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ABSTRACT
Titanium dioxide has been widely used in modern industrial applications, especially as an effective photocatalyst. Recently, freestanding TiO2
films with a markedly reduced bandgap of ∼1.8 eV have been synthesized, indicating that the dimension has a considerable influence on
the bulk band gap (>∼3 eV) and enhances the adsorption range of visible light. Titanium oxide compounds have various stoichiometries
and versatile properties. Therefore, it is very necessary to explore the electronic properties and functionalities of other titanium oxide films
with different stoichiometries. Here, we combined structure searches with first-principle calculations to explore candidate Ti–O films with
different stoichiometries. In addition to the experimentally synthesized TiO2 film, the structure searches identified three new energetically
and dynamically stable Ti–O films with stoichiometries of Ti3O5, Ti3O2, and Ti2O. Calculations show that the Ti–O films undergo several
interesting electronic transformations as the Ti fraction increases, namely, from a wide-gap semiconductor (TiO2, 3.2 eV) to a narrow-gap
semiconductor (Ti3O5, 1.80 eV) and then to metals (Ti3O2 and Ti2O) due to the abundance of unpaired Ti_d electrons. In addition to
the electronic transformations, we observed nonmagnetic (TiO2) to ferromagnetic (Ti3O5, Ti3O2, and Ti2O) transformations. Notably, the
Ti3O5 film possesses both narrow-gap semiconductive and ferromagnetic properties, with a large magnetic moment of 2.0 µB per unit cell;
therefore, this film has high potential for use in applications such as spintronic devices. The results highlight metal fraction-induced electronic
and magnetic transformations in transition metal oxide films and provide an alternative route for the design of new, functional thin-film
materials.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5089697

I. INTRODUCTION

Ultrathin two-dimensional (2D) nanomaterials have emerged
as promising candidates for various applications, such as electron-
ics/optoelectronics, electrocatalysts, photocatalysts, supercapacitors,

solar cells, and sensing platforms, due to their low-dimensional
nature and unprecedented physicochemical properties.1–6 Dozens
of 2D nanomaterials have been successfully synthesized or
exfoliated by various well-developed synthetic methods, which
can be divided into two strategies: top-bottom and bottom-up
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methods.7–12 Notably, both types of methods are applicable only to
layer-structured bulk materials and are useless for many nonlayered
metal oxides.

Recently, Zavabeti et al. designed a liquid metal-based reaction
route that can effectively isolate metal oxide thin films from bulk
materials, such as HfO2, Al2O3, and Gd2O3.13 Subsequently, Wang
et al. reported the successful synthesis of a freestanding 2D titanium
dioxide (TiO2) film via a one-step solvothermal method.14 These
experimental methods provided the framework for exploring free-
standing 2D materials isolated from nonlayer-structured bulk metal
oxides.

As a typical metal oxide, TiO2 has attracted considerable
research interest in the photovoltaic field due to its long-term stabil-
ity, nontoxic environmental acceptability, and broad, low cost avail-
ability.15–21 However, TiO2 is photoactive only in the range of the
ultraviolet region because of its wide band gap of ∼3 eV.22,23 Numer-
ous research efforts have been devoted to narrowing the bandgap
of TiO2 to absorb light in a broader spectral range by doping
or reduction.24–32 However, the dopants not only induce impurity
states (donor or acceptor) in the midgap region but can also serve
as charge carrier traps or recombination centers, which are detri-
mental to photocatalytic performance. Several studies have shown
that TiO2−x exhibits several intriguing properties and that Ti3+ can
trigger the emergence of conduction, superconductivity, and mag-
netism.33–35 Thus, the question arises of whether a new strategy
with high experimental feasibility can be developed to intrinsi-
cally adjust the electronic and even magnetic properties of titanium
dioxides.

It is noted that stoichiometry has an important influence
on structures and properties of materials.36–39 In this study,
we systemically investigated freestanding Ti–O films with vari-
ous stoichiometries using a global optimization swarm-intelligence
algorithm combined with first-principle calculations. Notably, our
structure searches revealed three new Ti-rich films with stoichiome-
tries of Ti3O5, Ti3O2, and Ti2O, which are confirmed to be ener-
getically and dynamically stable. Electronic transitions from a wide-
gap semiconductor (TiO2, 3.2 eV) to a narrow-gap semiconductor
(Ti3O5, 1.80 eV) and then to metals (Ti3O2 and Ti2O) occur as the
Ti fraction increases. Simultaneously, we observed a peculiar non-
magnetic to ferromagnetic transition with the Ti fraction increas-
ing from TiO2 to Ti3O5, Ti3O2, and Ti2O. As a result, the Ti3O5
film becomes a ferromagnetic narrow-gap semiconductor with a
large magnetic moment of 2.0 µB per unit cell, thereby displaying
great potential for use in novel spintronic devices such as infrared
detectors.

II. COMPUTATIONAL METHODS
The search for various 2D phases of Ti–O films (Ti = 1–4 and

O = 1–5) has largely relied on swarm-intelligence-based CALYPSO
(Crystal structure AnaLYsis by Particle Swarm Optimization) soft-
ware,40,41 which is designed to search for the stable structures of
given compounds.42–49 The underlying structural relaxations and
electronic structure calculations are performed using the spin-
polarized plane-wave pseudopotential method, as implemented in
the Vienna ab initio simulation package (VASP).50 The Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation51 is
chosen for the exchange-correlation functional, and a Hubbard U

term (U = 4.5 eV)52 is considered to address the self-interaction
error of the generalized gradient approximation. The electron-ion
interactions are described by projector augmented-wave pseudopo-
tentials,53 with 3p63d34s1 and 2s22p4 configurations treated as the
valence electrons for Ti and O, respectively. A kinetic cutoff energy
of 500 eV and Monkhorst-Pack k meshes with a grid spacing of
2π × 0.03 Å−1 are adopted to obtain converged total energies
(∼1 meV/atom). In the electronic structure computation, the GGA
+ U (U = 4.5 eV)52 method is used to accurately obtain the energy
band gap. The dynamic stability of the predicted new phases was ver-
ified from phonon calculations using the direct supercell method, as
implemented in the PHONOPY code.54,55 To check the thermal sta-
bility, ab initio molecular dynamic (AIMD) simulations were carried
out with a time step of 1 fs and total simulation time of 6 ps. The
temperature was controlled at 300 K using the Nosé-Hoover chain
thermostat.

III. RESULTS AND DISCUSSION
A. Energetic stability of Ti–O films

The relative stabilities of the various 2D phases of Ti–O films
are determined according to their calculated formation enthalpy,
which is defined as

Eformation =
1
N

(Etot −∑niµi), (1)

where Etot is the total energy of a candidate structure, ni is the num-
ber of atoms, µi is the chemical potential for each atomic species,
and N is the number of atoms per formula unit and serves as a
normalization factor.

The chemical potentials (µO and µTi) must satisfy the following
boundary constraints:

(i)µTi ≤ µbulkTi ,

(ii)µO ≤ 1
2
µO2 ,

(iii)µTi + 2µO = ETiO2 ,

where ETiO2 is the internal energy of the bulk rutile phase. Equa-
tion (1) can thus be written as follows:

Eformation =
1
N

[Etot − nTiETiO2 − µO(nO − 2nTi)]. (2)

According to the constraints of the chemical potential, the range of
µO is set as follows:

1
2
µO2 ≥ µO ≥ 1

2
(ETiO2 − µTi). (3)

Thus, the most stable 2D phase of Ti–O films for different chemical
potentials of oxygen can be identified.

The experimentally synthesized lepidocrocite structure of the
TiO2 film14 is readily predicted in the proposed structure searches,
confirming the validity of the search method. The dependence of
the total energy on the chemical potential of oxygen is shown in
Fig. 1. Stable structures are those possessing the lowest formation
enthalpy at a certain range of chemical potentials. In addition to
TiO2 (−4.15 eV ≤ ∆µO < 0 eV), three new stable 2D Ti–O films with
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FIG. 1. Calculated formation energies of various film structures as a function of the
chemical potential of oxygen with respect to the TiO2 film.

high Ti fractions exist: Ti3O5 (−4.70 eV ≤ ∆µO < −4.15 eV), Ti3O2
(−6.19 eV ≤ ∆µO < −4.70 eV), and Ti2O (∆µO < −6.19 eV).

The µO value at a given pressure and temperature can
be defined as µO = 1

2 [EO2 + ∆HO2(T,P0) − T∆SO2(T,P0)
+ kBT ln(P/P0)], where kB, P0, and P are the Boltzmann constant,
standard atmospheric pressure, and oxygen partial pressure, respec-
tively. ∆HO2(T,P0) and T∆SO2(T,P0) are taken from the NIST
chemistry database.56 According to the above equation, to synthe-
size Ti-richer Ti–O films with ∆µO values less than −7 eV, a tem-
perature of 5000 K and an ultrahigh vacuum level of ∼10−18P0

are needed, which are experimentally impossible to achieve. There-
fore, Ti–O films with high Ti fractions are not considered in our
calculations.

B. Geometric structures of Ti–O films
The predicted stable structures and structural parameters are

shown in Fig. 2 and Table S1, respectively. Specifically, the TiO2
film is a monolayer isolated from the lepidocrocite structure of TiO2
and consists of TiO6 octahedrons with all Ti atoms in six-fold (Ti6c)
coordination. With increasing Ti fraction, the number of dangling

bonds of Ti atoms increases, leading to six (Ti6c)-, five (Ti5c)-, and
four-fold (Ti4c) coordinations of Ti atoms [Fig. 2(b)]. The similar
coordinations of Ti atoms in the TiO2 and Ti3O5 films result in sim-
ilar thicknesses and average Ti–O bond lengths, e.g., thicknesses of
4.33 Å and 4.35 Å and bond lengths of 2.02 Å and 2.04 Å for the TiO2
and Ti3O5 films, respectively (Table I). The Ti3O2 film is composed
of two TiO layers intercalated by a Ti layer, and the coordination
numbers of Ti atoms decrease by four (Ti4c)- and two-fold (Ti2c)
due to the further increase in the Ti fraction [Fig. 2(c)]. Ti2O is con-
structed with a TiO layer and a Ti layer, in which Ti atoms are in two
(Ti2c)- and one-fold (Ti1c) coordinations, respectively. Notably, we
found that the structure of Ti2O can be obtained by removing one
TiO layer in the Ti3O2 film. This result is expected if we consider
that Ti2O can be derived by removing TiO from Ti3O2. As a result,
the thickness of Ti2O (2.60 Å) is nearly half that (5.66 Å) of the Ti3O2
film. The lower coordination states of Ti atoms in Ti-rich Ti3O2 and
Ti2O films lead to longer Ti–O lengths, e.g., 2.46 Å and 2.35 Å for
Ti3O2 and Ti2O, respectively. It is found that the average Ti–O bond
length of the TiO2 film is close to those of bulk phases, while Ti3O5,
Ti3O2, and Ti2O films possess longer Ti–O bonds. With the Ti frac-
tion increasing, we found that the coordination number of Ti atom
becomes more complex, with the formation of Ti5c, Ti4c, Ti2c, and
Ti1c (Table S2).

C. Dynamical and thermal stability of Ti–O films
The calculated phonon dispersion curves and total phonon

density of states (PHDOS) along the principal symmetry directions
in the Brillouin zone are plotted in Fig. 3. There are no imaginary
frequencies in the Brillouin zone, indicating that the Ti3O2 and Ti2O
films are dynamically stable. We note that the phonon band in the
Ti3O5 film has small imaginary frequencies in the vicinity of the
gamma point, as have been observed in other 2D materials,57 such as
SiGe and GaN. Such modes are of an acoustic nature and are derived
from a collective vibration mode with a long wavelength approach-
ing infinity; this mode has a negligible effect on the overall structural
stability.57,58 For Ti3O2 and Ti2O films, the main contributions to
acoustic phonons and optical phonons result from the Ti cations and
O anions, respectively. By contrast, the main contribution to acous-
tic phonons in the Ti3O5 film results from both Ti and O atoms, indi-
cating strong Ti–O hybridization. The strong Ti–O hybridization

FIG. 2. Structures of the (a) TiO2, (b)
Ti3O5, (c) Ti3O2, and (d) Ti2O films. The
atoms in dark gray and pink colors rep-
resent Ti and O atoms, respectively. As
an example, the label “Ti6c” indicates that
Ti atoms are characterized by six-fold
coordination.
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TABLE I. The stable range of the chemical potential (x), the thickness (t), the average
bond length (dTi–O) of Ti–O bonds, and the Ti fraction (θ) in various Ti–O films.

x (eV) t (Å) dTi–O (Å) θ (%)

TiO2 −4.15 ≤ x ≤ 0 4.33 2.02 33.3
Ti3O5 −4.70 ≤ x < −4.15 4.35 2.04 37.5
Ti3O2 −6.19 ≤ x < −4.70 5.66 2.46 60.0
Ti2O x < −6.19 2.60 2.35 66.7

is also reflected by the relatively short Ti–O bond lengths. Gen-
erally, polar surfaces are unstable because of the existence of a
nonzero dipole moment perpendicular to the surface, which leads to
reconstruction or defect. In fact, experiments have also observed

FIG. 3. The phonon dispersions and PHDOS values of the (a) Ti3O5, (b) Ti3O2,
and (c) Ti2O films. High-symmetry q-point paths: Γ(0, 0)→ Y (−1/2, 0)→ S (−1/2,
1/2)→ X(0, 1/2)→ Γ(0,0).

several polar ZnO surfaces that are stable without reconstruction.59

Here, we have performed AIMD simulations to check the thermal
stability of the Ti2O film at 300 K. No structure reconstructions
are found after 6 ps with a time step of 1 fs, indicating the thermal
stability of the Ti2O film (Fig. S1).

D. Electronic and magnetic properties of Ti–O films
To provide detailed insight into the electronic properties of the

stable 2D phases of Ti–O films, we calculated the spin-polarized
band structures and projected density of states (PDOS), as shown in
Fig. 4. Since the PBE functional typically underestimates the energy
band gap, the PBE + U method with U = 4.5 eV is used to obtain
accurate electronic structures.

1. Semiconductor to metal transition
We explored the electronic band structures and PDOS for all

the Ti–O films and observed interesting electronic transformations
as the Ti fraction increases. As shown in Fig. 4(a), the TiO2 film is
a wide-gap semiconductor with a gap of 3.2 eV, which is smaller
than that (3.52 eV) of bulk lepidocrocite phase (Table S2). In con-
trast to TiO2, two flat surface bands form below the Fermi level in
the Ti3O5 film [Fig. 4(b)] and are occupied by unpaired Ti_d elec-
trons. This result is expected since the increased Ti fraction reduces
the coordination numbers of Ti atoms in the top and bottom layers
[Fig. 2(b)], which results in redundant electrons from Ti atoms. As a
consequence, the band gap of the Ti3O5 film decreases to ∼2 eV. As
the Ti fraction further increases, the occurrence of more unpaired
Ti_d electrons contributes to the formation of more surface bands.
As expected, the Ti3O2 and Ti2O films display metallic proper-
ties, with several bands crossing the Fermi levels [Figs. 4(c) and
4(d)].

2. Nonmagnetic to ferromagnetic transition
The valence electron configurations considered for Ti and O

atoms are 3p63d34s1 and 2s22p4, respectively. For the TiO2 film,
Ti is a quadrivalent cation with a d0 electron count. The empty d
orbitals of the Ti cation lead to a nonmagnetic structure as reflected
by the calculated spin-up and spin-down DOSs [Fig. 4(a)], which
is consistent with bulk phases (Table S2). Fig. 4(b) clearly shows
that the Ti3O5 film is a ferromagnetic semiconductor with two sur-
face bands occupied by spin-up electrons. In Ti3O5, two unpaired
d electrons left for Ti cations alternatively occupy the two surface
bands, which reasonably leads to the high-spin state of Ti atoms,
with a magnetic moment of 2 µB per unit cell. As expected, the
calculated total magnetic moment of the Ti atoms is 1.98 µB per
unit cell. Simultaneously, we observed a slight spin polarization of
O_2p electrons with a uniform moment of 0.02 µB per unit cell,
which originates from the hybridization between Ti_3d and O_2p
orbitals.

As shown in Fig. 4(c), the Ti3O2 film is slightly magnetic, and
the calculated magnetic moment is approximately 0.08 µB per unit
cell. Spin polarization and the overlap between spin-up and spin-
down states around the Fermi level are also observed in the PDOS
of the Ti2O film [Fig. 4(d)]. The calculated total magnetic moment
of the Ti atoms is 0.5 µB per unit cell. Two nonequivalent Ti atoms
in the Ti2O compound result in different magnetic moments: 1.0 µB
for Ti4c and −0.5 µB for Ti1c in a unit cell.
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FIG. 4. Spin-polarized band structures and PDOS for the (a) TiO2, (b) Ti3O5, (c) Ti3O2, and (d) Ti2O films. The red lines and green dashed lines represent spin-up and spin-
down components, respectively. The zero energy indicates the Fermi level or the top valence band for metallic or semiconducting structures, respectively. ↑and↓represent
spin-up and spin-down states, respectively.

3. The SOC effect on the electronic properties
of Ti–O films

We also examined the spin–orbit coupling (SOC) effect on
the electronic properties of Ti3O5, Ti3O2, and Ti2O films with the

inclusion of Hubbard U. The inclusion of SOC slightly revised the
band structures of the Ti3O5 and Ti2O films (Fig. S2), reflecting
the minor effect of SOC on the electronic properties of these two
films. By contrast, SOC had a significant effect on the metallic Ti3O2

FIG. 5. Projected band structures of the Ti3O2 film without (a) and with (b) the inclusion of the SOC effect. The symbols indicate the contributions of split-d orbitals are
proportional to the number of electrons. Shadow rectangles illustrate the splitting of dz2 and dyz, dxz orbitals.
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film, as demonstrated by the obvious change in the band profiles
near the Fermi level (Fig. 5). The band structures of the Ti3O2
film have been projected on different Ti_d (dxy, dxz, dz2 , dyz and
dxz) orbitals represented by different symbols and colors. The sizes
of the symbols are proportional to the number of electrons. From
Fig. 5(a), we can find two degenerate bands located at ∼1.5 eV and
0.1 eV at the S point, which originated mainly from dz2 and dyz
+ dxz orbitals deduced from their large symbol sizes. As illustrated
by the rectangles, the degenerate dz2 and dyz + dxz orbitals split when
including SOC, with a splitting width of ∼0.64 eV and 1 eV, respec-
tively [Fig. 5(b) and Fig. S3]. The spin-degenerate parabolic bands
split into dispersions with oppositely spin-polarized states due to
the SOC effect, which evokes the Rashba effect.60 Generally, this
effect has been demonstrated in semiconductor heterostructures,61

two-dimensional electron gases,60 and heavy element-based surface
alloys.62

IV. CONCLUSIONS
In summary, we systemically explored candidate freestanding

2D Ti–O films in Ti-rich conditions compared to known TiO2
using the swarm-intelligence-based CALYPSO method and first-
principle calculations. Three new Ti–O films with stoichiometries
of Ti3O5, Ti3O2, and Ti2O were predicted to be stable under dif-
ferent conditions of the chemical potential of oxygen. Band struc-
ture calculations revealed that TiO2 and Ti3O5 are semiconduc-
tors with band gaps of 3.2 eV and 1.80 eV, respectively. Notably,
as the Ti fraction increases, Ti3O2 and Ti2O display a metallic
nature due to the increase in the redundant electrons of Ti atoms.
Moreover, magnetic transformations in Ti–O films from nonmag-
netic (TiO2) to ferromagnetic (Ti3O5, Ti3O2, and Ti2O) are found
with increasing Ti fraction. Thus, the Ti3O5 film displays both
narrow-gap semiconducting and ferromagnetic properties with a
large magnetic moment of 2.0 µB per unit cell and has great poten-
tial for applications involving spintronic devices. Our study pro-
vides an example of element fraction-induced electronic and mag-
netic transformations in nonlayer-structured metal oxide films and
an alternative route for the design of new, functional thin-film
materials.

SUPPLEMENTARY MATERIAL

See supplementary material for optimized structural parame-
ters of Ti–O compounds; structural parameters and properties of
bulk TiO2 phases and Ti–O films; the AIMD simulations of Ti2O
film; band structures of Ti3O5 and Ti2O films with and without the
SOC effect; and the projected DOS of the Ti3O2 film.
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