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Abstract
We report first-principles calculations of the structure and electronic structure of
nitrogen-doped TiO2 anatase as a function of the dopant depth below the (101) surface.
Specifically we evaluate the depth dependence of the formation energy for a few positions of
the N impurity, considering for both substitutional and interstitial sites. We find a significant
advantage of interstitial over substitutional positions, and a mild dependence of this formation
energy on depth. The lengths of the bonds surrounding the impurity also evolve smoothly with
depth. Regarding the electronic structure, we report the main features of the intragap impurity
states and the hole-related spin magnetization density surrounding the N impurity.
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1. Introduction

In recent years numerous experimental and theoretical inves-
tigations of properties of titanium dioxide have been reported.
This material has countless applications, for example in opto-
electronic devices, including solar cells [1, 2], photon sensors
[3], environment cleaning [4], and photocatalysis [5–7], just
to mention a few. The doping of TiO2 with nitrogen plays an
important role in many of these applications because N dopants
appear to enhance the photocatalytic activity of TiO2 in the
visible-light region through in-gap impurity levels. Nitrogen
is a convenient dopant thanks to its atomic size comparable to
that of oxygen, low cost and high stability [8–10].

In recent work, Di Valentin et al [11] investigated the elec-
tronic and optical properties of TiO2 modified by substitutional
N-doping in the bulk. By state-of-the-art density functional
theory (DFT) they showed that, in different crystalline struc-
tures and densities, N-doping has quite different effects. In

∗ Author to whom any correspondence should be addressed.

particular, in the two main forms of TiO2, anatase and rutile, it
exhibits opposite effects on the photoactivity, leading to a red
shift and a blue shift of the absorption edge, respectively. More
recent simulations of nitrogen-doped anatase have advocated
that under typical experimental conditions, nitrogen may pre-
fer to substitute at a Ti-site [12]. However, this doping site has
been ruled out by more recent experimental investigation [13],
and we will not further consider it here.

Yang et al [14] investigated the effects of the nitrogen
concentration on the formation energies and electronic band
structures of N-doped TiO2 anatase on the basis of DFT cal-
culations. Wu et al [15] used a DFT + Hubbard U method to
investigate the influence of dopant concentration on the crystal
structure, impurity formation energy, and electronic properties
of N-doped anatase TiO2, showing that heavy nitrogen dop-
ing of anatase results in the narrowing of the band gap and
broadening the of the valence band. Ceotto et al [16] studied
the nitrogen location in nanocrystalline N-doped TiO2 with
a combined DFT and EXAFS approach: they evaluated the
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Figure 1. The 180-atoms supercell representing the slab model of
the (101) surface of anatase TiO2 considered in the present work.

average Ti-nearest-neighbor distances, as obtained from
EXAFS experiments and compared with DFT calculations
at different levels of doping. They also showed that the
creation of oxygen vacancies is observed at higher dopant
concentration.

Tao et al [17] carried out first-principles calculations of
the magnetism and electronic structures for nitrogen-doped
anatase TiO2. They showed ferromagnetism in N:TiO2 and
attributed it to the hole-mediated double exchange through the
strong p–p interaction between N and O. Spadavecchia et al
[18] carried out optical and electrochemical characterizations
in conjunction with first-principles calculations on pure and
N-doped titania nanocrystals showing that the position of the
conduction band edge was not affected by doping, which rather
introduces hole states in the band gap.

The optical properties of N doping are expected to be
affected by the dopant distance from the crystal surface. It
is therefore important to acquire a systematic understanding
whether N impurities tend to reside at the surface layers of
TiO2 or rather deeper inside the bulk. While structural inves-
tigations of the pure TiO2 (101) surface are available [19],
we could not find any systematic investigation of the depth-
dependence of the formation energy of N impurities in titania.
For this reason, in the present paper we study the equilib-
rium structure, electronic structure, and magnetic properties of
substitutional and interstitial N doping as a function of depth
below the (101) surface of anatase, which is its most stable
surface.

We adopt a symmetric slab geometry and carry out spin-
polarized density-functional theory (DFT) calculations, for
various positions of atomic nitrogen, changing its depth below
the surface, testing both substitutional and interstitial doping.

Figure 2. Optimized structures of the TiO2 slab doped
substitutionally at different sites. (a): N-N-1-T, b: N-N-1-M, (c):
N-N-1-B, (d): N-N-2-C, (e): N-N-2-M, (f): N-N-2-B. Gray and red
balls stand for titanium and oxygen respectively. Blue balls
represent the nitrogen dopants. Arrows indicate that a Ti atom
bonded to the impurity is located across the cell periodic boundary.

Our main result is that substitutional N doping exhibits slightly
higher formation energy at locations near the surface than
deeper in the bulk, while, for interstitial impurities, energetics
favors marginally near-surface locations. Overall, the energy
dependence on depth is modest.

To investigate the electronic structure of near-surface
N-doped TiO2 anatase, we adopt a standard slab geometry.
We carve a five-layers, or 1.6 nm-thick, slab out of bulk TiO2

anatase, rotated in such a way that the ẑ direction is aligned in
the (101) crystallographic direction. In the horizontal x̂ and ŷ
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Figure 3. Optimized structures of interstitial-doped anatase TiO2 at
different sites relative to the (101) surface. (a): I-N-N-1-T, (b):
I-N-N-1-B, (c): I-N-N-2-T, (d): I-N-N-2-B. Note that N atoms in
interstitial positions form dimers with labeled O atoms of the
anatase structure.

directions we adopt periodic boundary conditions. The super-
cell dimensions are a = 1.040 nm in the (101̄) crystallographic
direction, aligned along x̂, and b = 1.136 nm in the (010)
direction, aligned along ŷ, resulting in a 1.182 nm2 surface area
of the model slab in the periodically-replicated supercell. The
supercell contains 180 atoms. A 0.6 nm-thick layer of vacuum
separates the slab from its periodic replicas in the ẑ direction,
to ensure the elimination of any interaction between adjacent
slabs. The resulting supercell total size in the ẑ direction is
2.2 nm. This model is depicted in figure 1.

On this structure, and doped variants thereof, we carry
out multiple ab initio DFT simulations using the plane-waves
pseudopotential method as implemented in the Quantum
Espresso package [20, 21]. For the exchange and correla-
tion energy, we adopt a generalized gradient approximation,
namely the Perdew–Burke–Ernzerhof functional [22, 23]. We
describe the core electrons via ultrasoft pseudopotentials [24].
The cutoffs for the plane-waves expansion of the Kohn–Sham
wave functions and electron density are 50 Ry and 350 Ry,
respectively. We sample the electronic band dispersion in the
in-plane directions with 2 × 2k points.

The comparison of the DFT total energy for the slab and
for bulk anatase allows us to evaluate the surface energy of
the (101) face of anatase. We estimate this surface energy to
0.48 J m−2.

As nitrogen carries an odd number of electrons, and to take
a better advantage of symmetry, we place two N atoms, one
near each of the two slab surfaces. Of course, we stick to
symmetry-equivalent sites. For each different position of the
two N dopants in the TiO2 anatase slab, we fully relax the
structure, until the residual force on the atoms is less than
1 × 10−4 Ry/a0. In each of these relaxed configurations, we
evaluate the electronic structure, the total density of states
(DOS), and the projected DOS (PDOS) on selected atoms. To
account correctly for the spin of the unpaired electrons around
the N dopants, we carry out spin-resolved calculations, thus
obtaining the spin-density (i.e. magnetization density) spatial
distribution.

In the described supercell, we consider six different sub-
stitution sites for nitrogen, at different depth. We label them
as follows: N-N-1-T, N-N-1-M, N-N-1-B, N-N-2-C, N-N-2-
M and N-N-2-B. The number (1 or 2) indicates the layer depth
where substitution is performed. The T, M, B and C letter
refers to the vertical position of the substituent atom within
its layer, namely: T indicates top, C indicates center (a slightly
less superficial position) M indicates middle, and B indicates
bottom. All studied substitutional structures are depicted in
figure 2.

To study interstitial N doping we compare four intersti-
tial sites for nitrogen: two at the surface and two deeper in
the slab, representative of the numerous possible locations.
We label these structures as follows: I-N-N-1-T, I-N-N-2-T,
I-N-N-1-B, and I-N-N-2-B. The letter ‘I’ stands for intersti-
tial. ‘T’ means that the nitrogen sits near the top oxygen and
‘B’ that the nitrogen sits near the bottom oxygen. The num-
ber indicates the depth of the layer near which the N impu-
rity is inserted, counted from the surface. Figure 3 shows the
considered interstitial arrangements.

The atomic positions of all relaxed atomic structures 
of N-doped TiO2, as described and pictured above, are 
available as supplementary material (https://stacks.iop.org/
JPCM/33/205703/mmedia).

2. Results and discussion

2.1. Bond lengths and formation energies: substitutional
case

When the nitrogen substituents incorporate into the TiO2 crys-
tal, the Ti–N bond lengths are of course altered compared
to the pristine Ti–O bonds. Table 1 reports the analysis of
the bond lengths of the impurities as a function of the sub-
surface depth. The two or three relevant impurity-metal bonds
are labeled in figure 2. Based on our simulations, most bond
lengths change by 1.5%–5%, with a few exceptions related to
the B positions, in both layer 1 and layer 2.

Previous research has studied the effect of doping on the
bond lengths at the impurity site. Jin et al [25] showed that
in the bulk the Ti–N bond length is at least 1.5% longer than
the regular Ti–O bonds of pure TiO2. In their work, the bond
lengths were also shown to change as a function of the nitrogen
position.
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Table 1. Comparison of the bond lengths of substitutional N-doped
TiO2 with the homologous bond lengths of the pure TiO2 structure.
All figures are in pm units. Individual bonds are identified in
figure 2.

Label O-Ti1 O-Ti2 O-Ti3 N-Ti1 N-Ti2 N-Ti3

N-N-1-T 185 183 — 194 193 —
N-N-1-M 206 194 194 216 196 196
N-N-1-B 210 178 202 214 186 202
N-N-2-C 212 196 191 210 207 197
N-N-2-M 202 194 194 210 196 196
N-N-2-B 186 200 200 192 209 200

Considering the bond lengths reported in table 1 (see
figure 2 for the labeling of N ligands of the individual substi-
tutional configurations), we observe that, as is to be expected,
the bonds formed by the near-surface substituents tend to elon-
gate slightly more than those deeper down in the bulk, where
structural constraints are more effective. To illustrate this
observation, figure 4 reports the fractional bond length change
of different substitutional N sites compared to the correspond-
ing Ti–O bonds of pristine anatase.

To examine the stability of N-doped TiO2 as a function
of the sub-(101)-surface depth of the impurity the per-dopant
formation energy for substitutional N doping in anatase Ef is
calculated according to the following formula:

Ef =
1
2

(
E2N slab − Eslab + EO2 − EN2

)
, (1)

where E2N slab and Eslab are the fully- relaxed total DFT ener-
gies of N-doped TiO2 and pure TiO2 in the slab structures
depicted in figures 2 and 1, respectively. EN2 and EO2 are the
energies of N2 and O2 in the molecular gas state, respectively.
The factor 1/2 takes into account that the symmetric model
slab involves two N dopants, one at each side.

Table 2 reports the resulting formation energies and the
effective electronic gap energy EIL − EVB between the low-
est empty impurity level and the top of the valence band, for
each of the configurations considered here. Previous works
have also reported formation energies of doped TiO2. Wu et al
[15] investigated the effects of nitrogen concentration on the
formation energy of N-doped anatase TiO2. Using a DFT +
Hubbard U method, the formation energy of an N impurity in
the bulk was evaluated to be 5.07 eV.

The formation energies computed according to equation (1)
are listed in table 2 for increasing depth below the (101) sur-
face. When the dopant is located at the topmost surface layer
(N-N-1-T, N-N-1-B, and N-N-1-M), the formation energy is
slightly larger (more costly) than when the nitrogen sits deeper
down in the bulk (N-N-2-M, N-N-2-C, and N-N-2-B), which
is relatively surprising, in view of the stricter structural con-
straints. Overall, these positive formation energies are all quite
large, indicating the scarce chemical affinity of TiO2 for nitro-
gen. The mild dependence of Ef on depth suggests that a non-
constant substitutional-impurity depth-density profile, if any,
is more likely to develop due to the formation kinetics of the
doped crystal rather than to equilibrium thermodynamic mech-
anisms. If equilibrium effects play any role, they will tend

Figure 4. Fractional bond-length change of different substitutional
positions of N dopants in TiO2 for increasing depth below the (101)
surface.

Table 2. Impurity formation energies Ef , computed following
equation (1), and the energy distance between the partly-filled
impurity level and the top of the valence band EIL − EVB of
substitutional N-doped TiO2.

N dopant position Ef (eV) per dopant EIL − EVB (eV)

N-N-1-T 5.097 0.951
N-N-1-M 4.999 1.079
N-N-1-B 5.007 0.731
N-N-2-C 4.854 1.135
N-N-2-M 4.971 0.990
N-N-2-B 4.963 0.976

to deplete the surface layer from substitutional N impurities,
with a propensity of keeping them deeper inside the anatase
crystal.

2.2. Bond lengths and formation energies: interstitial case

Interstitial N combines with O atoms in the anatase structure
to form NO dimers. Figure 5 and table 3 report the lengths of
the relatively short bonds characterizing these N–O dimers for
a few depths of the dopant at or below the TiO2 (101) surface.
Previous investigations [26] determined similar values for bulk
doping, in the 136 pm region, compared with 115 pm of gas-
phase NO. Overall, our results remain in substantial agreement
with previous determinations, and indicate a mild dependence
of the equilibrium bond length of this dimer on the sub-surface
depth, with the longest bond occurring when the interstitial N
sits right at the surface.

Table 3 reports also the lengths of the six bonds that the
N interstitial atom and its paired O atom make to the three
surrounding Ti atoms (indicated in figure 3), for increas-
ing sub-surface depth of the dopant. Past research showed
that the Ti–O and Ti–N bond lengths change in interstitial
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Figure 5. Bond length of the N–O dimer associated to interstitial N
impurities, as a function of the depth of the N atom below the TiO2
(101) surface.

Table 3. The lengths (pm units) of the bonds between N–O dimer
formed by the interstitial impurity and the surrounding Ti atoms, as
labeled in figure 3, as well as the N–O bond length, also reported in
figure 5. Successive table entries are sorted for increasing depth of
the dopant below the (101) surface.

Names of slabs N-Ti1 N-Ti2 N-Ti3 O-Ti1 O-Ti2 O-Ti3 N-O

I-N-N-1-T 214 214 230 206 206 258 136
I-N-N-1-B 207 201 244 282 206 222 134
I-N-N-2-T 208 208 238 211 211 251 135
I-N-N-2-B 207 207 244 211 211 242 135

Table 4. Formation energies Ef , computed following equation (2),
and the energy distance between the partly-filled impurity level and
the top of the valence band EIL − EVB of interstitial N-doped TiO2,
for increasing dopant subsurface depth.

Configuration label Ef (eV) EIL − EVB (eV)

I-N-N-1-T 3.445 1.387
I-N-N-1-B 3.262 1.216
I-N-N-2-T 3.636 1.215
I-N-N-2-B 3.653 1.230

configurations, in particular as a function of the impurity con-
centration [27–29]. Shaoo et al investigated these bond lengths
experimentally, demonstrating an increase with increasing
nitrogen concentration [30].

In our investigation, we explore how these bond lengths
change as a function of the location and depth of the impurity,
as reported in table 3. These results indicate that also most of
these bond lengths exhibit a relatively mild change with the
impurity depth. In all configurations except for I-N-N-1-B, the
dimer remains placed symmetrically between the Ti1 and Ti2
ligands. I-N-N-1-B marks an exception, in that a significant
asymmetry is realized in the equilibrium state, with a tilted
dimer; as a result, the oxygen atom forms a stronger shorter
bond with Ti2 and a weaker and much longer bond with Ti1.

Figure 6. Formation energy as a function of the depth z of the N
impurity below the (101) surface of anatase. (a) Substitutional,
structures of figure 2; (b): interstitial, structures of figure 3.

We evaluate the formation energy of interstitial configura-
tions, too. We apply the following expression:

Ef =
1
2

(E2N slab − Eslab − EN2). (2)

Compared to the substitutional case, we find a ∼ 1.5 eV
smaller energy, indicating that interstitial is the preferred loca-
tion for N dopants (table 4). Contrary to the substitutional case,
the formation energies of the interstitial dopant are smaller
(less positive) at the surface than deeper inside the bulk.
Figure 6 compares pictorially the depth dependence of the
energetics of substitutional and interstitial N impurities.

2.3. Electronic properties of pure TiO2 anatase

For a comparison with the doped configurations (discussed
below), figure 7 reports the DOS and PDOS of TiO2 anatase
in its infinite bulk state, and for the (101) surface, in the slab
model of figure 1. In addition to the total DOS, for both sys-
tems we report the projection on the p states of oxygen and
the d states of titanium. To align the DOS and PDOS curves
in different conditions, we always shift the bands so that the
Fermi level sits at 0 eV. Consistently with other theoretical
studies [31–33], the valence band edge of this material is dom-
inated by O(2p), and the conduction band edge mainly involves
Ti(3d) orbitals. The band gap for the slab, 2.315 eV is slightly
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Figure 7. Density of states of pure (not doped) TiO2 anatase. (a) The
bulk crystal. (b) The (101) surface, described with the slab model of
figure 1.

larger than ECB − EVB obtained for bulk TiO2 is 2.150 eV.
This gap expansion is the consequence of an effective nar-
rowing of the conduction band in slab calculations, which is
a documented effect [23], also visible in figure 7.

The DFT gap we obtain is consistent e.g. with the work by
Martsinovich et al [23], where they report a gap of 2.12 eV
which represent an underestimation of approximately 32%
and 27% compared with the experimental value of 3.2 eV
[34]. Underestimations in DFT calculations of band gaps are
expected and documented due to well-known limitations of
approximate DFT functionals [35]. The theoretical predicted
energies of the empty impurity levels described below are also
likely significantly underestimated, and only meant to pro-
vide qualitative trends. As in this work we are not specifi-
cally addressing optical properties of doped anatase, but rather
structural properties, we are satisfied with the present level of
theory.

2.4. Electronic properties for substitutional doping

To examine the effect of nitrogen doping on the electronic
structure, we calculate the DOS and PDOS for different depths
of the impurity. Figure 8 reports the DOS, comparing the pure
TiO2(101) surface with a few doping positions, as depicted in
figure 2. Doping introduces deep impurity states inside the gap.
N behaves as a p dopant [32, 36, 37], generating two impu-
rity levels with similar wave functions: a lower, completely
filled, one, which in all geometries remains within few meV
of the valence-band maximum (VBM); and an empty hole
state higher up in the bandgap. The energy separation between
these two states, reported in table 2 and visible in the inset
of figure 8, changes significantly from one doping location to
another, and it also results in displacements of the VBM rela-
tive to the intermediate Fermi level for the three reported DOS
curves. Both states are delocalizedπ-bonding orbitals centered
at the impurity and extending to two adjacent Ti ligands. The
lower, filled, state is mostly localized in the plane defined by

Figure 8. Comparison of the DOS for spin-up electrons of the pure
and the doped TiO2 (101) surface, at three locations of the
substitutional dopant, see figure 2. The spin-down curves are
identical. Inset: a blow-up of the gap region, highlighting the
impurity states.

the impurity and the two Ti ligands, while the hole state has a
node in this same plane. The different gaps are to be traced to
different equilibrium Ti–N–Ti bond angles, which affect the
splitting between these two extended π-bonding states, which
would become approximately degenerate in the limit where the
Ti–N–Ti angle reached 180◦. For example, the N-N-1-B sub-
surface site relaxes to a remarkably large Ti2–N–Ti3 ligand
angle (165◦), accounting for the resulting record-low impurity-
level separation of 731 meV, reported in table 2 and by the blue
curve in figure 8.

Figure 9 compares the spin-resolved DOS and PDOS of
two nitrogen-doped configurations, those labeled N-N-1-B,
namely the impurity in the surface layer, and N-N-2-B, with
the impurity in the second layer deeper down, see figure 2.
The PDOS identifies the states inside the gap as mainly N(2p)
orbitals. The spin-resolved data in figures 9(e) and (f) indi-
cate that the magnetization of the localized states at the two
impurities points in opposite directions, with the upper-surface
impurity characterized by a predominantly spin-down electron
density, and the lower-surface impurity characterized by a pre-
dominantly spin-up density. While this specific antiferromag-
netic arrangement is a result of the adopted slab geometry, the
fact that we obtain an antiferro ground state for all considered
substitutional sites suggests that the spins carried by multi-
ple N impurities in anatase should exhibit a general tendency
toward antiferro mutual alignment, of standard superexchange
nature.

2.5. Electronic properties for interstitial doping

Figure 10 shows the electronic properties of the interstitial N-
doped surfaces, namely the I-N-N-1-T configuration (N atom
in the surface layer) and I-N-N-2-T (N atom in the second
layer). Compared with the substitutional case, we immediately
notice the formation of two well-separated impurity levels in
the gap. The lower, full level shows little or no magnetization,
while the upper, empty one is fully spin-polarized. The gap
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Figure 9. DOS and PDOS of substitutional N-doped TiO2 anatase for dopant positions labeled N-N-1-B (in the surface layer) and N-N-2-B
(one layer deeper), see figure 2. (a) Total DOS; (b): detail of the gap and acceptor states; (c): PDOS for Ti(d); (d): PDOS for O(p); (e): PDOS
for the p projection at the N impurity near the upper surface; (f): same as (e), but for the lower surface, illustrating the antiferro spin alignment
at the two impurities, which we obtain in all studied cases.
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Figure 10. DOS and spin-resolved PDOS for interstitial-doped TiO2 anatase, in the configurations labeled I-N-N-1-T (surface layer) and
I-N-N-2-T (the second—deeper—layer), see figure 3. (a) The total DOS; (b): detail of the VBM and the impurity levels; (c): the
spin-resolved PDOS N(p) of the impurity near the upper surface; (d): same but for the impurity near the lower surface.

between these localized levels is estimated to be in the 1.3 eV
region, with small changes with depth. As the real gap is prob-
ably larger, it is likely to lead to near-infrared or visible-light
absorption. These results are in line with previous research
showing that the photocatalytic activity of interstitial nitrogen-
doped TiO2 is higher than that of substitutional nitrogen-doped
TiO2 under visible-light illumination [38–40], although oppo-
site claims have also been reported [37]. Here we find that the
absorption peaks occur at different frequencies depending on
the depth of the impurity relative to the anatase surface.

2.6. Spin magnetization

The extra impurity-related holes are responsible for the spin
magnetization in the system. In our model doping with two
nitrogen impurities, one near each surface of the slab, the
resulting spin magnetization can arrange either symmetrically
(ferro) or antisymmetrically (antiferro) relative to the slab cen-
tral symmetry plane. We check both possibilities and verify
that in all cases the antisymmetric (antiferro) alignment of the
spin magnetization is energetically favored compared to the
symmetric (ferro) alignment.

For this antiferro electronic ground state, we compute
the total magnetization around each atom by projecting the
band wavefunctions of the two spin kinds on the atomic

(pseudo)orbitals. This projection captures all but a very small
(0.3%) component, which we neglect.

The total magnetization around each impurity is of the order
of 1 Bohr magneton μB, and it decreases slightly with an
increase in the depth of the impurity, as shown in figure 11(a).
Similarly, in the interstitial case shown in figure 11(b) the mag-
netization is slightly larger when the impurity is near the sur-
face than when it is deeper down in the bulk. We also report
the magnetization component in the oxygen partner of the
interstitial impurity in the dimer: this oxygen collects some
0.2–0.3 μB, thus a significant fraction the magnetization on
the N atom itself. This result indicates a substantial delocaliza-
tion of the hole in a molecular antibonding orbital of the dimer.
This degree of delocalization changes with the impurity sub-
surface depth, and is especially significant in the I-N-N-1-B
configuration, with the tilted dimer placed immediately below
the surface atomic layer. In all configurations, all other oxy-
gen and titanium atoms acquire quite small localized magnetic
moments, which we do not report here.

To illustrate how the spin magnetization density arranges
around the impurities, in figure 12 we present positive (yel-
low) and negative (pink) isosurfaces of the spin density, for
two examples of near-surface impurity positions.
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Figure 11. Total spin magnetization (units of μB at an N impurity in
TiO2, for different sub-surface depths. (a) Substitutional doping. (b)
Interstitial doping, where O refers to the oxygen atoms forming a
dimer with N. The structures of the individual labeled models are
depicted in figures 2 and 3.

Figure 12. Side view ((a) and (b)) and top view ((c) and (d)) of two
isosurfaces for the spin magnetization of ((a) and (c)) substitutional,
and ((b) and (d)) interstitial-doped TiO2. Yellow/pink: spin
magnetization level = ±10−3 μB/a3

0, i.e. ±0.1% atomic units.

The substitutional case shown in figures 12(a) and (c) indi-
cates a substantial localization of the magnetization density on
the impurity atom, with a small spilloff to nearby O atoms and
a tiny antiferro-correlated magnetization on nearest-neighbor
Ti atoms. The interstitial case presented in figures 12(b) and
(d) shows the magnetization associated with the previously-
discussed hole shared between the N impurity and the dimer-
partner O atom, with a small spilloff to nearby O atoms, and
tiny antiferro-correlated contributions on the two Ti atoms
closest to the dimer.

3. Discussion and conclusions

We perform a spin-resolved DFT investigation of N doping
near the anatase (101) surface. We consider both substitutional
and interstitial doping for varied subsurface depths. Our main
conclusions are as follows: (i) the analysis of the formation
energy confirms that the interstitial positions are significantly
favored energetically against the substitutional ones. (ii) Inter-
stitial impurities slightly favor the immediate sub-surface posi-
tion within the uppermost layer. By contrast, for substitutional
doping, the depth dependence is quite mild, with positions
deeper in the bulk slightly favored against those near the sur-
face. (iii) The interstitial N forms an N–O dimer, and its bond
length is shortest for the immediately sub-surface position, the
tilted one with the lowest formation energy.

In both interstitial and substitutional cases, the evaluated
total-energy dependence is so mild that to reach a final con-
clusion about the thermodynamic properties of N impurities
in anatase one should take other finer effects into account. At
zero temperature, one should include differences in the zero-
point vibrational energy. At finite temperature, one should also
include entropic and enthalpic contributions, depending on the
experimental conditions, such as partial pressure and chem-
ical nature of the N-carrying reactants adopted in the dop-
ing process. Regardless of the outcome of these corrections,
which are likely to depend rather mildly on depth as well, since
energetics is quite flat as a function of depth the final struc-
tural positions of N impurities is likely to be determined by
the kinetics in the doping process more than by equilibrium
thermodynamics.

As for the electronic properties, for all doping configura-
tions, impurity states appear between the valence band and the
conduction band, with detailed energy positions that depend
on the impurity sub-surface depth and type. The obtained
energetics and degree of localization of these states are most
likely affected by the adopted DFT functional. A more accu-
rate determination could be obtained by means of a suitable
level of theory such as the GW approximation [41, 42] or
DFT + U [43] or an hybrid functional including some amount
of exact exchange [44]. Electron-spin resonance experiments
could provide essential information about the magnetic prop-
erties of these localized states. These impurity levels can have
important implications both for doping diagnostics and for
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applications when absorption in the visible region is needed,
e.g. photocatalytic applications.
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