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post-annealing samples in an oxygen-rich environment sig-
nificantly reduced their magnetic ordering [2, 3].

A theoretical study conducted a few years ago suggested 
that in TiO2 and SnO2, FM arises from oxygen vacan-
cies [8]. It was demonstrated that vacancy sites in these 
oxides induce spin splitting with a high-spin state, and the 
exchange interaction between the electrons surrounding the 
vacancy and the local symmetry field results in a ferromag-
netic ground state [8]. The nanoscale size of these materials, 
along with quantum confinement effects, plays a crucial role 
in their magnetic properties [8, 9]. Room-temperature FM 
has been reported in pristine SnO2 films [3, 7] as well as in 
SnO2 nanoparticles [5].

X-ray absorption spectroscopy (XAS) measurements 
indicate that surface-related defects exhibit a magnetic 
triplet ground state, whereas the bulk SnO2 ground state 
remains in a non-magnetic singlet state [6]. Other studies 
on SnO2 nanoparticles with special oxygen treatments sug-
gest that FM is predominantly a surface effect [10, 11]. In 
research involving TM, multiple studies have shown that 
neither the type of dopant nor its concentration significantly 
affects the Curie temperature (TC), leading to the conclusion 
that TM doping is not the primary cause of FM in these 
materials [12].

Recent studies on SnO2 films suggest that their FM 
behavior is inherently two-dimensional (2D), reinforcing 

1  Introduction

Having both charges and spins in one compound, and being 
considered as potential candidates for spintronic applica-
tions, magnetic semiconducting oxides have garnered sig-
nificant attention. The observation of the room temperature 
ferromagnetism (FM) in undoped semiconducting oxides 
in nanostructures [1–5] has been regarded as a remarkable 
phenomenon in the field of magnetism. The question of the 
origin of the observed FM has been raised. Since these mate-
rials lack transition-metal (TM) doping, the observed FM 
cannot be attributed to double-exchange (DE) interactions 
[1–7]. Instead, oxygen vacancies and defects are believed to 
be the primary cause of the ferromagnetic behavior of pris-
tine semiconducting oxides. Supporting this assumption, 
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Abstract
We investigate the origin of ferromagnetism (FM) and the exceptionally high Curie temperature (TC) in undoped SnO2 
films. Ultra-thin SnO2 films were found to exhibit significant FM, while thicker films show a diamagnetic behavior. Struc-
tural and chemical analyses reveal a variation in oxygen vacancy concentrations between thin and thick films. Notably, an 
exceptionally high TC exceeding 800 K is observed for the first time. XPS and XAS analyses reveal the presence of oxygen 
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vacancies play a crucial role in the FM of SnO2 films. However, the experimentally observed TC surpasses the predicted 
505 K, suggesting additional contributing factors. This suggests that both oxygen and tin defects might contribute to the 
total magnetic moment. The findings highlight the key role of defect-induced magnetism in SnO2 thin films and provide 
insights into the fundamental mechanism driving high- TC FM in undoped oxide semiconductors.
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the hypothesis that it is surface-related [13]. Regarding the 
TC of diluted magnetic semiconducting oxides, values of 
approximately 880 K have been reported for TiO2 films [4], 
however, to date, no TC value has been reported for undoped 
SnO2 films, regardless of the fabrication method used.

In this study, we will examine the TC of SnO2 films and 
related issues. Additionally, we will discuss the origin of 
FM in ultra-thin SnO2 films and compare our findings with 
theoretical predictions.

2  Experiment

SnO2 films were deposited using a Pulsed-Laser Deposition 
(PLD) system (KrF, 248 nm) from a SnO2 ceramic target 
onto (100) LaAlO3 (LAO) substrates. The deposition was 
performed with an energy density of 2 J/cm² and a repetition 
rate of 10 Hz. The optimized growth conditions included a 
substrate temperature of 650 °C, an oxygen pressure of 0.01 
mbar, and an O2:Ar flow ratio of 50:50. The typical film thick-
ness ranged from 50 nm to 340 nm. All SnO2 films appeared 
shiny and highly transparent. Structural characterization was 
conducted using X-ray diffractions (XRD) at room temper-
ature. Magnetic moment (M) as a function of the magnetic 
field (H) (0 to 0.5 T) and temperature (T) (50 K to 900 K) was 
measured using a VSM magnetometer. X-ray Photoelectron 
Spectroscopy (XPS) was used at room temperature to deter-
mine the chemical states. The magnetic field was applied both 
parallel and perpendicular to the film plane. The thickness of 
typical films was measured using a NIR-UV spectroscopic 
ellipsometer J.A. Woollam V-VASE in the wavelength range 
of 400 to 1000 nm, with the Cauchy method used for thick-
ness determination. Film morphology and chemical compo-
sition were analyzed using Scanning Electron Microscopy 
(SEM TESCAN LYRA 3) and energy-dispersive spectros-
copy (Bruker XFlash 5010), with SEM images captured at a 
5 kV accelerating voltage. Further structural investigations of 
films with varying thicknesses were carried out using X-ray 
Reflectivity (XRR) and X-ray Absorption Spectroscopy 
(XAS) at room temperature, conducted at beamline PM3 of 
the BESSY II Synchrotron center. Additionally, the drain sig-
nal was measured at an incidence angle of 4.5°.

3  Theory

We use the tight-binding or linear combination of molecular 
orbitals (LCMO) method [8] to explore the possibility of 
FM and TC in SnO2 due to oxygen vacancies in 2D configu-
rations. FM and high TC have been observed only in thin 
films, not in bulk materials, suggesting that the 2D configu-
ration plays a crucial role.

The Sn atom has an electronic configuration of 
[4d105s25p2], where the 2 5s- and 2 5p- electrons participate 
in bonding with oxygen, resulting in a Sn4+ ion with a closed-
shell [Pd]4d10 configuration, with no unpaired electrons. In 
the rutile tetragonal local symmetry D4h of SnO2 molecule, 
each two of Sn atoms are surrounded by six oxygen atoms 
[14]. If an oxygen vacancy occurs, the 2p electrons lose 
their bonding but remain in the shell, forming a p2 impurity 
center. The exchange interaction among these p-electrons, 
as well as their interaction with the molecular orbital in the 
local tetragonal symmetry, alters the energy states, increase 
the energy and modifies the magnetic moment, eventually, 
affecting TC.

The two p-electrons, each occupying a two-fold degen-
erate e-orbital, couple with each other to form a con-
figuration represented by the product decomposition 
E × E = A1 + A2 + E through the reduction process 
[15, 16]. The wave functions of the two coupling E-orbitals 
could be written as.

 
∣∣e2, 1A1, Ms = 0⟩,

∣∣e2, 3A2, MS = 1⟩,
∣∣e2, 3A2, Ms = 0⟩,

∣∣e2, 3A2, MS = −1⟩

for 1A1and 3A2orbitals; and

|e2, 1Eu, Ms = 0⟩, | e2, 1Ev, Ms = 0⟩

for 1E orbital, corresponding to Ms = 0 and Ms = 1, 
while satisfying the Pauli exclusion principle.

Since oxygen is a four-valence anion, the absence of 
one oxygen atom creates four additional electrons in the 
impurity band. Being around a vacancy center, an electron 
would interact with the impurity band through Coulomb and 
exchange interaction, given by

Hex = −JSIse

where SJ ​ is the total spin of the impurity configuration, se ​ 
is the spin of the electron, and J is the exchange matrix ele-
ment, which consists of radial and angular components.

To account for the thin-film configuration, we impose strong 
confinement of wavefunctions along the z-axis. This confine-
ment localizes the electrons further, increasing their sensitivity 
to local symmetry and enhancing the exchange interaction.

Using the mean-field approximation

kBTc = 2
3

∑
ij

Jij

including the exchange integrals at oxygen vacancy sites, 
we obtained 𝑘𝐵𝑇𝑐 around 6.95 × 10−21, corresponding to 
the TC of about 505 K.
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4  Results and discussions

X-ray diffraction (XRD) patterns of our SnO2 films and a 
bare LaAlO3 substrate are shown in Fig. 1. SnO₂ films with 
different thicknesses all exhibit a single-phase structure with 
distinct (200) and (101) peaks in the diffractograms. All the 
diffraction peaks including (101), (200) can be attributed to 
tetragonal rutile structure of SnO2 and well matches with 
JCPDS card No. 41–1445 [17]. The presence of these peaks 
is significant and will be discussed later in the context of 
verifying the magnetic anisotropy of the SnO2 films. The 
morphology of a typical SnO₂ thin film is displayed in Fig. 
2, demonstrating its high homogeneity. Additionally, EDS 
mapping (Fig. 2b–d) reveals a uniform distribution of O and 
Sn elements across the film. Further structural investiga-
tions of the SnO2 films were conducted using XRR mea-
surements. To enable XAS measurements, SnO2 films of 
varying thicknesses were coated with a thin carbon layer 
of a few nanometers. In our analysis, dSnO2 represents the 
thickness of the SnO2 layer, while dC denotes the thickness 
of the carbon coating, both obtained from simulations using 
GenX software [18]. The roughness parameter (σ) corre-
sponds to the highest interface roughness value determined 
from these simulations.

 The XAS measurements were performed at 280 K, close 
to the Sn absorption edge (484.9 eV), using X-rays with an 
energy of 480 eV. As seen in Fig. 3, when simulated with 

XRR data, the 50 nm- and 100 nm-thick SnO2 films exhibit 
a thickness that is slightly smaller than the objective thick-
ness. However, when accounting for the carbon coating, the 
total thickness closely matches each other. The SnO2 films 
are generally rough, with the roughness determined to be 
(2.8 ± 0.4) nm for the 100 nm-thick film and (2.5 ± 0.5) nm 
for the 50 nm-thick film.

The M(H) curves of magnetization versus magnetic field 
for the 74 nm-thick SnO₂ film are shown in Fig. 4(a). The 
magnetic field was applied either parallel or perpendicular 
to the film plane. The inserts show the magnified views of 
these curves, allowing a clearer observation of coercivity 
(HC). Our SnO2 thin films exhibit soft magnetic behav-
ior with a small HC. The 74 nm-thick SnO2 film demon-
strates a remarkably large saturated magnetization (Mₛ), i.e. 
almost an order of magnitude greater than the highest pre-
viously reported value for SnO2 [3]. Comparing with the 
same filmed being measure a year earlier, Mₛ decreased by 
only 20% over a one-year time, indicating minimal aging 
effects and suggesting that the films are durable enough for 
device applications. Interestingly, despite the difference in 
Ms when measured in the perpendicular configuration, the 
film maintains ferromagnetic above room temperature. This 
observation aligns with some theoretical modeling, which 
suggests that oxygen and tin defects may induce ferromag-
netic ordering along certain axes while promoting a mixed 
ferromagnetic-ferrimagnetic state along others [13]. This 

Fig. 1  XRD patterns of SnO-
2films with different thicknesses 
deposited on LaAlO3substrate 
and of a bare LaAlO3substrate
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Fig. 3   XRR data and simula-
tions for SnO2 films with nominal 
thicknesses of 50-100 nm cov-
ered by C. dSnO2denotes the thick-
ness of the SnO2 layer ; dCrepre-
sents the C top layer thickness; 
the σ represents the highest 
roughness value of the interfaces 
obtained from simulations

 

Fig. 2   a) SEM image of the 74 
nm-thick SnO2 film; b) general 
color mapping result of SnO2 
film; c) O color mapping; d) Sn 
color mapping
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as well as their relative distances, it can explain why mag-
netization is not dependent linearly on the film thickness. 
The thin layers near to the surface primarily dictate the 
magnetic properties of SnO2, and there exists a critical line 
distinguishing ferromagnetic and ferrimagnetic behavior. In 
50 nm -and 100 nm- thick films, a diamagnetic behavior was 
detected when the magnetic field applied perpendicular to 
the film’s plane, confirming the existence of anisotropy in 
this family of materials, and it well suggests that the FM in 
this films most probably has the origin from defects and/or 
vacancies. The FM in SnO2 films is well in-plane.

The XPS spectra for O1s of 74 nm - thick SnO2 film and 
the 340 nm-thick SnO2 film are shown in Fig. 5. While XPS 

characteristic is also evident in the M-H data for films of 
varying thicknesses, as shown in Fig. 4(b). Table 1 lists the 
Mₛ values for all studied films, revealing that the 50 nm-thick 
film exhibits an Mₛ of approximately 9 emu/cm³, lower than 
that of the 74 nm-thick film, while the Mₛ of the 100 nm-
thick film is also smaller. If the total magnetic moment of 
SnO2 depends on the precise locations of O and Sn defects, 

Table 1  Saturated magnetization for SnO2 films with different thick-
nesses
Thickness (nm) 50 74 100 340
Saturated magnetization (emu/cm3) 9 78 3 < 0

Fig. 5  Analysis of chemical states from high resolution XPS spectra for (a) O1s for the 74 nm-thick SnO2 film; (b) O1s general for the 340 nm-thick 

 

Fig. 4   Field dependence of magnetization taken at 300 K for (a) the 
74 nm- SnO2 film with magnetic field applied parallel and perpendicu-
lar to the film plane. The inserts are zooms of the two M-H curves to 

reveal HC; and (b) for the 50 and 100 nm-thick SnO2 films with mag-
netic field applied parallel and perpendicular to the film plane
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XAS data for SnO2 thin films are shown in Fig. 7. The 
absorption spectra at the O edge and Sn edge are shown 
in Fig. 7(a) and Fig. 7(b), respectively. Certain differences 
are observed between the spectra of the 50 nm-thick and 
100 nm-thick films. In general, quantum confinement 
effects in very thin films can induce shifts in the absorp-
tion edge. Additionally, surface and interface states may sig-
nificantly influence electronic transitions in thinner films. 
The 50 nm-thick film is likely to have a higher density of 
defects compared to the 100 nm-thick film, which can lead 
to modifications in the absorption edge. Such shifts shift in 
the absorption edge of films with different thicknesses indi-
cate variations in the bandgap energy, as reported in Ref 
[6]. Differences in the absorption spectra at both the O and 
Sn edges have been observed, confirming that the thin and 
thick films exhibit different defect densities whether due to 
O or Sn vacancies, resulting in variations in their bandgap 
energies. The Sn-M4,5 absorption edges (3d3/2 and 3d5/2) dis-
play a characteristic double structure with a relative shift of 
2.1 eV, corresponding to two oxidation states of Sn. This 
observation agrees well with the XPS analysis above (Fig. 
6) and the corresponding magnetization data. The pres-
ence of Sn vacancies and defects is evidently linked to the 
reported magnetic moment in these films.

mostly provides surface-sensitive data, it remains relevant 
since magnetism in SnO2 films is largely surface-related, 
and the XPS data still can reflect well the concerned proper-
ties of the film. 

 Figure 5(a) shows a broad peak in the O spectrum of the 
74 nm-thick SnO2 film, which can be curve-fitted into two 
peaks with binding energies of approximately 529.2 eV and 
530.5 eV respectively. The former represents lattice oxygen 
(OL) in the SnO2 crystal structure, while the latter corresponds 
to oxygen vacancies (OV) on the film surface. Similar features 
have been reported for O vacancies in SnO2 [19]. To compare 
how oxygen vacancies can be different for films with differ-
ent thicknesses, XPS measurements were also conducted on 
the diamagnetic 340 nm-thick SnO2 film, as shown in Fig. 
5(b). Notably, the ferromagnetic 74 nm-thick film exhibits a 
higher concentration of oxygen vacancies compared to the 
diamagnetic 340 nm-thick film, as evident from Fig. 6. Addi-
tionally, the chemical state of Sn in the 74 nm-thick SnO2 thin 
film was further analyzed using XPS (Fig. 6). The deconvo-
lutions of the Sn 3d3/2 and Sn 3d5/2 peaks reveal four distinct 
peaks: those at 495.26 eV and 486.85 eV correspond to Sn4+ 
states, while the peaks at 493.39 eV and 484.76 eV are attrib-
uted to Sn2+ states [20] The material composition is notably 
dominated by Sn4+ states [21].

Fig. 6   XPS spectrum of the Sn 
3d3/2 and Sn 3d5/2 peaks for the 
74 nm-thick SnO2 film
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SnO2 film to the ferromagnetic phase at around 818 K. In 
discussions regarding diluted magnetic semiconductors, it 
has been well established that TC ​is often independent of the 
type of dopant or doping concentration [12]. For undoped 
semiconducting oxides, also known as d0 magnetism, where 
no 3d element doping is present (i.e. no DE interaction can 
occur), predicting TC is particularly challenging. Theoreti-
cally, TC can be evaluated as:

TC = 2JeZ [s[s+1]]
3kB

 [22],

The magnetization versus temperature curve for the 74 
nm-thick SnO2 film, taken at 2 T, is shown in Fig. 8. Nota-
bly, an exceptionally high Curie temperature of 850 K is 
observed for the first time. The SnO2 film transitions into a 
ferromagnetic phase at approximately 850 K, as indicated 
by the intersection of the M(T) curve with the T-axis and 
maintains ferromagnetic for the whole range of temperature 
below 850 K. To determine TC more precisely, the dM/dT 
vs. T plot is also inserted into Fig. 8. A distinct minimum at 
818 K in this plot confirms the transition temperature of our 

Fig. 8  Magnetization versus tem-
perature taken at 2 T for the 74 
nm-thick film (magnetic field was 
applied parallel to the film plane). 
The insert shows thedM/dT vs T 
curve

 

Fig. 7   Absorption spectra seen from a) O edge and b) Sn edge for 50 nm-thick and 100 nm-thick films of SnO2

 

1 3

Page 7 of 9    852 



N. S. Pham et al.

the financial support of the measurements and sample fabrication at 
the Central European Institute of Technology (CEITEC). We thank 
Synchrotron Bessy II for letting us use their facility and Torsten 
Kachel for assistance.

Author contributions  N. H. Hong’s role involves obtaining the fund-
ing, conceptualization, coordinating the work, supervising, interpret-
ing data, and writing the articles. P. Pazourek made the films. N. S. 
Pham carried out the XRD, VSM, XPS, and SEM measurements and 
analyzed data and plotted figures. N. Q. Huong was in charge of the 
theoretical work and wrote her part in the article as well as editing the 
manuscript. M. Meduna and O. Caha performed the XRR and XAS 
measurements and analyzed related data. All authors checked and ed-
ited the final version of the manuscript.

Funding  Open access publishing supported by the institutions partici-
pating in the CzechELib Transformative Agreement.

Data availability  All data were included in the paper. Further details 
are available upon request made to the authors.

Declarations

Ethical approval  Our experiments did not involve human tissues or 
similar matters.

Conflict of interest  There are no conflicts of interest that exist for this 
manuscript.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

1.	 M. Venkatesan, C.B. Fitzgerald, J.M. Coey, D. „ unexpected mag-
netism in a dielectric oxide. Nature. 430, 630 (2004)

2.	 N.H. Hong, J. Sakai, N. Poirot, V. Brizé, Room-temperature fer-
romagnetism observed in undoped semiconducting and insulating 
oxide thin films. Phys. Rev. B 73, 132404 (2006)

3.	 N.H. Hong, N. Poirot, Sakai, „ ferromagnetism observed in pris-
tine thin films. Phys. Rev. B 77, 33205 (2008)

4.	 S.D. Yoon, Y. Chen, A. Yang, T.L. Goodrich, X. Zuo, D.A. Arena, 
K. Ziemer, C. Vittoria, Oxygen-defect-induced magnetism to 880 
K in semiconducting anatase TiO. Films. J. Phys. Condens. Mat-
ter. 18, L355–L361 (2006)

5.	 A. Sundaresan, B. Bhagravi, N. Rangarajan, U. Siddesh, C.N. 
Rao, R., ferromagnetism as a universal feature of nanoparticles of 
the otherwise nonmagnetic oxides. Phys. Rev. B 74(R), 161306 
(2006)

6.	 G.S. Chang, J. Forrest, E.Z. Kurmaev, A.N. Morozovska, M.D. 
Glinchuk, J.A. McLeod, A. Moewes, T.P. Surkova, N.H. Hong, 

where Je is the exchange integral, S = 1 indicating a single 
electron, and Z is the number of nearest neighboring vacan-
cies, and kB is Boltzmann constant.

From our XPS data, for the 74 nm-thick-film, we estimate 
that each Sn atom has approximately three nearest neighbor-
ing oxygen vacancies, based the Sn/O and the OL/OV ratios. 
Using a Curie temperature TC,​ of 818 K, spin S = 1, and 
Z = 3, we apply the above formula to estimate the exchange 
integral for SnO2 as about 2.89 × 10−21 J. This value is of the 
same order of magnitude as the exchange integral of transi-
tion metals, which is typically around 10−21 J [23].

When considering only oxygen vacancies in a low-dimen-
sional SnO2 system, TC ​ was initially estimated to be 505 K, 
as mentioned earlier, theoretically. However, the experimen-
tally observed TC ​ in our SnO2 films is significantly higher 
(> 800 K). This discrepancy might be well explained by 
the presence of additional Sn vacancies/defects, which evi-
dently exist in the laser ablated SnO2 films as seen from our 
XPS and XAS data. These Sn-related defects might as well 
contribute to the overall magnetic interactions and the total 
magnetic moment, depending on their specific locations.
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