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ABSTRACT
The formation of electron and hole traps in semiconductors via atomistic defects is the fundamental microscopic mechanism for tuning the
electronic and photonic properties of these materials. Here we find in experiments that bismuth atoms doped into anatase TiO2 as substituents
can appear as paired diatomic defects. Through first-principles density functional theory calculations, we reveal that the observed bismuth
pair is separated by a medium distance of 6.37 Å through a delicate balance of Pauli repulsion and effective attractive interaction. We further
clarify that the effective attractive interaction is related to the exchange coupling between the two bismuth defect states, which also leads to
the formation of a spin singlet electronic state of the two unpaired electrons. Our study brings up a new type of defect state in TiO2, and
motivates further experimental and theoretical studies of multi-electronic states in materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0176355

I. INTRODUCTION

Titanium dioxide (TiO2) has been widely studied for its
promising photocatalytic behavior.1,2 Pristine anatase TiO2 is a
semiconductor with a band gap of ∼3.2 eV, within which defect
states formed have attracted a large amount of research atten-
tion aimed at improving the photo-catalytic efficiency.3–10 From
the theoretical perspective, understanding the electronic states of
these defects in TiO2 has been a key challenge and thus moti-
vates many studies.11–15 Here we discuss one specific case, namely
the Bi substituent in TiO2. Existing works have focused mainly
on materials engineering aimed at understanding the macroscopic
efficiency, whereas microscopic details regarding e.g. the atomic
structure and the electronic structure of Bi-doped TiO2 are yet to
explore.16–18

In TiO2, excess electron doping is a rather general phe-
nomenon, with other examples such as Ti interstitial, oxygen
vacancy and photoelectrons.1,3 These excess electrons may come
from different sources, but they appear to have common features
such as the formation of electronic polarons due to electron phonon

couplings.15,19 Beyond their common features, excess electrons may
also have quite different states which are related to the nature of the
dopants. The direct consequences of different electronic states are
the different defect levels and different spin states associated with
excess electrons.20–22 For example, recent theoretical studies have
clarified that the oxygen vacancy has a spin singlet state in TiO2.22

These works suggest that the electronic structure of Bi doping may
also have some interesting features.

Here we report a joint experimental and theoretical study
to understand the microscopic details of Bi doping pair in TiO2.
Atomic resolution scanning transmission electron microscopy
(STEM) measurements identify the formation of pairs of Bi sub-
stituents in TiO2. Density functional theory calculations further
reveal that the atomic structure of Bi pair consists of two Bi atoms
separated by 2.66 Å in the [010] direction, which is not resolved
in STEM images. In addition, we find the most stable Bi pair has
a unique spin singlet state, whereas other meta-stable Bi pairs all
result in spin triplets. Our results suggest an interesting medium-
range spin coupling indicating the exchange mechanism between
two defect states that are not fully localized.
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II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
The TiO2 were directly deposited on (001) pseudocubic BiFeO3

by pulsed laser deposition. During the growth, the spontaneous
diffusion of Bi atoms forms defects in TiO2. Cross-sectional scan-
ning transmission electron microscope specimens were thinned by
mechanical polishing and followed by argon ion milling in a Pre-
cision Ion Polishing System 691 (Gatan). A typical ion milling
procedure consists of two steps. In the first stage of coarse milling,
the guns were at 4 keV with angles 5○ and −5○. In the following con-
dition, the guns were set at 1 keV for 5 min with angles of 3.5○ and
−3.5○, and further lowered to 0.2 keV for about one minute for final
cleaning of the possible amorphous layer. High-angle annular dark
field (HAADF) and annular bright field (ABF) images were simulta-
neously recorded at 300 kV in JEM ARM300CF (JEOL Ltd.). The
convergence semi-angle for imaging is 24 mrad, collection semi-
angles snap is 65–240 mrad for HAADF imaging and 12–24 mrad
for ABF imaging.

Density functional theory calculations were carried out using
the Vienna Ab Initio Simulation Package (VASP).23,24 Projected
augmented wave (PAW) method was used in conjunction with
a 500 eV cutoff for plane wave expansion.25,26 We have used
Perdew–Burke–Ernzerhof (PBE),27 PBE+U (valid U = 4.0 for 3d
orbitals of Ti)28,29 and HSE0630,31 exchange-correlation functionals
to calculate the energy, and used the HSE06 functional to calculate
the electronic structure. HSE06 is a hybrid functional, which can
well describe the band gap of TiO2 and defect electronic structure.

A 3 × 2 × 1 supercell of anatase and a 2 × 4 × 4 Monkhorst-Pack
k-points31 grid for the Brillouin zone integration were employed.
Geometry optimizations were converged until residual forces on all
ions were less than 0.02 eV/Å. The climbing image nudged elastic
band (CI-NEB)32 was used to determine the energy barriers of vari-
ous kinetic processes. CI-NEB calculations were performed with the
PBE exchange-correlation functional. The analyses of the electron
hopping strength were carried out using the PySCF code.33

III. RESULTS AND DISCUSSIONS
A. Experimental observation of Bi pair in TiO2

Bi doping is achieved in our experiments by preparing an
interface between TiO2 and BiFeO3. Bi gradually diffuses from
the interface to the regime of TiO2. Figure 1 presents a typical
atomic resolution STEM image of the sample along [001] direc-
tion of the anatase TiO2 lattice, where the Bi-doped site features
a brighter spot due to the Z-contrast nature of HAADF. The light
blue dots highlight the Ti columns in TiO2, which shows darker
spots in the HAADF image. An interesting observation from the
STEM image is that the doped Bi atoms tend to diffuse into paired
dimers. Among hundreds of images collected in our experiments,
such dimers appear in more than a dozen of images, which indicates
that the paired dimer is thermodynamically stable. We further note
that although in most of the experiments Bi-pairs are not observed,
once the Bi dopants enter the TiO2 lattice, Bi dimers are dominant,

FIG. 1. Experimental atomic resolution STEM-HAADF image of the TiO2–BiFeO3 interface. (a) The brightest spots are Bi substituents, and the light blue dots indicate the
pristine lattice of Ti. (b) The right panel is an illustration of the interface model, where the green, orange, red and black color represent the Ti, O, Bi, Fe atoms, respectively.
(c)–(e) Three other experimental images showing Bi pairs.
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which is a strong evidence of the pairing. More discussions about
the thermodynamics stability and kinetic effects will be given in
Secs. III C and III D. The observation of pairing suggests that there
is a kind of attractive interaction between doped Bi atoms embedded
in TiO2 lattice. The interaction may also induce multi-electron states
of the defect.

B. Single Bi substituent in TiO2

To establish a clear theoretical understanding of the Bi defects,
we shall first have in mind that Ti atom has four valence electrons,
which would fully transfer to the 2p orbitals of O atoms in TiO2,
forming Ti4+ cations and O2− ions. This leads to a valence band with
O(2p) states and a conduction band with Ti(3d) states. Further, since
Bi atom has five valence electrons outside the full 5d shell, including
two 6s electrons and three 6p electrons, Bi naturally forms Bi2O3
and Bi2O5 oxides, in a Bi3+ and Bi5+ state, respectively. When a Bi
atom is doped into TiO2, the most favorable form is a substituent
of Ti and it induces a hole doping or an electron doping, which can
be seen from the following electronic structures of Bi substituent in
TiO2.

Before investigating Bi-pairs, as seen in Fig. 2, the structure
of a single Bi substituent in TiO2 and its electronic structure are
first studied. After structure optimization with the HSE method, the
lattice of Bi-doped TiO2 displays a slight expansion due to the big-
ger radius of Bi than Ti. The parameters increase by about 0.3 and
0.6 Å in the [100] and [001] directions, respectively. The Bi–O bond
length is about 2.2 Å, which is 0.2 Å longer than the Ti–O bond. The
band gap of pure anatase TiO2 is ∼3.3 eV calculated with HSE. With
substituent Bi atoms, the band gap remains largely unchanged. The
substituent Bi atom induces extra gap states both above and under
the Fermi level, as shown in the density of states (DOS) [Fig. 2(b)].
These gap states can act as electron and hole traps. From the zoom-
in plot of DOS [Fig. 2(d)], it can be seen that the gap states are
contributed by not only Bi(s) but also O(2p) and Ti(3d) electrons.
One Bi dopant induces one electron in the defect, so one molecular

FIG. 2. The single Bi-doped anatase TiO2. (a) Atomic structure of the supercell
used in the calculation. Red, green and orange spheres are Bi, Ti and O atoms,
respectively. (b) Total and partial density of states (DOS). (c) Partial charge density
corresponds to the gap states. (d) Zoom-in of the DOS around Fermi level.

orbital can split into two spin orbitals, where one is occupied and
one is unoccupied. Figure 2(c) shows the partial charge density cor-
responding to the gap state, which also shows that the defect state is
not localized on the Bi atom, but extends to a few shells of atoms.

C. Thermodynamic stability of Bi pairs
Now we discuss the Bi pairs observed in experiments. The per-

formed experimental image lacks information on the depth of Bi
atoms, so the exact position and distance of the two Bi atoms can not
be explicitly determined. To understand the thermodynamic stabil-
ity of Bi dimers in TiO2, we carry out a series of density functional
theory (DFT) calculations, considering five possible dimer configu-
rations. The configurations are shown in Fig. 3(a), from two different
perspectives, and the right panel shows the perspective along the
[001] direction corresponding to the experimental images. They
are labeled as configuration I, II, III, IV, and V. Among the five
structures, I and II can reproduce the experimental image of the Bi
dimer.

The relative energy is calculated with three different methods
and plotted in Fig. 3(b). With HSE exchange-correlation functional,
configuration I is the most stable structure. Configurations II and
III are two structures in that the distance between two Bi atoms is
smaller than configuration I. However, their relative energies are
0.192 and 0.172 eV, respectively, and are less stable than config-
uration I. Bi atoms in configurations IV and V are farther away
than configuration I, and their energies are also higher. We trust
the HSE calculations to be reliable, but to further test the validity of
our conclusion, we also carried out calculations using the PBE func-
tional and PBE with an additional on-site interaction U. These test
calculations show consistently that configuration I is the most stable.

The finding that configuration I is the most stable is interest-
ing because it has a medium-range separation. When two Bi atoms
approach each other, a repulsive interaction might occur due to
Pauli repulsion, which can explain why configuration II and con-
figuration III are less stable. The repulsive interaction can also be
understood by comparing the behavior of other functionals. PBE
functional yields much higher energy for configuration II, which
is consistent with the fact that PBE underestimates the electron
localization effects, leading to a larger overlap between the two Bi
defects and stronger Pauli repulsion. In addition to the repulsion
that becomes important for close pairs, our results suggest that there
is also an attractive interaction between two Bi-atoms in configura-
tion I, so that they also like to pair instead of separate. By comparing
the energy of configuration I and that of configurations IV and V,
we estimate that this effective interaction can be as large as 0.1 eV.
In Sec. III E, we will see that this is related to the exchange interaction
leading to spin anti-parallel alignment.

D. The diffusion kinetics of Bi atom in TiO2 lattice
To further understand the formation kinetics of Bi pairs, we

carried out CI-NEB calculations. Figures 4(a) and 4(b) shows the
two considered transitions involving the interchange of a Bi and a
near Ti atom, which can represent the two typical processes of Bi
diffusion in the anatase lattice. For Bi diffusion along the [001] and
[100] direction of anatase, it can either go through the first or the sec-
ond transition pathway. For Bi diffusion along the [010] crystalline
direction, only the first transition pathway is relevant.

J. Chem. Phys. 159, 174709 (2023); doi: 10.1063/5.0176355 159, 174709-3

Published under an exclusive license by AIP Publishing

 16 N
ovem

ber 2023 13:42:33

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

FIG. 3. Structures and stability of Bi pair in anatase TiO2. (a) Five possible struc-
tural models, labeled from I to V. The left sub-panel is the perspective angle in
the [100] direction, with the horizontal direction being [001]. The right sub-panel is
the perspective angle in the [001] direction, which is the left-side view of the left
sub-panel. (b) Relative energies of the five configurations as a function of Bi–Bi
distance calculated using three different methods of DFT. The Bi–Bi distance is
2.98, 3.75, 6.08, 7.50, 7.52 Å, respectively.

The first transition pathway involves a Bi and a Ti atom form-
ing a rhomboid with two connecting O atoms, and the second path
swaps Bi with Ti along the [001] direction of TiO2 anatase bridged
by one O atom. Figures 4(c) and 4(d) shows the CI-NEB calcula-
tions for the two paths, respectively, including both the energies
and the snapshots of the most relevant Ti, Bi and O atoms. For
the first path, the Bi–O–O–Ti rhomboid first breaks as Bi and Ti
atoms, and moves in two opposite directions. The movements are
not in the line of the two atoms, but feature an effective rotation of
the relative positions of the Bi and Ti atoms. In the initial config-
uration, the Bi–Ti distance is 3.10 Å, and the rotational movement
allows the two cations to remain separated as much as possible to

FIG. 4. The diffusion of Bi atom in TiO2 lattice. (a) and (b) Illustration of the two dif-
fusion paths, where a highlighted Bi atom swaps position with the nearest Ti atom.
The red, green and yellow spheres represent the Bi, Ti and O atoms, respectively.
(c) and (d) The CI-NEB computed reaction paths for the diffusion paths indicated in
(a) and (b). The x-axis is the index of NEB image, the y-axis is the relative energy
shown by the horizontal lines. Insets are snapshots showing the relative position
of the swapping Ti–Bi pair and the connected O atoms during the transition.

suppress the large cation–cation repulsion, even though the rota-
tion causes significant lattice distortions around the defect. In Fig. 4,
only the oxygen atoms within the initial rhomboid are shown, in
which one moves alongside the Bi atom and the other is attached to
the Ti atom. In such a manner, both the Bi atom and the Ti atom
can form enough bonding with their nearest oxygen atoms despite
that the bonds are also significantly distorted. At the transition state,
the Bi–Ti distance is 2.68 Å, and the Ti and Bi atoms have moved
to the original position of the two O atoms of the rhomboid. The
transition state structure features the largest lattice distortion. After
crossing the transition state, as the Ti and Bi atoms move towards
their interchanged positions, the original anatase lattice gradually
recovers.

In the second transition, the Bi atom moves mostly towards the
Ti site, in the up-left direction in the shown figure. Simultaneously,
the Ti atom moves away downward first and then right to the tran-
sition state. After passing the transition state, the Bi atom moves in
the down-left direction and the Ti atom moves in the up-right direc-
tion toward their interchanged positions. During the transition, the
original coordination of both cations and the positions of oxygen
atoms around them also change significantly due to large structural
distortions, which also recover when reaching the final state.
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Comparing the two transition pathways, we find the second
pathway has a lower barrier of about 4.3 eV, and the first pathway is
about 8.6 eV. First of all, both barriers are quite large, which explains
why the formed Bi defects are quite stable during the imaging exper-
iments. The observation that only a few Bi atoms are observed to
diffuse into the anatase lattice from the interface during the prepa-
ration of the sample can also be explained by the large diffusion
barriers calculated. In addition, the much higher barrier of the first
pathway means that the diffusion along the [010] lattice direction
is suppressed, so that it can also inhibit the diffusion of Bi in the
normal direction of the interface.

The interface might also affect the experimental observation.
To this end, we have computed the diffusion barrier of Bi across
the BiFeO3/TiO2 interface. We have tried several possible interfacial
structures, and the lowest transition barrier is 9.5 eV, as indicated
in Fig. S2. The barrier is even larger than the diffusion barrier of
Bi in the TiO2 lattice, which means that the rate-limiting step of

Bi-doping is likely to be the step of Bi entering the TiO2 lattice. The
calculations also agree with the fact that Bi-pair is not observed in
many experimental samples.

E. Defect electronic state
To understand the stable medium-range Bi pair we further

investigate the electronic structure. Figure 5 shows the calculated
density of states (DOS) of the five possible configurations using
HSE functional. As can be seen, different configurations of Bi pair
have very different electronic states. Similar to the single Bi defect,
the electronic states of Bi pair defects consist of the 6s states of Bi,
2p states of O and 3d states of Ti, shown by the projected DOS.
Figure 5(f) further plots the summary of the spin orbital levels for
the five configurations with respect to their Fermi level. The elec-
tron/hole occupations of the spin states for the five configurations
are also indicated with arrows. For configuration I, there is only

FIG. 5. Electronic structure of Bi pairs in five different configurations corresponding to Fig. 3. In each sub-panel, the left is the total and projected DOS, the right top is a
zoom-in of the DOS around the gap states, and the right bottom is the partial charge density corresponding to the gap states. The iso-surface value to plot the partial charge
density is 0.004 electrons/Å3.
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one level below the Fermi level, which hosts two electrons with
the opposite spin. This shows the two electrons form a spin sin-
glet state. On the contrary, for all other four configurations, the two
electrons would feature the same spin polarization, occupying two
spin orbitals that are not exactly at the same level and form triplet
states. This suggests the formation of spin singlet state is related to
the pairing of Bi in TiO2 lattice.

Partial charge densities corresponding to the defect states are
plotted in Fig. 5, and the spin coupling are further analyzed. With-
out considering exchange coupling, we assume the energy to be
the same for different defect configurations. The energy of different
configurations can be understand through spin coupling between
defect states. For configuration I, the spin singlet state suggests that
there is an interesting anti-ferromagnetic coupling, thus lowering
the energy. We will discuss the exchange coupling mechanism in
detail in Subsection III F. For configurations II and III, the two
nearest neighbor defect centers are close, and they share the two oxy-
gen atoms in the first neighborhood of Bi. As we have mentioned
above, the first shell of the oxygen atom contributes significantly to
the defect electronic state, there is a significant overlap between the
two defects as shown by the partial charge density. The overlap of
electron clouds increases Pauli repulsion and raises the energy of
such configurations. For configuration IV, the defects are separated
further apart by sharing a corner Ti atom. Ti(d) orbitals also con-
tribute to defect states, but the contribution is much less. Therefore,
the electron cloud overlap is less significant in configuration IV. For
configuration V, the distance between two defects is largest in our
model, and the coupling is weakest.

F. Exchange mechanisms
In anti-ferromagnetic materials, anti-parallel alignment of

spins are typically induced via exchange mechanisms such as

direct exchange, double-exchange, and super-exchange mecha-
nisms. Direct exchange is a result of the direct electron hopping
between nearest neighbor sites (Fig. 6). In our case although the
two Bi sites are not adjacent to each other, their localized defect
orbitals as a whole are in direct contact [Fig. 5(a)]. Therefore, the
direct exchange mechanism is important. We can estimate the direct
hopping strength (td) by computing the overlap integral of the
two O(2p) atomic orbitals belonging to the two closest O atoms.
The overlap is evaluated with an expansion towards atomic orbitals,
and the direct hopping strength is estimated to be td = 2.2 eV (see
supplementary material).

The super-exchange mechanism describes that two such local-
ized orbitals are bridged via a doubly occupied p-orbital in an
end-to-end orientation in transition metal oxides. The double-
exchange mechanism can lead to both the ferromagnetic and the
anti-ferromagnetic coupling in different circumstances. Here, the
defect orbitals are mostly on the Bi and O atoms, and the possi-
ble bridging sites are the two Ti atoms connecting the O atoms.
However, the Ti(3d) orbitals on the bridging Ti sites are all unoccu-
pied, hence the standard super-exchange and the double exchange
mechanisms are both forbidden in our case.

Nevertheless, we can still consider the two Ti atoms bridging
the two O atoms as the leading contributors of the exchange mech-
anism. As Ti(3d) orbitals are higher in energy than defect orbitals,
the electrons mainly reside on defect orbitals. Electrons can hop
to bridging Ti, and then hop again to another defect orbital. Thus,
effective hopping exists for defect orbitals with this “Ti-mediated”
mechanism. We estimate that hopping strength between the defect-
frontier O(2p) orbital and the bridging Ti(3d) orbital is ts = 2.7 eV,
with overlap integral similar to the case of direct mechanism. From
the DOS calculation of Fig. 5, we also estimate that the energy gap
between the defect orbital and the bridging Ti(3d) orbital is on the
order of ETi = 1 eV. Therefore, td is comparable to t2

s /ETi, and the

FIG. 6. Schematics for exchange mechanisms. (a) A schematic of the defect center and hoping model for the Bi pair in configuration I. (b) The orbital overlap for the direct
exchange mechanism. (c) The orbital overlap for the “Ti-mediated” exchange mechanism. (d) and (e) show the spin occupation on orbitals of the direct exchange mechanism
and “Ti-mediated” exchange mechanism. The black straight lines represent the spin orbitals, and different arrow represent the spin orientation. The antiparallel spins exchange
with each other via effective high energy process as shown in the dashed boxes.
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strength of this exchange mechanism is likely to comparable to the
strength of the direct exchange, and should be consider relevant for
anti-ferromagnetic coupling.

In a brief summary, here, we demonstrate that in the d0 transi-
tion metal oxide TiO2, the anti-parallel coupling can be induced by
both direct (direct exchange mechanism) and effective (Ti-mediated
mechanism) hopping between two defect sites, with the defect states
not heavily localized on defect sites.

IV. CONCLUSIONS
To conclude, our study has revealed the formation of a new type

of defect in TiO2 lattice by atomically resolved STEM measurement
and first-principles calculations. The defect is formed by a pair of
bismuth atoms, which displays an interesting medium-range cou-
pling due to the formation of a spin singlet state. The novel spin
singlet state suggests the existence of anti-ferromagnetic coupling
in such systems, extending our current understanding of exchange
interactions in oxide materials, which is likely to lead to the explo-
ration of novel magnetic structures in the future. It is worth noting
that for complex magnetic structure with multiple magnetic sites,
couplings beyond two-body may play important roles, hence under-
standing the pairing is the first step toward Bi doping in TiO2 lattice.
From a computational point of view, employing a larger supercell
and systematically calculating different doping configurations can
break down the electronic correlation effects into different types of
couplings. In addition, the spin state formed by the Bi pair may play
an important role in the photo-catalysis process with TiO2 substrate.

SUPPLEMENTARY MATERIAL

The supplementary material contains additional experimental
results, extended theoretical discussions on the exchange mecha-
nism and the estimation of coupling parameters.
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