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The electronic structure of Fe-doped SnO2 is systematically investigated by means of first-principles calcu-
lations. A ferrimagnetic exchange interaction between the dopants, which is rarely found in dilute magnetic
semiconductors, is predicted for the ground doping configuration in which two Fe ions are adjacently substi-
tuting the Sn sites in a distorted rutile structure. Spin density results reveal the direct exchange interaction
between O 2p and Fe 3d electrons with antiparallel spins, which leads to competition between ferromagnetic
and antiferromagnetic superexchange interactions since the doping ions tend to form a special 120° Fe–O–Fe
bond. Therefore, a negligible energy difference between the parallel and antiparallel spin alignments is pre-
dicted for the ground-state configuration. Moreover, the calculated density of states with both parallel and
antiparallel spins shows the nearly 100% spin-polarized states at the Fermi level. An interesting half-metallic
antiferromagnetic state reported recently has been also obtained in one of the calculated doping configurations.
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I. INTRODUCTION

Dilute magnetic semiconductors �DMS’s� have attracted
much attention because of their promising applications in
spintronics.1,2 Recent experimental reports indicated that the
DMS’s with high Curie temperature are mainly concentrated
in the semiconducting oxides—e.g., ZnO, TiO2, and SnO2.
Tin dioxide �SnO2� with a wide band gap is an important
semiconductor and has wide applications in many fields. Due
to the good stability in high-temperature and environment-
dependent surface properties, it has been used as gas sensors,
solar cells, and optically transparent materials. Recent re-
searches on realizing room-temperature ferromagnetism in
transition-metal-doped SnO2 �Refs. 3–16� have motivated
the experimenters to study the structural, optical, electronic,
and magnetic properties, especially the new concept of “gi-
ant magnetic moments.”17 Punnoose and co-workers have
reported the ferromagnetism of Fe-doped SnO2 with a Curie
temperature Tc=850 K and presented an alternative gas-
sensing technology by utilizing this kind of material.4–7

Moreover, Mössbauer spectra8,9 indicated that only 23% of
the iron atoms order ferromagnetically in the Sn1−xFexO2
transparent magnetic semiconductor where the origin of the
ferromagnetic coupling is attributed to the F center. For
Sn1−xCoxO2 samples room-temperature ferromagnetism has
been only detected in the low doping concentration of x
�0.01.10–12 In addition, a giant magnetic moment has also
been detected in Cr-doped SnO2 films13 besides the
CoxSn1−xO2−� samples.17

Beyond the discrete data in these reports, it was found
that both the crystalline structure and magnetism are sensi-
tive to the doping concentration in most cases. In Refs. 4 and
7 many efforts have been made to study the changes of the
lattice parameters and magnetism as a function of Fe doping
concentration, suggesting a strong structural-magnetic prop-
erties relationship. The variation of the lattice constant in
Co-doped samples also reveals the subtle relationship be-
tween the structure and magnetism.11 Additionally Hong
et al. have prepared Ni-doped SnO2 thin films on various
kinds of substrates and then indicated that the ferromag-

netism would be enormously reduced when the constraints
on the film were relaxed.14 Therefore the complex magne-
tism in various situations may be attributed to the tiny dif-
ference of the crystalline structures.

Interestingly, Fe has been considered to be a promising
doping source among the transition metal elements. In Ref.
15 the authors indicated that Fe-doped SnO2 samples exhibit
ferromagnetic behavior while Cr-doped SnO2 films are para-
magnetic at 300 K and 5 K. The ferromagnetic moment per
Fe atom for Sn0.95Fe0.05O2 samples is much larger than that
of Mn-doped samples at room temperature, while only para-
magnetism has been detected in Co-doped samples.9 Re-
cently a systematic experimental investigation was carried
out to study the magnetism of transition-metal-doped
SnO2.16 It was found that Cr-, Mn-, Fe-, Co-, or Ni-doped
SnO2 films are all ferromagnetic at room temperature, but the
Fe-doped one has the largest magnetic moment.

To date, only a small amount of theoretical research has
been devoted to the electronic structure of transition-metal-
doped SnO2-based ferromagnetic semiconductors, which is
essential to understand the origin of ferromagnetism. Com-
putational researches of SnO2 system are mainly limited to
the electronic structure of the bulk,18 surface,19 and
nonmagnetic-metal-doped systems.20,21 Based on the experi-
mental attention given to the Fe-doped SnO2 DMS’s, a first-
principles computational investigation was undertaken to
study the electronic structure of Fe0.125Sn0.875O2 in this pa-
per. The most energetically favorable substituted configura-
tion, the electronic structure of the doped systems, and the
magnetic exchange interaction between the dopants are the
main questions addressed in this work. Ferrimagnetic spin
alignment22 between the dopants is predicted for the ground
substitutional configuration. A universal half-metallic state in
the energetically favorable substituting configurations makes
this DMS promising in spintronic applications.

II. INVESTIGATED SYSTEMS AND CALCULATION
DETAILS

Similar to the well-known TiO2, SnO2 bulk has a tetrag-
onal symmetry in rutile structure. The rutile phase is charac-
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terized by two lattice parameters a and c and internal param-
eter u associated with the O atomic position. Using the
integer multiples representation of the primitive lattice vec-
tors a1, a2, and a3 of the conventional SnO2 cell, the geom-
etry of an undoped 2�2�2 supercell containing 48 atoms
�Sn16O32� is shown in Fig. 1. Considering two Sn sites re-
placed by Fe atoms and the symmetry of periodic lattice, five
different doping configurations are selected in a Sn14Fe2O32
supercell with Fe concentration of 12.5%.23 In these configu-
rations the second substituted Sn site is marked by C-1–C-5,
respectively, besides the first substituted Sn site marked
“1st.” In C-1, two Fe atoms cluster around the middle O
ion—namely, FeI-O-FeII—while in the other four configura-
tions, two Fe atoms are separated within the Fe-O-Sn-O-Fe
configuration along different directions.

The total energy calculation and geometry optimizations
were performed by using a plane-wave basis set and ultrasoft
pseudopotentials24 in PW91 format,25 as implemented in the
QUANTUM-ESPRESSO package.26 Brillouin zone integrations
were performed by using 4�4�4 Monkhorst and Pack spe-
cial point grids27,28 and Methfessel and Paxton smearing
technique with a smearing width of 0.005 Ry.29 The wave
functions were expanded in plane waves up to a cutoff en-
ergy of 40 Ry for the charge density. The experimental
parameters13 of SnO2 were first implemented to construct the
initial coordinates of a 48-atom 2�2�2 supercell. Structure
optimization was then performed in a variable-cell model to
obtain the structure parameters in the ground state for the
substitutional configurations. As suggested in Ref. 18, the
inclusion of gradient corrections for exchange correlation
leads to the result that lattice parameter a is greater than
experimental value by �3% whereas the c /a ratio and the u
parameter are almost unaffected. The force convergence
threshold for the atomic relaxation is 10−3 Ry/bohr. All the
calculations are performed by keeping the volume of doping
configurations fixed at the equilibrium volume of the pure
Sn16O32 cell since the variation of the lattice parameters is
small.7

III. CALCULATION RESULTS

A. Total energy and magnetism

The ground state was identified by means of calculating
the total energy of the supercell with different doping con-

figurations. The energy difference between parallel �↑↑ � and
antiparallel �↑↓ � spin alignments for each configuration is
also calculated to give a general estimation of the Curie tem-
perature. The relative energies of parallel and antiparallel
states for the other configurations with respect of that of the
ground state are listed in Table I. Calculation results show
that the adjacently substitutional configuration—i.e., C-1 in
↑↓ spin alignment—is energetically favorable. The magnetic
moment per supercell for all configurations is also given in
Table I. For configurations C-2–C-5, the energy difference
between ↑↑ and ↑↓ spin alignments is relatively small
whereas the total energy is much higher than that of the
ground state, indicating a clustering trend of the dopants in
the SnO2 matrix. The clustering trend has been experimen-
tally verified to be common by the inhomogeneous analysis
of the prepared DMS samples.30–32 In Ref. 8 energy-
dispersive x-ray diffraction spectroscopy indicated the non-
uniform iron distribution in the FexSn1−xO2 source targets,
which directly supports our theoretical results.

Interestingly, C-1 in ↑↓ spin alignment owns a net mag-
netic moment of 2�B �average 1�B per Fe ion� rather than
zero. Consequently, it is expected that this material will be-
have like ferrimagnets with antiparallel and small net mo-
ments. The relatively small net moment of Fe atoms is in
good agreement with the experimental results.9 It is worthy
to mention that the ferrimagnetic coupling is rarely found in
the collinear magnetism calculations of DMS’s.33 That is
why we call it “antiparallel spin alignment” rather than “an-
tiferromagnetic spin alignment” in this candidate. It was
found that the small net moment accompanied by the ferri-
magnetic coupling originates from the lattice distortion of
the relaxed supercell which will be discussed in detail com-
bined with the band structure in the following. Although C-1
in ↑↓ spin alignment is energetically favorable, the energy
difference between the ↑↑ and ↑↓ spin alignments is small—
only about 6 meV. Considering such small energy differ-
ence, partial doping ions in the prepared metastable samples
may be ordered magnetically, which is in agreement with the
experimental results.8

B. Band structure of C-1

Figure 2 shows the calculated density of states �DOS� of
C-1 and Fe 3d projected components on the Fe sites, respec-
tively. For the purpose of comparison, a Sn16O32 supercell
representing the host material and a FeSn15O32 system
named C-0 in which only one Sn atom is substituted by Fe
ions were also studied, which are shown in Figs. 3�a� and
3�b�, respectively. The zero of the energy is set at the Fermi
level. As shown in Fig. 3�a� the calculated band gap of the
host SnO2 is much smaller than the experimental value due
to the band gap underestimation of the local density approxi-
mation �LDA�. In the case of FeSn15O32 �Fig. 3�b�� the Fe 3d
orbital is split into triple states with lower energy and double
states with higher energy by the octahedral-like crystal field
in C-0. The effect of exchange splitting is larger than that of
the crystal field and results in a nearly single-spin state near
the Fermi level, which is in agreement with the previous
theoretical prediction.34 There are few changes for the DOS

FIG. 1. Side view of the schematic tin dioxide supercell consist-
ing of 16 Sn atoms and 32 O atoms. The large gray balls are Sn and
the small dark balls are O.
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of C-1 in ↑↑ spin alignment compared with FeSn15O32. How-
ever, the DOS of C-1 in ↑↓ spin alignment is very strange
where the majority and minority spins are no longer sym-
metrical as in the usual antiferromagnetic DMS’s, as shown
in Fig. 2. Additionally the DOS of both spin alignments are
very similar and near the Fermi level both are nearly 100%

spin polarized. It is found that a half-metallic or near-half-
metallic state is common in the several energetically favor-
able substitutional configurations—i.e., both the parallel and
antiparallel spin alignments of C-1 and C-3 and the parallel
spin alignment of C-2, C-4, and C-5 �not given in the figure�.
Here it should be noticed that the half-metallic DOS at the

TABLE I. The calculated total magnetization and energy difference between parallel and antiparallel spin
alignments of the doping configurations C-0–C-5. The last column shows the energy difference of various
configurations compared with the ground state—i.e., C-1 in antiparallel spin alignment.

Configuration
Spin

arrangement
Magnetic moment

��B/supercell�

Ground state and
�EFM-AFM

�meV�

Energy difference
relative to C-1 in ↑↓

�meV�

C-0 4.00

C-1 ↑↓ 2.00 AFM
+5.56

Ground configuration

↑↑ 8.00 5.56

C-2 ↑↓ 0.04 FM
−44.35

319.21

↑↑ 8.00 274.87

C-3 ↑↓ 0.00 FM
−74.39

327.05

↑↑ 8.00 252.65

C-4 ↑↓ 0.00 FM
−25.85

134.17

↑↑ 8.00 108.32

C-5 ↑↓ 0.00 AFM
+56.97

243.68

↑↑ 8.00 300.66

FIG. 2. Total and Fe 3d projected DOS of C-1. Upper panel
shows the results of parallel spin alignment and lower for the anti-
parallel spin alignment. The shaded area represents the Fe 3d states.

FIG. 3. �a� The total DOS of the Sn16O32 supercell. Here a
spin-restricted calculation was performed since the SnO2 host is a
nonmagnetic semiconductor. �b� The total and Fe 3d projected DOS
of C-0. The shaded area shows the Fe 3d states. For the majority
spin, the triple states are fully occupied while the double states are
partially occupied, since the Fe2+ cations tend to lose an additional
two 3d electrons to compensate the effect of substituting one Sn4+

ion. �Inset: the valence electron schemes of Sn4+ and the doped Fe4+

ion.�
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Fermi level is mainly derived from the O 2p states and only
less than half of the total states were contributed by Fe 3d
states. Such strong p−d hybridization is rarely found earlier
when the 3d electrons form an impurity band in the gap,
which is essential to mediate the exchange interactions be-
tween the doped transition metal ions.

By inspecting the relaxed structure it was found that the
ferrimagnetic coupling originates from the lattice distortion
of FeI-O-FeII. Figure 4 gives the crystal structure and a sche-
matic view of the DOS with and without the distortion of
C-1 in ↑↓ spin alignment and C-0, respectively. The FeI–O
bond is significantly reduced while the O–FeII bond is
slightly elongated. Such distortion is expected to originate
from the strong p-d hybridization and the smaller substitu-
tional ion radius compared with the Sn4+. The Fe–O bond
length in NiAs phase FeO �Ref. 35� is slightly larger than
that of the Sn–O bond in rutile structure. In addition, the
constraint along the O–FeII bond is smaller than that in the
perpendicular plane. Therefore the O–FeII bond can be freely
elongated, which significantly distorts the crystal structure
around the middle O ion. Such distortion may be verified by
an extended x-ray absorption fine structure �EXAFS� mea-
surement which has been applied in the investigation of Co-
doped TiO2.36 Interestingly the lattice reconstruction in Fe-
doped SnO2 is very similar to the case of transition-metal-
doped rutile TiO2.37,38 Although for the host matrix the Ti–O
bond length is slightly smaller than that of Sn–O bond, the

doped crystal structures of both candidates are similar, espe-
cially for the case of Cu-doped TiO2 in Ref. 38. The crystal
distortion induces the asymmetry of majority and minority
spins when the magnetic moments are antiparallel aligned.
There is no obvious change for the DOS of the FeII ion �see
Fig. 5 for the Fe 3d projected DOS� except the slight depres-
sion of the spin-up double states. However, the spin-down
double states are significantly pushed to higher energies by
the closer O ion in the FeI–O bond and the energy of spin-up
triple states are depressed due to the local exchange interac-
tion. Therefore the ferrimagnetic coupling between two dop-
ants results in 100% spin polarization at the Fermi level.

C. Spin density of C-0 and C-1

Here we discuss the origin of ferrimagnetism in terms of
spin density and 120° superexchange between O anions and
Fe cations. The charge density is generally utilized to repre-
sent the formation of a covalent bond and the interaction
between the ions. However, it is faint for revealing the origin
of the ferromagnetism, especially the exchange interaction in
magnetic materials since the dense charge screens the spin
polarization. Figure 6 shows the spin density of C-0 and C-1
in different spin alignments, which directly reveals the ↑↓
coupling between the 3d and 2p electrons attributed to the
cation and anion, respectively. SnO2 has a rutile structure in
which three bonds formed by O 2p electrons are coplanar
around the O site with the 120° cation-O-cation angle. In

Fig. 6�a� six O anions �four presented in the shaded �11̄0�
plane� in FeO6 ligand are polarized with the major polarized
elements along the Fe–O bond in C-0. Similarly the O anion
between the dopants is significantly polarized in C-1 as
shown in Figs. 6�b� and 6�c�. Obviously, the slight difference
of spin between the ↑↑ and ↑↓ spin alignments shows that �i�
the Fe 3d electrons tend to interact with the neighboring
O 2p electrons of opposite spin to their own and �ii� the
distribution of polarized component is mainly parallel or per-
pendicular to the FeI–O bond. Theoretical predictions of an-
tiferromagnetic coupling between transition metal cations
and anions was reported in the early literature.39 It was con-
sidered to be an important part of the indirect superexchange
mechanism40 in DMS’s. In Fig. 6�b�, FeI 3d and O 2p elec-

FIG. 4. Lattice-distortion-induced ferrimagnetic exchange inter-

action between the dopants in the shaded �11̄0� plane. Larger dark
balls represent the substitutional Fe ions and are marked by I and II,
respectively. Upper panel shows the �a� variation of relaxed crystal
structure by doping Fe ions and lower panel for the �b� schematic
view of the distorted band structures of C-0 and C-1. The Fe-O
distances are in Å, and the precision of the calculated bond-length is
about 10−3 Å. �The force convergence threshold for the atomic re-
laxation and the relaxation time step are 10−3 Ry/bohr and 2 fs,
respectively.� Note that the projected DOS of Fe 3d electrons in C-0
is reversed compared with Fig. 3 to conveniently give a schematic
view of the results of C-1.

FIG. 5. Fe 3d projected DOS of C-1. The solid line represents
the contribution of FeI and the dashed line for FeII.
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trons are antiferromagnetically coupled along the FeI–O
bond. However, considering the magnetic moment ordering
there is much difference between the FeI–O and O–FeII
bonds. The positively and negatively polarized O 2p elec-
trons are on the equal footing to participate in forming the
O–FeII bond �see also Fig. 6�c�� and FeII 3d electrons tend to
be coupled with the opposite spin component from the anion.
Finally the competition between ferromagnetic superex-
change �180° FeI-O-FeII� and antiferromagnetic superex-
change �90° FeI-O-FeII�, which is opposite to the mechanism
revealed in Refs. 22 and 41, leads to the small energy differ-
ence between ↑↓ and ↑↑ spin alignments.

IV. FURTHER DISCUSSION

First we would like to discuss the reliability of the calcu-
lated results. Profiting from the increasing of the computa-
tion capabilities, much effort now has been taken to check
the computational parameters, selected supercells, and even
the reliability of the program code besides the main work in
order to obtain more accurate results. In a recent report22 of
an ab initio study of transition-metal-doped ZnO, the authors
indicated that the calculated magnetic ground state is sensi-
tive to the k-point mesh, energy cutoff, and even the choice
of the exchange-correlation functional. By checking the reli-
ability of the computational parameters in this work, it was
found that taking C-1 in antiparallel spin alignment as ex-
ample, the total energy E↑↓ would be changed from
−3815.511 011 Ry to −3815.511 078 Ry when decreasing
the force convergence threshold from 10−3 Ry/bohr to
10−4 Ry/bohr. Therefore the prediction of the magnetic
ground state is not sensitive to the stricter value. Although

the increase of the kinetic cutoff energy from 40 Ry to 60 Ry
can slightly decrease the total energy, it has little influence
on the energy difference between the configurations in ↑↑
and ↑↓ spin alignments. Additionally it was found that by
using the PBE-type pseudopotentials42 the calculated mag-
netic moment is the same as the results by using PW91 type.
Much denser k-point meshes of 6�6�6 also made no es-
sential improvement in the total energy. Therefore it is be-
lieved that the calculation results are robust and the ferrimag-
netism is intrinsic in this candidate if lattice distortion does
exist.

In Ref. 7 the authors indicated that the prepared Fe-doped
SnO2 samples are under compressive strain. In our extensive
investigations, variable-cell calculations have been per-
formed to obtain fully relaxed crystal structures. It was found
that the lattice parameter a of the convergent configuration is
reduced about 0.4%, which is in good agreement with the
experimental data.7 Moreover, after the full relaxation the
ferrimagnetism is completely destroyed without any net mo-
ment. Such a result is similar to the case of Ni-doped SnO2
�Ref. 14� in which �i� the magnetization is sensitive to the
constraints of the substrate and �ii� a larger substrate where
the doped crystalline is more relaxed depresses the ferromag-
netism. Therefore the complex magnetism in various cases
would be highly sensitive to the crystalline structure as re-
vealed in this work. However, it should be indicated that the
crystal matrix of the as-prepared samples would be fixed at
the host structure under dilute and low-temperature prepara-
tion conditions. Therefore in our studies all the calculations
are performed by fixing the volume of doping configurations
at the equilibrium volume of the pure Sn16O32 cell for the
purpose of simulating the actual crystalline environment of
the as-prepared samples.

FIG. 7. Total and Fe 3d projected DOS of C-3. Upper panel
shows the results of parallel spin alignment and lower for the anti-
parallel spin alignment. The shaded area shows the Fe 3d states.

FIG. 6. �Color online� Spin density of �a� C-0 and C-1 in �b�
parallel and �c� antiparallel spin alignments in the �11̄0� plane
shows the exchange interactions between O 2p and Fe 3d ions. The
O ligand around or between the dopants is visibly polarized. Blue
circles show the area of ↑↓ direct exchange occurring between O 2p
and Fe 3d electrons and gray arrows indicate the spin orientation.
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In this work it was found that a half-metallic DOS is
common in the several energetically favorable substituting
configurations. Half metals, including semi-Heusler alloys,43

manganese perovskites,44 chromium dioxide,45 and
magnetite,46 exhibit metallic and insulating behavior for the
majority-spin and minority-spin electrons, respectively. Such
materials have shown potential applications to spintronics
devices. However, Dowben and Skomski47 indicated that
such materials would suffer from fundamental limitations
with surfaces, interfaces, and structural inhomogeneities or
when used at finite temperatures. In the extensive calculation
studies of Cr-doped SnO2 it was found that the half-metallic
DOS is more significant over a range of �2 eV near the
Fermi level for the energetically and magnetically favorable
state. Therefore the transition-metal-doped SnO2 DMS is ex-
pected to exhibit robust half-metallic behavior and to be an
ideal material for spintronic applications.

Recently, an attractive report suggested the possibility of
half-metallic antiferromagnetism in DMS’s.48 The total mag-
netization vanishes when the magnetic moments form anti-
ferromagnetic spin ordering, whereas a half-metallic elec-
tronic structure would be realized. The authors indicated that
it needs at least two certain types of magnetic ions to realize
a half-metallic electronic structure in which one has less than
half filled 3d electrons and the other has more than half filled
3d electrons. In this work the half-metallic antiferromagnetic
DOS has been found in configuration C-3 and is shown in
Fig. 7. The majority- and minority-spin states are basically
symmetric for C-3 in ↑↓ spin alignment in the whole energy

range except near the Fermi level. However, this configura-
tion is not energetically favorable and the origin of such
DOS is ambiguous. Nevertheless, considering the larger lat-
tice distortion, it is predicted that single-type transition-
metal-ion-doped half-metallic antiferromagnetic DMS’s may
be realized by using SnO2 as the doping matrix.

V. CONCLUSIONS

In summary we have performed a systematic investigation
of Fe0.125Sn0.875O2 DMS’s implementing first-principles cal-
culations. Both ferrimagnetic exchange interactions between
the dopants and half-metallic state at the Fermi level have
been predicted in this potential candidate. Spin density
schemes are then applied to reveal the direct exchange be-
tween the antiparallel spins of O 2p and Fe 3d electrons and
the competition between 180° ferromagnetic superexchange
and 90° antiferromagnetic superexchange. Large lattice dis-
tortion in transition-metal-doped SnO2 is predicted in this
work, which is expected to induce the ferrimagnetism and
high spin polarization. Based on the above theoretical re-
sults, the transition-metal-doped SnO2 DMS is predicted to
be promising in spintronic applications.
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