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Magnetic moment and coupling mechanism of iron-doped rutile TiO, from first principles
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The magnetic ground state of Fe-doped rutile TiO,, an oxide-based dilute magnetic semiconductor, has been
investigated within the hybrid-exchange approximation to density-functional theory. Fe Ti;_O, with x
=0.125 has been simulated by means of a 24-atom supercell with Fe doped substitutionally for Ti and this is
established as the dilute limit through explicit comparison with calculations on a 192-atom supercell (x
=0.0156). A detailed study of the nature and stability of the predicted ground state with respect to variations in
the oxidation state of the Fe ion, the delocalization or self-trapping of holes donated to the lattice, and the
treatment of electronic exchange and correlation is presented. The ground state is found to be well described by
a model based on an Fe**-d° in a high spin state coupled to a partially delocalized hole accommodated in the
2p states of neighboring oxygen ions. No evidence is found for ferromagnetic coupling suggesting that the
observed ferromagnetism in this system is dependent upon additional structural and/or electronic defects.
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I. INTRODUCTION

Titanium dioxide has a variety of interesting physical and
chemical properties and has therefore been extensively stud-
ied experimentally (see review and references in Ref. 1) and
using a range of theoretical approaches (i.e., Refs. 2-12).
Recently, it has been observed that when doping TiO, with
transition metal (TM) impurities at low concentration
(Ti;_,X,0,, with X=TM and x from 0.01 up to 0.14), tita-
nium  dioxide exhibits room  temperature  (RT)
ferromagnetism.'3-3? In addition, for iron (x~0.07)3*3 and
cobalt (x=0.12)!"*!5 doping of thin films the material re-
mains transparent. The doped material has potential for use
in spintronics and optoelectronics if the ferromagnetism can
be understood and controlled.*

The origin of the RT ferromagnetism has been studied
using a number of experimental techniques but there is still
no clear consensus about the resultant lattice structure, the
sites adopted by TM ions, the distribution of the ions in the
lattice, their oxidation state, or the magnetic moment per ion.
Transition electron microscopy (TEM),'31417:18.2627 gcan-
ning electron microscopy (SEM),'#?324 and atomic force mi-
croscopy (AFM)'* have been used to demonstrate the solu-
bility of TM atoms in various forms of TiO, at a variety of
concentrations, for which no sign of segregation of an impu-
rity phase is evident. This conclusion has been corroborated
by x-ray diffraction (XRD) data, which is consistent with the
incorporation of TM ions into both anatase and rutile
lattices, 13-15:17.18.25-27.32

In the case of Fe, XRD,?2-2428.35-37 Raman,3!-3® and Moss-
bauer spectra?>-37-3%40 indicate that Fe is incorporated substi-
tutionally for Ti. Analysis of the Mossbauerlast data suggests
the presence of both Fe?* and Fe’* species?73%40 while
x-ray photoemission spectroscopy (XPS) indicates that Fe is
in the 3+ state only.’> Electron paramagnetic resonance
(EPR) implies that in rutile Fe** substitutes for Ti**.*14? It is
the doping of rutile that is of the most immediate interest as
it is the thermodynamically most stable phase and thus the
most promising for applications of titania as a high-T dilute
magnetic semiconductor.?*
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The magnetic moment of the Fe species appears to be
very sensitive to the details of the preparation and form of
rutile and a very wide range of magnetic moments
(0.05-2.5u3) have been reported. In rutile powder with Fe at
x=0.01, the magnetic hysteresis at RT displays ferromag-
netic behavior with a magnetic moment of about
0.68u/Fe.” In rutile thin films at x=0.06, a magnetic mo-
ment of 1.3u;/Fe? has been deduced from superconducting
quantum interference device (SQUID) measurements. In
rutile films with similar Fe content (x=0.081) the observed
moment is significally smaller (~0.15u3/Fe), and has been
observed to decrease to 0.051up/Fe at higher concentrations
(x=0.126).2*% In vacuum-annealed rutile films with x
=0.05, the SQUID measurements imply a moment of
0.48up/Fe.! In reduced-rutile thin films with x=0.02, 0.06,
and 0.08, at 300 K exhibit hysteresis with a saturation mag-
netization of 2.3-2.4uy per Fe atom.!”!8

In all of the studies discussed above the Fe dopants were
considered to be incorporated in the rutile lattice but there
have been a number of reports which challenge this interpre-
tation. (1) In rutile films with x=~0.07 the magnetic behav-
ior has been attributed to the presence of Fe;0,4 nanoparticles
revealed by AFM, SEM, TEM, XPS, and x-ray absorption
near-edge spectroscopy measurements.*> (2) In Fe-doped
TiO, nanopowders with particle sizes of 10—100 nm and x
ranging from O to 0.20, a purely paramagnetic response was
observed at RT.3740

A number of theoretical studies have been performed in
order to characterize these materials. The full-potential
linearized-augmented plane wave method, both in the local
density (LDA) and generalized gradient (GGA) approxima-
tions, has been used to study the magnetic order in
Fe 5sTijsO,. At this high concentration three different mag-
netic orderings were studied in supercells containing four
formula units and the ground state was found to be antifer-
romagnetic although a metastable phase with weak ferro-
magnetic coupling along the crystallographic a direction was
also seen.*** Interestingly the computed magnetic moment
was sensitive to the distribution of iron in the supercells
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varying in the range 1.68-2.67ug/Fe. However, these calcu-
lations assumed a high-spin oxidation state of Fe** (with a
formal value |Sg.|=2) in the analysis of the magnetic cou-
pling and were restricted to concentrations much higher than
those observed. In a related study the electronic structure was
studied at lower concentrations (x=0.25 and 0.0625) and, for
similar local geometries the magnetic moment per Fe was
found to be insensitive to the concentration.*>*® The high
concentration phase Fe,sTiysO, (equivalent to FeTiO,, of
course) can be compared with ilmenite (FeTiO3), a mineral
that can be thought of as a stable, oxygen deficient phase,
occurring at very high x.

In the current content ilmenite is an interesting reference
as within the ionic model there are two distinct cation charge
orderings consistent with 0%, i.e., Fe?>*Ti** and Fe**Ti** and
the charge transfer excitation between the antiferromagnetic
Fe?*-d° ground state and the Fe3*-d° state has been observed
and reproduced in hybrid exchange DFT calculations.*’

This method is also adopted in the current work as it has
been proven to provide a reliable approach to the electronic
structure, orbital and magnetic ordering in a wide variety of
transition metal oxides overcoming the well-established
problems suffered by LDA and GGA approaches which un-
derestimate band gaps and overestimate magnetic
couplings.*’=3 In these materials this is crucial as a correct
description of the balance between localized and delocalized
states is vital if the formation of hole states within the oxy-
gen p band to compensate for the presence of Fe?* or Fe**
dopant ions is to be computed reliably.

The paper is organized as follows. Section II contains
computational details. In Sec. III A the perfect rutile struc-
ture is presented with the supercell adopted for the doped
system. The oxidation state of the iron atom and the conse-
quent presence of hole(s) in the system have been investi-
gated in Sec. III B. In Sec. III C the optimized geometry for
the lowest-energy oxidation state has been studied and a
comparison between 24- and 192-atom supercell is given.
The total and projected density of states are shown in Sec.
III D and the interplay between electronic structure and ge-
ometry is analyzed. The possible solutions with a localized
hole are described in Sec. III E. The ferromagnetic and anti-
ferromagnetic phases are reported in Sec. III F with the aim
of evaluating the exchange coupling constants J. The main
conclusions of this study are summarized in Sec. IV.

II. COMPUTATIONAL DETAILS

All calculations have been performed using the
CRYSTALO3 software package,’® based on the expansion of
the crystalline orbitals as a linear combination of a local
basis set (BS) consisting of atom centered Gaussian orbitals.
The titanium and oxygen atoms are described by a triple
valence all-electron BS: an 86-411G** contraction (one s,
four sp, and two d shells) and an 8-411G* contraction (one
s, three sp, and one d shells), respectively;’’ the most
diffuse sp (d) exponents are a''=0.3297 (0.26) and o
=0.1843(0.6) Bohr™2. These basis sets were developed in
previous studies of the bulk and surfaces phases of titania in
which a systematic hierarchy of all-electron basis sets was
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used to quantify the effects of using a finite BS.'?”® For the
iron atom, in order to quantify the effects of the BS approxi-
mation on the delicate description of the different Fe oxida-
tion states, two types of triple valence all-electron BS have
been exploited:> one previously optimized in Fe** systems
where the optimal most diffuse sp (d) exponents are o™
=0.5625 (0.4345) Bohr™? and one optimized for Fe>* cases
with the most diffuse sp (d) exponents being o™
=0.5306 (0.321) Bohr~2. The small changes in the exponents
of the Fe3*/Fe?* basis sets indicate that the triple valence BS
is adequately flexible to describe both oxidation states of Fe.
For the 24-atom supercell considered below, the Fe** BS
yields a total energy per cell some 0.24 eV (9mE,)® lower
than the Fe?* BS and so the Fe3* BS is used in all cases, with
the Fe?* BS used to check the sensitivity of key results only.

Electron exchange and correlation are approximated using
the B3LYP hybrid exchange functional®® which, as noted
above, is expected to be more reliable than LDA or GGA
approaches. The exchange-correlation potential and energy
are integrated numerically on an atom centered grid of
points. The integration over radial and angular coordinates is
performed using Gauss-Legendre and Lebedev schemes, re-
spectively. A pruned grid consisting of 75 radial points and 5
subintervals with (50,146,194,434,194) angular points has
been used for all calculations (the LGRID option implemented
in CRYSTAL03%). This grid converges the integrated charge
density to 8 X 1073 electrons per unit cell. The Coulomb and
exchange series are summed directly and truncated using
overlap criteria with thresholds of 1077, 1077, 1077, 1077, and
107'* as described previously.’*°! Reciprocal space sampling
was performed on a Pack-Monkhorst net with a shrinking
factor IS=8, which defines 75 symmetry unique k points in
the bulk structure. The self-consistent field procedure was
converged to a tolerance in the total energy of AE=1
X 1077E,, per unit cell.

The TiO, cell parameters were optimized using numerical
energy gradients with respect to the cell vectors. The internal
coordinates for both the perfect and the Fe-doped system
have been determined by minimization of the total energy
within an iterative procedure based on the total energy gra-
dient calculated analytically with respect to the nuclear co-
ordinates. Convergence was determined from the root-mean-
square (rms) and the absolute value of the largest component
of both gradients and nuclear displacements. The thresholds
for the maximum and the rms forces (the maximum and the
rms atomic displacements) have been set to 0.00045 and
0.00030 (0.00180 and 0.00120) in atomic units. Geometry
optimization was terminated when all four conditions were
satisfied simultaneously.%263

III. RESULTS

In this section the perfect rutile structure is presented with
the supercell adopted for the doped system (Sec. III A). At
fixed geometry, the oxidation state of the iron atom has been
studied (Sec. III B) and then the structural relaxation due to
the presence of Fe in the lattice has been investigated for the
ground state (Sec. III C). The electronic structure is analyzed
in terms of the total and projected density of states and Mul-
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FIG. 1. (Color online) The 24-atom supercell of the iron-doped
rutile structure. The small (large) spheres are titanium (oxygen)
atoms. The iron ion is located at the center of the cell.

liken partition of the charge and spin density (Sec. Il D). In
addition, metastable solutions with a localized hole are pre-
sented in order to establish the stability of the ground state
(Sec. I E). Finally, the magnetic ground state is presented
and the exchange coupling constants J evaluated (Sec. III F).

A. Geometry

The rutile structure belongs to the P4,/mnm(D]}) tetrag-
onal space group and the unit cell, defined by the lattice
vectors a and ¢, contains two TiO, units with Ti ions
at (0,0,0) and (%,%,%) and O ions at =(u,u,0) and
i(u+%,%—u, %).'2’64 The predicted structural parameters,
with the percentage deviation from those observed® in
parenthesis, are (in A): a=4.639(1.14%), ¢=2.981(0.90%),
1u=0.306(0.48%), and V=64.151(3.23%). This structure is
consistent with that predicted in previous calculations.'?

Each Ti is octahedrally coordinated to six O ions forming
a distorted octahedron, with the length of the two apical
Ti-O,, bonds slightly longer than the four equatorial Ti-O,,
bonds. The calculated (observed) lengths (in A) are 2.009
(1.976) for Ti-O,, and 1.959 (1.946) for Ti-O,. The four
equatorial oxygen atoms form a rectangle, stretched along ¢,
with the titanium atom at the center and with the smaller
angle Oeq"ineq equal to 80.95° (81.24°).

In order to model iron-doped TiO, at a realistic concen-
tration a supercell approach has been adopted. In Fig. 1 an
iron-doped 24-atom supercell (S,,) is displayed, which is
generated by doubling the ¢ lattice vector and introducing a
V2 X V2R45° expansion of the cell in the ab plane. Substitu-
tion of Ti with Fe in the cell results in a concentration of x
=0.125 which is towards the higher end of the range of con-
centrations that has been realized in practice (see Sec. I).

In Fig. 1 the global Cartesian reference system of the cell
used here is also shown. This frame is not conventionally
adopted for the description of d orbitals within ligand field
theory. In fact the Fe d,>_» and d,, are exchanged and, ac-
cordingly, the d,, and d,; orbitals (in the global system) are
rotated by 45° with respect to the conventionally local refer-
ence system. In the global frame, the e, states correspond to
d,y and dy2_,2_ > orbitals. The Cartesian frame adopted here
is convenient because the density matrix in this orientations
of the d orbitals is diagonal.
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B. The oxidation state of the iron atom

An essential prerequisite for discussing the magnetic
properties of Fe-doped TiO, is the identification of the Fe
oxidation state, which is potentially coupled very strongly to
the nature of the hole states in the host crystal and the local
relaxation of the lattice. The formal charge states of TiO,
within an ionic model are

Ti — Ti** +4e”, 20+4e¢” — 207

Upon substitution of the Ti with Fe there are a number of
possible formal charge states that might be adopted:

Fe — Fe** +4¢~, 20+4¢” —20°7, 0 hole; (1)

Fe — Fe**+3¢”, 20+43¢”— 0> +07, 1 hole; (2)

Fe — Fe** +2¢~, 20+42¢” — 207, 2 holes;  (3)

where it is assumed that any holes donated to the lattice are
accommodated by the O ions of the lattice as observed in
Li-doped MgO (see, for instance, Ref. 66) and in Li-doped
Ni0.57:%8 The magnetic moment of Fe in the high spin state is
4, for Fe** and Fe?* (cases 1 and 3) and 5u; for Fe3* (case
2). In case 1 this leads to a total spin per cell of 4w but in
cases 2 and 3 the total spin also depends on the coupling
with unpaired electrons induced in the surrounding lattice.

A number of metastable charge and spin states can be
generated in addition to the ground state electronic structure
by varying the initial condition of the calculation. In Table I
the relative total energy, ionic charges, and spin moments for
various states are reported as a function of the total spin per
cell S (the difference in number between electrons in a ma-
jority and a minority spin state), at the optimized rutile ge-
ometry; for completeness solutions that are non-spin-
polarized (NSP) and spin polarized but with a total spin of 0
are also reported.

The computed charges reveal a more complex picture
than that expected from the simple ionic model and the de-
termination of the Fe oxidation state and of the nature of the
unpaired electron(s) associated with the accommodation of
hole(s) by the lattice is not straightforward. The nature of the
competing states is further analyzed in Table II where the
individual d-orbital populations of the Fe ion are presented.
For §=6, the charge and spin populations of the Fe ion are
consistent with an Fe**-like high spin @° state. Interestingly,
the two d orbitals pointing towards neighboring O ions
which are of e, type (dy,2_,2_2 and d,, in Table II) have
smaller spin and larger charge populations than the 7,,-like
orbitals indicating a partially covalent nature for the Fe-O
interaction which contributes to a decrease of g, (4.273up)
from the formal value of Sug. In this state there is also a
majority (@) spin density delocalized over the six O neigh-
bors. The S=4 solution is the ground state and the charge and
spin populations of the Fe ion are close to those expected for
an Fe**-like high spin d@° state, although the spin occupation
of the e, orbital oriented towards the equatorial O ions (d,,)
is suppressed (0.397 ;). In contrast to the S=6 solution the
unpaired electrons on the neighboring O ions are minority
(B) spin. The unpaired electron is delocalized over the O
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TABLE 1. The energy difference (AE, in eV), with respect to the ground state (S=4), net atomic charges

(g in |e

), and spin moments (u in wg) evaluated according to a Mulliken partition of charge and spin

densities as a function of the total spin S of the supercell. The adopted geometry is the B3LYP optimized
structure of pure rutile TiO,. NSP denotes the non-spin-polarized solution. In the undoped rutile gr;

=2.158]e| and go=-1.079]e|.

q: Z—(ny+np) W ng=ng
S AE  Fe Oup Ocq Ti Fe Oup Ocq Ti
NSP 1.58 2.042 -1.064 -1.072 2.183
0 0.86 2.102 -1.074 —-1.082 2.184 0.031 0.020 -0.018 0.003
2 0.30 2.106 -1.069 -1.087 2.185 2.104 -0.030 -0.019 0.004
4 2.249 -1.134 —-1.088 2.182 3.694 0.121 -0.008 0.028
6 0.65 2.220 —-1.088 -1.124 2.188 4.272 0.219 0.255 -0.046

neighbors as in the S=6 case but now occupies a crystalline
orbital resulting from the hybridization of Fe-d,, and O-2p
orbitals.3¢

In the S=2 case, the population of the d orbitals is con-
sistent with an Fe?*-like high spin d° configuration; this is a
complete suppression of the spin in the d,2_> orbital, which
is in O, plane and oriented between a pair of O ions. The
two unpaired electrons donated to the lattice have opposite
spin to those of the Fe ion. In addition to the reduction of the
spin of the d,, orbital observed in the S=4 case there is also
a similar decrease for the d,2_,»_» orbital.

The main finding of this initial survey of the effect of the
oxidation state of the Fe ion is that the ground state for
Fe-doped rutile TiO, corresponds to a high spin state
Fe**-(d°) configuration with the unpaired electron of the lat-
tice coupled antiparallel to that of the Fe resulting in an
overall spin density per cell of S=4. The unpaired electron is
in a crystalline orbital formed by an hybridization of the
Fe-dxy and O-2p atomic orbitals and is thus delocalized
among the four nearest neighbor O ions.

C. Structural relaxation

The relaxation of the ions in the surrounding lattice has
been performed for the S=4 state presented in Sec. III B. In
order to illuminate the key interactions, the optimization has
been performed in four stages, relaxing (1) the two O,, at-
oms, (2) the four O, atoms, (3) all the six nearest neighbors,
and (4) all the atomic coordinates inside the supercell. The

displacements and gain in energy at each stage are summa-
rized in Table IIL. It is evident that the four O, ions experi-
ence a breathing-mode relaxation to accommodate the Fe
dopant. The displacement of the O, ions alone accounts for
36% of the total relaxation energy and is the dominant con-
tribution (the displacement of the O,, ions alone accounts for
just 5% of the total). The relaxation of O,, ions becomes
more significant when performed in conjunction with the O,
ions: AE for the optimization of both O,, and O,, yielding
about 50% of the total. This cooperative effect is also appar-
ent in the displacements. When optimized separately, O, and
O, have, respectively, a displacement equal to 63 and 45 %
of the full relaxation. In addition to the primary effects of the
displacement of O, and the secondary ones of O,, on the
relaxation, it is interesting that the displacement of the O 4,
ions (=0.026 A), which are the four apical oxygen atoms of
the two Ti ions that neighbor Fe (see Fig. 1), relax in a
direction opposite to that of the O, ions. The local distortion
of the octahedron containing the Fe ion is documented in
Table IV. The decrease of the O.4-O,, distance is accompa-
nied by an increase in Oy ,-O,,.

In order to check the concentration dependence of these
distortions a supercell S;9q was created by doubling each
lattice vectors of S,,, resulting in an Fe content of x
=0.0156 (Table IV). The O-O distances are essentially the
same (within 1.5% of that in the S,4 cell) indicating that the
local distortion of the octahedron is close to the dilute limit
for x=21—4, even though the full relaxation of all the atoms in
the supercell entails a further energy gain of 0.3 eV, due to

TABLE II. The charge (g in |e|) and spin (u in ) population of the d atomic orbitals for Fe as a function
of § of the entire doped supercell. The d orbital pointing towards oxygen atoms are in bold.

q: Z—(ny+np) Wi ng=ng
S dr2 2y d,, d,, dy_y d dr2 2y dy, dy, dy_y d,,
NSP 0.741 1.967 0.618 1.847 0.675
0 0.836 1.186  1.178  1.836  0.746 -0.018 -0.791 0.801 0.035  0.004
2 0.834 1.134 1124 1936 0.751 0.182 0.847 0.859 0.023 0.183
4 1.271 1.120  1.140 1.084  1.007 0.722 0.864 0.847 0.896 0.348
6 1.200 1.085 1.084 1.053 1.246 0.787 0.896  0.900 0.920 0.753
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TABLE I11. The distance (A) between Fe and its neighbors is given in the first row of data. In the second column, the set of atoms whose
coordinates have been optimized is given for both S,4 and S,¢¢ supercells. AE (in meV) is the relaxation energy evaluated with respect to the
structure without geometry optimization (first row of data). The displacements (A) are given in italics; a negative value means a relaxation
towards the iron atom and blanks indicate no displacement. The underlined values indicated cases in which the relaxation alters the distance

ordering of the neighbors.

ATOM AE 40, 20, 2Ti 404, 40,, 4Ti 4Ti 80 20, 80 4Ti 40,
1959 2009 2981 3518 3594 3603 3.603 4125 4552 4611 4639  4.649

Sy 20, =75 1914 2026 2981 3518 3594 3.603 3.603 4125 4535 4611 4639  4.649

+0.017 -0.017

40,, 593 1920 2009 2981 3518 3.594 3.603 3.603 4125 4552 4611 4639 4675
-0.040 +0.040

6044 —-81.0 1914 2038 2981 3518 3594 3.603 3.603 4125 4523 4611 4639 4680
~0.046 +0.029 ~0.029 +0.046

All  -167.0 1902 2047 2981 3517 3580 3.593 3597 4131 4514 4606 4.639 4693
-0.059 +0.038 ~0.004 -0.026 —-0.026 —0.016 +0.010 —0.038 —0.018 -0.059

S All -314.8 1.883 2080 2913 3.523 3582 3.593 3.656 4.135 4578 4580 4.655  4.637
~0.078 +0.072 —-0.067 +0.005 —-0.012 —0.017 +0.065 +0.010 +0.026 +0.023 +0.015 —0.011

both a larger displacement of the neighboring oxygen atoms
of Fe and a further relaxation of the atoms not included in
S,4. Accordingly, in what follows the S,4 cell is taken to be
adequate as a representation of the dilute limit.

D. Electronic structure

The projected total density of states (DOS) of undoped
rutile TiO, is displayed in Fig. 2(a). The upper valence band
(-10.6—-4.5 ¢V) has predominantly O-2p character with
some hybridization with Ti-3d orbitals, while the lower con-
duction band has Ti-3d character. The computed width of the
upper valence band is 6.13 eV, in agreement with that ob-
served [5—6 eV®7] and the computed band gap is 3.40 eV
in reasonable agreement with that observed in optical spec-
troscopy of ~3 eV.%%71-73 This reliable reproduction of the
observed electronic structure is an important feature of the
hybrid exchange approximation.

The spin-polarized DOS of the doped system is presented
in Fig. 2(b). The Fe ion contributes a narrow, spatially local-

TABLE IV. Geometrical parameters of the octahedron in terms
of the distance (A) between Oq and Oq neighboring the iron im-
purity for the geometry optimization performed.

Distance
Relaxed
Supercell atoms OcqOcq Ocg-Oqp  OgyOpyp
2.54/2.98 2.81 4.02
So4 I X1X1 Oy 2.82 4.05
O¢q 2.50/2.91 2.78 4.02
O, and Oy 2.50/2.90 2.79 4.08
All 2.49/2.87 2.79 4.10
Sigs  2X2X2 All 2.47/2.84 2.81 4.16

ized, band of majority spin states below the bottom of the
upper valence band and a broad spectrum of more delocal-
ized states which are hybridized with the O-2p band. These
features are consistent with the discussion of the Fe oxida-
tion state above. These main features of the DOS are similar
to those computed for ilmenite (FeTiO5)* indicating that
these essential features of the electronic structure of the Fe**
ion in a titanate host lattice are fairly independent of concen-
tration, which is consistent with a highly localized picture of
the electronic structure of the Fe** ion. There is also evi-
dence for some hybridization between the Fe-3d and O-2p
orbitals. In particular, the Fe-derived minority spin states can
be attributed mainly to the d orbitals oriented towards O,
and are due to the interaction with the unpaired minority-spin
state electron delocalized over the four O, ions.

Upon doping, a number of defect states are generated in
the band gap. About 2 eV above the valence band maximum
(VBM) there is a majority spin state (mainly due to the Fe-d
orbital pointing towards Oy and to the Ogg-p, and O4-py
ones). In the minority spin states a feature exists 2.38 eV
above the VBM (which is 0.05 eV lower than the VBM in
the majority spin states) these are the crystal field split Fe-d
states. The presence of these minority spin states in the band
gap has been suggested previously on the basis of molecular
orbital diagrams for the isolated (Fe**Og)°~ cluster.”*

The localized majority-spin states, which are in the energy
range from —12.5 to —10.5 eV, can be analyzed further in
terms of the contributions of the individual d orbitals and a
simply ionic picture of the interactions (Fig. 3). In the dis-
torted octahedron the degeneracy of the d orbitals is lifted
but they can be grouped into f,,-like and e,-like subbands.

Of the e, levels that are oriented towards the O the d2 is
lower in energy than the d,,, which interacts W1th the Oeq,

the Fe-O,, distance is shghtly longer than the Fe-O, dis-
tance (1. 902 vs 2.047 A). Within the 1, derived states the
d,>_,» orbital, which is in the O plane, is the most stable
and is sensitive to the position of the neighboring O, atoms.
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0.0

FIG. 2. (Color online) The total DOS (dashed-
line) of the 24-atom supercell (a) and after iron-
doping and geometry optimization (b). The DOS
are projected in (a) on the oxygen (thin continu-

ous line) and titanium (thick continuous line) at-
oms and in (b) on the iron (thick continuous line)
atom. The top of valence bands is indicated by
the vertical line. In (b) positive (negative) density
values refer to majority (minority) spin states.
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Upon relaxation of the oxygen neighbors, and in particular of
Oy, the angle O.,FeO,, bisected by the x axis increases from
80.95° to 81.89°, the consequent decrease of electronic re-
pulsion stabilizes this energy level as is apparent when com-
paring Figs. 3(a)-3(c). The width of the d,>_,> derived states
can be explained considering that along the x axis the pillar
of octahedra shares an edge. The stabilization effect due to
the edge sharing of the octahedra is partially evident for d,,
and can also rationalize the lower energy of d,, with respect
to d,. (even though d, bisects the smaller O.,-Fe-O,, angle).
Then the d,, peak is narrower since it is not perturbed by the
presence of edge-sharing octahedron.

The Fe-O interaction can also be analyzed using the
charge and spin density maps displayed in Fig. 4. The plots
are drawn in two different planes in order to expose the
differences between the Fe-Oq and Fe-O,, interactions: the
former defined by the Fe ion and two of the O, the latter
defined by Fe, O, and O,,. Along the Fe-O,, direction the
charge density map reveals a rather ionic picture of the bond-

Energy (Ep)

0

Energy (eV)

ing with near spherical charge density around the O and Fe
ions. In the Fe-O, direction the charge density is more con-
centrated in the bond and spin density is consistent with the
strong Fe(a-d,,)-O(B-2p) interaction, suggested by the
DOS. On the O centers the hexapole consists of minority
spin p orbitals oriented towards the Fe atom and majority
spin p orbitals orthogonal to these and, as a consequence, the
overall spin on O is small (see Tables I and IV and Fig. 4).

As the role of electronic exchange is expected to be cru-
cial in this system the sensitivity of the local electronic struc-
ture to the percentage of the Fock exchange used in the hy-
brid functional has been investigated. The variation in the
Mulliken spin and charge populations of the Fe-d orbitals are
plotted in Fig. 5. A substantial difference in the behavior of
the e, and 1,, orbitals is evident. The former states are char-
acterized by a lower spin density, mainly due to hybridiza-
tion with the neighboring oxygen atoms, this is especially
evident for the d,, orbital interacting with O,. The effect of
the treatment of electronic exchange and correlation on the

FIG. 3. (Color online) The
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> to d orbitals pointing towards the
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u (a) /\ ! f oms: continuous line for O.eq a}nd
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Energy (eV)

iron atomic orbitals.
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FIG. 4. Total (left) and spin (right) density maps in two planes;
the first (upper panel) defined by the Fe and 20, atoms (top) and
the second (lower panel) with Fe, O,,, and O, (bottom). Ten total
density contour lines are drawn from 0.01 to +0.10|e|/Bohr>. Spin
isodensity lines range from —0.001 (negative dashed lines) to
+0.001|e|/Bohr® (positive continuous lines) by increment of
0.0001 |e|/Bohr?.

d,, spin population is most striking. As the Fock exchange
component is increased the spin density increases rapidly
due to the increasing localization of the crystalline orbital
and the decreasing interaction with the delocalized O-2p
hole. The plateau in the total population of the d,, orbital
above 40% is particularly significant in the light of the evi-
dence that more than about 25% Fock exchange is typically
needed to describe the overall electronic structure of crystal-
line insulators.”>-78 It is important to note that the effect of
Fock exchange is documented here in order to establish the
sensitivity of the solution to the treatment of electronic ex-
change and not to suggest that the functional should be var-
ied; the B3LYP functional is a well-documented and widely
used approximation.

PHYSICAL REVIEW B 75, 165201 (2007)
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FIG. 5. (Color online) The Mulliken total and spin populations
of the single Fe-d orbitals as function of the percentage of the exact
exchange. The value 20% corresponds to B3LYP.

E. The possibility of self-trapping of the hole state

The strong interplay between the geometry and the elec-
tronic structure can be exploited to generate metastable states
in which self-trapping of the hole occurs at O,, and O, in
various p states and with spin either parallel or antiparallel to
the spin of the Fe ion. There is then the possibility that the
resultant lattice distortion lowers the energy of the self-
trapped state significantly. Accordingly, a study of the local
environment of the iron near an oxygen ion with a trapped
hole has been performed. As the Hartree-Fock approximation
displays a well-documented tendency to over localized states
in magnetic insulators this approach is used to generate ini-
tial guesses for the localized states and to document the
strongly interacting limit.

It is evident from HF data in Table V that the lowest
energies solutions have the p orbital with the unpaired elec-
tron orthogonal to the plane identified by unit FeOTi,; the
localization at O, (with a p, character) being about 0.2 eV
more favorable than at O, (p,). In both cases the spin of the
unpaired electron is aligned with Fe and when flipping its
spin state there is an energy increase of ~0.02—-0.04 eV.

TABLE V. The energy (eV) within the Hartree-Fock level of theory as function of the localization of the
unpaired electron at the oxygen position (O, and O,) in each p orbital for both the spin states. The first two
rows are reported with respect to the minimum value, labeled by zero. The nonrelaxed and FeOg-relaxed lines
refer, respectively, to iron-doped TiO, at the experimental geometry and to the same structure after a geom-
etry optimization of the octahedron FeOg; the energy difference between the two cases is given in the
relaxation line. The blank means that the value has not been calculated.

Oap(px) Oap(Py) Oap(pz) Oeq(px/py) Oeq(pz)
@ B @ B @ B a B @ B
Nonrelaxed 2.26 2.31 0.83 0.86 2.67 2.07 2.06 1.59 0.65 0.67
FeOg-relaxed 1.32 1.38 0.08 0.13 1.60 1.36 ZET0 0.04
Relaxation 0.95 0.94 0.75 0.74 1.06 0.72 0.65 0.63
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TABLE VI. The energy (eV), Fe displacement Arg, (A), and distance (A) between Fe and its neighbors and Mulliken spin moment v as
a function of the delocalization/localization of the unpaired electron at oxygen position(s), indicated in the first column. NL means that the
unpaired electron is shared among neighboring oxygen atoms of Fe; a—Oeq(pZ) corresponds to the solution with the unpaired electron

localized in a p. orbital of O

in a majority spin state (@). The data refer to a fully optimization of the internal atomic coordinates.

Underlined values indicate the oxygen ions where the unpaired electron is localized.

S AE  Arg de-0,, de-0,, Mre Ho,, Ko,
NL 4 zero 1.902 2.047 3.582 0.032 0.091
a—Oeq(pz) 6 0.17 0079 1959 1974 2.003 2.069 2.015 4.283 0.101 0.122 0.108 _0.948 0.104
B—Oeq(pz) 4 021 0.058 1963 1976 1.999 2.050 2.019 4285 0.103 0.125 0.108 -0.800 0.075
a-Oy(p,) 6 045 0.109 2.008 1990 2.045 4271 0.155 0073 0.857
B-Ou(p,) 4 055 0127 2011 1978 2.058 4.279 0.107 0.054 —0.806
NL 6 0.64 2.027 2.025 4.289 0.226 0.102

This finding is also confirmed when the octahedron FeOgq
distortion is taken into account. Within the HF approxima-
tion the a-O.y(p,) solution is ~2 eV lower in energy than
the state in which there is delocalization of the unpaired elec-
tron among oxygen atoms nearest neighboring of Fe.

The displacements computed within HF of the atoms in
the FeOq4 octahedron for the four lowest energy cases in
Table V have been exploited to define initial geometries for
hybrid exchange calculations in order to generate potential
self-trapped hole states. From the data in Table VI it is evi-
dent that the localization of an unpaired electron in the
a-Ocy(p,) state (where Fo,, =0.948 ~ p,, =0. 842) is more fa-
vorable than all other solutions with a localized unpaired
electron. Furthermore the stability order [a-Ogy(p,)
< B-Ogy(p.) <a-0,(p,) < B-O,(p,)] of the HF approxima-
tion is preserved. However, the results presented in Table VI
establish clearly that the delocalized S=4 state (investigated
in Secs. III C and LI D) is lower in energy even after local
distortions associated with the self-trapping of the hole.

F. The magnetic coupling

In the previous sections the nature of the spin density
associated with each Fe dopant has been established and seen
to be essentially localized on Fe-d° and nearest neighboring
oxygen atoms. It is the purpose of this section to examine the
magnetic interactions between these localized spins that de-
termine the macroscopic magnetic properties. At fixed dop-
ant concentration the energy of parallel and antiparallel con-
figurations of the spins is computed in suitable supercells of
the fundamental cell. Cells containing 48 atoms created by
doubling along either the a, b, or ¢ directions are used to
study nearest neighbor interactions and cells of 96 atoms
doubled in two directions used to generate states in which
there is antiparallel alignment along two directions.

The energies of these various states are presented in Table
VII; as expected, the energy scale of magnetic ordering is a
few meV per Fe much smaller than the charge ordering en-
ergy scale of about one half eV (see Table I), as observed
previously in ilmenite.*” This disparity in energy scales sup-
ports the assumption that studying the structural degrees of
freedom in the ferromagnetic configuration is sufficient (Sec.
III C). Indeed, if further structural relaxation is performed in

the presence of an antiferromagnetic alignment the energy
gain is negligible (~0.02 meV). For coupling along all di-
rections considered here, the antiparallel alignment of spins
is more stable than parallel (see Table VII) and the most
stable state is antiferromagnetic with antiparallel coupling in
all directions. The coupling is about 2-3 times stronger along
¢ than along b and a. Within a simple Ising model, the com-
puted exchange coupling constants among impurities are J,
=32 K, J,=4.8 K and J —11 .0 K, where the spin has been
taken to be |Sp.=3 *in a
high spin state. The calculatlons on the quadruple cell estab-
lish that the magnetic coupling is essentially nearest neigh-
bor and additive, as there is a deviation of less than 2%
between the stabilization energy AE given in Table VII and
that computed from the nearest neighbor interactions along
the crystallographic directions J,, Jy, and J,.

The prediction here, that the coupling favors antiparallel
spins in all directions within the lattice, is not consistent with
previous work which reported a ferromagnetic coupling for
certain directions.* However, the previous study was con-
ducted at a much higher concentration (x=0.5) than the
present study. At x=0.5 it is likely that the spin density in-
duced by the dopants overlaps as is also evidenced by the
very different Fe magnetic moment reported previously.*#0

TABLE VII. The energy difference (AE) per FeTi;O 4 formula
unit £ with respect to the ferromagnetic state as a function of the
supercell size and shape. i corresponds to the direction(s) along
which the impurities are coupled antiferromagnetically. The mag-
netic moments of Fe (ug,) for each case are very close to the fer-
romagnetic value 3.58 up.

Supercell

i Size Shape AE(meV) e up)

a 48 2axX1bX1c =35 358 =357
b 48 laxX2bX1¢ =5.1 359 =357
c 48 laxX1bX2¢ -11.9 358 =357
a,b 96 2aX2bX1¢ -8.7 359 =357
a,c 96 2aX1b X2¢ -15.2 358 =357
b,c 96 laxX2bX2¢ -17.0 358 =357
a,b.c 48 -20.2 358 =357
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The value of up, varied in the range 1.68—2.67up and was
found to be very sensitive to the distribution of iron in the
supercells. In constant, as can be seen from Table VII, the
present value of up. (~+3.58up) is independent of the mag-
netic order. This discrepancy is also exacerbated by the use
of the local spin density approximation in previous studies
which has a well-documented tendency to over-
delocalization of the states in transition metal oxides.

As the hybrid functional used here correctly describes the
balance between localized and delocalized states, it can be
concluded that the calculations reported here establish that
well separated Fe dopants at x=0.125 yield large local mag-
netic moments which do not order to form a ferromagnetic
state that would be stable at room temperature.

IV. CONCLUSIONS

The magnetic ground state of Fe-doped rutile TiO,, an
oxide-based diluted magnetic semiconductor, has been inves-
tigated using hybrid-exchange density-functional theory. A
24-atom supercell of rutile with an Fe atom substituted for Ti
has been used to simulate the dilute content of dopant
(Fe, Ti;_,O,, x=0.125). The fact that this supercell represents
the dilute limit is established by direct comparisons of the
relaxation energy and geometrical distortions of a 192-
supercell (x=0.0156).

A detailed study of the oxidation state of Fe and the re-
lated presence and nature of the holes donated to the lattice
has established that the ground state corresponds to a high
spin state consistent with an Fe**-(d°) configuration with the
unpaired electron of the lattice coupled antiparallel to that of
the Fe resulting in an overall spin density per cell of S=4.
The analysis of the electronic structure in terms of Mulliken
charges, total and spin density maps, and total and projected

PHYSICAL REVIEW B 75, 165201 (2007)

density of states has identified the hole state as a delocalized
orbital formed by the hybridization of the Fe-d orbital point-
ing towards the four Oy and O.¢-2p orbitals.

The stability of this state with respect to self-trapping of
the hole has been found to be sensitive to the treatment of the
electronic exchange and correlation: within the HF level of
theory the lowest-energy solution corresponds to an unpaired
electron trapped at an oxygen position nearest neighboring of
Fe, while within the hybrid exchange approximation all self-
trapped states are metastable with respect to the delocalized
solution.

The calculation of the ferromagnetic and antiferromag-
netic coupling of the spin associated with impurities estab-
lishes that, for the well separated Fe dopants at x=0.125, the
large local magnetic moments are insensitive to the magnetic
order and do not couple to form a ferromagnetic state that
would be stable at room temperature, in agreement with pre-
vious experimental works.3237:40

From the apparent independence of the magnetic moment
and coupling mechanism on the Fe content it seems likely
that this conclusion can be extended to smaller concentra-
tions. The reported observations of ferromagnetism have
yielded a wide range of magnetic moments per Fe dopant
which appear to be sensitive to the growth conditions and in
particular the oxygen partial pressure.3'-7>8 In view of this it
seems possible that the ferromagnetism is due to a mecha-
nism which is based on variations in the oxygen stoichiom-
etry in addition to the substitutional incorporation of Fe in
the host crystal.3!-34,
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