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Oxygen-vacancy-induced ferromagnetism in undoped SnO2 thin films
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We investigated the possible formation and segregation of oxygen vacancies near the surface of SnO2 thin
films from oxygen K-edge x-ray emission and absorption spectra and found that the distribution of O 2p

unoccupied states for ferromagnetic SnO2 thin films is different from that of postannealed SnO2 films under
oxygen atmosphere showing diamagnetic behavior. This spectroscopic result suggests that oxygen vacancies
can be the source of the surface-induced magnetism in SnO2 thin films. This possibility was then explored by
calculating the lowest energy levels of the structural defects (impurities or neutral vacancies) with two localized
carriers near the surface of SnO2 film using a quantum-mechanical approach combined with the image charge
method. A magnetic triplet state is found to be the ground state of those defects in the vicinity of the SnO2

surface, whereas the nonmagnetic singlet is the ground state of bulk SnO2. Surface-induced ferromagnetic order
can appear at room temperature via 2D magnetic percolation once the vacancy concentration is greater than
3 × 1016 m−2.
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I. INTRODUCTION

Oxide-based diluted magnetic semiconductors (DMSOs)
have been studied extensively in the last years because of the
possibility of controlling both spin and charge of electrons
simultaneously in future spintronic devices. Generally, oxide
semiconductors having a wide band gap are optically trans-
parent for visible light and thus important for the development
of spin-dependent optoelectronics. It is commonly accepted
that doping a transition metal plays a key role in inducing
ferromagnetism (FM) in these DMS systems.1–3 However,
room temperature FM also has been observed in undoped
semiconducting and insulating oxide thin films or nanopar-
ticles, such as HfO2,4 In2O3,5,6 TiO2,5,7,8 ZnO,8,9 MoO2,10

and SnO2.5,11,12 Because these materials in bulk phase are
diamagnetic, the origin of FM in these pristine oxide thin
films is rather controversial. According to a systematic study
of magnetic behaviors of TiO2, HfO2, and In2O3 thin films
grown by pulsed laser deposition (PLD),6 postannealing of
ferromagnetic samples under oxygen atmosphere results in
the significant suppression of their magnetic properties. The
samples even showed a transition from ferromagnetic to
diamagnetic when increasing the postannealing duration up to
8–10 hours. These findings suggested that FM in these undoped
oxides might originate from oxygen vacancies (VO) because
postannealing under oxygen atmosphere fills up vacancies.

Meanwhile, theoretical calculations of magnetic oxide thin
films have given inconsistent results, especially for SnO2.
Rahman et al.13 found from their density functional theory
(DFT) calculations that a Sn vacancy (VSn) has a magnetic
ground state with a large magnetic moment. This indicates
that VSn can be responsible for ferromagnetic ordering,
whereas VO does not induce any magnetism. The problem
is that VSn are unlikely to be formed in SnO2 because of
their high formation energy according to the first-principles
calculations of Kilic and Zunger.14 Calculations by Wang

et al.15 suggested that the positively charged monovalent O
vacancies (V+

O) can induce local magnetic moments in bulk
SnO2, and the magnetic coupling between two V+

O vacancies
is ferromagnetic. However, it has not been clearly explained
yet why ferromagnetic behaviors are observed in the thin films
of SnO2 but not in the bulk samples.

In the present paper, we used a quantum mechanical
approach combined with the image charge method16,17 to
investigate surface-induced magnetism in SnO2 thin films as
well as the role of oxygen vacancies in inducing ferromagnetic
ordering. The spectroscopic results of synchrotron-excited
oxygen x-ray emission and absorption spectroscopy for fer-
romagnetic and diamagnetic SnO2 thin films also will be
discussed.

II. EXPERIMENTAL

The 220- and 10-nm-thick SnO2 thin films were grown
on LaAlO3(001) substrates using a PLD technique (KrF laser
with λ = 248 nm). Preparation conditions were described
elsewhere.11 The magnetic hysteresis loops were measured at
room temperature under magnetic fields up to 0.5 T using
a superconducting quantum interference device (Quantum
Design Inc.).

Oxygen K-edge x-ray emission spectroscopy (XES) and
x-ray absorption spectroscopy (XAS) measurements were
performed at Beamline 8.0.1 of the Advanced Light Source
at Lawrence Berkeley National Laboratory.18 The endstation
uses a Rowland circle geometry x-ray spectrometer equipped
with spherical gratings. For the O Kα XES spectra, the samples
were excited near the O 1s ionization threshold (excitation
energy, Eexc = 540.8 eV) to suppress the high-energy satellite
structure. The O 1s XAS spectra were acquired in the surface-
sensitive total electron yield mode, and the oxygen XAS
measurements of bulk SnO2 were acquired using a channel
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plate fluorescence detector to measure the bulk sensitive total
fluorescence yield. The spectral energies of O K-edge XES and
XAS spectra were calibrated using the emission (526.0 eV)
and absorption (532.7 eV) peaks of a bismuth germanium
oxide reference,19 and the intensity was normalized to the
incident photon current using a highly transparent gold mesh
in front of the sample to measure the intensity fluctuations in
the photon beam. To estimate the band gap of these materials
in a consistent manner, we made use of peaks in the second
derivative of the XAS and XES spectra. Using local maxima
in the second derivative has been shown to be a good tool for
estimating the band gap in oxides.20,21

III. CALCULATIONAL DETAILS

The magnetic parameters are calculated by the direct
variational method used to solve the Schrödinger–Vanjie
equation in the effective mass approximation, allowing for
the defect-carrier Coulomb interaction, along with the image
charge contribution near the ideal flat surface.16 The local
electronic center approach, as proposed by Deigen et al.,17

was also used to find the ground state of the one-electron
impurity center located near the flat surface. We calculated the
lowest energy levels of the impurities and neutral vacancies
with two carriers (electrons or holes) localized at point r0 =
(0, 0, z0) near the surface (z = 0) of the SnO2 film (see Fig. 1).

The image charge method is based on the continuous
medium approach, which requires the conception of a media
dielectric permittivity (ε) to describe the Coulomb potential
induced by a charged defect. The potential is grounded
when the characteristic size of the carrier localization (rd )
at the defect center is several times larger than the lattice
constant.22–24 When the defects are immobile, the static
dielectric permittivity should be used. Therefore, the polaronic

FIG. 1. (Color online) Defect at distance z0 under the SnO2 film
surface. Two carriers (electrons or holes) 1 and 2 (shown by green
circles with arrows) are localized near the defect with effective charge
Ze (shown by red [dark gray] circle). Carrier image charges are shown
as 1′ and 2′, defect image is Z′.

effects and dielectric anisotropy are neglected in our calcula-
tions, i.e., we used the effective static permittivity ε = √

ε⊥ε||,
which is about 11.75 for SnO2 with ε|| = 9.86 and ε⊥ = 14.0.25

In the continuum media approach, cation or anion vacancies
are considered the defects placed in a perfect host lattice. We
assume neutral vacancies or defects with valency ±2e, which
capture two carriers (electrons or holes), e.g., a F 0 center.
For the case of the cation vacancy, a cation atom is added to
form the perfect host lattice, and its two electrons are localized
at the nearest anions. As a result, a negatively charged defect
(−2e) with two holes appears in the continuous media. The
situation is reversed for an anion vacancy: it can be modeled
as a positively charged defect (+2e) with two electrons in the
continuous media.

Note that the effective mass approximation typically de-
scribes p-states much better than s-states because the inequal-
ity rd � a (where a = 4.74 Å and c = 3.19 Å are the SnO2

lattice parameters) is necessary for a valid approximation of the
carriers’ wave-functions for the s-states. For the p-states that
are zero at the defect site, the corresponding wave functions
are not sensitive to the concrete short-range peculiarities of
the defect potential.26 That is why, in the calculations of the
energy levels of the surface defects constructed from 2pz and
3pz states, we used the effective mass value μ = √

μ⊥μ|| =
(0.259 ± 0.005)me estimated from the bulk SnO2 effective
mass tensor μ|| = 0.234me and μ⊥ = (0.287 ± 0.012)me

(me is the mass of a free electron) obtained by DFT in
Ref. 27.

The coordinate dependence of one-fermion (electron
or hole) wave functions is chosen in the eigenfunction
form of the hydrogen-like atom localized at defect site
r0 = (0,0,z0),

ϕnlm(r) ∼ Rnl (α |r − r0|) Ylm(θ,φ) (1)

where Rnl(r) are the radial functions, Ylm(θ,φ) are spheri-
cal harmonics, and z = rcosθ . The variational parameters
(e.g., α) can be determined from the energy minimum in
the first order of conventional perturbation theory where the
carrier-carrier Coulomb interaction and all interactions with
the image charges are considered perturbations.

The wave functions for the carriers localized near a surface
defect should be almost zero in vacuum or ambient atmosphere
because of the high energy barrier determined by the work
function at the solid/ambient interface. Therefore, we select the
trial functions satisfying the boundary condition, ϕnlm(x,y,z =
0) = 0. This condition corresponds to the infinitely high barrier
at the boundary between the solid and ambient medium (e.g.,
vacuum, atmosphere, or dielectric soft matter). In the case that
the defect is located at the surface (i.e., z0 = 0), the lowest
wave function satisfying the boundary condition is the 2pz

state:

ϕ210(r) = A(α,z0)z exp (−α |r − r0|) , (2)

where α is the variational parameter and A(α,z0) is the
normalization constant. The next excited state is the 3pz state:

ϕ310(r) = B(β,z0)z[b(z0)−β|r − r0|] exp(−β|r − r0|), (3)

where β is a variational parameter, B(β,z0) is the normaliza-
tion constant, and b is a variational parameter with b = 2 for the
surface defect at z0 = 0. As anticipated for the lowest states
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of the hydrogen-like atoms in the bulk, these trial 2pz and
3pz wave functions should be transformed into the spherically
symmetric 1s and 2s functions correspondingly in the limit
z0 → ∞. The condition can be achieved by the transition of
b(z0 → ∞) → 1.

The two-fermion coordinate wave functions can be con-
structed from the functions ϕ210(r) and ϕ310(r) in the unique
way:

Singlets: 	22(r1,r2) = ϕ210(r1)ϕ210(r2), (4)

	S
23(r1,r2) = 1√

2
[φ210(r1)φ310(r2) + φ210(r2)φ310(r1)] , (5)

	33(r1,r2) = ϕ310(r1)ϕ310(r2), and (6)

Triplet: 	T
23(r1,r2) = 1√

2
[φ210(r1)φ310(r2)

−φ210(r2)φ310(r1)], (7)

with the full spin of zero for singlets (S = 0) and one for
triplets (S = 1).

The energy levels are now calculated within the framework
of conventional perturbation theory as Emn = 〈	mn| Ĥ |	mn〉.
The magnetic triplet state ET

23 appears to be the ground state
of the impurities and neutral vacancies in the vicinity of the
SnO2 surface, whereas the nonmagnetic singlet E22 is the
ground state in the bulk. The energy difference between
the lowest triplet and singlet states strongly depends on the
carrier effective mass μ, dielectric permittivity of the film ε,
and distance from the surface z0. The triplet state ET

23 should
become the magnetic one (Sz = ±1), allowing for Hund’s
rule to orient two fermion (electron or hole) spins in the
same direction. This situation will lead to surface-induced
magnetism in SnO2 in the case of the appearance of long-range
ferromagnetic order, as will be estimated below.

We note that the pair exchange energy J23(r) of the identical
surface defects in SnO2 (two vacancies or impurity atoms with
four shared electrons or holes) reveals a ferromagnetic spin
state (i.e., J23(r) > 0) independent of the distance r between
the defects, but the exchange integral value is significant at
distances R ∼ 2 − 10a∗

B and has a pronounced maximum
at distances R ∼ 5a∗

B , where a∗
B = (1 + ε)πε0h̄

2/μe2 is the
effective Bohr radius.

IV. RESULTS AND DISCUSSION

A. Magnetic behaviors of SnO2 thin films

Figure 2 shows the magnetic hysteresis loops of as-grown
and postannealed SnO2 thin films taken at 300 K. Both 10- and
220-nm-thick as-grown SnO2 thin films are found to show a
strong ferromagnetic signal, whereas the 220-nm film becomes
diamagnetic after postannealing in an oxygen atmosphere.
This suggests that the presence of oxygen vacancies in as-
grown samples is responsible for the ferromagnetic ordering
in SnO2 films because those vacancies are expected to be
filled up upon postannealing. On the other hand, an interesting
result is the thickness dependence: the 220-nm-thick SnO2

film has a saturated magnetization that is much smaller than
that of the 10-nm-thick film. If the supposition of oxygen
vacancies responsible for FM in SnO2 is correct, this result

FIG. 2. (Color online) Magnetization versus magnetic field taken
at 300 K as the magnetic field is applied parallel to the film’s plane for
the as-grown 10-nm-thick SnO2 film, the as-deposited 220-nm-thick
SnO2 film, and the 220-nm-thick SnO2 film postannealed under the
O2 atmosphere of 760 Torr at 700 ◦C for 10 hours.

might suggest that the oxygen vacancies would be located
mostly at the surface (to air) and/or the interface (between film
and substrate), but much less in deeper layers.11

B. Theoretical estimations of the surface-induced
ferromagnetism in SnO2

We turn our attention now to discuss semi-quantitatively
the possible mechanisms for the appearance of long-range
ferromagnetic order between the structural defects (vacancies)
near the surface region. The defect-induced FM can have
a percolative nature,28 especially in thin films, when the
dimensionality of the system is reduced to 2D by the spatial
confinement. For the continuous media approximation used
in our calculations, the most appropriate is the well-known
percolation problem of circles, with random magnetic defects
placed in the center of a circle24 The number of overlapping
circles is equal to the average number of interacting defects
inside a circle: B2D = πN2Dr2

j , where rj and N2D are the
exchange radius and the 2D concentration of the magnetic
vacancies, respectively. The critical number of the overlapping
circles was calculated to be Bc

2D ≈ 4.24 Next, the critical per-
colation concentration (Nc

2D) of the random magnetic defects
should be determined for a known radius rj as Nc

2D = 4/πr2
j .

The exchange radius was determined from the condition of
the exchange energy being equal to the thermal energy at
J23(rj ) = kBTr , where Tr is room temperature (300 K).

The surface-induced magnetism parameters calculated for
SnO2 thin films are presented in Table I. To summarize the
estimations, the surface-induced magnetic states of oxygen
vacancies possibly present at the surface of SnO2 and below
the surface. The surface-induced long-range ferromagnetic
ordering could originate in SnO2 at room temperature for
vacancy concentrations greater than 1.5 × 1016 m−2 to 3 ×
1016 m−2. However the energy level differences are about
0.024 ∼ 0.032 eV; thus, both magnetic triplet and nonmagnetic
singlet could be occupied at room temperature because the
activation energy at room temperature is about 0.025 eV.
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TABLE I. The surface-induced magnetism parameters of SnO2 (permittivity ε = 11.75, a = 0.474 nm and c = 0.319 nm).

Effective mass, μ 0.2 me 0.25 me 0.3 me

Effective Bohr radius, a∗
B 0.85 nm 0.71 nm 0.56 nm

Carrier localization radius rd for ϕ210 1.91 nm 1.59 nm 1.27 nm
Carrier localization radius rd for ϕ310 3.41 nm 2.85 nm 2.28 nm
Lowest triplet ET

23 − 0.0635 eV − 0.0794 eV − 0.0952 eV
Lowest singlet ES

23 − 0.0613 eV − 0.0766 eV − 0.0920 eV
Energy difference (ES

23 − ET
23) 0.022 eV 0.028 eV 0.032 eV

Depth z0 when ET
23 < E22 1.7 nm 1.4 nm 1.1 nm

Exchange radius, rj 11a∗
B ≈ 9.3 nm 12a∗

B ≈ 8.5 nm 13a∗
B ≈ 7.3 nm

Critical percolation concentration, Nc
2D 1.47 × 1016 m−2 1.76 × 1016 m−2 2.39 × 1016 m−2

C. Oxygen K -edge x-ray emission and absorption
spectra of SnO2 thin films

According to the magnetic measurements (Fig. 2) and
calculated surface-induced magnetism parameters (Table I),
one can suppose that oxygen vacancies created near the surface
can induce FM in very thin pristine SnO2 films. To verify this,
we have measured oxygen K-edge x-ray emission (O Kα

FIG. 3. (Color online) O K-edge x-ray emission (O Kα XES) and
absorption (O 1s XAS) spectra for bulk SnO2 (a), the 200-nm-thick
SnO2 thin film with postannealing treatment (b), the 200-nm-thick
as-grown film (c), and the 10-nm-thick as-grown film.

XES) and absorption (O 1s XAS) spectra, which probe the
distribution of occupied and unoccupied O 2p densities of
state, respectively.

Figure 3 shows that the fine structure of the O Kα XES
and O 1s XAS for 10-nm SnO2 thin film is different with
respect to those of the as-grown and postannealed 220-nm
SnO2 films: the B-C fine structure of O Kα XES is smeared,
and the main features a and d in O 1s XAS are shifted to
higher energy by about 1.5 eV. The origin of these peaks is
clear from our electronic structure calculations as displayed
in Fig. 4. Feature A of O Kα XES spectra mainly originates
from occupied O 2p states with small admixture of Sn d

states, whereas peaks B and C are due to hybridized O

FIG. 4. (Color online) Calculated partial densities of states for
bulk SnO2.
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2p-Sn 5p and O 2p-Sn 5s states, respectively. Features a-b
and c-d of the O 1s XAS spectra are caused by strongly
hybridized O 2p-Sn 5s and O 2p-Sn 5p vacant states,
respectively.

The smearing of B-C spectral features of the O Kα XES
spectrum of 10-nm SnO2 thin film, as shown in Fig. 3, can be
explained by a disordering effect induced by oxygen vacancies,
which also can lead to the redistribution of the O 2p vacant
states seen in O 1s XAS spectra. It is well known that the
presence of oxygen vacancies can lead to a reduction of
band gap in binary oxides. This means one can expect the
reduction of band gap for an oxygen-deficient SnO2 thin film.
The combination of oxygen x-ray K-emission and absorption
spectra allows one to make such estimations (see Refs. 21
and 22 for details). According to these estimates and spectral
features in Fig. 3, the band gap is reduced from 4.6 eV
for postannealed diamagnetic 220-nm SnO2 film to 4.2 eV
for ferromagnetic 10-nm SnO2 thin film, where the presence
of a significant number of oxygen vacancies was supposed.
Therefore, our experimental findings confirm the existence of
oxygen vacancies near the surface for 10-nm SnO2 thin film,
which can induce FM.

V. CONCLUSIONS

By combining the data from soft x-ray emission/absorption
spectroscopy measurements and the quantum-mechanical
approach with the image charge method, we have shown
that the observed ferromagnetism in very thin pristine SnO2

films can be induced by the presence of oxygen vacancies
located near the film surface. This behavior should be strongly
weakened in thicker films, where the contribution of oxygen
vacancies to the volume of sample is much smaller, and
it completely disappears for postannealed SnO2 films under
oxygen atmosphere.
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