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Abstract . First-principles calculations based on density functional theory have been performed on the nonmagnetic
2p light element carbon-doped rutile TiO, , which is very appealing for spintronics and infranics. The results show
that carbon dopants tend to couple ferromagnetically around the Ti atom in the rutile structure, and the magnetic
moment per C is about 1.3 . The ferromagnetism is predicted to be the collective effects from a p-d exchange

hybridization and a p-d exchange-like p-p coupling interaction, between the impurity ( p-like ,,) and valence (p)
states.
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Introduction

To incorporate additional components in TiO, struc-
ture, there are mainly two ways which is metallic or non-
metallic doping. However, there are some disadvantages
of metallic doping, such as poor thermal stability, photo-
corrosion, and being recombination centers. By contrast,
non-metal (C, B, F, N, etc. ) doping is far more suc-
cessful than metal doping in shifting the ultraviolet to the
visible light range.

Doped with transition metals, TiO, becomes the im-
portant diluted magnetic semiconductors ( DMSs) , which
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is very appealing for spintronics and infranics'"”’. In this

rapidly developing research area, the spin functionality
can be integrated into the usual charge degree of freedom
so that the novel properties can be used in many infrared
electronic devices to improve functional performances.
However, the ferromagnetic ( FM) semiconductors are
required to have a high Curie temperature (7T, ) for the

applications at room temperature. To date, many efforts
have been devoted to this goal in oxide semiconductors,
such as magnetic ion Ti, V, Cr, Mn, Fe, Co, and Ni

doped ZnO, TiO,, SnO,, In,0,, and HfO, materi-

als'"™  which are candidates for room temperature

(RT) DMSs with highly potential industrial applications
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in spintronics and infranics. Among them, TiO,-based
DMSs, as a wide band gap semiconductor, have attracted
much attention through their additional application in va-
. [1221] . . .

rious areas including photocatalysis, infrared re-
sponse, infrared electronic devices and sensors. The ru-
tile TiO, has high static dielectric constants (86-170),
which makes it a candidate for replacing SiO, as the gate
material of the future. However, the sample growth is
very sensitive to the preparation methods and conditions,
making the experimental results quite controversial' "',
One of the fundamental and key questions is whether the
grown material is indeed a solid solution of Ti, TM O,
(TM= V, Cr, Mn, Fe, Co, etc. ), or it remains as
TiO, with embedded TM clusters, precipitates, or second
phases, responsible for the observed magnetic properties.

A possible way to avoid this problem is to dope TiO, with

nonmagnetic elements' ™. In fact, the theoretical studies

have predicted that anion substitutions in I[A-oxide can
also lead to FM, but the mechanism will be very different
compared to that of the cationic impurities' ™. The an-
ionic impurities contain only sp electrons, which provide
a new concept in the developments for potentially useful
DMSs.

The most recent attractive results that RT FM with
T higher than 400 K was observed in C-doped ZnO have

drawn our attention' ™', Pan et al theoretically reported

the FM coupling among the C dopants and a magnetic
moment of 2. 02 p,; per C. The result was confirmed ex-
perimentally by pulsed-laser deposition with dpoing con-
centration around 2. 5% . They attributed the FM to a p-d
exchange-like p-p coupling interaction, derived from the
similar symmetry and wave function between the impurity
(p-like t,,) and valence (p) states. Yu et al. reported

the FM in N-embedded ZnO: N films'®!. Bannikov et
al. reported the spin polarization induced by replacement
of O atoms by nonmagnetic 2p impurities (B, C and N)
in nonmagnetic cubic StMO, (M =Ti, Zr and Sn) per-
ovskite, and the FM appears because of the spin-split
impurity bands inside the energy gap of the insulating Sr-
MO, matrix'”’’. Wu et al. found that C substitution for
either single B or N atom in the BN nanotubes can in-
duce spontaneous magnetization'”’. Furthermore, the C
system itself is intriguing from a fundamental scientific
point of view'”'. Another words, it is an interesting and
physically rich topic to study the magnetic properties of
the C-doped TiO, without resorting to magnetic ions.

In this paper, we present a systematic first-principles
study of the electronic and magnetic properties in C-doped
rutile TiO,. We focus on the possibility of the magnetiza-

tion for TiO, induced by nonmagnetic sp impurities.

1 Method of calculation

TiO, has three possible structures: rutile, anatase,
and brookite, with rutile being the most thermodynami-
cally stable. Thus, we chose the rutile structure. The
geometric details of the used supercell can be found in
Fig. 1, where a supercell consisting of 2 x2 X2 periodic
repetition of the primitive unit cell is constructed. Calcu-
lations of the total energies, forces, and optimizations of

geometry have been carried out using a plane-wave basis
set with the pseudopotentials determined by the projector
augmented plane-wave (PAW) method'™’ as implemen-
ted in the Vienna ab initio simulation package
( VASP )", The generalized-gradient approximation
(GGA) is employed for treating the exchange and corre-
lation potential ®*'. The summation over the irreducible
Brillouin zone is carried out with k-points sampling inclu-
ding T' point based on the Monkhorst-Pack grid"**’ | with
parameters of 4 x4 x6 grid. The plane-wave energy cut-
off is set to 500 eV. All the atoms and internal coordi-
nates are allowed to relax without any symmetry con-
straint. The ionic relaxation to the equilibrium structure
is determined using a conjugate-gradient algorithm, and
the convergence in energy and force are 1.0 x 10~ eV
and 1.0 x 10 > eV/A | respectively.

\

Fig.1 The periodic supercells modeling the 2 x2 x2 C-doped
rutile TiO, structure. The gray, white and black spheres repre-
sent Ti, O and C atoms, respectively. The numbers 1-7 de-
note the possible C sites, which consider seven different rela-
tive C-C configurations
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2 Results and discussion

2.1 Geometry

We first optimize the lattice parameters for the rutile
TiO,. The unit cell is tetragonal (a =b =4.639 5 A, ¢
=2.987 3 A, space group P42/mnm, D,H,"*) and
contains two Ti atoms at positions (0, 0, 0) and (1/2,
1/2, 1/2) and four O atoms at positions (u, u, 0; 1/2
+u, 1/2 —u, 1/2) with u = £0.304 8 in units of c.
These Ti atoms are surrounded by a slightly distorted oc-
tahedron of O atoms, with a rectangular basal plane at a
distance of 1.95 A from Ti and two vertex O atoms at
1.98 A. O atom is surrounded by three Ti.
2.2 Electronic and magnetic properties

Since it is unclear which state of anion-substitution
by a C atom causes the ferromagnetism in the TiO,, we
start a single O replaced by a C (black atom numbered C
in Fig. 1) atom in the 2 x2 X2 supercell, corresponding
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to a doping concentration of 3. 125 at. % . We find that
the calculated total energy of doping at C,, with spin po-
larization is about 30 meV lower than the non-spin-polar-
ized case. This means C, favors the spin-polarized state
in rutile TiO,. However, the predicted magnetic moment
is only about 0. 06 W, per C. The magnetic moment
mainly comes from the p orbitals of C when it substitutes
O in the rutile host.

Figure 2 presents the electronic densities of states

(DOS) of the undoped TiO,, and the site-projected DOS

of the C 2s2p, O 2s2p, and Ti 4s3d, respectively. Com-
pared to the undoped TiO,, the C doped one leads to

new impurity bands localized in the bandgap of the ma-
trix. It seems to come mainly from the p-state of C and
the d-state of Ti. The Fermi level (E,) is located at the

top of the impurity bands. The sample is an insulator.
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Fig.2 (a) Total DOS for pure rutile TiO,, and (b) spin po-
larized DOS for single C-doped rutile Ti,;O,,C. (c¢), (d) and
(e) give partial spin polarized DOS for the C 2s and 2p, O 2s
and 2p, and Ti 4s and 3d states, respectively. The s DOSs is
denoted by the black shadow areas. Positive DOS represent the
majority spin, while negative DOS represent the minority spin.
The Fermi level (Ef in red color) has been shifted to 0 eV.
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Figure 3 shows the total valence charge density and
spin density contour plots for Ti,4O;,C,. As can be seen,

the spin density is concentrated mostly to the vicinity of
the C dopant itself and its neighboring Ti and O atoms,
and the main moments in the supercell originate from
them, consistent with Fig. 2.

Fig.3 Valence charge density (left column) and spin densi-
ty (right column) distributions of the C-doped rutile Ti, O,
C. The top panels (a), (b): in the (1-10) plane. The bot-
tom panels (c¢), (d): in the (001) plane
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As we all know, the magnetic interaction between
two dopant atoms plays a key role in the magnetic proper-
ties of the system. In order to determine its stable mag-
netic ground state, it needs to perform the total energies
calculation of the FM and antiferromagnetic (AFM) pha-
ses in C-doped TiO,. To gain the deeper insight into the
magnetic coupling between two C atoms, we have substi-
tuted one more O atom by C atom in TiO,. The average
doping concentration density in the supercell is about
6.25 at. % , the evolution of the ferromagnetism as a
function of the doping concentration sites of C can be ac-
cordingly studied. We varied the positions of the second
C atom with respect to the first one (Fig. 1, numbered
Co) , to investigate the dependency of the magnetic cou-
pling on the interatomic distance, bond angles and coor-
dinates. We have considered seven different relative C-C
configurations, as shown in Fig. 1. Configurations I-III
correspond to the replacements of two (I, II, and III are
not two!) nearest-neighboring O atoms by C on the rec-
tangular basal plane, configuration IV corresponds to the
replacement of the second O atom by C on the vertex
site. These correspond to sites 1, 2, 3 and 4 in Fig. 1.
Configurations V-VII are to replace the fourth nearest-
neighboring O atoms by C. They correspond to sites 5,
6, and 7 in Fig. 1. For each configuration, we study the
total energies of the Ti O,,C, supercell by allowing C at-
oms to couple FM (T 1) as well as AFM ( T | ),
where the signs T T and T | denote the spins align
parallel or antiparallel. The magnetic coupling is deter-
mined by the total energies difference AE of the supercell
between spin configurations T T and 1T |. The calcu-
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lated results are summarized in Table 1. Only configura-
tions -1, with two C atoms close together, show FM.
As the distance between two C atoms is the shortest, the
magnetic coupling is the strongest ( conflguratlon 1)
However, configuration IV is nonmagnetic, i. e., the
FM and AFM states are degenerated. This may be caused
by the 90° C-Ti-C bond, where the p orbitals spatial dis-
tributions of the two C atoms have no interaction, they
can orient independently. The results have been con-
firmed by the formation energy calculation using equa-
tion: E(form) = E(Ti 0,C,)-E(Ti,s05)2n(C) +
2w (0). The difference of the magnetic moment per C at
different sites may be caused by the local chemical envi-
ronment.

Table 1 The second column gives the different configurations
between two C atoms in Ti, O, C,. The d is the
separation between two C atoms before structure re-
laxation. The AE is the total energy difference be-
tween the FM and AFM orders in each supercell.
This total energy difference has been used to charac-
terize the FM magnetic coupling, given in column
5. The last column gives the induced magnetic mo-
ment on each C

F1 FEITIHAHT Ti,0,C, FF) C RFZEREBZ

iR d RREMMKETAA CRFZBEERS. AE &
T%%%?‘&fﬂ&%%%?‘&ZlﬂE’]Eﬁ&%- ERFIFRFAEA

BEEERRMEHBSLEIN. RE—NERTEN CEFH
BEEER I
Geometry ~ Configurations  d¢_ /A AE/meV Coupling wg per C
1(C, 1) 2.988 -11.0 M 0.6
1 (c,2) 2.562 -71.7 FM 1.3
I (C, 3) 3.936 -11.5 FM 1.4
Rutile IV (C, 4) 2.806 0.0 — 0.0
V(C,5) 6.561 2.3 AFM 0.0
VI (C, 6) 7.210 0.1 — 0.0
VII (C, 7) 6.522 0.1 — 0.0

As is well known, the C dopant is very different
from the 3d dopants. For further illustrating the ferro-
magnetism of Ti; 0, C,, Fig. 4 presents the electronic
densities of states (DOS) of configuration II. From the
total DOS of Ti;0,,C, and the site-projected DOS of the
C 2s and 2p, O 2s and 2p, and Ti 4s and 3d, we can see
that the C doping leads to some new features; (i) There

a strong peak at the Fermi energy in the total DOS;
(ii) the shift of the Fermi level (E,), which appears to
be placed in the region of this 2p-like impurity band be-
cause the number of electrons in the unit-cell changes
and (iii) the splitting of the impurity band into two spin-
resolved bands. As a result, the Ti,;0,,C, acquires mag-
netization. Due to C doping, the rutile TiO, becomes
magnetic pseudo-metal, where the E goes into valence
band in the spin-up channel, while the spin-down levels
show a few DOS near E;. Recently, Bannikov et al have
reported the spin polarization induced by replacement of
O atoms by 2p impurities (B, C and N) in nonmagnetic
cubic StMO, (M =Ti, Zr and Sn) perovskite'”’'. They
have shown the half-metallic picture for SrZr0O,. 875C,.
125 that the main contribution into DOS at E|. is provided

by C 2p states and by 2p states of O atoms near to the im-
purity.
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Fig.4 (a) Total spin polarized DOS for C-doped rutile
TiO,. (b), (c) and (d) give partial spin polarized DOS for
the C 2s and 2p, O 2s and 2p, and Ti 4s and 3d states, re-
spectively. The s DOSs is denoted by the black shadow areas.
Positive DOS represent the majority spin, while negative DOS
represent the minority spin. The Fermi level (Ef in red color)
has been shifted to 0 eV. The illustrations in (b) and (c) are
amplified for C-2s and O-2s, respectively
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From Fig. 4, the C 25 and 2p DOSs are both with a
rather large exchange splitting between majority and mi-
nority spin states. As far as the O 2s, 2p and the Ti 4s,
3d site-projected partial DOSs are concerned, they also
deviate appreciably from the pure behavior of them. Tt is
noting that the C 2s, 2p states hybridize strongly with the
0 2s, 2p and Ti 4s, 3d states near K., indicating a
strong interaction between both of them. The spin-up
bands are almost fully occupied while the spin-down
bands are partially filled, resulting in a magnetic moment
of 1.3 w; per C in rutile structure. The relatively large
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width of the DOS comes mainly from the defect states and
the strong mixing with the O 2p and Ti 3d levels allowed
the DOS plots. Compared to s states, the O 2p, C 2p,
and Ti 3d states have larger amplitude at E,. In a cova-
lent picture, the hybridization forms the bonding and an-
tibonding states. The bonding states are occupied. The
antibonding states can be higher in energy than the non-
bonding states. According to the Ref. 21, the interaction
follows essentially from quantum mechanical level repul-
sion, which “pushes” the minority state upward, cross-
ing the £,. Consequently, the p states are split into more
stable threefold ¢, states.

One might at this point want to know what mecha-
nism is responsible for the ferromagnetism of C-doped
TiO,. Obviously, the well known DMSs theory is un-
suitable. There are unpaired spins in 3d and 4f orbit-
als, but there are no such orbitals in Ti;40,,C,. Pan et
al have suggested the Zn-C coupling as the origin of
magnetism in C-doped Zn0'*' | but they have not taken
the O 2s, 2p states into consideration. Later, Shen et al
have studied the ferromagnetism in 2p element-doped I1-
oxide and Ill-nitride semiconductors'>. They attribute
the FM to a p-d exchange-like p-p coupling interaction,
deriving from the similar symmetry and wave function
between the impurity ( p-like #,,) and valence (p)
states. Similarly, Bannikov et al have attributed the
magnetism in SrZrO, 45 C, 1,5 system to the spin polari-
zation of the C atoms and the O atoms in the second co-
ordination sphere of the C, while the nearest-neighbor-
ing metallic atoms of the impurity still remain non-mag-
netic'?!. In Fig. 4, however, the nearest-neighboring
Ti atoms of the C are not non-magnetic anymore in Ti,q
0,,C,. The C 2s, 2p states overlap heavily both with
the O 2s, 2p and the Ti 4s, 3d states near E,. Thus, a
simple conclusion can not be given on which interaction
(‘the interaction between the C 2s, 2p and the Ti4s, 3d
states, or the interaction between the C 2s, 2p and the
0 2s, 2p states) is responsible for the ferromagnetism of
C-doped TiO,. The presented magnetization picture dif-
fers from that of the simple oxides and the 3d element-
doped semiconductors. In oxides, the induced moments
are located on neighboring cations of the impurity, while
O atoms in the second coordination sphere do not ac-
quire spin polarization'”’. In 3d element-doped wurtzite
host semiconductors, the spin is exclusively localized in
a tetrahedron formed by the four nearest-neighboring an-
ions of the 3d impurity'*'".
C, shown in Fig. 4 the p-d hybridization and p-p cou-
pling both contribute to the magnetism of Ti, O,, C,.
The induced magnetization at 3d orbitals of Ti and 2p
orbitals of O give about 23.5 % (0.503) and 15.2 %
(0.325) of the total magnetization, respectively. The
wave function of the C 2p states spatially extend to the
neighboring Ti 3d states, hybridize with them. This p-d
exchange hybridization, lead to the spin alignment of
parent C atoms, give a contribution to the FM coupling
of the system. Simultaneously, the electrons in p states
are more delocalized than those in d and f states, which
could promote long range exchange interactions'*'’. The
symmetry and the wave function (p-like t,,) of the im-

However, in rutile Ti; 0,

purity 2p state are similar to that of the top valence band
of the Ill-nitride and Il1-oxide, which consists mostly of
anion p orbitals. Therefore, a strong p-p coupling inter-
action between the impurity and valence band states is
allowed near the E,. As is well known, the substitution
of C for O in TiO, introduces impurity moments as well
as holes. The strong p-p coupling interaction leads to the
strong coupling between the impurity and carrier spin
orientations. Sufficiently the dense spin polarized carri-
ers are able to effectively mediate an indirect FM cou-
pling between the 2p dopants. In other words, a p-d ex-
change-like p-p coupling interaction mechanism also
works. The interaction is long range in FM DMSs, due
to the extended valence hole states. In conclusion, the
mechanisms responsible for the FM properties of C-
doped TiO, are the collective effects from a p-d ex-
change-like p-p coupling interaction and a p-d exchange
hybridization , consisteﬁnt with the mechanism proposed
16

by Zainullina et al. "'*). Thus, the Ti,;0,,C, gives sig-
nificant ferromagnetism.

Figure 5 shows the total valence charge density and
spin density contour plots for Ti;O;,C,. As can be seen,
the spin density is concentrated mostly to the vicinity of
the C dopant itself and its neighboring Ti and O atoms,
and the main moments in the supercell originate from
them, consistent with Fig. 4. The impurity gives rise to
the spin polarization of both Ti and O atoms near the C
impurity. The result indicates the strong spin-polarized
hybridization between C 2s, 2p and O 2s, 2p and Ti 4s,
3d states, the FM in Ti,  O,, C, originates from both of
them. Moreover, the spatial distribution of spin charge
density from O atoms reveals its p character. Different
from Mn ions in GaAs:Mn which polarizes spin of holes
in opposite direction, the spin density near each anion
impurity in 2p element-doped DMSs tends to align paral-
lel to the moment of the impurity ion under p-p interac-
tion. It is thought to be a signature of the long range p-p
coupling interaction as one of the origin of FM in C-
doped TiO,. It is also suggested that the magnetic inter-
action between the dopant C 2p and the anion O 2p states
can lower the total energy, therefore stabilizing the FM a-
lignment between C atoms.

3 Conclusions

In summary, using first-principles calculations, we
have shown that the 2p element C-doped rutile TiO, has
FM characteristics. The C dopants tend to couple ferro-
magnetically around the Ti atom in the rutile structure.
The spin charge density is concentrated mostly to the vic-
inity of the C dopant itself and its neighboring Ti and O
atoms. We propose that the mechanisms responsible for
the FM properties in C-doped TiO, are the collective
effects from a p-d exchange-like p-p coupling interaction
and p-d exchange hybridization. Thus, the C-doped TiO,
gives significant ferromagnetism. The p-d exchange-like
p-p coupling interaction is derived from the similar sym-
metry and wave function between the impurity ( p-like
t,,) and valence (p) states. This magnetic interaction is
long range.
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