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For undoped SnO2, room temperature ferromagnetism could be seen uniquely in 2-dimensional

configurations, particularly in ultra-thin films (whose thickness is ideally below 100 nm). Both bulk

samples and nano-powders of pristine SnO2 are diamagnetic, indicating that a 2D surface is a key point

in shaping up the magnetic properties in SnO2. As a complement to our experiments, we have

performed a series of quantum-mechanical calculations for the bulk rutile-structure SnO2 as well as its

(001) and (101) surfaces. The calculations included several atomic configurations with and without

vacancies in/under the studied surfaces. The stability of the non-magnetic ground state of rutile SnO2

bulk was cross-checked and confirmed by its phonon spectrum computed within the harmonic

approximation. Regarding the surfaces, the bulk-like (001) surface containing Sn vacancies has turned

out to be ferromagnetic, while the shift of Sn vacancies under the surface resulted in a more complex

ferrimagnetic state. The bulk-like (001) surface without vacancies and that with the O vacancies are

predicted to be non-magnetic. Regarding the (101) surfaces, those terminated by a single layer of

oxygen atoms and those terminated by tin atoms are non-magnetic, while a surface terminated by two

layers of oxygen has turned out to be ferromagnetic.
1. Introduction

Thin lms of magnetic semiconducting oxides have been
known to be potential materials for spintronic applications. The
observed ferromagnetism (FM) at room temperature found in
pristine semiconducting oxide thin lms1–4 and nanoparticles5

has been considered as an extraordinary phenomenon in the
domain of magnetic materials for almost twenty years. Oxygen
vacancies and defects were supposed to be the cause of the
detected FM because (1) there is no 3d doping;1–4,6 (2) annealing
in oxygen atmosphere in most of the cases, reduced magnetic
ordering.2,3 However, so far, not so many theories have been
proposing models that explain well the experimental results.
Therefore, the standing issues are still attractive for magnetic
materials community. If the physical picture of that phenom-
enon can be veried, possible manipulations to tailoring
materials for spintronic applications will become promising.

Recently, a model of oxygen vacancies to explain for the
induced FM in undoped oxide lms was proposed.7 The authors
showed that a vacancy site in these oxides could create spin
splitting and high spin state. The exchange interaction between
Faculty of Science, Masaryk University,
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the electrons surrounding the oxygen vacancy and the local eld
of symmetry leads to a ferromagnetic ground state. The
importance of having low dimensionality in the materials was
emphasized. Some group also reported about the possibility of
obtaining room temperature FM even in out of plane direction
for ultra-thin lms TiO2 by creating defects on purpose by
irradiating the samples using low-energy ions, exploiting both
important features such as 2D and defects in undoped semi-
conducting oxide lms.8 Room temperature ferromagnetism
(FM) was reported for pristine SnO2 lms,3 as well in SnO2

nanoparticles.5 XAS measurements conrmed that oxygen
defects played a role in introducing FM into the compound. A
magnetic triplet state is found to be ground state of defects that
are close to the surface, while non-magnetic singlet is found to
be ground state of SnO2 bulk.6 In some other reports, the FM in
SnO2 nanoparticles that were oxygen treated were blamed to the
surface magnetism.9

Since there are always controversial issues on this topic, we
have done further experiments and simulations for cases of
SnO2 with the hope of being able to clarify the origin of the
induced FM of this family.
2. Method
2.1 Samples fabrications and measurements

SnO2 target, and nanoparticles were synthesized by sol–gel
route using chloride salt (SnCl4 – Sigma-Aldrich) as the
RSC Adv., 2024, 14, 13583–13590 | 13583
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Fig. 1 XRD pattern of a 74 nm-thick SnO2 film deposited on LaAlO3

substrate.
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precursor. First, the precursors were added to the isopropanol
(IPA) solution and stirred for 15 min to diffuse together, then
the mixture solution was stirred for 4 h at 60 °C. Then, the
homogeneous solution was dried for 24 h at 120 °C. The ob-
tained powders were separated into two parts. For the rst part,
powders were annealed in the air at 1100 °C for 1 h and pressed
into the pellet. Then, it was sintered at 1300 °C for another 1 h.
The second part was annealed at 500–700 °C in the air to result
in nanoparticles whose sizes are 19 nm.

Films of SnO2 were deposited by a Pulsed-Laser Deposition
(PLD) system (KrF, 248 nm) from a ceramic target on (100)
LaAlO3 (LAO) substrates with an energy density as of 2 J cm−2,
and a repetition rate as of 10 Hz. The growth conditions for
those undoped oxide lms are the optimal conditions we had
found for our systems with substrate temperature was kept at
650 °C, oxygen pressure as of 0.01 mbar, and the O2 : Ar ow
ratio was 50 : 50. The typical thickness of SnO2 lms varied from
50 nm to 500 nm, depending on our purpose. All SnO2 lms are
colorless, shiny, and highly transparent. For the SnO2 powders,
target and lms, structural studies were done by X-ray diffrac-
tions (XRD) at room temperature. Magnetic moment (M) versus
magnetic eld (H) from 0 to 0.5 T was measured by using a VSM
magnetometer. The magnetic eld was applied parallel to the
lm plane. The thickness of the typical lm was measured by
using the NIR-UV spectroscopic ellipsometer J. A. Woollam V-
VASE. The measurements were carried out in the range of
light wavelengths from 400 to 1000 nm, and the Cauchy method
was used to obtain the lm thicknesses. Then for other lms,
the approximate thicknesses were calculated from the number
of pulses during the deposition since the thickness of the
deposited thin lm is proportional to the number of pulses.
Additionally, some high resolution XPS measurements were
performed for the SnO2 lms at room temperature.
2.2 Computational methodology

A theoretical part of our study consists of quantum-mechanical
calculations based on the density function theory (DFT)
implemented in the Vienna ab initio simulation package
(VASP)10,11 with the projector-augmented-wave (PAW) pseudo-
potentials (14-electron “Sn_d” and 6-electron O potentials from
the VASP database)12 and the generalized gradient approxima-
tion (GGA)13 for the exchange–correlation energy. Inspired by
the previous results presented in the Materials Project14 data-
base (item No. mp-856), the plane-wave energy cut-off was set to
520 eV. Additional computational details are in the Appendix.
Fig. 2 Field dependence of magnetization taken at 300 K for the SnO2

(a) nano-powders and (b) bulk sample.
3. Results and discussions

All SnO2 lms are single phase, well crystallized, and c-axis
oriented. Note that peaks of (200) and (101) appear most
strongly in the spectra. The lattice parameters of SnO2, lattice
parameters for the rutile structure are a = b = 4.738 ± 0.0004 Å
and c = 3.188 ± 0.0004 Å (see Fig. 1).

M(H) curves of magnetization versus magnetic eld for SnO2

powders (whose size was determined by XRD measurements to
be of about 19 nm) and the SnO2 bulk sample are shown in
13584 | RSC Adv., 2024, 14, 13583–13590
Fig. 2. Both SnO2 powders (that is considered as 0D) and the
SnO2 bulk sample (that is considered as 3D) are well diamag-
netic. In ref. 5 and 7, the authors suggested that having a low
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Magnetization versus magnetic field taken at 300 K with field
applied parallel to the film plane for SnO2 films with thickness as of (a)
74 nm; (b) 100 and 200 nm; and (c) 370 nm. The inset of (a) shows
a zoom for M(H) of the 74 nm-thick film.
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dimension should be the key in shaping up room temperature
FM in pristine semiconducting oxides due to connement
effects. However, it seems that as for nano-powders, except only
if fabricated under some special conditions for oxygen treat-
ments,4,9 in general, the FM is not easily induced. Apostolov
et al. suggested that there must be surface oxygen vacancies in
SnO2 powders, or doping copper into SnO2 that may result in
FM. It is likely that a at surface is a must in this type of oxide.15

Or in other words, being 2-D, or in other words, having a 2D
surface, should play a very important role in inducing room
temperature FM in this family of compounds. In ref. 16, by
using rst principles calculations, Wang et al. also suggested
that O vacancies in bulk SnO2 could not induce FM but the
atoms or defects located at the surface or interface can cause the
observed FM in pristine SnO2.

SnO2 lms show a dependence of magnetization on the
lm's thickness very similar to the TiO2 case that was discussed
earlier. From Fig. 3(a), one can see that the SnO2 lm whose
thickness is 74 nm has a very great magnitude of magnetization,
almost 1 order greater, comparing with the largest magnitude
reported so far in the literature.3 When the thickness increases
to 100 nm then 200 nm (see Fig. 3(b)), the magnetization
decreases about 1 order, then completely shows a diamagnetic
magnetic behavior in the 340 nm-thick-lm (Fig. 3(c)). We
should note here also about the raw data of the 100 nm-thick
and 200 nm-thick SnO2 lms: the lms have the same area
size, only the thicknesses are different, then the raw data ob-
tained for magnetic moments are in the same order. Aer
normalizing, it gives the result of magnetizations as almost 1
order different. This strongly indicates that if the defects and/or
oxygen vacancies are the reason to induce FM in SnO2, then
basically those defects and/or oxygen vacancies should be
located mostly at the surface of the lm, not inside the bulk.
Together with the similar observation in TiO2 system,17,18 data of
all SnO2 powders, bulks and thin lms conrm that having 2D
conguration should be a key factor in inducing room
temperature FM in undoped semiconducting oxides such as
SnO2. In other words, oxide thin lms with thickness below
100 nm (i.e. having connements in the direction that is normal
to the lm surface), could be expected to be ferromagnetic. In
ref. 6, the authors also made lms of 10 nm and 200 nm thick-
SnO2 lms, together with some oxygen treatments aer depo-
sition. However, no systematical work to compare lms with
many thicknesses difference, as well as to nano-powders or
bulks had been made. The XPS spectra for the 74 nm – thick
SnO2 lm are shown in Fig. 4. From Fig. 4(a), one can see that
both Sn and O peaks are present, indicating an O : Sn ratio as of
about 77 : 23, while theoretically it should be 2 : 1. Even though
XPS is only sensitive to the surface, several fundamental char-
acteristics related to the surface have implications for the
properties of the whole lm, e.g. one can conrm that there are
Sn vacancies in the thin SnO2 lms, or in other words, O atoms
must be located closer to Sn vacancies. Additionally, it is seen
from Fig. 4(b) that a broad peak could be observed for the 74
nm-thick-SnO2 lm, which can be curve-tted into two peaks
with binding energies of approximately 529.2 and 530.5 eV,
respectively. The former represents the lattice oxygen (OL) from
© 2024 The Author(s). Published by the Royal Society of Chemistry
SnO2 crystals, and the latter can be assigned to the vacancy
oxygen (OV) on the surface of the SnO2 lm. Similar comments
could be found in other reports about this kind of peak for O
vacancies in SnO2 (ref. 19) as well as in oxides of the same
family.20–22

As a complement to the above-mentioned experiments, we
have performed a series of quantum-mechanical calculations.
We started with computing the ground-state properties of the
bulk material of SnO2 with the rutile structure (space group P42/
mnm, No. 136). The used 6-atom unit cell is visualized in Fig. 5.
RSC Adv., 2024, 14, 13583–13590 | 13585
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Fig. 4 Analysis of chemical states from high resolution XPS spectra for
the 74 nm-thick SnO2 film (a) general; (b) for O1s.
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The calculated equilibrium lattice parameters a= b= 4.8312
Å and c = 3.2428 Å are in good agreement with our X-ray
experimental data discussed earlier (a = b = 4.738 ± 0.0004 Å
and c = 3.188 ± 0.0004 Å). The bulk SnO2 turns out to be non-
magnetic, although the calculations were initialized as ferro-
magnetic. This agrees well with our experimental ndings, too
(see Fig. 2).

Additionally, to examine the dynamical stability of the rutile-
structure bulk SnO2, we have computed its phonon spectrum at
equilibrium volume, i.e. within the harmonic approximation.
For phonon-spectrum calculations, 162-atom supercells (not
visualized here) were generated by the PHONOPY soware23 as 3
× 3 × 3 multiples of the 6-atom unit cell. The resulting partial
Fig. 5 A schematic visualization of the computational unit cell of the
SnO2 with the rutile structure. Please note that some atoms are shown
with their periodic images.

13586 | RSC Adv., 2024, 14, 13583–13590
densities of phonon states for both Sn and O are shown in
Fig. 6(a). The lowest frequencies up to about 7 THz are domi-
nated by phonon modes of Sn atoms, see blue line in Fig. 6(a).
Further, contributions of Sn and O atoms are similar between
the peak of O phonon modes at 7 THz and the lower edge of the
gap in the phonon mode frequencies at 10.9 THz. The gap in
phonon modes is 1.7 THz wide with the upper edge at 12.6 THz.
For yet higher frequencies up to the highest one at 22.1 THz, the
phonon density of states is dominated by O phonon mode
contributions. Importantly, no imaginary phonon modes were
obtained in our calculations – they would be visualized as
negative phonon frequencies in Fig. 6(a). Thus, the rutile-
structure bulk SnO2 is predicted to be dynamically stable –

another theoretical result which is consistent with experimental
data. This dynamical stability allowed us to also derive
temperature dependencies of several key thermodynamic
properties (free energy, entropy, and heat capacity at constant
volume) as shown in Fig. 6(b). Aer analyzing the bulk SnO2, we
have focused on the calculations of the surface properties of this
material. As seen in Fig. 1 that themost relevant surfaces are the
(001) and (101) crystallographic orientations, then we have
Fig. 6 Computed partial phonon densities of states of O and Sn within
the SnO2 rutile-structure bulk (a) and the corresponding temperature
dependencies of thermodynamic quantities (b).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic visualizations of our computational slab supercells employed as models for the (001) rutile-structure SnO2 surfaces, in
particular, the bulk-like-terminated non-magnetic vacancy-free surface (a), the non-magnetic surface with oxygen vacancies (b), the ferro-
magnetic surface with Sn vacancies (c) the ferromagnetic surface with Sn vacancies including the visualization of local magnetic moments (d),
and the ferrimagnetic surfacewith Sn vacancies located under the (001) surface including the visualization of local magneticmoments (e). The Sn
(O) vacancies are indicated by grey (red) dashed circles. The oxygen and tin atoms are shown as red and grey spheres, respectively, with their
diameter in sub-figures (d and e) reflecting the values of the local magnetic moment of atoms (a few actual values in Bohr magnetons are listed).
Please note that the vacuum layer is not shown in its full size in the direction perpendicular to the surface (the 48 atoms are spanning about 25 Å
and the slab cells further contain about 27 Å of vacuum resulting in the c cell parameter perpendicular to the (001) surface equal to 51.884 Å). The
gold-like yellowish color in sub-figure (e) indicates the anti-parallel orientation of the local magnetic moments.
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studied these two surfaces with different terminations and with/
without point defects, here vacancies. First, regarding the (001)
surfaces, our computational slab cells are shown in Fig. 7. Here,
the lateral dimensions within the (001) plane are kept equal to
the computed bulk values, i.e., the lattice parameters are a= b=
4.8312 Å. In the direction perpendicular to the surfaces, the
computational slabs without vacancies contain 8 multiples of
the 6-atom basis of the rutile-structure bulk SnO2, i.e., 48 atoms
spanning about 25 Å, and the slab cells further contain about 27
Å of vacuum (resulting in the c cell parameter perpendicular to
the (001) surface equal to 51.884 Å). The total energy was
minimized with respect to the internal atomic positions within
the slab cell whose shape and volume were kept constant.

The bulk-like terminated (001) surfaces, see Fig. 7(a), as well
as that with O vacancies, see Fig. 7(b), have turned out to be
non-magnetic even though the calculations were initialized as
ferromagnetic with all atoms possessing non-zero local
magnetic moments. In contrast to these non-magnetic states,
the surfaces containing Sn vacancies, see Fig. 7(c), are predicted
by the calculations to be ferromagnetic with the local magnetic
moments as high as 1.2 mB mainly localized on O atoms near the
Sn vacancy, see Fig. 7(d). Interestingly, when the Sn vacancies
are located deeper under the surface, see Fig. 7(e), some O
atoms exhibit local magnetic moments with the anti-parallel
© 2024 The Author(s). Published by the Royal Society of Chemistry
orientation with respect to the majority of the spin-polarized
O atoms, i.e. the state is ferrimagnetic. Regarding the ener-
getics of the computed surfaces, we have computed the surface
energy g using the formula:

g ¼ EsurfðSnO2Þ � n� EbulkðSnO2Þ �m� mðSn=OÞ
2� A

where n is an integer which reects the fact that the slab cell is
constructed as a multiple of the bulk (m= 8 for slabs in Fig. 7), A
is the surface area (and there are two surfaces per slab), and the
off-stoichiometries (due to e.g. vacancies) are being compen-
sated by adding/subtractingm-multiples of chemical potential m
(the energy of either diamond structure a-Sn or a half of the two-
atomic molecule O2). The stoichiometric bulk-like terminated
(001) surface without any vacancies, see Fig. 7(a), exhibits two
equal surfaces and the corresponding surface energy is equal to
1.8 J m−2. Considering the interesting cases of magnetic states
with Ti vacancies, see Fig. 7(c)–(e), their surface energies are
signicantly higher, equal to 7.2 and 8.7 J m−2 when the Ti
vacancies are within the surface or under the surface, respec-
tively. The spin-polarized states come at a signicant energy
cost.

The second type of surface found in our SnO2 lms was the
(101) crystallographic orientation. Fig. 8 shows our
RSC Adv., 2024, 14, 13583–13590 | 13587
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Fig. 8 Schematic visualizations of slab cells used as computational models when calculating the (101) rutile-structure SnO2 surfaces. Part (a)
shows relations between vectors (a0, b0, c0) of the unit cell exhibiting (101) faces and vectors of the standard unit cell (a, b, c). Visualizations further
included the two equal non-magnetic (101) surfaces terminated by one layer containing both O and Ti atoms (b), the combination of non-
magnetic Sn-terminated (101) surface and ferromagnetic (101) surface terminated by two layers of oxygen atoms (c), the visualization of local
atomic magnetic moments in the structure from previous sub-figure (d). The oxygen and tin atoms are shown as red and grey spheres,
respectively, with their diameters in sub-figure (d) reflecting the values of the local atomic magnetic moments (one computed value in Bohr
magnetons is listed as an example).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 5
:4

0:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
computational slab cells when modeling these surfaces. Using
a specic unit cell with (101) faces, see Fig. 8(a), we have con-
structed two slabs with different terminations. The lattice
parameters within the (101) surfaces were equal to those of the
bulk material. The third cell parameter, tilted away from the
(101) surfaces, has the length of 57.99 Å and about one half of
this size is lled with 36 atoms of SnO2, i.e. 6 times the specic
unit cell shown in Fig. 8(a), and the second half is lled with
vacuum. Again, the total energy was minimized with respect to
the internal atomic coordinates within the slab cell whose
shape and volume were kept constant.

The rst slab cell possesses two equal surfaces terminated by
a layer of oxygen with a layer of tin atoms underneath, see
Fig. 8(b), and turned out to be non-magnetic. In contrast to that,
the second slab cell contains two different surfaces, see Fig. 8(c),
and it was constructed so that the layer of oxygen atoms at the
bottom surface was moved to the top surface. The top surface
terminated by two layers of oxygen atoms is ferromagnetic while
13588 | RSC Adv., 2024, 14, 13583–13590
the bottom surface terminated by Sn atoms remains non-
magnetic. The non-zero local magnetic moments are localized
within the oxygen-terminated top surface.

Regarding the energetics of the studied (101) surfaces, those
two within the slab with two equal surfaces shown in Fig. 8(b)
have the surface energy equal to 3.0 J m−2. As far as the surfaces
shown in Fig. 8(c) are concerned, we may not directly determine
the surface energy of the two different surfaces in the slab.
However, the numbers of atoms and the stoichiometry are equal
in both slabs in Fig. 8(b) and (c), because the slab in Fig. 8(c) was
constructed by moving one layer of oxygen atoms from the
bottom surface to upper one. Therefore, it is possible to
compare the energies of both slabs and derive that the energy of
the slab with the two different surfaces (see Fig. 8(c)), when one
of them is ferromagnetic, is signicantly higher by 5.5 eV (per
36-atom slab cell) than the slab with two equal surfaces (see
Fig. 8(b)). It seems that the spin-polarization of one of the
surfaces in Fig. 8(c) comes again at quite a high energy cost.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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When comparing our results with those published earlier, it is
worth mentioning ref. 6, where the other group previously also
made some calculations to explain the X-ray absorption spec-
troscopy (XAS) data concerning the magnetic and structural
properties of SnO2 lms. While the authors of ref. 6 used
a quantum-mechanical approach, they used only a model
hydrogen-like atom localized at defect site and they could
assume only that the observed magnetism might be due to
oxygen vacancies at the surface of the lms, but no precise
location of defects and vacancies that may lead to identication
of the type of magnetic moments addressed. In our study, we
have used more advanced density-functional-theory quantum-
mechanical calculations and, therefore, we could compute
details of the origin of the observed magnetic properties.

Lastly, it is worth noting that the spin polarization of atoms
at the surfaces, or close to them, and/or in the vicinity of
vacancies, can result in a long-range magnetic ordering of these
defects,24,25 or specically in the case of nanosheets.26 System-
atic calculations and analysis of such ordering phenomena
would require computational cells constructed as multiples
(within the surface plane) of the slab cells used in our current
study. As such multiplications of the currently used slabs would
signicantly increase the number of atoms (to several hundreds
or even thousands), such calculations are currently beyond our
computational means, and we may consider performing them
in our future studies.

4. Conclusions

Experimentally, we have found that for undoped SnO2, room
temperature ferromagnetism could be expected uniquely in 2-
dimensional congurations, particularly in ultra-thin lms
whose thickness is ideally below 100 nm. Because not only
bulks are not ferromagnetic, nano-powders are diamagnetic
also, indicating that the 2D-surface is very important in dening
the magnetic properties in SnO2. The existence of magnetic
states was also conrmed by our quantum-mechanical calcu-
lations of several (001) and (101) surfaces with and without Sn
and O vacancies. While the bulk rutile-structure SnO2 is non-
magnetic and the same is true for the bulk-like-terminated
(001) surfaces with or without O vacancies, the Sn-vacancies at
and under the (001) surface result in a ferromagnetic and
ferrimagnetic state, respectively. Regarding the (101) surfaces,
those terminated by two layers of oxygen exhibit a ferromag-
netic arrangement, too, while those terminated by either Sn or
a single layer of oxygen atoms remain non-magnetic.
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Appendix

The reciprocal-space Brillouin zone of the 6-atom rutile-
structure bulk phase was sampled by an 8 × 8 × 12 k-point
mesh. The phonon calculations were determined from nite
displacements of atoms in supercells, which were 3 × 3 × 3
© 2024 The Author(s). Published by the Royal Society of Chemistry
multiples of the 6-atom unit cell, and the corresponding Bril-
louin zone was sampled by the 3 × 3 × 4 k-point mesh.
Regarding the surface-modeling slabs, the reciprocal space
corresponding to slabs with the (001) surfaces was sampled with
8 × 8 × 2 k-point mesh while computational slab cells con-
taining the (101) surfaces had their reciprocal space sampled
with the 1 × 12 × 10 k-point mesh. To properly describe both (i)
non-magnetic semiconducting states and (ii) magnetic metallic
states, the Gaussian smearing was used (parameter ISMEAR =

0) in combination with the smearing parameter SIGMA =

0.05 eV. Additionally, to suppress interactions over the vacuum
layers between the periodic images of the slabs, we used the
monopole/dipole and quadrupole corrections to the total
energy (the parameter IDIPOL = 3) in combination with the
corrections to the potential and forces (parameter LDIPOL on).
To evaluate the augmentation charges, an additional support
grid (parameter ADDGRID on) was used. When performing
calculations, we included non-spherical contributions related to
the gradient of the density in the PAW spheres (parameter
LASPH =.TRUE).
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