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Abstract 

Diluted magnetic semiconductors composed of Ti1‒xMnxO2 nanoparticles, where x ranges from 0.0 to 0.1, were synthesized 

utilizing the sol–gel processing. X-ray diffraction (XRD), high resolution transmission electron microscopy, ultraviolet–

visible (UV–Vis) diffuse reflectance spectroscopy (DRS) and vibrating sample magnetometry (VSM) were used for structural, 

optical and magnetic characterization of the prepared nanomaterials. XRD revealed the coexistence of nanosized anatase and 

rutile phases with no secondary phase up to x= 0.07. When x= 0.1, a minority of secondary Mn2O3 phase was detected. It was 

also found that increasing x, i.e. increase of Mn content, increased the anatase content at the expense of rutile, increased the 

cell parameters of both of anatase and rutile, and decreased the average crystallite nanosize of both of them. UV–Vis DRS 

absorption spectra exhibited peaks around 415–435 and 515 nm which corresponded to Mn2+ and Mn3+ ions, respectively. The 

band gap (Eopt) values suggest the semiconducting behavior for all the investigated compositions. Eopt significantly decreased 

with increasing Mn concentration. VSM results indicated that pure titania is diamagnetic. While, all the studied Mn-doped 

TiO2 compositions exhibited room temperature ferromagnetism. However, weaker ferromagnetism, shown by increased 

unsaturation, was observed with increasing Mn content. 

Keywords: Sol‒gel; TiO2; Ferromagnetism; Diluted magnetic semiconductors (DMS); Nanoparticles 

1. Introduction 

 Doping of magnetic ions into a 

semiconductor nanostructured lattice constitutes a 

category of advanced multifunctional materials 

known as diluted magnetic semiconductors (DMS). 

Thus, in DMS, the exchange interaction between 

delocalized valence- and/or conduction-band charge 

carriers of the host semiconductor and localized spin 

of the magnetic dopant brings about generation of 

new beneficial spin-based electronic and optical 

properties. The charge carriers are typically s and/or 

p electrons and/or holes, while the magnetic ions 

participate with d-electrons and, hence, these 

interactions are termed as sp–d exchange interactions 

[1]. Recently, DMS have attracted tremendous 

interest in fundamental research and potential 

applications in magneto-electronic, magneto-optic 

and spintronic devices [2−5]. The key requirement 

for the realization of spintronic devices is the 

development of ferromagnetic DMS with Curie 

temperature (TC) at or above room temperature [2]. 

Nowadays, huge interest is directed to DMS based on 

TiO2, ZnO and SnO2 doped with transition metal 

(TM) ions such as Fe, Co, Mn, Ni, Cr, Cu, V and etc. 

[6−10]. Among these oxide semiconductors, 

nanosized TiO2 matrix is a promising candidate for 

application as DMS due to numerous advantages 

such as the easily modifiable electronic, magnetic, 

phonon and optical properties via doping with TM 

ions, wide band-gap semiconductor (band gap is 3.02 

eV for rutile and 3.23 eV for anatase), high n–type 

carrier mobility and outstanding stability relative to 

other DMS oxides [11−13]. Development of 

spintronic and optoelectronic devices is particularly 
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dependent on formation of nanostructured materials 

because of their attractive properties compared with 

the counterpart bulk materials [14]. Moreover, TiO2 

nanoparticles contain a large number of surface 

oxygen vacancies, due to both quantum size and 

surface effects, which intensively influence the 

electronic states and, consequently, improve the 

optical and magnetic features [15]. TiO2 has three 

polymorphs which are anatase, rutile and brookite. 

This variety in crystal structure promotes widely 

varied chemical and physical properties which gives 

rise to variable performance in different practical 

applications. Anatase is a stable phase in 

photocatalysis applications. Rutile is a high 

temperature stable phase. Brookite has the least 

stability in comparison to anatase and rutile [16]. In 

many cases, properties of TiO2 matrices can be 

tailored via adapting crystal structure composed of a 

mix of anatase and rutile. Providing these 

characteristics, titania has been comprehensively 

explored as a convenient material of choice also in 

other technological applications such as 

photocatalysis, transparent conductive coatings, 

photovoltaics, sensors, solar cells, data storage 

devices, organic light emitting diodes (OLED) and 

UV light absorber [16, 17]. 

 As a dopant, manganese has different 

valence states which are Mn
2+

, Mn
3+

, Mn
4+

, Mn
6+

 and 

Mn
7+

; and their coexistence promotes appearance of 

different energy levels at variable Mn concentrations. 

This narrows the band gap at different levels which, 

in turn, can effectively alter the semiconducting and 

magnetic properties giving rise to a beneficial impact 

in the resulting doped materials [18]. Considering the 

preparation, there are several methods such as 

hydrothermal, precipitation, micro-emulsion, 

electrochemical and solid-state reactions as well as 

sol–gel processing. In the present study, sol–gel 

method was selected as it is characterized by low 

temperature processing, low cost and more control on 

the purity, homogeneity and chemical composition of 

the products. Furthermore, very small contents of 

doping elements can be introduced into the sol and 

occurs finely and homogeneously dispersed in the 

final material exhibiting very efficiently the desired 

property [19]. 

 In the current work, the sol-gel method was 

utilized for synthesis of Ti1‒xMnxO2 nanopowders 

with 0≤x≤0.1. It is aimed, then, to investigate the 

structure, morphology, optical and magnetic 

properties of these Mn-doped titania nanoparticles by 

different analytical tools. 

 

Table 1 

Chemical composition, abbreviations and Eopt of the 

sol-gel synthesized Ti1‒xMnxO2 nanoparticles 

Sample 

code 

Chemical 

composition 

(at.%) 

Eopt (eV) 

± 0.005 

100Ti Pure titania 3.132 

0.5Mn Ti0.995Mn0.005O2 2.262 

1Mn Ti0.99Mn0.01O2 2.188 

1.5Mn Ti0.985Mn0.015O2 1.835 

3Mn Ti0.97Mn0.03O2 1.617 

5Mn Ti0.95Mn0.05O2 1.463 

7Mn Ti0.93Mn0.07O2 1.436 

10Mn Ti0.9Mn0.1O2 1.382 

 

2. Materials and methods 

2.1. Materials 

 Analytical reagent grade chemicals were 

used in the current sol‒gel synthesis. These are: both 

of titanium(IV) n-butoxide, C16H36O4Ti or 

specifically (Ti[O(CH2)3CH3]4), colorless liquid 

99+%; and ethyl acetoacetate, C6H10O3, colorless 

liquid 99+%, were purchased from Alfa Aesar, 

Germany. Absolute ethanol (C2H5OH, EtOH), 99+% 

extra pure was purchased from Fisher Scientific, UK. 

Hydrochloric acid (HCl), 37% certified AR for 

analysis was purchased from Roth Chemie GmbH, 

Germany. Manganese(II) acetate anhydrous 

(Mn(CH3COO)2, Mn(ac)2), +98% was purchased 

from Acros organics. Ethylene glycol (C2H6O2, EG), 

+99% extra pure was purchased from SDF, India. 

2.2. Sol‒gel synthesis process 

 Eight Mn-doped titania, having the chemical 

compositions of Ti1‒xMnxO2 where 0≤x≤0.1 as 

indicated in Table 1, were synthesized by the sol–gel 

method. Specifically, x= 0.0, 0.005, 0.01, 0.015, 0.03, 

0.05, 0.07 and 0.1. Pure titania with x= 0.0 was 
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prepared as blank reference material to which the 

Mn-doped compositions will be compared. In the 

employed sol–gel route, titanium n-butoxide (Ti(O-

Bu
n
)4) was used as the precursor for preparation of 

titania sol through acid-catalyzed hydrolysis at room 

temperature using absolute EtOH and HCl as solvent 

and catalyst, respectively. In order to avoid fast 

hydrolysis and precipitation of titanium hydroxide, 

Ti(O-Bu
n
)4 was firstly chelated by ethyl acetoacetate 

(Et-Ac-Ac). The molar ratio of Ti(O-Bu
n
)4 to Et-Ac-

Ac was 1:2. Mixing of these two colorless liquids 

yielded clear transparent yellow complex solution to 

which the EtOH and distilled H2O were added under 

continuous stirring at room temperature (RT). The 

molar ratio of Ti:H2O:EtOH was 1:2:20, respectively. 

Then, 1M HCl was added until the acidic condition 

of solution was adjusted at pH= 2 producing a stable 

transparent yellow titania sol. In case of Mn-doped 

TiO2 compositions, the appropriate amount of 

Mn(ac)2 was dissolved in EG for 1 h at RT adapting a 

molar ratio of Mn(ac)2:EG equals to 1:20. This Mn-

containing solution was added to the titania sol and 

kept stirred at RT for 1 h. Warming of sols containing 

different Mn concentrations at 55-60 °C for 30 min 

led to the formation of transparent gels. In order to 

obtain the pure TiO2 and Mn-doped TiO2 nano-

powders, the formed gels were successively dried at 

95, 120 and 200 °C, each for 4 h. The alcohols used 

as solvent and produced, in the course of current sol-

gel reactions, as bi-product are ethanol and n-butanol, 

respectively, whose evaporation temperatures are 78 

and 118 °C, respectively. Also, Et-Ac-Ac and EG are 

evaporated at 180 and 197 °C, respectively. 

Therefore, drying at 200 °C was carried out in order 

to evaporate all these organic solvents and chelating 

agents. Then, the dry powder was subjected to a heat-

treatment up to 550 °C using a heating rate of 1 

°C/min followed by keeping at 550 °C for 4 h. 

Samples codes, which indicate the Mn concentration, 

were used for brief identification of compositions of 

the prepared materials and are given in Table 1. 

2.3. Characterization 

 The identity of crystalline phases of 

synthesized materials was identified by means of 

powder X-ray diffraction (XRD) analysis using an 

EMPYREAN PanAlytical x'pert PRO MRD 

diffractometer equipped with a Ni-filtered Cu-Kα X-

ray radiation source (λ= 1.5406 Å) powered at 45 kV 

and 30 mA. Diffractograms were recorded in the 2θ 

range from 4º to 80º. The employed phases 

identification software was high score plus. High 

resolution transmission electron microscopy 

(HRTEM) was utilized to study the morphology of 

the synthesized pure TiO2 as well as Mn-doped TiO2 

using a JEOL JEM-2100 (Japan) microscope 

operated at accelerating voltage of 200 kV with a 

resolution of 1.402 Å. Lattice interlayer d-spacing 

was investigated by recording the inverse fast Fourier 

transformation (IFFT) profiles. Optical properties of 

synthesized materials were studied by measuring the 

ultraviolet-visible (UV-Vis) optical absorbance and 

diffuse reflectance spectra (DRS), in the wavelength 

range of 200-1000 nm, applying the Kubelka-Munk 

function for determination of the band gap energy 

(Eopt) using a spectrophotometer type T80 PG 

Instruments, England. Room temperature 

magnetization (M) and magnetic hysteresis (M-H) 

loops of the synthesized materials were measured 

using vibrating sample magnetometer (VSM; 

LakeShore 7410, USA) under applied magnetic field 

between –10 and 10 kOe. 

 

3. Results and discussion 

3.1. Structural XRD results 

 XRD patterns of the pure TiO2 and Mn-

doped TiO2 with different Mn concentrations are 

shown in Figs. 1 and 2. The reference intensity ratio 

(RIR) calculations were performed in XRD analysis 

in order to correlate quantitatively the percentage of 

constituting phases with the Mn content. The 

obtained XRD results are mentioned in detail in 

Table 2. The recorded diffraction peaks demonstrated 

formation of two phases. The main phase was 

tetragonal anatase nanocrystalline TiO2 which agrees 

with the ICSD reference code 98-015-4603 with 

space group I41/amd and space group No. 141 whose 

standard lattice constants a=b= 3.7850 Å and c= 

9.4820 Å [20, 21]. The second phase was tetragonal 

rutile TiO2 that is indexed to the ICSD code 98-005- 
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Fig. 1. X-ray diffraction patterns of the synthesized Ti1‒xMnxO2 nanocrystalline powders, with x= 0.0, 0.005, 0.01 and 0.015, 

after 550 °C. 

 

 
 

Fig. 2. X-ray diffraction patterns of the Ti1‒xMnxO2 nanopowders, with x= 0.03, 0.05, 0.07 and 0.1, after 550 °C. 
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1932 with space group P42/mnm and space group No. 

136 whose standard lattice constants a=b= 4.5980 Å 

and c= 2.9560 Å. The main peaks of anatase were 

recorded  at 2θ= 25.32°, 37.93°, 48.04° and 54.04° 

which corresponded to Bragg reflection planes of 

(101), (004), (200) and (105), respectively. The main 

peaks of rutile were recorded at 2θ= 27.41°, 36.09°, 

41.24° and 54.30° which corresponded to reflection 

planes of (110), (101), (111) and (211), respectively 

[22]. Up to 7 at.% of Mn, no Mn secondary phase 

was detected. This means that this content of Mn 

cations successfully substituted Ti
4+

 in the TiO2 

network warranting the absence of metallic clusters 

or Mn oxides. Only when x= 0.1, i.e. 10 at.% of Mn, 

a minority of 5.3% of Mn2O3 phase was crystallized. 

This phase was identified to be a cubic Bixbyite C 

matched with the ICSD code 98-000-9091 with space 

group Ia‒3 and space group No. 206 whose standard 

lattice constants a=b=c= 9.4150 Å. The main peaks 

of this Mn2O3 phase were located at 2θ= 23.12°, 

32.93°, 45.13° and 65.74° which corresponded to 

(112), (222), (233) and (226) reflection planes, 

respectively [23]. 

 
Fig. 3. RIR presenting the variation of phase ratio of 

anatase, rutile and Mn2O3 phases with change of Mn-

content in the synthesized Ti1‒xMnxO2 nanoparticles. 

 

The pure titania, sample 100Ti, contains 61.4% 

anatase and 38.6% rutile. Introduction of manganese 

and increase of its concentration monotonically 

enhanced the formation of anatase, i.e. increased the 

percentage of anatase and reduced that of rutile, such 

that anatase reached 86.9% while rutile was 

diminished to 7.8% in the sample containing the 

highest Mn content, i.e. x= 0.1 (sample 10Mn). This 

can be obviously seen by the green arrow comparing 

intensity of the most intense peak of rutile in these 

two compositions as illustrated in Figs. 1 and 2. The 

gradual change of contents of anatase and rutile in the 

synthesized materials as a function of Mn content is 

graphically represented in Fig. 3. 

 

 
Fig. 4. Variation of lattice constants "a" and "c" of anatase 

and rutile phases with change of Mn-concentration in the 

prepared Ti1‒xMnxO2 nanoparticles. 

 

The variation of lattice constants ("a" and "c") as well 

as unit cell volume (V) of anatase and rutile phases 

with increasing Mn-content is also listed in Table 2 

and is graphically shown in Fig. 4. These lattice 

parameters showed firstly, in cases of x= 0.005 and 

0.01, noticeable increase (which means lattice unit 

expansion) and, then, only slight increase can be 

observed. In order to understand this change, the 

ionic radii of Ti
4+

 and Mn cations; i.e. mostly Mn
2+

, 

Mn
3+

 and Mn
4+

; have to be considered. These are: 

Ti
4+

= 0.61 Å, Mn
2+

= 0.82 Å, Mn
3+

= 0.58 Å and 

Mn
4+

= 0.53 Å, all for the six-fold coordination [3, 

24−28]. The radii of Mn cations are evidently 

dependent on the valence state. From the current 

XRD results, no sign for the presence of Mn
4+

, i.e. no 

MnO2 phase, was detected. Even Mn
4+

 ions present 

without crystallization, the lattice parameters would 

be expected to decrease, i.e. lattice unit contraction 

would occur [26]. However, Mn
3+

 could only be 

detected as Mn2O3 in case of x= 0.1. Therefore, it can 

be pointed out that the lattice unit expansion is 

mainly due to the larger Mn
2+

 ions which were 

successfully incorporated into the titania lattice 

crystallographic structure at the Ti
4+

 sites [3, 24, 25]. 

The slight increase observed thereafter is reasonably 

attributed to the coexistence of Mn
2+

 and Mn
3+

 ions. 
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This is further supported by the optical absorption 

measurement mentioned in section 3.3. 

 

 
Fig. 5. Variation of average crystallite size, calculated from 

Scherrer’s equation, of the anatase and rutile phases with 

Mn-doping. 

 

The average crystallite sizes (D), of both of anatase 

and rutile phases, were calculated from full width at 

half maximum of the most intense peak of each phase 

using Scherrer's formula [18, 25], i.e. peak 

corresponding to (101) crystal plane for anatase and 

that to (110) for rutile. The crystallite size (D) can be 

calculated from Scherrer's equation as following: 

 D = 0.9 λ  /  (β cosθ) 

where λ is the employed X-ray wavelength (λ= 

1.5406 Å), θ is the Bragg angle of the corresponding 

peak, β is the full width at half maxima (FWHM). 

These calculations confirmed the formation of TiO2 

lattice composed of nanosized anatase and rutile. The 

obtained sizes are listed in Table 2 and plotted as a 

function of Mn concentration (x) in Fig. 5. It is 

clearly seen that increasing x resulted in decrease of 

the nanosize of both phases. For anatase, D decreased 

from 55.5 to 20.5 nm. For rutile D decreased from 

124 to 22.5 nm. Analogous observation of the 

influence of Mn-doping on crystallite nanosize of 

TiO2 matrices was also found in previous articles [18, 

24, 25, 28, 29]. This reduction in the crystallite sizes 

might be attributed to the lattice distortion caused by 

the difference in ionic radii of Mn cations (herein 

Mn
2+

 and Mn
3+

) and Ti
4+

 ions which limits the 

growth rate [18, 25, 28, 29]. 

 

3.2. Morphological HRTEM analysis 

 Systematic morphological HRTEM analysis 

was performed in order to study the shape and size of 

synthesized nanoparticles as well as to support the 

obtained XRD results by recording the IFFT profiles 

for lattice d-spacing investigation, as possible as we 

could. Low magnification TEM images of the pure 

and Mn-doped TiO2 are given in Fig. 6a,c,e; Fig. 

7a,c,e and Fig. 8a,d. These micrographs indicated that 

the nanoparticles were apparently agglomerated with 

different granular shapes and sizes. A decrease in the 

nanosize can be clearly noticed with increasing Mn 

content which agreed with the results obtained from 

XRD analysis. The presence of rutile phase, in 

samples 100Ti and 0.5Mn, was further confirmed and 

visualized by obtaining the lattice fringes and IFFT 

profiles, displayed in Fig. 6b,d, which indicate d-

spacings of 0.3215 and 0.3213 nm, respectively, 

corresponding to the (110) crystal plane of rutile [30]. 

Fig. 6f depicts the lattice fringes of sample 1Mn 

which contain two d-spacing values of 0.35 and 0.25 

nm in crystallites having sizes of 6.8 and 4.5 nm, 

respectively, corresponding to the (101) and (101) 

crystal planes of anatase and rutile phases, 

respectively [25, 30−34]. Similarly, in Figs. 7b,f and 

8b, well-resolved lattice fringes, indicating d-spacing 

of 0.35 nm corresponding to the (101) crystal plane 

of anatase, were obtained in cases of samples 1.5Mn, 

5Mn and 7Mn. Figs. 7f and 8b show crystallites 

having sizes of 9.5 and 21.24 nm, respectively. 

Whereas, Fig. 7d shows the HRTEM lattice image of 

sample 3Mn which indicated d-spacing of 0.18 nm 

corresponding to the (200) crystal plane of anatase 

[32]. In case of sample 10Mn which contains 5.3% 

nanocrystals of Mn2O3, a very well-resolved HRTEM 

image was obtained and it is depicted in Fig. 8c. This 

image showed periodic lattice fringes, with obvious 

line-shape structure, indicating d-spacing of 0.28 nm 

corresponding to the (222) crystal plane of Mn2O3 

[35]. This interplanar spacing was further confirmed 

by recording the IFFT profile for the same zone in 

this image which revealed a value of 0.2818 nm that 

is also given in Fig. 8c. 



 SOL‒GEL SYNTHESIS, STRUCTURE, FERROMAGNETISM AND OPTICAL… 

__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. 44 (2022)  

437 

 

 
 

Fig. 6. HRTEM images of samples: a) pure titania (100Ti), b) its IFFT profile, c) 0.5Mn, d) its IFFT profile, e) 1Mn and f) its 

high magnification (HM) image showing interplanar d-spacings of anatase and rutile. 
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Fig. 7. HRTEM images of samples: a) 1.5Mn, c) 3Mn, e) 5Mn and (b,d,f) their HM images, respectively, showing interplanar 

d-spacings of anatase. 
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Fig. 8. a) TEM image of sample 7Mn, b) its HM image showing interplanar d-spacing of anatase, c) HR lattice image of 

Mn2O3 crystallized in sample 10Mn with the corresponding IFFT profile and d) TEM image of sample 10Mn as a whole. 
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Fig. 9. (a‒h) SAED patterns of the synthesized Ti1‒xMnxO2 nanoparticles with x= 0.0‒0.1, respectively. 

 

Table 2 

Variation of anatase and rutile phases ratio, their lattice constants ("a" and "c"), unit cell volume (V) and average 

crystallite size (D) with Mn-content; calculated from XRD analysis 

Sample 

code 
Phases 

Phase ratio 

(%) 
a (Å) c (Å) V (Å

3
) D (nm) 

100Ti A 61.4 3.7834 9.4849 135.768 55.5 

R 38.6 4.5961 2.9547 62.415 124 

0.5Mn A 70.7 3.7866 9.4865 136.021 43 

R 29.3 4.5979 2.9562 62.496 85.5 

1Mn A 73.8 3.7889 9.4877 136.203 37.5 

R 26.2 4.5989 2.9574 62.549 72.5 

1.5Mn A 77.2 3.7893 9.4882 136.239 32.5 

R 22.8 4.5992 2.9578 62.565 55.5 

3Mn A 78.3 3.7896 9.4886 136.266 29 

R 21.7 4.5995 2.9580 62.578 44 

5Mn A 80.8 3.7898 9.4889 136.285 25.5 

R 19.2 4.5997 2.9583 62.589 32.5 

7Mn A 85.1 3.7901 9.4893 136.312 22.5 

R 14.9 4.5998 2.9585 62.596 25 

10Mn A 86.9 3.7915 9.4904 136.429 20.5 

R 7.8 4.5999 2.9587 62.603 22.5 

Mn2O3 5.3 -- -- -- 11.5 

A= Anatase, R= Rutile 
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Selected area electron diffraction (SAED) patterns of 

all the studied nanoparticles are shown in Fig. 9 

which revealed their polycrystalline structure where 

the characteristic rings distinctly appeared. Inspection 

of these SAED patterns indicated also the decrease of 

average crystallite size with increasing Mn-doping 

concentration (x). 

3.3. Optical properties 

 Fig. 10 shows the UV−Vis absorption 

spectra, derived from DRS, of the studied 

nanoparticles. This derivation and the corresponding 

calculation, using Kubelka-Munk function, can be 

found in detail in previous publications [36, 37]. All 

the undoped and Mn-doped titania nanoparticles 

exhibited a broad UV peak centered at 245 nm. Pure 

titania exhibited no other visible bands with an 

absorption edge around 325 nm. The structure of 

TiO2 lattice is built via the hybridization between the 

2p orbitals of oxygen and 3d orbitals of titanium. 

TiO2 is an intrinsic wide-band gap semiconductor 

and, hence, results in no visible absorption [38, 39]. 

The UV band at 245 nm was ascribed to the intrinsic 

band-gap absorption of titanate matrix, i.e. electronic 

transition from the valence band (VB) to conduction 

band (CB) [34, 39, 40]. Mn-doped TiO2 matrices 

with x= 0.005 and 0.01 showed additional visible 

band centered at 415 nm, and the absorption edge 

was shifted to about 480-500 nm. In case of x= 0.015 

and 0.03, this band was shifted to 435 nm with the 

appearance of broad shoulder around 515 nm. For the 

Mn-doping concentrations of x= 0.05, 0.07 and 0.1, 

their spectra showed a very broad intense visible 

band consisting of two heads at about 435 and 515 

nm. The bands at 415 and 435 nm were assigned to 

the 
6
A1g→[

4
A1g, 

4
Eg] electronic transition of 3d

5
 Mn

2+
 

ions [19, 41−43], while the shoulder and the band at 

515 nm are attributed to the 
5
Eg→

5
T2g transition of 

3d
4
 Mn

3+
 ions [41, 44]. Therefore, Mn was initially 

incorporated in the TiO2 lattice solely as Mn
2+

 ions 

which accounted for the noticeable increase of lattice 

constants, determined from the XRD analysis, in 

cases of x= 0.005 and 0.01. Successive increase of 

the Mn-doping concentration resulted in gradual 

participation of Mn
3+

 ions until nearly balanced 

proportion of both of Mn
2+

 and Mn
3+

 ions coexist 

which accounts for the very slight increase of lattice 

constants thereafter. It can be obviously noticed that 

the absorption edge was monotonically shifted to 

longer wavelength, i.e. red shift, as x increases. This 

is logically related to the change in optical band gap 

energy (Eopt) with Mn-doping. 

 

 
Fig. 10. UV–Vis absorption spectra of the investigated 

Ti1‒xMnxO2 nanoparticles. 

 

 
Fig. 11. Tauc plots of (αhv)1/2 vs. photon energy (hv) of the 

investigated Ti1‒xMnxO2 nanoparticles. 

 

Knowing that TiO2 lattice has an indirect band gap 

transition [25, 40, 45], Eopt of the studied Ti1‒xMnxO2 

nanoparticles was determined from Tauc plot of 

(αhv)
1/2

 versus photon energy (hv), applying the 

Kubelka-Munk function, as illustrated in Fig. 11. 

Details of these calculations are mentioned in Ref. 

[25]. The obtained Eopt values are listed in Table 1. It 

is evident that Eopt showed monotonic decrease with 

increasing Mn content. For the synthesized pure 

titania, Eopt is 3.132 eV which lied in between those 

of pure anatase and rutile. This value was decreased 

to 1.382 eV in case of x= 0.1. This means that 
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incorporation of Mn cations into the TiO2 nano-

lattice resulted in band gap narrowing. Recently, Mn-

doping into titanate matrix also resulted in a 

reduction of the band gap from 3.14 eV to 1.7 eV 

[46]. Generally, this change can be understood in 

terms of the evolution of new multiple energy states 

into the mid band gap region of Mn 
2+

–Mn
3+

–TiO2 

nanoparticles [25, 46]. Actually, oxygen vacancies 

(VO), as defect sites, play another important role in 

such reduction of the band gap. The trapped electrons 

in VO generate donor states near the VB. Increase of 

VO concentration gives rise to a positive correction of 

the VB edge which, consequently, results in 

shrinkage of the band gap [34, 46]. Moreover, in Mn-

doped titania, Ti–O–Mn bonds could also be formed 

generating another type of defect sites which create 

more energy states within the band gap and, thus, 

contributing to the band gap narrowing too [45]. 

Difference in the ionic radii of Ti
4+

, Mn
2+

 and Mn
3+

 

might also be another cause for the energy gap 

narrowing [45]. 

 

 
Fig. 12. Room temperature magnetic hysteresis loops of 

pure titania (100Ti), 5Mn, 7Mn and 10Mn samples. 

 

3.4. Magnetic properties 

 Figs. 12 and 13 show the room temperature 

(RT) magnetic hysteresis loops of the studied 

undoped and Mn-doped titania nanoparticles. The 

measured magnetization parameters, i.e. 

magnetization, coercivity and retentivity, are listed in 

Table 3. As indicated in Fig. 12, pure titania 

exhibited typical diamagnetic behavior, i.e. linear 

magnetization with a negative slope. This agrees with 

several previous published articles [13, 15, 26, 47, 

48, 49]. All the Mn-doped TiO2 compositions 

exhibited RT ferromagnetic behavior with varied 

degrees of unsaturation. Therefore, transition from 

diamagnetism to ferromagnetism demonstrates that 

the observed ferromagnetic behavior was caused by 

Mn-doping and was not an intrinsic property of the 

current synthesized TiO2 nanolattice. It can be noted 

that both of the magnetization value and unsaturation 

increased with increasing Mn concentration. Titania 

matrices containing low Mn contents, i.e. samples 

0.5Mn, 1Mn, 1.5Mn and 3Mn, showed ferromagnetic 

hysteresis loop with much less unsaturation and 

relatively low retentivity and coercivity values, as 

given in Table 3, giving rise to soft ferromagnetic 

nanomaterials which might be promising DMS for 

spintronic applications. While, TiO2 matrices 

containing higher Mn contents, i.e. samples 5Mn, 

7Mn and 10Mn, exhibited weak ferromagnetism with 

substantial unsaturation due to competing 

antiferromagnetic and paramagnetic contributions. 

 

 
Fig. 13. Room temperature magnetic hysteresis loops of 

compositions containing relatively lower Mn-content, i.e. 

0.5Mn, 1Mn, 1.5Mn and 3Mn samples. 

 

 To date, many theoretical concepts can be 

considered for explanation of the origin of RT 

ferromagnetism in DMS materials. In the present 

work, it is convenient to consider the interaction 

between the dopant and oxygen vacancies (VO) 

intrinsically existed in the TiO2 nanolattice. VO are 

necessary to maintain charge neutrality as Mn
2+

 and 

Mn
3+

 ions substitute for Ti
4+

 in the TiO2 lattice which 

was inferred from the optical and XRD analyses. An 

oxygen vacancy gives one electron to the neighboring 
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Ti
4+

 sites producing Ti
3+

 ions. As a consequence, 

Mn
2+

–VO–Ti
3+

 and Mn
3+

–VO–Ti
3+

 sites with a net 

magnetic moment were created in the lattice. The 

magnetic moment, linked with these sites, extends 

over two or more neighboring Ti sites forming bound 

magnetic polaron (BMP). According to BMP 

hypothesis, when VO defects concentration exceeds 

the percolation threshold, VO defects overlap many 

dopant ions producing a large number of BMPs 

which bring about the ferromagnetic coupling 

interaction. Similar interpretations were previously 

given in cases of ferromagnetic Mg-doped 

nanostructured TiO2 [15] and La-Fe-codoped TiO2 

nanoparticles [50]. It may be noted that formation of 

oxygen vacancies was strongly induced in the 

synthesized Mn-doped titania lattice owing to the 

difference in both of the ionic radii and valence states 

of Mn cations, Mn
2+

 and Mn
3+

, and Ti
4+

 ions [51, 52]. 

Greater density of the oxygen vacancies results in a 

greater overall volume occupied by BMPs and their 

overlap which enhances long-range ferromagnetic 

ordering [52]. This occurs under the condition that 

concentration of the 3d dopant itself, herein Mn
2+

 and 

Mn
3+

 ions, should be far below the percolation 

threshold, associated with nearest-neighbor cation 

coupling, in order to achieve spin-only moment. This 

interpretation can be fairly applied for explanation of 

RT ferromagnetism in cases of Mn-doped TiO2 with 

low Mn concentrations, namely samples 0.5Mn, 

1Mn, 1.5Mn and 3Mn. Higher concentrations of Mn 

which exceed its percolation threshold; in samples 

5Mn, 7Mn and 10Mn; resulted in decrease of the 

average distance between adjacent Mn ions. This 

caused the evolution of antiferromagnetic 

superexchange coupling strength between 

neighboring Mn  ions via nearby O
2−

 ions [52, 53]. 

Moreover, the increased moments of Mn can create 

also paramagnetic contribution. In overall, this led to 

weak ferromagnetism with increased unsaturation in 

these compositions. Therefore, it can be suggested 

that both oxygen vacancies and a convenient 

concentration of Mn cations were essential for 

achieving ferromagnetism in the current Mn-doped 

TiO2 nanoparticles. 

 

4. Conclusions 

 In conclusion, the effect of Mn-doping on 

phase structure, ferromagnetism and optical 

properties of sol–gel synthesized Ti1‒xMnxO2 

nanoparticles has been investigated over a wide range 

of (x). XRD revealed the coexistence of anatase and 

rutile in pure TiO2 in the nanometer size and increase 

of Mn-doping concentration (x) increased the 

percentage of anatase and reduced that of rutile. Up 

to x= 0.07, no secondary phase was detected which 

confirmed the successful incorporation of Mn 

cations, Mn
2+

 and Mn
3+

, into the TiO2 nanolattice 

warranting the absence of metallic clusters or Mn 

oxides. When x= 0.1, only a minority of Mn2O3 could 

be detected. Additionally, increase of x resulted in a 

monotonic reduction of the crystallite nanosize of 

both of anatase and rutile. HRTEM and IFFT profiles 

were employed to investigate the morphology and 

interplanar d-spacing of the formed nanocrystalline 

phases. UV–Vis revealed, in agreement with XRD 

results, the presence of Mn as Mn
2+

 and Mn
3+

 ions. 

Also, Eopt was found to decrease significantly with 

increasing x. Titania nanoparticles with low x, 

samples 0.5Mn, 1Mn, 1.5Mn and 3Mn, exhibited RT 

ferromagnetism and could be promising DMS 

materials for spintronic applications. This RT 

ferromagnetic ordering, originating from the 

interaction between Mn ions and oxygen vacancies, 

has been explained in terms of the BMP model. 

 

Table 3 

Magnetization parameters of the studied Ti1‒xMnxO2 

nanomaterials 

Sample 

code 

Magnetization 

(emu/g) 

± 0.2% 

Coercivity 

(G) 

± 0.2% 

Retentivity 

(emu/g) 

± 0.2% 

100Ti 0.0094 2.21 0.000007 

0.5Mn 0.0060 112.22 0.000454 

1Mn 0.0072 108.74 0.000575 

1.5Mn 0.0084 99.62 0.000791 

3Mn 0.0096 97.38 0.000895 

5Mn 0.0428 82.57 0.000650 

7Mn 0.0629 68.48 0.000658 

10Mn 0.0774 62.59 0.000675 
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