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The unusual magnetic properties are observed in oxygen deficient BaTiO3−δ (BTO) and Nb:BaTiO3−δ (BNTO) thin films fab-
ricated on SrTiO3 substrates by laser molecular beam epitaxy. The distinct magnetic hysteresis loops are observed in the oxy-
gen deficient BTO and BNTO thin films in a temperature range of 5 to 300 K, whereas the diamagnetism is observed in both 
BTO and BNTO annealed at 1 atm of oxygen. The dopant Nb only enhances the magnetization in BNTO thin films, but has lit-
tle effect on the coercivity. The magnetism of BTO and BNTO films is proposed to be the oxygen vacancies by origin. 
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1  Introdution 

Perovskite oxides have been known to exhibit a broad range 
of technologically important properties, such as supercon-
ductivity [1,2], dielectric [3,4], colossal magnetoresistance 
[5–8], ferroelectric [9–11], and nonlinear optical properties 
[12], and thus become one of the key materials for multi-
functional devices [13]. The physical properties of the 
perovskite oxides have been very much extended by the 
introduction of various defects [5,14,15]. Among them, the 
self-doping by oxygen vacancies is essential because the 
oxygen vacancy is one of the elemental and intrinsic defects 
in perovskite oxides and can greatly influence the oxide 
properties. For instance, oxygen vacancies can cause the 
insulator-to-metal transition in the perovskite oxide [16], 
and transform optical properties into visible-light emitting 
[17]. Sundaresan et al. [18] observed the ferromagnetism in 
nano-particles of nonmagnetic oxides such as CeO2, Al2O3, 
ZnO, In2O3, and SnO2. Shein et al. [19] predicted va-

cancy-induced magnetism in non-magnetic perovskite 
SrTiO3−δ. Besides, oxygen vacancies can be readily ob-
tained in perovskite oxides either in the process of growing 
or through other processes such as annealing and redox re-
actions [20]. 

Barium Titanate (BaTiO3), as a member of perovskite 
family, is one of the most extensively investigated oxide 
materials because of its abundant physical properties and 
potential applications. For years, doped BaTiO3 materials 
have attracted great attention for their semi-conductive and 
conductive properties, and they are expected to have many 
device applications [21,22]. Previously we reported the epi-
taxy growth [23–25], structures [26], and physical proper-
ties [27,28] of doped BaTiO3 and the oxygen deficient 
doped BaTiO3 thin films. To our knowledge, so far no 
magnetic property has ever been directly detected in such 
non-magnetic perovskite oxide materials. This paper pre-
sents the very unusual and interesting property of magnet-
ism induced by oxygen vacancies in the oxygen deficient 
BaTiO3−δ (BTO) and Nb:BaTiO3−δ (BNTO) thin films fab-
ricated on SrTiO3 (STO) substrates. 
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2  Experiment 

The oxygen deficient BTO and BNTO thin films are grown 
on STO (001) substrates by a laser molecular beam epitaxy. 
As mentioned in our previous reports [23–25], a focused 
pulsed XeCl excimer laser beam (~ 20 ns, 2 Hz, ~ 1.5 J/cm2) 
is irradiated onto a sintered BaTiO3 or a BaNb0.3Ti0.7O3 tar-
get, respectively. The thin films are deposited at 620℃ un-
der an oxygen pressure of 1×10−4 Pa. An in situ reflection 
high-energy electron diffraction (RHEED) and charge-cou-                              
pled device (CCD) camera are used to monitor the growth 
process of the thin films. The intensity oscillation of 
RHEED not only enables us to precisely control the number 
of BTO or BNTO molecular layers during growth, but also 
shows that the films are layer-by-layer epitaxial growth. 
The thickness of the BTO and BNTO films are 300 nm de-
termined from the RHEED oscillations. After deposition, 
the samples are in situ annealed at the deposition conditions 
for one hour. 

3  Results and discussion 

Figure 1 displays the X-ray diffraction (XRD) θ -2θ scan 
curves of BTO and BNTO thin films. Except for the diffrac-
tion peaks of BTO (00l) (or BNTO (00l)) and STO (00l), 
there are no diffraction peaks from impurity phase or ran-
domly oriented grains, which implies that the BTO and 
BNTO thin films are single phase and c axis orientation. 

The temperature dependence of resistance (R-T) for the 
as-prepared BTO and BNTO thin films is measured by a 
constant pulse-modulated current source in a temperature 
range of 10 K to 300 K. As shown in Figure 2, the BTO and 
BNTO thin films show metallic behavior. Hall measure-
ments of the BTO and BNTO films are taken at room tem-                   

 

Figure 1  XRD θ-2θ scan curves of 300 nm oxygen deficient BTO and 
BNTO thin films on STO substrates. 

 

Figure 2  Temperature dependence of the resistance of the oxygen defi-
cient BTO and BNTO thin films. 

perature. The resistivity, carrier concentration and the Hall 
coefficient are 2.84×10−4 Ω·cm, 4.53×1021 cm−3, −1.56×10−3 
cm3/C for BTO film and 7.3×10−5 Ω·cm, 1.4×1022 cm−3, 
−4.8×10−4 cm3/C for BNTO film, respectively. 

The novel property of the BTO films is the magnetic 
hysteresis loops observed in a temperature range of 5 K to 
300 K. The magnetic hysteresis loops are measured by a 
superconducting quantum interference device (SQUID, 
Quantum Design MPMS-7). Figure 3 shows the magnetic 
hysteresis loops of the oxygen deficient BTO films at 5 K, 
90 K and 300 K after the diamagnetic contribution from the 
STO substrate is eliminated. The applied magnetic field is 
parallel to the surface of the film. It can be seen that both 
the saturation magnetization (Ms) and coercivity (Hc) de-
crease with increasing temperature. The Ms and Hc are ap-
proximately 4.8×10−5 emu, 420 Oe at 5 K, 4.5×10−5 emu, 
230 Oe at 90 K, and 3.8×10−5 emu, 150 Oe at 300 K, re-
spectively. The temperature dependence of the hysteresis 
loop is consistent with the conventional magnetic behavior. 
The result indicates that the ferromagnetic order dominates  

 

Figure 3  Magnetic hysteresis loops of the oxygen deficient BTO films at 
5 K, 90 K, and 300 K. The inset shows the M-H curve of the annealed BTO 
film at 90 K. 
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the entire temperature range. 
We suppose the origin of the magnetism in BTO is the 

oxygen vacancies. Thus, the BTO thin films are annealed in 
1 atm of oxygen at 600℃ for 4 hours to reduce the oxygen 
vacancies in BTO films. The inset in Figure 3 shows the 
magnetization versus field (M-H) curve of the annealed 
BTO films at 90 K. The magnetic hysteresis loop disappears 
and shows a typical diamagnetic curve after annealing. The 
experimental results confirm that the magnetism in BTO 
may have been caused by the oxygen vacancies. 

One possible origin of the magnetism is the interface ef-
fect. To eliminate this possibility, we have further measured 
the magnetic hysteresis loops of the BNTO/STO sample. 
The magnetization loops shown in Figure 4 is the magnetic 
response of the BNTO thin films after the contribution is 
eliminated from the STO substrate. The upper inset of Fig-
ure 4 displays the hysteresis loops of the whole sample of 
BNTO/STO and the diamagnetic response of the STO sub-
strate at 90 K and 300 K. From the hysteresis in Figure 4, 
we can see that Ms and Hc are about 7.3×10−5 emu, 200 Oe 
at 90 K, and about 6.7×10−5 emu, 120 Oe at 300 K, respec-
tively. The magnetization loops are evident in the tempera-
ture range of 90 K to 300 K. Since thin films with different 
interfaces show similar magnetic behavior, the interface 
effect can be eliminated. Similar to BTO, the BNTO films 
are also diamagnetic after annealing in oxygen ambience as 
shown in the lower inset of Figure 4. Furthermore, the 
magnetization of BNTO films is a little larger than that of 
BTO films, which implies that the dopant Nb can enhance 
the magnetization to some extent. However, the coercivity 
of BNTO films does not change very much, indicating that 
the magnetism of BNTO films equally originates from the 
oxygen vacancy. 

Figure 5 displays the magnetization-temperature (M-T) 
curves of the BTO and BNTO samples under 5000 Oe 

 

Figure 4  Magnetic hysteresis loops of the oxygen deficient BNTO thin 
films at 90 K and 300 K. The upper inset shows the hysteresis loop of the 
BNTO/STO sample and the diamagnetic response of the STO substrate. 
The lower inset shows the M-H curve of the annealed BNTO film at 90 K. 

 

Figure 5  Magnetization-temperature curves of the BTO and BNTO sam-
ples under 5000 Oe magnetic field after eliminating the STO substrate 
influence. 

magnetic field after eliminating the influence of the STO 
substrates. The oxygen deficient BTO and BNTO films 
show larger magnetization, and the dopant Nb can enhance 
the magnetism. On the other hand, the magnetism of both 
BTO and BNTO films decrease after annealing in oxygen 
and the curves are very close. The M-T results completely 
agree with the above hysteresis measurements. 

The oxygen vacancies mentioned cause the magnetism in 
the oxygen deficient BTO and BNTO thin films. The ex-
perimental results are consistent with the prediction in ref. 
[19]. The oxygen vacancies not only cause metallic behav-
ior for non-magnetic perovskite oxides but also introduce 
spin polarization of Ti atoms closest to the oxygen vacancy 
sites in BTO and BNTO thin films, so the magnetic effects 
in non-magnetic perovskite oxide material are observed.  

4  Conclusions 

In summary, we experimentally proved the unusual mag-
netic properties in the oxygen deficient BTO and BNTO 
thin films whereas the BTO and BNTO with enough oxygen 
exhibit diamagnetism. The magnetic hysteresis loops are 
clearly observed in the temperature range of 5 K to 300 K. 
Further studies on ferromagnetism property in other oxygen 
deficient perovskite oxides, such as SrTiO3, LaAlO3 and the 
like are highly expected. The present experimental results 
are expected to open up new possibilities in the investiga-
tions of the mechanism and the application for the 
perovskite oxides as well as spin electronics. 
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