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The electronic structure of (Ti,Mn)O2 diluted magnetic semiconductors was investigated theoretically from
first principles using the fully relativistic Dirac linear muffin-tin orbital band structure method. The electronic
structure was obtained with the local spin-density approximation taking into account strong Coulomb correla-
tions in the frame of the LSDA + U approximation. The x-ray absorption spectra and x-ray magnetic circular
dichroism spectra at the Mn and Ti L 3 and O K edges were investigated theoretically from first principles. The
origin of the XMCD spectra in these compounds was examined. The calculated results are compared with avail-

able experimental data.

PACS: 75.50.Cc Other ferromagnetic metals and alloys;

71.20.Lp Intermetallic compounds;
71.15.Rf Relativistic effects.
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1. Introduction

Spintronics or spin-transport electronics has attracted
much of attention because of its technologically potential
applications. Diluted magnetic semiconductors (DMSSs),
obtained by inserting a magnetic element as impurity into
the host semiconductor, can be used for the spintronic de-
vices [1]. The DMSs are among the most intensely investi-
gated materials in recent times in view of their great appli-
cation potential. Yet, they are also the most controversial
because of the possibility of extrinsic effects attributable to
dopant solubility and clustering, point defects, incorpora-
tion of unintentional impurities, etc. The starting materials,
which were expected to be the promising candidates for
spintronics, are group I11-V materials, such as (Ga,Mn)As
[2,3] with the highest Curie temperature of ~110 K [4].
Other candidates, which can show this property, are transi-
tion metal (TM) doped Group I nitrides, phosphides and
semiconducting oxides. Dietl et al. [5] predicted theoreti-
cally a Curie temperature T higher than room temperature
for transition element doped semiconducting materials,
such as, GaN, TiO2, SnO», and ZnO.

As a wide-band-gap semiconductor, TiO2 (3.2 eV for
the anatase phase and 3.0 eV for the rutile phase) has been
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considered as a base material for realizing transparent
DMSs. The transition-metal-doped (V, Cr, Fe, Ni, etc.)
TiO> alloys have been under numerous experimental and
theoretical investigations [6-12] on their magnetic proper-
ties and the related structural and electronic properties
since the discovery of room-temperature ferromagnetism
in Co-doped anatase TiO3 thin films [13]. Despite the in-
tensive research on TiO»-based magnetic oxides, the inter-
pretations for the observed ferromagnetic (FM) properties
have often been controversial, e.g., on whether the exhibit-
ed ferromagnetism is intrinsic or not [12]. For spintronic
applications the ferromagnetism in a semiconductor needs
to be intrinsic, that is, not from magnetic clusters of the
doped transition-metal impurities. Some studies suggest
that the FM in TM-doped TiO; originates from the pres-
ence of secondary phases or FM clusters, whereas other
results indicate the existence of intrinsic FM of TM substi-
tution in the TiO2 lattice. Xu et al. [14] reported room
temperature FM in Mn-doped TiO2 and claimed its origin
to be intrinsic. This group explained that FM is due to the
coupling between the Mn magnetic moments via large
concentration of holes, whereas, Hong et al. [15] argued
that Mn doping did not play any role in inducing the FM.
Also, a number of recent studies showed that the observed
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ferromagnetism tends to depend on methods and condi-
tions used in the sample preparation. Thus, no consensus
on the proper origin of the room-temperature ferromag-
netism in such metal-oxide semiconductors has been
reached yet. Therefore, more intensive and extensive study
is essential.

The electronic and magnetic properties of TM-doped
TiO2 have been calculated from first principles using a
wide range of different methods [16-27]. Most interest in
previous investigations was concentrated on the nature of
the magnetic interactions in the DMSs. In the present
study, we focus our attention on the x-ray absorption spec-
tra (XAS) as well as x-ray magnetic circular dichroism
(XMCD) in Mn-doped TiO2. XMCD experiments measure
the difference of the absorption of x-rays with opposite
(left and right) directions of circular polarization. The XMCD
is a powerful tool to study the element-specific local mag-
netic interactions and also it reflects the spin and orbital
polarizations of the local electronic states. The XAS and
XMCD spectra in the Mn-, Fe-, and Co-doped TiO; were
measured by several groups [11,28-31].

The paper is organized as follows. Section 2 presents
structural models of (Ti,Mn)O2 DMSs and the details of
the calculations. Section 3 is devoted to the electronic struc-
ture as well as XAS and XMCD properties of Mn-doped
TiO, calculated with the fully relativistic Dirac LMTO
band structure method. The results are compared with
available experimental data. Finally, the results are sum-
marized in Sec. 4.

2. Computational details

2.1. Crystal structure

TiO> has three of the most commonly encountered crys-
talline polymorphs: anatase, brookite, and rutile. All the
three crystal structures are made up of distorted TiOg octa-
hedra, but in different ways [32]. Among the polymorphs
of TiOy, the rutile phase exhibits an excellent combination
of physical properties such as exceptional light scattering
efficiency, high refractive index, opacity, chemical inert-
ness, and superb photocatalytic properties. Rutile TiO can
be obtained via the high-temperature calcination of anatase
nanoparticles; however, calcination unavoidably leads to
agglomeration and growth of the nanocrystallites. So far,
many groups have carried out significant work to explore
novel methods to prepare nanocrystalline rutile TiO2 by
controlling the size and morphology as well as related
properties [33,34].

The vast majority of studies of the bulk and surface
properties of TiO2 have been for the rutile phase. The rutile
structure, illustrated in Fig. 1, belongs to the P4, /mnm
tetragonal space group (number 136). The unit cell is de-
fined by the lattice vectors a and ¢ and contains two TiO>
units with Ti ions at (0,0,0) and (L/2,1/2,1/2), and O
ions at £(u,u,0) and +(u+1/2,1/2—-u,1/2). The unit-cell
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Fig. 1. (Color online) Schematic representation of the 3ax3ax 2c
supercell of the rutile-type TiO2 unit cell with one of the Ti ions
replaced by Mn one.

parameters are found to be a = 4.6019 A, ¢ = 2.9974 A,
and u = 0.30392 at 15 K [35]. Each Ti ion is octahedrally
coordinated to six oxygen ions. The TiO, octahedron is
distorted, with the apical Ti-O bond length (1.9779 A)
being slightly longer than the equatorial Ti—O bond length
(1.9684 A). The four equatorial O ions are coplanar occu-
pying a rectangular arrangement with the long edge along
the ¢ direction and the short edge lying diagonally across
the plane defined by the a direction. The TiOg octahedra
form chains that share edges along the c direction and
share vertices in the a—b plane.

The calculations of the electronic structure of the
(Ti,Mn)O2, DMSs were performed for 3ax3axlc and
3ax3ax 2c supercells of the rutile-type TiO> unit cell with
one of the Ti ions replaced by Mn. The super-cell calcula-
tions were performed for the compositions x = 0.067 (1/15)
and x = 0.037 (1/27) using the simple monoclinic P12/ ml
(No. 10) space group. The substitutional (Ti;—xMny)O2 po-
sitions are illustrated in Fig. 1 for a 76-atom TiO2 unit cell
containing one substitutional Mn atom (x = 0.037). The Mn
atom has six oxygen nearest neighbors: four O atoms at the
distance of 1.9684 A and two O atoms at 1.9779 A. The se-
cond-neighbor shell consists of 10 Ti atoms: two at the
distance of 2.9974 A, and eight at 3.5826 A.

2.2. Computational details

The details of the computational method are described
in our previous papers [36-38], and here we only mention
some aspects specific to the present calculations. The cal-
culations were performed using the spin-polarized fully re-
lativistic linear-muffin-tin-orbital (SPR LMTO) method
[39,40] for the experimentally observed lattice constants:
a=4.6019 A, c = 2.9974 A for rutile-type TiO [35]. We
used the Perdew—Wang [41] parameterization of the ex-
change-correlation potential. The Brillouin zone (BZ) inte-
grations were performed using the improved tetrahedron
method [42], and the charge self-consistency was obtained
on a grid of 170 k points in the irreducible part of the
(Ti,Mn)O2 BZ. To improve the potential we included addi-
tional interstitial spheres. The basis consisted of Ti and Mn
s, p,dand f,Os, pandd, and empty spheres s and p
LMTOs.
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The x-ray absorption and dichroism spectra were calcu-
lated taking into account the exchange splitting of core
levels. The finite lifetime of a core hole was accounted for
by folding the spectra with a Lorentzian. The widths of L,
and Lg core level spectra were taken from Ref. 43: ' =
=0.52 eV, FL3 = 0.25 eV for Ti; FLZ =097 eV, I',
=0.36 eV for Mn; and T'x = 0.18 eV for O. The finite
apparative resolution of the spectrometer was accounted
for by a Gaussian of width 0.6 eV.

Since the local density approximation fails to describe
correctly strongly localized Mn d states in (Ti,Mn)O,, we
treated these states within the LSDA + U approach [44].
We used the rotationally invariant LSDA + U method de-
scribed in detail in our previous paper [45]. For the ex-
change integral J the value of 0.95 eV estimated from
constrained LSDA calculations was used. The effective on-
site Coulomb repulsion U was considered as an adjustable
parameter. We found that the best agreement between the
theory and the experiment on the XAS and XMCD spectra
was achieved for U = 4 eV. These values of U and J pa-
rameters were fixed and used for all the calculations pre-
sented in the paper.

3. Results and discussion

3.1. Energy band structure

Figure 2 presents the total and partial density of states
(DOS) for a 76-atom TiO3 rutile-type unit cell containing
one Mnr; substitution (x = 0.037) obtained in the LSDA + U
approximation for a ferromagnetic arrangement of the Mn
moments. The O 2s states are located mostly between —17.6
and -15.8 eV below the Fermi level (not shown) and
the 2p states of O are found from —5.6 eV to the Eg and
from 2.5 to 8 eV above the Fermi level. The spin splitting
of the O p states is quite small. The Ti 3d states occupy
the energy interval between —5.4 and —0.2 eV and hybridize
strongly with the oxygen 2 p states. The empty Ti 3d states
form two groups of energy bands with an energy gap in
between. The first group is located between 2.35 eV and
4.6 eV, the second one is between 5.1 and 7.9 eV. The se-
cond group is mostly of trg symmetry, the first group is of
eq Symmetry, but because of rather low symmetry (P12/m1)
has significant amount of the t, states.

The crystal field at the Mn+; site (C,p, point symmetry)

causes the splitting of Mn d orbitals into five singlets:
agl (d322_1), agz (dxzfyz): ag3 (dxy)’ bgl (dxz)v bg2 (dyz)'
The Mn 3d impurity states hybridize well with the O 2p

conduction band. The dZTX +d§Z and dIy states are situated

in the energy gap. The di2 , states are slightly hybrid-
X

ized with the bottom of empty Ti 3e, states, the dz¢X +de

states cross the top of Ti 3e, states. As a result, the Mn 3d
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Fig. 2. (Color online) Total [in states/(cell-eV)] and partial [in
states/(atom-eV)] densities of states for the O, Ti and substit-
utional Mnj ions in (Tiz—Mny)O> (x = 0.0667). The Fermi ener-
gy is at zero.

empty states consist of very narrow peaks with weak
Mn 3d-Ti 3d hybridization. The picture of this kind indi-

cates the correlation nature of Mn 3d states in doped TiO>
DMSs. There is a double peak structure in the oxygen 2p
partial DOS in the energy gap because of the Mn 3d-O 2p
hybridization.

Our band structure calculations yield the spin magnetic
moment of 3.039 pg for the Mn atoms in the (Tiz—xMny)O>.
The induced spin magnetic moments at the O first neighbor
sites are of —0.002 pg and -0.022 ug for longer and short-
er distant O atoms, respectively. Ten Ti ions in the second
neighbor shell couple ferromagnetically to the substitutio-
nal Mn ion with the spin magnetic moments from 0.002 pg
t0 0.011 pg. The orbital magnetic moments at the Ti and O
sites are small with the largest one at the O first neighbor
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sites (=0.003 pg). The orbital magnetic moment at the Mn
site is —0.012 pg and is opposite to the spin moment.

3.2. X-ray absorption and XMCD spectra at the Ti and Mn
L, 3 edges

The XAS and XMCD spectra at the Ti, Mn L, 3 and O
K edges in the Mn-doped TiO2 were measured by several
groups [11,28-31]. Figure 3 presents experimental XAS
and XMCD spectra of (Ti,Mn)Oz at the Mn L, 5 edges [29]
together with the spectra calculated in the LSDA + U ap-
proximation. The experimentally measured Mn L, 3 XAS
exhibit spectral features in the ranges of 635-640 eV and
645-650 eV. These spectral features were assigned to Mn
2p3jp = 3dsyz5/2 (Lg) and Mn 2y — 3dg); (L) transi-
tions, respectively [29]. The x-ray absorption spectrum at
the Mn Ly edge is rather complicated and consists of a
major structure at 636.3 eV and two high energy shoulders
at 637.8 eV and 640 eV. The theory reproduces the energy
position and intensity of the major peak and shoulder at
637.8 eV quite well but fails to describe the high energy
shoulder at 640 eV, which probably has satellite nature.
The Mn L, XAS has a double peak structure. The theory
reproduces the peaks but with inverse relative intensity.

Kumar et al. [29] discovered that the line shape of the
spectral features for the Mn-doped TiO> films are different
from MnO3 [24], Mn203 [25], and Mn metal [29]. On the
other hand, the line shape of the spectral features looks
similar to MnO and MnS [24,27]. On the basis of these
observations Kumar et al. [29] concluded that the Mn ions
are in the 2+ valence state in the TiO2 matrix. It is in
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Fig. 3. (Color online) X-ray absorption (top panel) and XMCD
(lower panel) experimental spectra (circles) [29] of (Ti1_xMny)O»
(x = 0.05) at the Mn L 3 edges and theoretically calculated spec-
tra (full blue curves) for x = 0.0667.
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agreement with our LSDA + U calculations, which pro-
duce the Mn valency equal to 2.4+,

The XMCD spectrum at the Mn L3 edge is also quite
complicated and consists of a major peak with the negative
sign and two positive high energy peaks. The theory repro-
duces the energy position and intensity of the major nega-
tive peak quite well. However, the theoretically calculated
two high energy positive peaks are slightly shifted towards
smaller energy in comparison with the experimental spec-
trum. The theory also produces a deeper minimum between
the two high energy peaks than the experimental spectrum.

Figure 4 presents experimental XAS of (Ti,Mn)O2 at
the Ti L, 5 edges (upper panel) [29] together with the spec-
tra calculated in the LSDA + U approximation. The exper-
imentally measured Ti L,3 XAS consist of four major
peaks in the range of 458-469 eV and a high energy shoul-
der at 471 eV. It is well known that the separation between
the two main peaks in the Ly (peaks €y and tzg) and L,
(peaks ey and tpy) edges is associated with the crystal-
field splitting modified by the exchange interaction. Be-
cause the spin-orbit (SO) splitting of the core Ti 2p level
(5.74 eV) and the Ti 3d crystal-field splitting modified by
the exchange interaction (3.3 eV) are of the same order of
magnitude, the L3 and L, x-ray absorption spectra are strong-
ly overlapped. The four experimentally observed intense
peaks from 456 to 466 eV can, to a first approximation, be
assigned to 2pz; — ey, 2p3p >ty 2pyy; —>€y, and
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Fig. 4. (Color online) X-ray absorption (top panel) and XMCD
(lower panel) experimental spectra (circles) [29] of (Ti;_xMny)O2
(x =0.05) at the Ti L 5 edges and theoretically calculated spectra.
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2pyp — tyg transitions, respectively. However, as can be
clearly seen from Fig. 3 (upper panel), the 2 p;;, — €y and
2pyp — tyg transitions (L, spectrum) contribute also to
the two low energy peaks. The theory reproduces the ener-
gy position of all the fine structures quite well, however,
does not produce the experimentally observed Ly / L, x-ray
absorption ratio. It is well known that the L, and Ly ab-
sorption channels in early 3d transition metals with nearly
empty d bands are strongly coupled through the photo-
electron-core-hole Coulomb and exchange interactions
[46-49]. This leads to a branching ratio close to 1:1, far
from the statistical ratio 2:1, which is obtained in the sin-
gle-particle theory, unless the SO interaction in the final 3d
band is considered. From our band structure calculations
we obtained the Ly / L, branching ratio equal to 1.65 which
is far from the experimentally observed. This problem can
be accounted for through many-electron calculations and
we address it for future investigations.

The XMCD spectra at the Ti Lz and L, edges are well
pronounced and show quite complicated shapes with sev-
eral negative and positive peaks. The experimental meas-
urements of the XMCD spectra at Ti L, 3 edges are highly
desirable.

3.3. X-ray absorption spectra at the O K edge

The XAS and XMCD spectra in metals at the K edge
where the 1s core electrons are excited to the p states
through the dipolar transition usually attract only minor
interest because p states are not the states that influence
the magnetic and orbital orders. Recently, however, the
understanding of p states has become important since
XMCD spectroscopy using the K edges of transition met-
als became popular. Because of the delocalized nature of p
states, the K edge XMCD is sensitive to the electronic
structure of neighboring sites.

The x-ray absorption spectra at the oxygen K edge in
the (Tiz—xMny)O3 (x = 0.03 and 0.05) were measured by
Kumar et al. [29]. The O K edge spectra fundamentally
reveal a transition from the O 1s core state to the unoccu-
pied O 2p derived states, which are hybridized with the
relatively narrow 3d bands and broader 4sp bands of the
Mn and Ti ions. Figure 5 (upper panel) presents experi-
mentally measured [29] O K x-ray absorption spectrum for
5% Mn-doped TiO2 in comparison with our calculations.

The O K XAS for Mn-doped TiO; possess several fine
structures such as a major double peak structure from 529
to 535 eV with a low energy shoulder, and a wide structure
between 538 and 550 eV. The latter spectral feature is due
to the O 2 p orbitals hybridized with the Mn and Ti 4s and
4 p orbitals. The small low energy shoulder at 528 eV is
attributed to the oxygen 2 p empty orbitals hybridized with
the Mn 3d orbitals situated in the energy gap (see Fig. 1).
The major double peak occurring in the 529-535 eV ener-
gy range is attributed mainly to the oxygen 2p empty or-
bitals hybridized with the Ti 3d ey and t, orbitals.
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Fig. 5. (Color online) XAS (upper panel) and XMCD spectra
(lower panel) at the O K edge in (Tiz_xMny)O2 (X = 0.05) meas-
ured experimentally (circles) [29] and calculated theoretically
(full blue curves).

The dichroism at the O K edge is significant only for
the 2 p states that strongly hybridize with the Ti and Mn 3d
states in the energy range from 529 to 535 eV (see Fig. 5
(lower panel)). The O K XMCD spectrum possesses an
S—shape structure at this energy interval. The spectral
XMCD features between 538 and 550 eV, which are due to
the O 2 p orbitals hybridized with the Mn and Ti 4s and 4p
orbitals, are relatively small.

4. Summary

We studied the electronic structure and x-ray magnetic
circular dichroism of Mn-doped TiO2 diluted magnetic
semiconductors by means of ab initio fully-relativistic
spin-polarized Dirac linear muffin-tin orbital method. The
x-ray absorption and dichroism spectra at the Mn and Ti
L, 3, and O K edges were investigated.

The Mn 3d impurity states hybridize well with the O 2p

conduction band. The d sz +sz and dIy states are situated

in the energy gap. The di2 , states are slightly hybrid-
x“-y

ized with the bottom of empty Ti e, states, the dzix eriZ

states cross the top of Ti 3e, states. As a result, the Mn 3d

empty states consist of very narrow peaks with weak
Mn 3d —Ti 3d hybridization. The picture of this kind indi-

cates the correlation nature of Mn 3d states in doped TiO>
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DMSs. There is a double peak structure in the oxygen 2p
partial DOS in the energy gap because of the Mn 3d — O 2p
hybridization. The empty Ti 3d states are much wider than
the Mn 3d states and consist of two groups mostly of t,

and e, symmetry. The theory reproduces the shape and

energy positions of the major fine structures of the XAS
and XMCD spectra at the Mn L, 3 edge reasonably well.

The Ti Ly 3 XAS consist of four major peaks and a high

energy shoulder. The separation between the two main
peaks in the Ly (peaks €y and tzg) and L, (peaks ey and

try) edges is associated with the crystal-field splitting

modified by the exchange interaction. Because the spin-
orbit splitting of the core Ti 2 p level and the Ti 3d crystal-

field splitting are of the same order of magnitude the Lj
and L, x-ray absorption spectra are strongly overlapped.

The four experimentally observed peaks from 456 to
466 eV can be assigned to 2pg, ey, 2pgp = tyg,

2py, —€g, and 2y, — tyg transitions, respectively. The

theory reproduces the energy position of all the fine struc-
tures quite well, however, does not produce the experimen-
tally observed Lg /L, x-ray absorption ratio. The L, and

Lz absorption channels in early 3d transition metals with

nearly empty d bands are strongly coupled through the
photoelectron-core-hole Coulomb and exchange interac-
tions, which are not taken into account in present calcula-
tions.

The XAS and XMCD spectra at the oxygen K edge re-
flect the electronic states of neighbouring sites because of
the delocalized nature of p states and strong O 2p — Mn,Ti
3d hybridization. The major double peak structure of the O
K XAS for Mn-doped TiO; is attributed to the oxygen 2p
empty orbitals hybridized with the Ti 3d ey and t,4 orbit-
als. The wide structure between 538 and 550 eV is due to
the O 2 p orbitals hybridized with the Mn and Ti 4s and 4p
orbitals. The small low energy shoulder at 528 eV reflects
the O 2p — Mn 3d hybridization. The dichroism at the O
K edge is significant only for the 2p states that strongly
hybridize with the Ti and Mn 3d states in the energy range
from 529 to 535 eV. The spectral XMCD features between
538 and 550 eV, which are due to the O 2p orbitals hy-
bridized with the Mn and Ti 4s and 4 p orbitals, are rela-
tively small.
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