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Keywords:

We herein investigated the magnetic moment of thickness-dependent SnO, films at room temperature. The

SnO, saturation magnetization of SnO,, films grown on the r-plane sapphire substrate was decreased with increasing

Oxygen vacancies
Room temperature ferromagnetism

the film thickness. An areal saturation magnetization, a magnetic moment in the unit surface area, did not vary
with increasing film thickness. Hall effect measurement indicated that the charge carrier from oxygen vacancy

was presented in the epitaxial SnO, films. Furthermore, X-ray photoelectron spectroscopy analysis revealed that
the oxygen vacancy profiles were consistent with that of magnetization. These results suggest that oxygen va-
cancies at the surface region are the source of the magnetic moment in SnO, films.

1. Introduction

Room-temperature ferromagnetism of dilute magnetic semi-
conducting oxides has seen considerable interest for application in spin-
based semiconducting devices [1,2]. However, the origin of ferro-
magnetism in these materials, such as SnO,, CeO,, HfO,, ZnO, is still a
mystery, as there are no unpaired electrons in the d-state. Recently,
defects have been reported to be the essential components affecting the
magnetic characteristics in the d’-ferromagnetism [3-6]. For example,
the oxygen vacancy is responsible for the ferromagnetic characteristics
because the spin-polarized state is expected to be developed from the
defect in various oxide systems [4,5]. Likewise, the characteristics of
defects, including oxygen vacancies, cation vacancies, and interstitials,
have been intensively studied to understand the physical mechanisms
associated with dilute magnetic oxides [7].

In contrast, the role played by defects in the magnetic character-
istics of the SnO, system is still controversial. First, a density functional
theory (DFT) calculation showed that an Sn vacancy could result in a
ferromagnetic moment as high as 4.00 pp, while a neutral oxygen va-
cancy did not induce any magnetic moment [8]. However, it is difficult
to accept that an Sn vacancy is the source of ferromagnetism because of
its high formation energy [9]. Moreover, various experimental works
showed the reduced magnetic moment in SnO, after annealing in an
oxygen environment, resulting in the oxygen vacancy was the source of
ferromagnetism [3,10-12]. Nevertheless, several DFT calculations
presented that the oxygen vacancy was still nonmagnetic [8,13,14].

Recently, it is suggested that the singly charged oxygen vacancy
(Vo™) resided at the boundary might be the origin of magnetism in the
SnO, system from DFT calculation. Wang et al. showed that the Vo™
could create a spin-split state in manipulated bandgap at the boundaries
[13]. In addition, Apostolov et al. calculated the magnetization of SnO,
nanoparticle based on spin-phonon interaction, which showed the
magnetization decreased with increasing particle size [14]. According
to these observations, the enhanced magnetization in a smaller volume
of both SnO, powder and film [10,15] is expected to reveal the surface
magnetism induced by the oxygen vacancy. Furthermore, Chang et al.
suggested that localized carriers at the surface from defects, such as
oxygen or cation vacancies, have magnetic triplet states as a form of p,-
state, calculated by the image charge method [10]. Therefore, it is es-
sential to discover the direct evidence to verify the surface magnetic
state of SnO..

In this paper, we report the induced surface ferromagnetism of
undoped SnO, at room temperature. The consistent areal magnetization
of epitaxial SnO, film regardless of film thickness supports that the
magnetic moment resides at the surface, which cannot be formed at the
interface between SnO, and Al,O3 substrate. From a careful analysis of
spectroscopic data, we find that the oxygen vacancy profile of the film
is consistent with the magnetic profile of the film, resulting in that
oxygen vacancies play the primary role in room-temperature ferro-
magnetism.
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2. Material and methods

From a 2-inch SnO, target (99.99%, LTS Research Laboratories,
Inc.), SnO, films were grown on an Al,O3 (1012) substrate using a radio
frequency magnetron sputtering system. After evacuating the vacuum
chamber lower than 1.0 X 10~® mTorr, the pressure was kept at
30mTorr by flowing Ar gas (25 SCCM). Films were fabricated by
varying the deposition time (15, 30, 60, 120, and 180s) at a substrate
temperature of 700 °C. Room-temperature ferromagnetic properties
were confirmed using vibrating sample magnetometry mode (the fre-
quency is 12.8 Hz, traveling distance is 6 mm, and averaging time is
15s) in a superconducting quantum interference device (SQUID;
MPMS-3, Quantum Design) at the Core Research Facilities at Pusan
National University, Busan, Korea. The thickness and structural prop-
erties of the films were examined by using a diffractometer with a
monochromated Cu Ka (A = 1.5406 /o\) X-ray source at the Korea Basic
Science Institute (Empyrean, PANalytical), Daejeon, Korea. The carrier
concentration and electrical resistivity of the films were determined by
Hall effect measurements with van der Pauw geometry [16] under a
magnetic field of 0.75 T at room temperature. The chemical states of the
surface of SnO, films were investigated by X-ray photoelectron spec-
troscopy (XPS) by using a monochromated Al Ka (hv = 1486.6 eV)
source at the Core Research Facilities at Pusan National University
(AXIS Supra, Kratos Analysis), Busan, Korea. The binding energy of the
spectra was calibrated using the binding energy of C-C bonding in the C
1s core-level X-ray photoelectron spectra (284.5eV) [17]. Finally, the
possible magnetic impurities (Fe, Co, Ni) were examined for the se-
lected films using a high-resolution inductively coupled plasma mass
spectrometer (ICP-MS) & laser ablation microprobe system (J200, Ap-
plied Spectra) at the Core Research Facilities at Pusan National Uni-
versity, Busan, Korea.

3. Results and discussion

The magnetic hysteresis loops of SnO, films with various thick-
nesses at 300 K are shown in Fig. 1(a). The magnetization was acquired
by properly subtracting the diamagnetic signal from the Al,O3 substrate
with consideration of the volume of each film, calculated from the
surface area, and the film thickness, determined by X-ray reflectivity
(Fig. S1) [18]. Notably, all of the films showed ferromagnetic properties
at room temperature. Furthermore, the saturation magnetization (Ms)
of SnO, films decreased with increasing film thickness (Fig. 1(b)). Si-
milar results of Mg variations depending on the volume of SnO, were
observed. The magnetic moment was enhanced in the thinner SnO, film
[10]. The areal magnetizations (Mst) of SnO, films are independent of
the film thickness (Fig. 1(c)), indicating the magnetization is not uni-
formly distributed in the vertical direction of the film, although a wide
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difference of the areal magnetization was noticed from others [10].

The possible presence of magnetic impurities such as Fe, Co, and Ni,
affecting the ferromagnetic signal was examined. From a survey scan of
XPS measurements (Fig. S3), there are no components except for Sn, O,
and C in the SnO,, films. However, for the 3.8- and 7.3-nm-thick films,
Al 2p spectra, which originate from the Al,O5 substrate, were observed
(Fig. S4(a)) because the film thickness is thinner than the X-ray probing
depth [19]. In addition, ICP-MS measurement confirms the absence of
noticeable impurities at the ppm-level, demonstrating that the effect of
magnetic impurities on the measured magnetic moment is negligible
(Table S1).

The structural characteristics from the XRD measurements of SnO,
films depending on the film thickness are shown in Fig. 2. Rutile SnO,
(tetragonal; P4,/mnm) was epitaxially grown in the (1 01) orientation
without a secondary phase. As the film thickness increases, the decrease
and increase of the full width at half maximum (FWHM) and the peak
intensity are observed, respectively (Table 1). Two consecutive SnO,
(11 0) peaks in the azimuthal plane (Fig. S2) show an angle difference
of 100°, while each peak is 50° apart with respect to the Al,03 (0006)
peak. These results indicate that all of the SnO, films deposited on the
Al>O3 substrate have a following structural relationship of SnO,(101)
[010]||Al,05(1012)[1210] [20]. It was demonstrated that in the epi-
taxial SnO, (1 01) film on the substrate there are crystallographic shear
planes (CSPs), called as antiphase boundary (APB), created by a dif-
ference between lattice mismatches in the plane (11.45% along the
SnO, [101] direction, whereas —0.42% along SnO, [1 01] direction)
[20,21]. Hong et al. found that a metal cluster affecting the magnetic
properties was precipitated at the interface between transition metal-
doped SnO, film and Al,O3; (1012) substrate owing to the lattice mis-
match [22-24]. However, because of the lack of magnetic impurities,
we expect that there were no magnetic clusters precipitated at the in-
terface. In addition, the strain state of SnO, films is negligible because
the values of the peak position are close to that of the bulk
(26 = 33.89°, ICSD #16635), expecting the existence the CSPs to re-
lease the interfacial misfit strain [25].

The crystallite size along the normal direction was investigated
using the FWHM of SnO, (101) peaks by employing the Scherrer
equation [26] (Table 1). For the 3.8-nm-thick film, the crystallite size is
comparable to the film thickness. However, the difference between the
crystallite size and film thickness becomes larger with increasing film
thickness. According to the dynamic theory of X-ray diffraction, the
crystallite size is identical to that of a single crystal up to 600 nm, if the
material has the linear absorption coefficient below 2117.3cm™?,
corresponding to CeO, [27], even though the exact size is limited by the
extrinsic bandwidth of the diffractometer [28]. Considering that the
absorption coefficient of SnO, is 1385.7 cm ™! at 8.0keV (near the
energy of Cu Ka radiation) [29], the increased difference between
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Fig. 1. (a) Room temperature magnetic hysteresis loops of SnO, films with various thicknesses. Thickness-dependent (b) saturation magnetization (Ms) and (c)

surface magnetization of the SnO, films. Inset in Fig. 1(a) shows enlarged magnetic hysteresis loops for the films.
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Fig. 2. Film thickness-dependent (a) normal X-ray diffraction profiles and (b) carrier concentration and resistivity of SnO, films. Vertical dotted lines in Fig. 2(a)
indicate reference peak positions of SnO, (ICSD #16635) and Al,O3 (ICSD #73076).

Table 1
Peak positions and FWHMs of SnO-, (1 0 1) peak, and crystallite sizes of various
SnO, film thicknesses.

Film thickness, t Peak position (deg.) FWHM (deg.) Crystallite size (nm)
(nm)

3.8 33.78 + 0.03 2.38 + 0.11 3.45 = 0.25

7.3 33.92 + 0.01 1.19 = 0.04 6.90 + 0.45

16.5 33.87 = 0.01 0.72 = 0.01 11.41 = 0.66

29.8 33.83 + 0.01 0.51 + 0.01 16.10 + 0.96

42.7 33.74 + 0.01 0.36 + 0.01 23.80 = 1.43

crystallite size and film thickness as the film thickness increased is as-
sociated with decreasing crystallinity of the films with larger thickness.
In other words, the highly crystalline SnO, is formed at the bottom
interface and limited when the film thickness increases. Since the
density of CSP is the highest at the interface [25], this observation in-
dicates that CSPs terminated inside SnO, film improve the crystallinity
at the interface.

The electrical resistivity in SnO, films determined by Hall effect
measurements is shown in Fig. 2(b). All of the films, except for the
thinnest film, exhibited n-type characteristics, representing an oxygen
vacancy could be presented as a donor in the SnO, films. The carrier
concentration (resistivity) decreased (increased) with decreasing film
thickness. Notably, J. E. Dominguez et al. examined that density of CSPs
decreased with increasing thickness of SnO»(101) film while partial
dislocations were increased [25]. According to these results, the more
carriers were trapped at CSPs in the thinner film. Notably, it is deduced
that the measured dc-electrical resistivity is affected by scattering from
CSPs, and the highest resistance is shown at the thinnest film, which is
higher than instrument limitation.

Based on the hypothesis of the oxygen vacancy-induced surface
ferromagnetic ordering of SnO, films [10,15], the relative content of
oxygen vacancies at the film surface was examined using O 1s core-level
X-ray photoelectron spectra. Prior to analyzing the chemical state of
oxygen, the state of Sn was confirmed to be mostly composed of the
Sn*™ state (Fig. S4(b)). The binding energy of electrons in the O 1s state
influenced by oxygen vacancies is higher than that of lattice oxygen
because the effective nuclear charge (Z.g) at the nearest-neighbor 0%~
ion for the oxygen vacancy is increased by a reduced screening of the
electrons in the ion [24]. Fig. 3(a) shows the film thickness-dependent
O 1s core-level X-ray photoelectron spectra. The spectra were decon-
voluted in three distinct oxidation states, including oxygen in the SnO,
crystal structure (O-Sn, 530.3 eV [30]), oxygen vacancies (Vo, 531.4 eV

[31]), and adventitious carbon caused by surface contamination (O-C,
532.0eV [32]). The relative oxygen vacancy contents were evaluated
by the relative peak areal intensity ratio concerning lattice oxygen

(% X 100(%)), as shown in Fig. 3(b). The larger content of
oxygen vacancies (~17%) was originated by the high-power and high-
temperature sputtering process. The higher sputter power generates the
more Vg due to energy transfer from accelerated ionized Ar gas [33].
Furthermore, the thermal energy assists in introducing the Vo in the
oxide film if the oxygen partial pressure is low enough [34,35]. The Vo
can be eliminated by introducing oxygen gas in the film growth or post-
annealing process under an oxygen environment [10,11]. However, the
relative content of oxygen vacancies is consistent, regardless of the film
thickness, except for the thinnest one (i.e., the 3.8-nm-thick film). Re-
garding the substrate effect in the 3.8-nm-thick film, which is negligible
for the 7.3-nm-thick film, the area of V should be integrated with the
oxygen (or oxygen vacancies) in Al;O3 (531.3 eV [36]). Therefore, the
Vo content of the thinnest SnO, film shown in Fig. 3(b) was over-
estimated [20]. Therefore, the amount of oxygen vacancy at the surface
is consistent regardless of the film thickness.

As a result, uniform oxygen vacancy formation is consistent with
uniform areal magnetization for SnO, films regardless of film thickness,
suggesting that the oxygen vacancy at the surface is the origin of fer-
romagnetism. This result can be supported by the magnetic moment
from Vo " at the surface in which band structure is modified [13]. From
angle-resolved XPS measurement, it has been found that surface band
bending is occurred in SnO5(101) film due to surface electron accu-
mulation [37-39]. Since we assume that there is no oxygen vacancy at
the interface due to the formation of CPSs [20], we expect that the
magnetic moment was resided at the surface due to the spin-split im-
purity band. On the other hand, according to theoretical results from
image charge method [10] and spin-phonon interaction [14], the
modified band structure is unnecessary to induce the magnetic moment
at the surface. In this regard, the magnetic ground state of the defect at
the surface is needed to verify to understand the d°-ferromagnetism in
binary oxide films.

4. Conclusion

The room-temperature ferromagnetism of undoped SnO, films with
varying film thickness was investigated. The unusual room-temperature
ferromagnetism decreased with increasing film thickness. However, the
areal magnetization was uniform regardless of film thickness, unlike
other observations. All the films showed SnO,(101)
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Fig. 3. (a) O 1s core-level X-ray photoelectron spectra of thickness-dependent SnO, films. Vertical dotted lines indicate oxygen in the SnO, crystal structure (O-Sn
[301), oxygen vacancies (Vo [31]), and adventitious carbon from surface contamination (O-C [32]). (b) Relative peak areal intensity ratio of Vo with respect to O-Sn

as a function of thickness.

[01 0]||Al,03(1012)[1210] epitaxial relationships, representing films
possess crystallographic defects (CSPs) by the lattice mismatch. From
Hall effect measurement, the increment of n-type carrier concentration
with respect to film thickness displayed that oxygen vacancies acted as
a donor. XPS measurements showed that the relative amount of oxygen
vacancies with respect to lattice oxygen was also the same for all the
films, which is consistent with the film thickness-dependent magneti-
zation profile. These results provide evidence of induced surface mag-
netization by oxygen vacancies in SnO, films.
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