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The spin Hamiltonian parameters of intrinsic defects in tin dioxide (SnO2) doped with fluorine or

hydrogen are examined through the first-principles electronic structure calculations based on density

functional theory (DFT). The electron paramagnetic resonance signals with g-tensor value in the

range of 1.89–1.94 were found for tin vacancy (VSn) and its complex with oxygen vacancy (VSn-VO)

associated with a donor like interstitial hydrogen or fluorine, substituting oxygen. The calculated

parameters are consistent with experimental observations, which indicate that Sn vacancies may be

present in SnO2 at essentially higher concentration than it is predicted by DFT based on the formation

energies calculations. Within the second coordination shell of the tin vacancy, the VO may stabilize in

the singly ionized charge state, which is otherwise considered to be unstable for isolated oxygen

vacancy in the bulk of SnO2. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824745]

I. INTRODUCTION

Tin dioxide (SnO2) is a wide-band-gap semiconductor

which has found a wide variety of practical applications, e.g.,

as a transparent conducting electrode in solar cells and flat

panel displays as well as in gas sensors.1–3 One aspect that is

recently attracting considerable attention both experimentally

and theoretically concerns the nature of n-type conductivity in

this material that may originate either from intrinsic defects

like oxygen vacancies or extrinsic hydrogen impurities.4–6

The charge transfer at these defects is often associated with

appearance of paramagnetic species, which can be detected in

electron paramagnetic resonance (EPR) experiments.7,8

Though electron paramagnetic resonance can provide detailed

information about concentrations, chemical identity, and lat-

tice environment of a defect or impurity, the interpretation of

the EPR signals requires dedicated expertise, and possibly for

that reason, till present there are some discrepancies concern-

ing the structure of paramagnetic centers in SnO2.

Ivanovskaya et al.9 and Popescu et al.10 attributed the

weak EPR signal with the g factor around 2.00 to a singly

ionized oxygen vacancy (VO
þ) in the crystal lattice. By con-

trast, Canevali et al.11,12 associate VO
þ with a symmetrical

resonance line observed at g¼ 1.89. According to numerous

calculations,4–6 the singly ionized oxygen vacancy is unsta-

ble with respect to neutral or doubly ionized state at all con-

ditions, which raises the question of the abundance of

isolated VO
þ in a pure SnO2 bulk crystal. On the other hand,

it is plausible to assume that VO
þ defect may stabilize in less

symmetrical environment in SnO2 material, especially as the

corresponding EPR signal has been detected experimentally.

The density functional theory (DFT) calculations are im-

portant tools providing an independent insight into magnetic

properties of materials and, therefore, are indispensable com-

plements to the experimental studies. Recently, we have dem-

onstrated13 that under assumption that bulk VO
þ would exist

in SnO2, its isotropic g tensor must be reassigned to a typical

F-center value around 2.00. In contrast, the strong experimen-

tal signal at 1.89, reported in a number of preceding papers, is

likely to be caused by some other paramagnetic center, which

stimulates a quest for defects that can be candidates for stable

magnetic centers in tin dioxide. The first-principles calcula-

tions14 showed that neutral cation vacancies in SnO2 can

induce ferromagnetism, provided that concentration of Sn

vacancies would be high. It is worth noting, that Sn vacancy

has high formation energy and according to DFT calculations,

its most stable charge state in n-type material is 4.15 On the

other hand, Varley et al.16 demonstrated that hydrogenated

cation vacancy is lower in energy than isolated VSn and inter-

stitial hydrogen will likely combine with an existing Sn va-

cancy to form (VSn–H)�3 complex.

EPR experiments indicate that 1.89 signal increases in the

temperature range of 100–300 �C after treatments in dry H2,

CO, and wet argon.17,18 Such treatments obviously lead to for-

mation of both oxygen vacancies and hydrogen dopants in

SnO2. Moreover, treatments of SnO2 films in oxygen atmos-

phere significantly affect the magnetic ordering.19,20 EPR

measurements21 revealed four symmetrical resonance lines

with g-factor values 1.89, 1.91, 1.928, and 1.94, which are

developing in gradually reduced SnO2. Since oxygen defi-

ciency is associated with formation of oxygen vacancies, it can

be deduced that oxygen vacancies have obvious impact on the

spin polarization of tin dioxide. Therefore, and motivated by

the importance to understand the nature of the most abundant

magnetic centers in tin dioxide to the function of any SnO2

based spintronic device, we generate models of the complexes,

including hydrogen atoms, tin, and oxygen vacancies in SnO2

bulk and predict their properties using DFT calculations.

II. METHODS AND MODELS

The computational first-principles density functional

(DFT) approaches applied here are based on the plane wave
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basis set with pseudopotential concept (CASTEP code),22

and the projector augmented wave method,23 as imple-

mented in the VASP code.24 Using two different computa-

tional codes allows us to exploit the strengths of the both

codes and achieve a method-independent understanding of

the structure and properties of SnO2. The CASTEP software

uses ultrasoft pseudopotentials25 and enables considerably

limit the plane wave basis set26 with cutoff of 380 eV.

Electronic exchange and correlation are included there by

the Perdew-Burke-Ernzerhof (PBE) generalized-gradient

approximation (GGA) allowing possible spin polarization.27

The VASP software allows efficient use of hybrid PBE0

functional that incorporates 25% of exact Hartree–Fock

exchange. The cutoff of the plane wave basis sets was set to

700 eV. In both CASTEP and VASP calculations, the

Brillouin zone is sampled with 3� 1� 3 mesh of

Monkhorst-Pack special k points. In separate test calcula-

tions, the number of irreducible k-points was increased up to

6 (2� 2� 3 mesh), which does not alter the obtained results.

For charged systems, the negative charge of the unit cell is

balanced by using constant background positive charge

density.

A unit cell Sn4O8 is chosen for convenience of future

modeling of the surface of the crystal instead of the conven-

tional primitive cell Sn2O4 with different orientations. This

choice will, in future, allow us to model the most abundant

(110) surface using the same orientation in the slab model.

These issues are discussed elsewhere28 in more detail. The

computational supercell (Sn4O8)8 is a 1� 4� 2 multiple of

the chosen unit cell, thus containing 96 atoms. Test calcula-

tions were performed with smaller supercell of (Sn4O8)4,

which is a 1� 4� 1 multiple of the chosen unit cell. All

structures considered are relaxed while keeping the lattice

parameters fixed at pre-optimized values a¼ 4.715 Å,

c¼ 3.143 Å for PBE and a¼ 4.754 Å, c¼ 3.185 Å for PBE0.

The formation energy (Ef) of a vacancy VX in charge

state q in SnO2 is defined as follows:

Ef ¼ ½EtotðVX; qÞ � EtotðSnO2Þ� þ lX þ qeF; (1)

where Etot(VX,q) and Etot(SnO2) represent the total energies

of the supercell containing a vacancy in the charge state q,

and that of a perfect crystal in the same supercell. The atom

X removed from the crystal is placed in a reservoir with

energy lX¼lel
XþDlX, where lel

X is referenced to the

energy per Sn atom in the b-phase of bulk tin (for X¼ Sn) or

to the chemical potential of oxygen, which is equal to
1=2E

tot(O2) for X¼O. The growth conditions are reflected in

the chemical potentials lX, which can range from O-rich

(Sn-poor) to Sn-rich (O-poor) conditions. If compound sys-

tem is sufficiently large to constitute a particle reservoir for

itself, the chemical potentials of the two components are also

interrelated by

DlSn þ 2DlO ¼ DHfðSnO2Þ; (2)

where DHf(SnO2) is the formation enthalpy of SnO2. In order

to change the charge state of the defect, electrons are

exchanged with the Fermi level eF, which is conventionally

referenced to the valence-band maximum (VBM) and ranges

over the band gap from the VBM up to the conduction band

minimum.

The prediction of the EPR g-tensor values for paramag-

netic defects is done with Kohn-Sham DFT-based implemen-

tation of the g-tensor for periodic systems (BAND code).29

The Zeeman g-tensor is represented using two-component

approach of Van Lenthe et al.30 in which the g-tensor is

computed from a pair of spinors related to each other by

time-reversal symmetry. We used the TZ2P triple-zeta va-

lence basis set extended by polarization functions and

“small” value for frozen core option, i.e., for Sn atom, core

has been frozen up to 4p-orbitals, and for oxygen and fluo-

rine atoms up to 1s-orbitals. Hydrogen was included with all

electron set. The g-tensor is then computed from the HOMO

spinor at the gamma point. Electronic exchange and correla-

tion are included here by the PBE-GGA scheme.

III. RESULTS

SnO2 crystallizes with the rutile structure, wherein the

tin atoms are six coordinated and the oxygen atoms are three

coordinated. Herewith, Sn atom occurs in a distorted octahe-

dral coordination and following the notations used in Ref.

16, we denote four oxygen atoms with equal Sn–O bonds as

equatorial (O-eq) and two oxygen atoms with longer equal

bonds as axial (O-ax), see Figure 1(d). The perfect SnO2

crystal is regarded as a nonmagnetic and wide band-gap ma-

terial with all valence bands completely filled with electrons,

while the conduction bands are unoccupied. Removing the

tin atom caused formation of four holes at O sites of the

nearest coordination shell and origin of partially occupied

states within the band gap, which can accept up to four elec-

trons depending on the position of Fermi level in the gap.

FIG. 1. Isosurfaces of spin density distributions (0.05 e Å�3) of SnO2 super-

cell with (a) VSn and FO located distantly in position (1) or FO-eq substituting

equatorial O atom (2); (b) VSn and hydrogen interstitial located in position (1)

or within the first coordination sphere of VSn (2); (c) ((VSn-FO-eq)
�3–VO

þ2)

and (d) (VSn
�4–VO

þ) defect complexes. The gray spheres represent tin atoms

and the red spheres oxygen atoms. Fluorine and hydrogen are depicted in

cyan and white, respectively. The isovalue surface of the VO
þ spin density

(shown in yellow) is localized in the empty space remaining after removal of

the oxygen ion from the bulk (open yellow circle).
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Since periodic BAND code does not allow the computa-

tion of g tensor within the background charge model, we

have used the fluorine or hydrogen dopants in order to intro-

duce the charge into the supercell. The Mulliken population

analysis performed with CASTEP code for substitutional flu-

orine donor (FO) and interstitial hydrogen (Hi) in pure bulk,

their several configurations with tin vacancy (FO and Hi in

positions marked (1) and (2) in Figs. 1(a) and 1(b)), VSn and

VSn
�1 (in the presence of negative background charge in the

supercell) are presented in Table I. By comparison of the

charge values, it can be deduced that FO dopant provides an

extra electron, which is delocalized in the perfect bulk, but

trapped at oxygen atoms surrounding the Sn vacancy, when

VSn is presented in the same supercell. Interstitial hydrogen

behaves similarly, except slight increasing of the negative

charge on the nearest-neighbor oxygen atom observed in

position (1), which may be related to quasi-hydroxyl

conformation.

The replacement of the one equatorial or distant O atom

with fluorine enriches Sn vacancy with one extra electron to

compensate one hole among the four holes generated by the

Sn deficiency. The corresponding spin distribution is similar

for the two cases (1) and (2) as reflected in Fig. 1(a).

Accordingly, we find an integrated spin density of 3.00 differ

from �4.00 calculated for the neutral VSn. Therefore, we can

conclude that disregard on the position of the substituting

fluorine atom (FO), the main effect of such doping is provid-

ing of one extra electron to the supercell.

It must be noted that the calculations based on GGA-

PBE scheme are underestimating the band gap and also give

defect wavefunctions that are too delocalized. Both effects

are due to a lack of self-interaction correction. Accordingly,

we found that four holes trapped at the Sn vacancy are delo-

calized over all six oxygen neighbors. The use hybrid PBE0

functional essentially corrects the band gap and the localiza-

tion errors. This results in accurate spin distribution picture

and band gap of 3.6 eV in good agreement with experiment.

Nevertheless, we can conclude that both methods produce

qualitatively similar results.

Calculation of the g tensor for VSn-FO-eq complex gives

a value of 1.89 in excellent agreement with experimental

observations. This finding may indirectly point out on the

VSn
�1 defect as a source for such paramagnetic signal in pris-

tine SnO2. Although tin vacancy is a deep acceptor, it would

be presumptuous to practically exclude existence of VSn in

the charged states other than �4, e.g., in defect complexes or

in a strong depletion mode, which is in fact typical for poly-

crystalline films with nanosized grains. It must be mentioned

that isolated VSn has high formation energy and according to

DFT calculations, its equilibrium concentration should be

negligible at the temperatures probed in the EPR

experiments.

In principle tin vacancies may be present in SnO2 in

none-equilibrium concentrations because most of the growth

techniques operate far from the equilibrium conditions in

their final stages. However, the corresponding EPR signals

with g-tensor in the range of 1.89–1.94 appear essentially af-

ter the treatments associated with formation of both oxygen

vacancies and hydrogen dopants in SnO2. The estimated

amount of the paramagnetic centers responsible for EPR sig-

nal with g¼ 1.89 increases up to 5� 1017 cm�3 after treat-

ment in dry 0.5%-CO atmosphere at 500 �C.17 Furthermore,

EPR experiments indicate that 1.89 signal increases signifi-

cantly in the temperature range of 100–300 �C after treat-

ments in dry H2.17,18 The high formation energy suggests

that VSn is unlikely to form significant concentrations at the

above mentioned conditions. On the other hand, hydrogen

interstitials and oxygen vacancies have much lower forma-

tion energies and migration barriers. These facts make it

likely that Hi and VO, which are formed in the temperature

range of 100–500 �C, after treatments in H2 and CO, will

combine with VSn preexisting in the material. The formation

energies of the hydrogenated cation complexes are always

much lower than the isolated VSn, suggesting that these com-

plexes are likely to form. According to Ref. 15, hydrogen

can either bond to one of the two axial O atoms surrounding

the vacancy or one of the four equatorial O atoms, but the

latter configuration has lower energy and, therefore, it is

more abundant in SnO2 (Fig. 1(b)). The calculated g-tensor

value for such arrangement is 1.9 for smaller (Sn4O8)4 super-

cell and 1.94 for larger (Sn4O8)8 supercell, which is in the

range of experimentally observed values. Comparison of the

total magnetic moments and integrated spin densities for the

different supercell sizes points out on the ferromagnetic cou-

pling between the defects provided that their concentration is

high, i.e., their separation is less than 6 Å. This finding cor-

roborates the earlier conclusion of Rahman et al.14

In order to clarify the role of oxygen vacancies, we have

calculated the g tensor values for the same defects as in Figs.

1(a) and 1(b), but with oxygen vacancy in the second coordi-

nation shell (Fig. 1(c)). Note that there are several possible

conformations (not shown) that produce qualitatively similar

results. We found that oxygen vacancy located close by the

VSn donates its two electrons to the tin vacancy. The

Coulomb attraction drives formation of the (VSn
�2�VO

þ2)

defect pair, where two out of the four holes generated by VSn

are compensated by the two electrons of VO. Doping of this

double defect with fluorine or hydrogen leaves behind a sin-

gle hole at tin vacancy and caused formation of the paramag-

netic centers with one unpaired spin remaining at the

((VSn-H)�2�VO
þ2) defect complex. The calculated g tensor

values for these complexes doped with F and H are 1.86 and

1.89, respectively. The latter is in excellent agreement with

experiment, which indicates that hydrogen impurities may

TABLE I. Mulliken population-derived charges (|e|) for the various scenar-

ios from Figs. 1(a)–1(d).

Defect O-eq O-ax FO Hi O-bulk (Ref)

VSn �0.64 �0.69 … … �0.95

VSn
�1 �0.72 �0.69 … … �"�

FO … … �0.57 … �"�
FO1-VSn �0.71 �0.68 �0.57 … �"�
FO2-VSn �0.72 �0.69 �0.56 … �"�
Hi … … … þ0.37 �"�
Hi1-VSn �0.70 �0.69 … þ0.38 �"�
Hi2-VSn �0.71 �0.71 … þ0.42 �"�
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indeed stimulate the observed EPR signals in SnO2 material.

On the other hand, our results indirectly point out on the

(VSn
�3�VO

þ2) defect as a source for such paramagnetic sig-

nal in pristine SnO2.

The adding of the three electrons to the supercell with

(VSn�VO) defect pair results in the compensation of three

holes at tin vacancy. The remaining hole is balanced with

one electron donated by the oxygen vacancy, which results

in formation of (VSn
�4–VO

þ) complex. Thus, the oxygen va-

cancy may stabilize in singly ionized charge state in the

proximity of Sn vacancy as opposed to the isolated bulk cal-

culations (Fig. 1(d)). This fact is intriguing since it is widely

believed that VO
þ are not expected to be stable and present

in tin dioxide in any sizable concentrations.

The feasibility of the (VSn–VO) configurations has been

estimated through the calculation of their defect transition

energies. To reproduce the experimental band gap, which is

essential for the estimation of the defect formation energies,

we have performed these computations with hybrid PBE0

functional. The potential alignment and finite-size correction

were included according to scheme proposed in Ref. 31. The

corresponding results are presented in Figure 2. The highest

transition level of the (VSn
�4–VO

þ) complex in bulk is calcu-

lated at 0.68 eV below the conduction band minimum, which

indicates that such conformations with singly ionized oxygen

vacancy can be abundant even in the high conductivity

mode. On the other hand (VSn
�3–VO

þ2), complexes or iso-

lated VSn
�1 vacancies, which can be associated with para-

magnetic signals in the range of 1.89–1.94, are stabilized

only when the system undergoes a strong electron deficiency.

Such a strong depletion mode can be reached in polycrystal-

line films with nanosized grains and is actually a favorable

operation regime for the SnO2-based chemical sensors.

The spin polarized DOS for VSn
�1 and (VSn

�3–VO
þ2)

defect complexes are presented in Figs. 3(a) and 3(b). The

doping of VSn and (VSn–VO) with hydrogen or fluorine (not

shown) leads to qualitatively similar results. The most in-

triguing charges are seen around the Fermi level. The DOS

for VSn
�1 defects are spin split and the holes at the neighbor-

ing O ligands are localized for spin up, while they are par-

tially localized for spin down electrons. The s-orbitals of Sn

atoms surrounding the VSn couple antiferromagnetically with

the nearest O atoms and contribute to the peak at 0.5 eV

above the VBM. The oxygen vacancy generates the peak at

1.4 eV above the VBM, which is associated with different

coupling between the Sn vacancy and oxygen vacancy in the

(VSn–VO) defect pair. Note that observed half-metallic

behavior of the DOS may be important for spintronic

applications.

IV. CONCLUSIONS

In summary, we find that hydrogenated tin vacancies

and their complexes with oxygen vacancies form paramag-

netic centers with g tensor value in the range of 1.89–1.94.

The paramagnetic properties also arise from doping of the

VSn or double defect (VSn-VO) with fluorine, which enriches

FIG. 2. Formation energies for tin

vacancies and their complexes with

oxygen vacancies in SnO2, shown in

the limit of (a) O-rich and (b) Sn-rich

conditions.

FIG. 3. Total DOS for (a) VSn
�1 and (b) (VSn

�3–VO
þ2) defect complexes.

Solid and dotted lines show density of states for spin up and spin down,

respectively.
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system with an odd electron. The corresponding EPR signals

has been recorded by diverse groups at various temperatures

from the tin dioxide structures prepared by different techni-

ques, which points out on the abundance and stability of the

corresponding defects in tin dioxide material. The important

consequence from this finding is that Sn vacancies may exist

in SnO2 in significant amount of about 1017 cm�3. This fact

is at variance with negligible VSn concentration predicted by

DFT calculations based on the estimation of defects equili-

bria from their formation energy. In contrast with isolated

bulk case, the oxygen vacancy may stabilize in the singly

ionized charge state in the (VSn-VO) complex.

Further calculations of g tensor with background charge

model and hybrid PBE0 functional are underway, which aim

at clarifying the role of hydrogen impurity as indispensable

part of this paramagnetic complex. The results may be im-

portant for the discussion about the abundance of uncon-

trolled hydrogen impurities in SnO2. We will examine the

coupling between such centers, which may be the reason for

the experimentally observed room temperature ferromagnet-

ism in undoped SnO2.
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