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 Density functional based tight-binding (DFTB) method was used to study 
the structural properties and electronic structure of heterojunction be-
tween anatase (100) and rutile (100) surface. The near coincidence site 
lattice (NCSL) theory was used to construct initial models. The interfaces 
have been annealed from 0K to 2250K in the linear ramp of 10 ps, fol-
lowed by equilibration at the constant temperature of 2250 for 5 ps and 
cooled down 0K with an exponential ramp of 15 ps. Interface structures 
have been investigated via the partial radial distribution functions 
(PRDF), coordination number, bond-angle distributions and interatomic 
distances. The findings showed that both structures have the slightly dis-
order at the interfaces and the presence of four-coordinate Ti atoms, band 
offsets are 0.45 eV in the conduction band (CB) while 0.51 eV in the va-
lence band (VB) with rutile is higher than anatase. Electrons migrate 
from rutile to anatase, while holes migrate in the opposite direction. 
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1  INTRODUCTION 

In the past three decades, titanium dioxide (TiO2) 
has been widely studied as one of the most promis-
ing semiconductor photocatalysts for its various 
applications in photocatalysis and photoelectro-
chemistry due to its superior photocatalytic activi-
ty, chemical stability, low cost, and nontoxicity 
(Ming, 2014). However, its wide band gap (3.2 eV 
for anatase and 3.0 eV for rutile) (Serpone, 2006) 
only allows TiO2 to be excited by UV light (ac-
counting for merely 4-5% sun light spectrum). This 
is the major constraint for the practical application 
of TiO2 photocatalyst. Besides, the recombination 
between electron-hole can also reduce photocata-
lytic efficiency. Extensive research has been car-
ried out to prepare TiO2 photocatalyst such as dop-
ing of TiO2 with various transition metal ions (Fe, 
Co, Ag, Ni) (Xin et al., 2005; Choi et al., 2010; 
Carneiro et al., 2014) and non-metal (C, N, F, S) 

(Umebayashi et al., 2003; Park et al., 2009; Pelaez 
et al., 2009). Nevertheless, most of the current 
methods of synthesizing doped TiO2 nanoparticles 
face some issues like low production yield and use 
of some toxic chemical compounds. In addition, 
another method can also increase photocatalytic 
efficiency by using mixed phase anatase-rutile. The 
reason for the increment is, however, still under 
debate, but could involve several factors, i.e. bulk 
charge separation, special interfacial reaction sites 
like low coordinated Ti. The potential barrier at the 
interface was proposed to explain this increment. 
Actually, mixing two materials which have differ-
ent band gap energies will create a potential barri-
er. Electrons and holes photo-generated transferred 
in the opposite direction each other across the in-
terface decrease the recombination between them. 

Over the years, mixed phase anatase-rutile has 
been intensively investigated by both experiment 
and computer simulation. Using X-ray photoelec-
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tron spectroscopy, Bickley et al. (1991) concluded 
that the conduction band edge of rutile is lower 
than that of anatase. In contrast, the valence band 
edge of rutile is higher than that of anatase, and the 
holes from anatase pass through the rutile. In an-
other study, based on electron paramagnetic reso-
nance (EPR) measurement, Scotti et al. (2008) 
found that holes and electron were preferentially 
trapped on O- and Ti3+ centers of the rutile phase, 
even when anatase is the main component. This 
indicates that electron transfer occurs from the 
higher energy conduction band states of anatase to 
those of rutile at lower energy, simultaneously, 
hole transfer occurs from the lower energy valence 
band states of anatase to those of rutile at higher 
energy. 

Recently, Deák et al. (2011) have calculated the 
branching point energy (or charge neutrality level) 
and shown that both conduction and valence band 
of rutile are higher 0.35 eV and 0.55 eV than 
anatase, respectively. This staggered alignment of 
the bands means that migrating holes accumulate in 
rutile, while electrons accumulate in anatase.   

There are several conflicting reports on the direc-
tion of charge transfer while knowledge of the rela-
tive position of the conduction and valence band 
edges is the key to understand charge transfer pro-
cess. Besides, there is no investigation describing 
in detail the structure of the interface between ana-
tase and rutile, it is motivated to carry out the mo-
lecular dynamics (MD) simulation of rutile - ana-
tase heterojunction.  

2 METHODOLOGY 

The derivation of Density Functional based Tight-
Binding (DFTB) from DFT has been represented 
several times, for completeness, the equations were 
derived briefly; the emphasis is on the final expres-
sions. As an approximation of DFT, DFTB is also 
formulated around an expression of the total energy 
E of the atomic system as a functional of the spatial 
distribution of electron density  n r

 :  E E n r   
 . 

The electron density in DFTB is expanded in a 
reference density plus a small fluctuation: 
    ( )0n r n r n r 
   . For brevity, the notation 
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 The first term in Eq. (1) is the band structure 
energy 

 0ˆS
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 Where the Hamiltonian 0Ĥ  itself contains no 
charge transfer.  

The second term in Eq. (1) is the second-order cor-
rection E2nd. In DFTB, the density fluctuations 

( )r   are approximated as charge fluctuations 
q on atom α 

0q q q      

Where 0q is the number of valence electrons for a 

neutral atom,  

 1 * *
2 ,

q C C C C S     
 

   is the Mulliken popu-

lation on atom α 

Neglecting the term 2 /xcE n n     for the mo-

ment, the second-order term finally reads 

1
2 2 ,

E q qnd   
 

     

The last four terms in Eq. (1) are collectively called 
the repulsive energy because of the ion-ion repul-
sion term, but it contains also xc-interactions, so it 
is a complicated object. In DFTB, this term is ap-
proximated by a sum of pair potentials called re-
pulsive energy term 

repE V Rrep 
 

    


  

This term is either determined by comparison with 
DFT calculations or fitted to empirical data. The 
total energy, then, reads 
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The one-electron eigenstates i  of the system are 

expanded in a linear combination of atomic orbitals 
(LCAO)    centered on the atomic sites RA


 

( )C r Ri i    
 

,        (3) 

ic being the variational coefficients minimizes the 

energy. The LCAO expansion transforms (2) in an 
algebraic system for the variational coefficients 
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S     is the overlap matrix. The Hamil-

ton matrix elements depend on the Mulliken charg-

es q which in turn depend on the molecular or-

bital coefficients iC , thus these equations have to 

be solved self-consistently. 

3 CALCULATION DETAILS 

3.1  Building the anatase-rutile interface  

Firstly, the surface of each phase was chosen to 
create the interface which is the most stable. The 
stability of the interface can be expressed by the 
adhesion energy Eadh, which is defined as the ener-
gy needed (per unit area) to reversibly separate the 
two phases. Recently, Deskins et al. (2007) have 
performed classical force field calculation for 
many interfaces. The interface between rutile (100) 
and anatase (100) was found to have the highest 
adhesion energy. Therefore, this interface was fo-
cusedly investigated in this work. 

In order to construct initial models, the near coin-
cidence site lattice (NCSL) theory was used to pro-
vide a framework to create surface interfaces for 
structures with incommensurate lattice parameters. 
This theory was described for the first times by 
Sayle et al. (1997) as applied to cubic and hexago-
nal systems. Fisher and Matsubara (2005) later 
extended the theory to rectangular systems. In 
NCSL theory, the interface between anatase (100) 
and rutile (100) surface can be considered as 2D 
rectangular lattice. The area A of the interface is 
chosen to keep the conservation of periodicity of 
both phases. Hence, the length and width of simu-
lation box are the least common multiples of the 
length and width of unit cells in both phases, i.e. 
these rectangular edges must satisfy the relation-
ship 

1 2

1 2

n a n aa r

m c m ca r




. 

Where n1, n2, m1, m2 are integer and adjustable; aa 

= 3.8908Å, ca = 9.3671Å, ar = 4.6717Å, cr = 
2.9973Å are lattice constants of anatase and rutile, 
respectively, obtained by optimization primitive 
cells of these phases, using DFTB+ code.  

The misfit percentage values along the length and 
width of the interface are defined as 

11 100
2

m caMm m cr

 
  
 

  and  11 100
2

n aaMn n ar

 
  
 

. 

To produce the interface with minimal misfit, the 
rutile slab needs rotating 900 relative to the other 
around an axis perpendicular to the interface, so ar 
and cr are switched in relationships above. Fur-
thermore, the misfit can be also decreased by de-
formation (shrinking or stretching) one or both 
lattices by adjust their lattice constants. According 
to the analysis above, it determined n1=3, n2=4, 
m1=1, m2=2 and lattice constants are shown in 
table 1 (i.e. the interface have 3 anatase and 8 rutile 

unit cells with the misfit 2.64%,  0.25%M Mn m   ). 

The formation of interface between anatase (100) 
and rutile (100) surfaces according to NCSL theory 
is presented in Figure 1. 

Table 1: The lattice parameters of anatase and rutile from Experiment, DFTB, NCSL theory and the 
misfit of NCSL theory respect to DFTB 

 Experiment DFTB NCSL Theory Misfit (%) 

Anatase 
a(Ǻ) 3.782 3.8908 3.95628 1.68 
c(Ǻ) 9.502 9.3671 9.35562 0.12 

Rutile 
a(Ǻ) 4.587 4.6717 4.67781 0.13 
c(Ǻ) 2.954 2.9973 2.96721 1.00 
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From the data above, one anatase and one rutile 
slab were cut, then, aligned to create the interface 
in monolayer model having a simulation box size 
of 52.40Å9.36Å11.87Å (consists of 372 atoms). 
It is noted that a vacuum layer of 15Å thickness 
was added to the simulation box of monolayer 
model to conservation of periodicity in three di-
mensions. Similarly, two anatase slabs and one 
rutile slab were cut, then, aligned to create the in-
terface in multilayer model having the simulation 
box size of 43.08Å9.36Å11.87Å (consists of 
408 atoms).  The initial interfaces in monolayer 
and multilayer model are shown in Figures 2 and 3. 

 

 

3.2 MD simulation 

In order to obtain plausible models of the rutile-
anatase interface, rutile and anatase slabs were 
“welded” by simulated annealing these models 
reaching in melting temperature of two phases. 
This step allows the slabs to achieve such bonding 
and adhesion each other. After that, these models 
were cooled down 0K to comeback solid state. 

Molecular dynamic calculations were carried out 
by using the Self Consistent Charge Density Func-
tional Tight Binding scheme (SCC-DFTB) and 
using the DFTB+ code, this is the free code for 
uncommercial purposes, it can be downloaded at 
http://www.dftb-plus.info. The temperature of the 
models was increased linearly to 2250K in time as 

T(t) = T0 + t; here  is an annealing rate of 
2.251014 Ks-1, and T0 is the initial temperature of 
0K. After reaching 2250K, these models were fol-
lowed by equilibration at the constant temperature 
of 2250 for 5 ps, and an exponential cooling curve 
down to 0K for 15ps. Finally, these models were 
relaxed at 0K until their energies are minimum.  

Interface structures were investigated via the par-
tial radial distribution functions (PRDF), coordina-
tion number, bond-angle distributions and intera-
tomic distances. In order to calculate the coordina-
tion number and bond-angle distributions, RTi-O = 
2.35 Å, RTi-Ti = 3.35 Å, RO-O = 3.15Å were adopted. 
Here R denotes a cutoff radius, which is chosen as 
the position of the minimum after the first peak in 
the PRDF. Electronic structure of the interfaces 

aa 

ca 

cr 

ar 

Fig. 1: Formation of interface between anatase 
(100) and rutile (100) surfaces according to 

NCSL theory. In this case, we have 3aa = 4cr and 
1ca = 2ar 

Fig. 2: Initial monolayer model and its simulation box 
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Fig. 3: Initial multilayer model and its simulation box 
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was investigated via band offset in the CB and VB 
and density of state. 

4  RESULTS AND DISCUSSION 

4.1 Interface structure 

In this work, the structure of three different inter-
faces including one in monolayer model (denoted 
as interface 1) and two in multilayer model (denot-
ed as interface 2 and interface 3) was studied. The 
3D pictures of interfaces formed by anatase (100) 
and rutile (100) surfaces in monolayer and multi-
layer models are shown in Figures 4 and 5. These 
pictures suggested that there is some disorder at the 
interfaces with the transition of Oxygen from ana-
tase to rutile because rutile is more stable. In addi-
tion, the existence of four-coordinated Ti interfa-
cial atoms (Ti4C) was recognized, while in the ini-
tial interfaces Ti atoms only have coordinated 5 
(Ti5C) or 6 (Ti6C). The binding between anatse and 
rutile slabs is mainly created by tetrahedral struc-
tures (TiO4). These results are similar to the inves-
tigation of Tanaka et al. 2002 based on UV/Vis 
diffuse reflectance and X-ray absorption fine struc-

ture (XAFS) measurments. Additionally, the study 
of Hurum et al. (2006) suggested that the occur-
rence of Ti4C contributed to reducing the recombi-
nation of electrons-holes and increasing photocata-
lytic efficiency.  

 

 
Fig. 5: Final multilayer model and and Ti4C (small picture). Cyan and yellow sphere indicate the Ti4C 

atoms and O around them, respectively 

To provide insight into the interface structure be-
side 3D pictures, the PRDF for Ti-O pairs at the 
interface was firstly examined and compared with 
the bulk model (Petkov et al., 1998). In the graphs 
of PRDF of anatase and rutile bulks (Figure 6a and 
6b) distinct peaks indicate high crystallinity, but at 
the interfaces (Figures 6c and 6e), the first peak is 
lower, and the others become less distinct. Moreo-
ver, the RDF drops to zero between the neighbor 
peaks in the bulks, whereas at the interfaces, this is 
not the case. Therefore, it can be concluded that the 

structure of interfaces is amorphous. However, 
there is no data about the interface structure be-
tween anatase and rutile being found. Hence, the 
structural parameters calculated are compared with 
the results of Petkov et al. (1998). The interatomic 
distances details between Ti-O, Ti-Ti and O-O of 
all interfaces are shown in Table 2. The Ti-O bond 
length of interfaces varies between 1.90 Ǻ and 1.92 
Ǻ, this length is shorter than the one in amorphous 
TiOs nanoparticles like those observed in experi-
ment for the bulk (Petkov et al., 1998). 

Fig. 4: Final monolayer model and Ti4C (small 
picture). Cyan and yellow circles indicate the 
Ti4C atoms and O around them, respectively 

Interface 1 

Ti4C 

Interface 2 Interface 3 
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In the graph of PRDF for Ti-Ti pair, it can be seen 
the splitting of the first peak at interface 2 and in-
terface 3. This means that both linking of octahe

dral by the edge and vertex occur in these interfac-
es. Here, the first peak is centered at around 3.05 Ǻ 
represent the linking between two structural units 
sharing an edge, and the second one is at 3.45 Ǻ 
represent the linking between two structural units 
have a common vertex. These values are very close 
to 3.00 Ǻ and 3.55 Ǻ obtained in experiment, re-
spectively. On the other hand, no splitting at inter-
face 1 was found because of non-existence of Ti6c 
in this interface. 

More details about the structure of interfaces can 
be found via the coordination number distribution 
for Ti-O pair (Figure 7). This distribution also in-
dicated the existence of Ti4C atoms. In all three 
interfaces, the fraction of Ti6C was decreased, while 
the number of Ti5C was virtually negligible 
changed. Especially, there was no six-coordinated 
Ti interfacial atom was found at interface 1, i.e. 
during annealing and cooling process, the structural 
units transformed from octahedral to tetrahedral 
structure. 

Table 2: The details of interatomic distances 
between Ti-O, Ti-Ti and O-O at the in-
terfaces and comparison to bulk amor-
phous 

Materials 
r (Ǻ) 

Ti-O O-O Ti-Ti 
Interface 1 1.90 2.94 3.10 
Interface 2 1.92 2.93 3.05-3.45 
Interface 3 1.92 2.91 3.05-3.45 
Exp. For bulk 
amorphous 

1.96 2.67 3.00-3.55 

 
Fig. 7: Coordination number distributions at the interfaces before and after simulation process 

4.2 Electronic structure 

One another reason for the increment of photocata-
lytic efficiency of mixed phase anatase-rutile is 
charge transfer direction across the interface, which 
depends on the alignment of the CB minimum and 
VB maximum between anatase and rutile.  

Theoretical work generally indicates that photo-
generated electrons may migrate from rutile to ana-

tase, while holes may migrate to the rutile phase. 
Using the technique by Walle, Kullgren calculated 
the jumps of an average electrostatic potential 
across the interface, and indicated that the VB off-
set and CB offset were 0.86eV-0.65eV at the rutile 
(100)-anatase (100) and 0.90eV-0.69eV at the ru-
tile (110)-anatase (101) with rutile is higher in the 
both bands (Kang et al., 2012).  

a) 

b) 

c) 

d) 

e) 

Fig. 6: Radial distribution Functions for Ti-O 
pair at the interfaces compared to anatase and 

rutile bulks 
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The key to align energy levels of two materials is 
to find a common reference level such as vacuum 
level or some other common level. Using the 
branching point energy (Deák et al., 2011), it found 
that the band lineups between anatase-rutile is 0.45 
eV in the CB and 0.51 eV in the VB higher than 
anatase ones. Schematic representation of the band 
line-up between anatase and rutile is shown in Fig-
ure 8. This staggered alignment of the band means 
that electrons move from rutile to anatase, while 
holes move in the opposite direction.  

In order to further examine the effect of interface, 
an analysis of the density of state (DOS) of anatase 
and rutile was performed (Figure 9). The result 
from DOS also agrees with the previous offset re-
sult in that the bulk CB and VB rutile are both 
higher than of anatase. Additionally, in this calcu-
lation it was also found that the band gaps of ana-
tase and rutile are 3.15 eV and 3.09 eV. These val-
ues are in excellent agreement with the result of 

Tang et al. (1993). Whereas, the interfaces have 
smaller band gaps (2.12 eV). This decrease due to 
the contribution of Oxygen 2p at the valence band 
of rutile and Titanium 3d at the conduction band of 
anatase (Figures 10 and 11). 

 
Fig. 9: Comparison of the DOS of rutile and 
anatase. The energy scales have been aligned 

based on the bottom of valence band 

 
Fig. 10: Density of State of anatase, rutile bulk 

and interface 

 
Fig. 11: Projected Density of State of anatase, rutile bulk and interface 

5 CONCLUSIONS 

In the research, the interfaces were created in two 
models, monolayer and multilayer model. The 

structural properties of the interfaces were de-
scribed in detail via 3D pictures, RDF, interatomic 
distances and coordination number distributions. It 
indicated that interfaces had amorphous structure. 
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Fig. 8: Schematic representation of the 
band line-up between anatase and rutile 
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At two interfaces in multilayer model existed both 
linking of octahedral by the edge and vertex that 
was represented by the splitting at the first peak in 
PRDF for Ti-Ti pair, but this was not happen at the 
interface in monolayer model. 

The presence of 4-fold coordinated Ti interfacial 
atoms at the interfaces was found to be one of the 
factors that increase the photocatalytic efficiency 
of mixed phase anatase-rutile by reducing the re-
combination of electrons-holes photo-generated. 

Beside the determination of structural properties of 
models, their electronic structure was also studied. 
As calculated, the band offsets are 0.45 eV in the 
conduction band (CB) and 0.51 eV in the valence 
band (VB) with rutile ones are higher than anatase 
ones, so electrons photo-generated migrate from 
rutile to anatase, while holes migrate in the oppo-
site direction. This phenomenon contributed to 
reduce the recombination between electrons and 
holes photo-generated, therefore, the photocatalytic 
efficiency of mixed phase anatase-rutile was in-
creased. 
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