-field-cooled and field-cooled magnetization of BSMO
films under a magnetic field of 1kOe as a function of temperature.

with the low oxygen vacancy (defect) concentrations of the
films. These observations suggest that oxygen vacancies play
a significant role in determining the magnetic properties
as well as the valence states of Mn ions in BSMO films.
Figure 3(b) shows the temperature dependence of the zero-
field-cooled (ZFC) and field-cooled (FC) magnetization of the
BSMO films measured between 10 and 320 K under a mag-
netic field of 1kOe. The FC and ZFC magnetization curves
diverge at low temperature, indicating spin-glass behavior
of the BSMO films. This can be attributed to a competition
between the ferromagnetic and antiferromagnetic interac-
tions.® The smooth ZFC curve in the measured temperature
range also substantiates the existence of intrinsic RT-FM and
the absence of magnetic nanoparticles in the BSMO films.
Similar behaviors have been reported in various magnetically
doped perovskite-structured films, such as SrTi;_Fe, O3,
SrTi;_,Co,03, and BaTig ¢5C00 05053 films.® 'V

The BSMO films grown both at high and low oxygen
pressure exhibit highly insulating properties (o ~ 107 Qcm),
indicating that free-carrier-mediated ferromagnetic exchange
is not the mechanism operating in BSMO films. Mn metal
and Mn-based oxides (MnO, Mn,O3, and MnQ,) are either
antiferromagnetic or ferromagnetic, with a low Curie tem-
perature of 45 K, confirming that the observed ferromagnetic
interactions are the result of the substitution of Mn atoms. The
FM in the BSMO films may originate in the exchange
interaction between oxygen vacancies and magnetic Mn ions
and the formation of magnetic polarons. Trapped electrons
couple with local magnetic Mn ions and could generate a large
net magnetic moment. Because sufficient oxygen vacancies
are present, the coalescence of the magnetic polarons becomes
more likely, and the ferromagnetic domain could finally form.

© 2014 The Japan Society of Applied Physics
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Fig. 4. (a) Optical transmission spectra of BSMO films grown at different
oxygen pressures. Optical transmission spectra of bare STO and MgO
substrates are shown for comparison. (b) (hva)? versus hv plots of BSMO
films deposited on MgO substrate at 1 x 10~ and 20 Pa oxygen atmosphere,
respectively.

Therefore, the magnetism of the BSMO films could be as-
cribed to the significant contribution of oxygen vacancies that
were formed under the oxygen-deficient growth condition.

Because the band gap of the STO substrates (3.2¢eV) is
smaller than that of the BSMO films, we grew BSMO films
on MgO substrates (with a band gap of 7.8eV) under the
same conditions to probe the band gap. For comparison, the
transmittances of the bare STO and MgO substrates were also
measured, as shown in Fig. 4(a). The films grown at an oxy-
gen pressure of 20 Pa exhibited a good transparency of more
than 90% in the visible region, whereas the films deposited at
a low oxygen pressure of 1.0 x 107> Pa have somewhat low
transmittance in the visible region. This may be related to the
presence of many oxygen vacancies in the BSMO films.
Similar phenomena were also observed in HfO,_, films and
Mn-doped SnO, films.3*37

The optical direct allowed band gap (£;) of the BSMO
films was determined from the absorption spectra.
Figure 4(b) shows plots of (hva)® against hv; the values of
E, were estimated to be 3.27 £ 0.06 and 3.74 £ 0.04 ¢V for
the BSMO films grown at high and low oxygen pressures,
respectively, by extrapolating the linear portion against the
photon energy. The band gap increase of the BSMO films
grown at the low oxygen pressure can be ascribed to the
expansion of the unit cell volume.>®
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