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In this work, we present an experimental and theoretical study of structural and magnetic properties of

Fe doped rutile TiO2 nanopowders. We show that Fe-doping induces the formation of oxygen

vacancies in the first-sphere coordination of iron ions, which are in þ2 and þ3 oxidation states. We

found that Fe ions form dimers that share one oxygen vacancy in the case of Fe3þ and two oxygen

vacancies in the case of Fe2þ. The saturation magnetization is almost independent of iron

concentration and slightly increases with the relative fraction of Fe2þ. Ab initio calculations show that

two Fe ions sharing an oxygen vacancy are coupled ferromagnetically, forming a bound magnetic

polaron (BMP), but two neighbor BMPs are aligned antiparallel to each other. Extra electron doping

plays a fundamental role mediating the magnetic coupling between the ferromagnetic entities:

carriers, possibly concentrated at grain boundaries, mediate between the BMP to produce

ferromagnetic alignment. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4883183]

I. INTRODUCTION

Magnetism in wide-gap semiconductor oxides doped

with 3d transition elements, usually called dilute magnetic

semiconductor oxides (O-DMS), has become one of the most

interesting topics in condensed matter physics. New experi-

mental and theoretical publications show significant advan-

ces in the synthesis and characterization methods,1–5 but the

microscopic mechanism of long-range magnetic order is still

an open problem.

Most of the research efforts in this field were focused on

Co- and Fe-doped TiO2, SnO2, ZnO, and In2O3. There is

consensus in the scientific community that an important role

is played by defects, especially oxygen vacancies, for the

occurrence of ferromagnetic interactions.6–10 Except in few

cases (such as Refs. 11 and 12), bulk samples and thin films

of well crystallized and stoichiometric solid solutions of

dilute magnetic oxides are mainly paramagnetic13–16 and

highly defective alloys present room temperature

ferromagnetism.17–19 In recent papers,20,21 a possible sce-

nario for the origin of oxide ferromagnetism was presented.

In contrast to the assumption that the entire sample is ferro-

magnetic, it is suggested that only small regions that contain

defects such as grain boundaries become ferromagnetic. In

this case, the defect concentration would be the limiting fac-

tor for the appearance of magnetism rather than doping by

magnetic ions. The defects produce an impurity band inside

the oxide band gap, and a Stoner type criterion could be used

to predict magnetism. The dopants would contribute to this

picture but not as the determining factor.

Mechanical alloying is a powerful technique to obtain

non equilibrium phases. Repeated welding, fracturing, and

re-welding of powder particles generate new surfaces, grain

size reduction, and introduce a large number of defects. It is

also possible to incorporate a higher iron concentration than

with other solid state methods. Therefore, mechanically

milled O-DMS materials are attractive systems to study the

role of defects on the magnetic properties.

In previous works, we have reported results on Fe doped

TiO2 samples obtained by mechanical alloying starting from

a-Fe2O3 and TiO2 powders (hematite series22,23) and from

FeO and TiO2 samples (wustite series24). In this work, we pres-

ent a comparative analysis of structural and magnetic proper-

ties of both samples series. We perform an extensive analysis

of experimental results, and we find common characteristics

that mainly depend on the relative fraction of Fe2þ and Fe3þ.

We find evidence that only a small fraction of the total volume

of the sample, probably the grain boundaries, contributes to the

ferromagnetic response. Ab initio calculations were performed

in order to understand the role played by the concentration and

distribution of both the Fe-dopants and the oxygen vacancies

on the magnetic order. The calculations support the conclusion

that oxygen vacancies are fundamental for the ferromagnetic

response of Fe-doped TiO2.

II. EXPERIMENTAL METHODS

Samples of Ti1�xFexO2�d (2.5� x� 15 at. %) were

prepared by mechanical alloying. Details of the sample

a)Author to whom correspondence should be addressed. Electronic mail:

torres@fisica.unlp.edu.ar. Tel./Fax: þ54 221 4246062.
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preparation can be found in Refs. 22 and 24. The samples

were characterized by X-ray diffraction (XRD), room tem-

perature X ray absorption spectroscopy (XAS) at the Fe

K-edge (7112 eV), 57Fe M€ossbauer spectroscopy (MS), and

magnetometric measurements using a commercial physical

properties measurements system (PPMS, Quantum Design).

The thermal dependence of the in-phase component of the

ac-susceptibility was measured using a LakeShore 7130

ac-susceptometer. The alternating field was of 0.1 mT at a

frequency of 825 Hz. Some of these data were previously

published in Refs. 22 and 24 and are shown here for

completeness.

III. METHOD OF CALCULATION

Spin-polarized electronic-structure calculations were

performed with the ab initio code Wien2K,25 which is an

implementation of the full-potential Augmented Plane Wave

plus local orbital method (FP-APWþlo26). Exchange and

correlation effects were treated within density-functional

theory (DFT, Ref. 27) using the local spin density approxi-

mations (LSDA, Ref. 28). We also performed LDAþU cal-

culations29 (with U¼ 5.0 eV for the Fe and Ti-3d states).

In the APWþlo method, the unit-cell is divided into

non-overlapping spheres with radius Ri and an interstitial

region. The parameter RKMAX, which controls the size of the

basis-set, was set to 6.0 (R is the smallest sphere radius and

KMAX the largest wave number of the basis set). We also

introduced local orbitals to include Ti-3s and 3p, O-2s and

Fe-3p levels. Integration in the reciprocal space was per-

formed using the tetrahedron method taking up to 100 k-

points in the first Brillouin zone. Atomic displacements

around the impurities and oxygen vacancies have been

obtained in the standard way described in Ref. 9.

IV. RESULTS

A. Structural characterization

We checked by XRD, XAS, and MS that samples do not

contain secondary ferromagnetic phases such as metallic

iron or iron oxides.22,24 As an example, Fig. 1(a) shows the

diffractogram of one of the samples with the corresponding

fit performed with the Maud program.30 The obtained lattice

parameters and average grain size (GS) are shown in Table I.

In the hematite series, it is possible to see that the grain size

changes only slightly with iron concentration whereas in the

wustite series the average grain size increases from 13.85 to

22.57 nm with the iron concentration. In both series, the cell

volume increases with increasing Fe concentration (see

Fig. 1(b)) due to the incorporation of Fe3þ and/or Fe2þ and

the consequent generation of oxygen vacancies. The incre-

ment in the cell volume can be expected from the fact that

TiO2 is a mainly ionic crystal. When an oxygen vacancy is

produced the Ti nearest neighbors of the oxygen vacancy

repel each other, leaving a big hole at the vacancy site (see

Ref. 31). This structural distortion can be the source of the

increased volume of the cell.

Room temperature M€ossbauer spectra (published in

Refs. 23 and 24) show only paramagnetic interactions, one of

them corresponding to Fe2þ (isomer shift (d) in the order of

1.0 mm/s, quadrupole splitting (DQ) in the order of 2.1 mm/s),

and the other corresponding to Fe3þ (d� 0.4 mm/s,

DQ� 0.6 mm/s). In Table II, we show the relative fractions of

Fe2þ and Fe3þ. The contribution of Fe3þ was identified as Fe

ions substituting for Ti with one oxygen vacancy near neigh-

bor.32 The one corresponding to Fe2þ was tentatively assigned

to Fe ions with two oxygen vacancies near neighbors. It is

FIG. 1. (a) XRD pattern of 2.5 at% Fe-doped sample (wustite series) and the

corresponding fit. Vertical lines indicate the reflections corresponding to

rutile-TiO2 phase. (b) Relative volume change as a function of iron concen-

tration for both series.

TABLE I. Average GS and lattice parameters (a and c) obtained from the

fits of Ti1�xFexO2 diffractograms.

at. % Fe

Hematite series Wustite series

GS (nm) a (Å) c (Å) GS (nm) a (Å) c (Å)

0.0 … 4.5936 2.9587 … 4.5936 2.9587

2.5 13.95 4.6034 2.9582 13.85 4.5947 2.9563

5.0 11.45 4.6073 2.9573 15.24 4.5913 2.9624

7.0 11.25 4.6173 2.9502 18.65 4.5904 2.9673

10.0 12.24 4.6193 2.9522 22.57 4.5842 2.9745

12.5 12.95 4.6124 2.9657 … … …

15.0 12.05 4.6365 2.9532 … … …

TABLE II. Relative percentage area of Fe2þ (61%) obtained from the fits

of the M€ossbauer spectra for the Ti1�xFexO2 samples.

at% Fe Hematite series % Fe2þ Wustite series % Fe2þ

2.5 70 0.0

5.0 20 60

7.0 0.0 73

10.0 0.0 84

12.5 44 ...

15.0 32 ...

223908-2 Mudarra Navarro et al. J. Appl. Phys. 115, 223908 (2014)
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interesting to note that this component was observed only in

samples obtained by mechanical milling,33,34 thin films,35

implanted monocrystals,36 or vacuum annealed samples37 but

not in samples obtained by a chemical method.15 Another

point to note is the absence of magnetic interactions in

the M€ossbauer spectra (sextets) even though there is a

ferromagnetic-like contribution in the hysteresis loops (see

below). This fact was also reported in other systems such as

Fe-doped ZnO38–40 and Fe-doped SnO2.41,42

Figures 2(a) and 2(b) shows a comparison of the Fourier

transformed (FT) of the EXAFS (Extended X Ray

Absorption Fine Structure) spectra corresponding to the two

series of Fe-doped samples. The oscillations (extracted using

Athena Code, Ref. 43) and their corresponding FT were fit-

ted using Arthemis Code.43 In Figs. 2(c) and 2(d) the oscilla-

tion, the FT and the corresponding fitted curves for one of

the samples are shown as an example. In the fit model we

proposed two shells of Fe-neighbors (Fe-O and Fe-Ti) and

kept a common value of r2 (Debye Waller factor) and DE
(energy shift) for each series of samples. The amplitude

reduction factor S02 (0.8) was determined experimentally

from the spectrum of hematite. The corresponding bond

lengths (R), the coordination numbers for each layer (oxygen

nearest neighbors (ONN) and TiNN) and Debye-Waller fac-

tors are reported in Table III.

As the bond lengths Fe-O and Fe-Ti are similar to those

of Ti-O and Ti-Ti in rutile TiO2, we conclude that the

Fe-dopants are substitutionally located at Ti sites in agree-

ment with the M€ossbauer results. In all cases the number of

oxygen nearest neighbors is lower than six, indicating the

presence of oxygen vacancies in the first coordination sphere

of the iron ions.

In both series of samples, the oxygen coordination num-

ber clearly correlates with the relative fraction of Fe2þ

(estimated from MS): the number of ONN of an iron ion

decreases when the Fe2þ relative fraction increases (see

Fig. 3(a)). In samples with a high concentration of Fe2þ the

number of ONNs can be estimated at 4, while in samples

where all the iron ions are in oxidation state þ3 ONN¼ 5.5.

The bond lengths Fe-O increase with the fraction of Fe2þ

(see Fig. 3(b)). This is consistent with the different ionic

radii of Fe2þ (0.6358 pm, coordination IV) and Fe3þ

(0.58 pm, coordination V).44 Based on a purely ionic model,

when Fe2þ replaces a Ti4þ and there are no other Fe ions in

the vicinity, one would expect to find an oxygen vacancy

bound to it in order to neutralize the charge defect. However,

when Fe3þ replaces Ti4þ, charge neutrality is reached only

when two iron ions share an oxygen vacancy. Our results

FIG. 2. FT of j2v(k) obtained from

Ti1�xFexO2 samples in the interval

2–11 Å�1 for Wustite series (a) and

Hematite series (b). Experimental

k2v(k) (c) and FT (d) corresponding to

sample with 10 at.% Fe (wustite series)

and their corresponding fits.

TABLE III. Fitting results of the first and second shells of neighbors of Fe

ions compared to those of Ti in rutile TiO2. NN is the number of atoms

located at a distance R from the central atom and r2 is the Debye Waller

factor.

Series Samples

ONN TiNN

NN R (Å) r2 (Å2) NN R (Å) r2 (Å2)

TiO2 4 1.937 . . . 4 3.039 …

2 1.964

Hematite 2.5% 3.83 2.0371 0.0091 2.32 3.0213 0.0163

5.0% 4.83 1.9963 0.0091 3.33 3.0079 0.0163

7.0% 5.52 1.9862 0.0091 3.82 3.0053 0.0163

12.5% 4.02 2.0107 0.0091 2.73 3.0128 0.0163

15.0% 4.33 2.0096 0.0091 2.81 3.0107 0.0163

Wustite 2.5% 5.32 1.9853 0.0082 3.73 3.0255 0.0152

5% 4.23 1.9932 0.0082 2.82 3.0023 0.0152

7.5% 3.92 2.0402 0.0082 3.02 3.0196 0.0152

10% 3.82 2.0512 0.0082 3.23 3.0114 0.0152

223908-3 Mudarra Navarro et al. J. Appl. Phys. 115, 223908 (2014)
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indicate that Fe2þ has coordination four (two oxygen vacan-

cies nearest neighbors), and Fe3þ has coordination five (one

oxygen vacancy nearest neighbors). We can also estimate

the average number of oxygen nearest neighbor ions using

the Fe2þ / Fe3þ ratio determined by M€ossbauer spectroscopy

(see Figure 4). It can be seen that the calculated average

number of oxygen agrees with the one determined by

EXAFS. This implies that both Fe2þ and Fe3þ are coordi-

nated with at least another iron ion forming dimers that share

oxygen vacancies.

B. Magnetic characterization

The room temperature hysteresis loops (shown in

Refs. 22 and 23) present two contributions: one of them fer-

romagnetic (FM) and the other paramagnetic (PM). The FM

and PM components were fitted using the Stearns’s function9

and a linear function, respectively. The obtained values of

the saturation magnetization (Ms, in units of emu/g sample)

and coercive field (Hc) of the FM component and the mag-

netic susceptibility (v) associated to the PM one are shown

in Table IV. MS remains almost constant or independent of

the Fe concentration, indicating that only a fraction of the

total volume of the sample is involved in the ferromagnetic

response of the system (see Figure 5, top). There is only a

slight increase of Ms with the increase of the Fe2þ relative

fraction but samples without Fe2þ also present room temper-

ature ferromagnetism. If we subtract the saturation magnet-

ization value of samples that do not contain Fe2þ from that

of the other samples, a linear dependence is obtained (see

Figure 5, bottom). We therefore conclude that there is a com-

ponent of Ms related to the Fe2þrelative fraction and another

one (constant and independent of concentration) originated

by another factor.

The magnetic moment per iron atom (M) decreases as

the dopant concentration increases (see Fig. 6), suggesting

either an antiferromagnetic interaction (AFM) among iron

ions or frustration. Similar results were reported in many

others Fe doped O-DMS.45–48 The fact that M decreases with

iron concentration rules out the possibility of ferromagnet-

ism coming from iron precipitation. Ms is smaller than that

expected for Fe2þ or Fe3þ indicating that only a small frac-

tion of the Fe dopants participates in the observed ferromag-

netism. Comparing samples with the same iron concentration

the largest value of M corresponds to the sample with a large

fraction of Fe2þ.

Although v increases with the Fe concentration

(Fig. 7(a)), its effective value per iron atom decreases

(Fig. 7(b)). Considering that M also decreases with the

FIG. 3. (a) Dependence of ONN on Fe2þ at% for all samples. (b) Fe-O dis-

tances in Ti1�xFexO2 samples as a function of Fe2þ fraction.

FIG. 4. Average number of oxygen near neighbor ONN of iron ion deter-

mined by EXAFS (experimental value) and the calculated ones taking into

account Fe2þ/Fe3þ ratio determined by M€ossbauer spectroscopy assuming

coordination four (two oxygen vacancies NN) for Fe2þ and coordination

five (one oxygen vacancy NN) for Fe3þ.

TABLE IV. Saturation magnetization, Ms (emu/g); coercive field, Hc (T); paramagnetic susceptibility, v (emu/Tg) and the magnetic moment per Fe atom, M

(lB/ at. Fe) obtained from the fits.

Hematite series Wustite Series

Fe

(% at.)

Ms

(emu/g)

Hc

(T)

M

(lB/ at. Fe)

v
(emu/Tg)

Ms

(emu/g)

Hc

(T)

M

(lB/ at. Fe)

v
(emu/Tg)

2.5 0.583 0.01875 0.334 0.203 0.223 0.01405 0.121 0.092

5.0 0.492 0.01524 0.142 0.102 0.485 0.01677 0.131 0.133

7.5 0.364 0.01324 0.072 0.102 0.442 0.01964 0.0834 0.172

10.0 0.292 0.00593 0.0422 0.132 0.554 0.01766 0.0796 0.203

12.5 0.483 0.01667 0.061 0.203 ... ... ... ...

15.0 0.535 0.01575 0.051 0.304 ... ... ... ...

223908-4 Mudarra Navarro et al. J. Appl. Phys. 115, 223908 (2014)
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concentration, this behavior must be related to an increase in

the fraction of antiferromagnetically coupled atoms. A simi-

lar behavior was observed by us in Fe-doped TiO2 anatase

nanoparticles obtained by chemical methods.13 In that sys-

tem no ferromagnetic component was detected. Samples

seemed to be purely paramagnetic, but the net magnetic

moment per iron ion decreased with the temperature and the

iron concentration due to the predominance of AFM

interactions.

Figure 8 shows the thermal dependence of the in-phase

component of the ac-susceptibility corresponding to samples

of the wustite series. The curves corresponding to samples

with smaller iron concentration present a similar dependence

to that expected for a pure paramagnet but they do not tend

to zero at high temperatures, indicating the presence of a

fraction of ions in a magnetically ordered phase (ferromag-

netic type). The in-phase susceptibility curves were fitted

with the Curie-Weiss function

v ¼ vRT þ
C

ðT �HÞ

where vRT represents the ordered component at room tem-

perature, C is the Curie constant (C ¼ nl0l
2

3kB
), and H is

Curie-Weiss temperature.49 The values obtained for H were

�1 and �8 K for samples with 2.5 and 5 at. % of iron,

respectively. Negative values indicate the existence of AFM

interactions between ions, which is stronger at higher iron

concentrations.

C. Ab-initio calculations

The unit cell of rutile TiO2 is tetragonal

(a¼ b¼ 4.58451 Å, c¼ 2.9532 Å, space group P42/mnm.50

In this structure, the Ti atoms are surrounded by a slightly

distorted octahedron of oxygen atoms, with a rectangular ba-

sal plane (O1) at a distance of 1.94 Å from Ti and two vertex

atoms (O2) at 1.98 Å. In previous works (see Ref. 32 and

references therein) we have simulated the doped systems

considering periodically repeated supercells (SCs) in which

some Ti-atoms are replaced by Fe in the rutile TiO2 host

with and without oxygen vacancies. We found that when ox-

ygen vacancies are introduced into the TiO2 structure along

with iron impurities, the energetically preferred vacancy

location is that of nearest neighbour to the impurity.

FIG. 6. Magnetic moment per Fe atoms as a function of Fe concentration for

hematite and wustite series.

FIG. 7. (a) Susceptibility in units of emu/Tg (g, grams of samples) and (b)

Susceptibility in unit of emu/TgFe (gFe: grams of iron).

FIG. 8. In phase v0 susceptibility of Wustite series samples measured at

825 Hz.

FIG. 5. (Top) Ms as a function of Fe2þ fraction for hematite and wustite se-

ries, (Bottom) Ms - Ms0 values as a function of Fe2þ fraction.

223908-5 Mudarra Navarro et al. J. Appl. Phys. 115, 223908 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

163.10.1.80 On: Thu, 28 Aug 2014 14:30:04



Additionally, we found that the strong interaction between

oxygen vacancies and impurities increases the local mag-

netic moment at the Fe sites. Another important result was

that Fe-doping lowered the formation energy of vacancies,

so that doped systems will have more vacancies than the

undoped ones.31,32 To be able to determine if the local

magnetic moments of the Fe impurities align FM or AFM,

we performed calculations with two Fe impurities in a

48-atom-SC for different impurity distributions (shown in

Fig. 14, Ref. 32). We found that in absence of oxygen vacan-

cies the most stable configuration was antiferromagnetic for

the three configurations studied but when two substitutional

Fe dopants were “linked” by one or two oxygen vacancies

the ferromagnetic ordering was clearly preferred. The cluster

of two Fe impurities linked by one oxygen vacancy can be

described as a bound magnetic polaron (BMP, Ref. 51).

To explore the origin of the long-range ferromagnetic

order, we considered two BMPs inside a larger SC of 108

atoms (see Figure 9(a)). We considered configuration b in

Fig. 14 of Ref. 32, with the oxygen vacancy in position b1.

In this situation, the distance between the BMPs is 4.58 �̊A.

Two possible BMP alignments were considered, shown in

Figs. 9(b) and 9(c). We obtained that antiferromagnetic

alignment is favored by 0.1 eV, giving rise to a zero net mag-

netic moment. Thus, although an increase in iron concentra-

tion would favor a neighboring situation with an increase in

the number of BMP, the antiferromagnetic BMP alignment

would reduce the magnetization, a fact that is in very good

agreement with the experimental results. Nevertheless, the

origin of the ferromagnetic contribution is still unexplained

and another mechanism must be considered to explain our

results.

In our samples, the ferromagnetic saturation magnetiza-

tion is nearly independent of the Fe concentration (only

slightly increases with the increase of Fe2þ), as was also

observed in thin films.52 This is in agreement with the

assumption that only a fraction of the Fe dopants are

involved in the ferromagnetic response of the system. This

fraction could be associated with dopants located at the grain

boundary regions as previously observed in Mn- doped

ZnO53 and Co- or Cr-doped TiO2 nanocrystals.54 It is well

known that grain boundaries could act as trapping centers.

For example in donor-doped ZnO and BaTiO3 ceramic,55,56

negatively charged grain boundary states compensate the

positively charged donor centers in the bulk near the grain

boundaries and form a depletion space charge layer. This led

us to study the effect of extra electron doping, by adding one

electron to the SC of Fig. 9(a) or replacing Ti by a donor im-

purity (such as Ta5þ). For both approaches we found that the

ferromagnetic coupling between BMP is the most stable con-

figuration by 0.05 eV. This result shows that electron doping

plays a fundamental role in mediating the nonlocal magnetic

coupling between two BMP.

V. DISCUSSION AND CONCLUSIONS

Based on our experimental results, we find that by me-

chanical alloying we can obtain samples in which Fe ions are

mainly incorporated into the TiO2 rutile structure with mixed

valence states (þ2 and þ3). EXAFS results show that iron

coordination is similar to that of titanium in rutile but with

oxygen vacancies close to the iron impurity in order to neu-

tralize the charge defect induced by Fe2þ or Fe3þ substitut-

ing Ti4þ. An increase in the concentration of oxygen

vacancies is therefore predictable with an increase of the

fraction of Fe2þ. Fe2þ and Fe3þ ions form dimers that share

oxygen vacancies in agreement with our ab initio calcula-

tions. These calculations predict that it is energetically favor-

able for oxygen vacancies to be formed in Fe-O-Fe paths.

Experimental results show that all samples present ferro-

magnetic, paramagnetic and antiferromagnetic contributions.

The paramagnetic component was attributed to isolated iron

ions and its contribution decreases when the iron concentra-

tion increases.

The negative values obtained for the Curie-Weiss tem-

perature from ac-susceptibility measurements indicate the

existence of antiferromagnetic interactions between Fe ions

that are stronger at higher iron concentration. The distributed

hyperfine magnetic interaction observed in M€ossbauer

FIG. 9. (a) Supercell 2�2�3 used to evaluate the coupling between BMP

(Sn, gray balls; O, white balls; impurity, black balls), (b) antiferromagnetic,

and (c) ferromagnetic configurations. In the case of no electron doping,

DE¼Eanti�Eferro¼�0.1 eV, antiferromagnetic alignment is favored.

System doped with one electron DE¼Eanti�Eferro¼�0.05 eV ferromag-

netic alignment is favored.
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measurements23 at low temperature (4.2 K) was associated

with iron atoms coupled antiferromagnetically because this

contribution grows when the iron concentration increases.

The ferromagnetic component is the minority one in all

the cases. The saturation magnetization slightly changes

with temperature, but the coercivity increases when tempera-

ture decreases. This component could not be related with a

ferrimagnetic component, because in that case we would

expect a maximum of saturation for samples with around

50% of Fe2þ and we did not observe such behavior. Nor

ferromagnetism can be attributed to ferromagnetic phase

precipitates.

Although the saturation magnetization increases with

the fraction of Fe2þ (or oxygen vacancies), the magnetic

moment per iron atom decreases with iron concentration

indicating that the antiferromagnetic interaction between

iron neighbors predominates over the effect of oxygen

vacancies when iron concentration increases.

Taking into account our experimental and theoretical

results, we present the following scenario. Two magnetic

ions are coupled ferromagnetically when they are mediated

by an oxygen vacancy forming a BMP. In cases where there

are no free carriers, BMPs are coupled antiferromagnetically.

Carrier doping mediates the ferromagnetic alignment

between BMPs. We believe that itinerant carriers are con-

fined to small regions, possibly grain boundaries, giving rise

to a ferromagnetic ordering in such regions. In other regions

there are oxygen vacancies but not itinerant carriers, result-

ing in antiferromagnetic alignment between BMPs and para-

magnetic behavior of isolated ions. Therefore, oxygen

vacancies would be responsible for forming BMPs, and free

carriers for inducing the ferromagnetic coupling between

BMPs.

Our results support the idea that ferromagnetism in

Fe-doped rutile TiO2 strongly depends on defects. This fact

explains the different experimental results for the magnetic

moments and ferromagnetic response observed in samples

prepared by different methods and/or different conditions

reported in the literature. From our results, it is clear that the

overall magnetic properties of Fe-doped TiO2 are a statistical

average of different defect configurations and only large

scale simulations can reveal the complex behavior of

reduced Fe-doped TiO2 and reach a better understanding of

the experimental results.
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