
Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

Structural, magnetic and optical investigations of Fe and Ni co-doped TiO2

dilute magnetic semiconductors

Salma Waseema,⁎, Safia Anjuma, Lubna Mustafaa, Tallat Zeeshana, Zohra Nazir Kayania,
Khalid Javedb

a Department of Physics, Lahore College for Women University, Lahore, Pakistan
bDepartment of Physics, Forman Christian college, Lahore, Pakistan

A R T I C L E I N F O

Keywords:
Rutile
Transition metals
Band gap energy
Ferromagnetization

A B S T R A C T

A series of Ti0.9Fe0.1-xNixO2 (x=0.0, 0.02, 0.04, 0.06, 0.08, 0.1) has been synthesized through the solid state
reaction method at annealing temperature of 1100 °C for two hours. The synthesized samples have been ana-
lyzed by X-Ray diffractometer (XRD), Raman spectroscopy, Scanning electron microscopy (SEM), Energy dis-
persive X-ray spectroscopy (EDX), Vibrating sample magnetometer (VSM) and ultraviolet visible (UV–VIS)
spectroscopy for structural investigations, defects measurements, surface morphology, magnetic and optical
properties respectively. Structural analysis has revealed the dominant structure of rutile. An intensity loss and
peak broadening of TiO2 (rutile) vibration lines have been observed from Raman analysis, which is an indication
of presence of oxygen vacancies. Magnetic analysis has revealed ferromagnetic behavior at room temperature.
Optical characterization has shown the blue shift in band gap energy with increase of Ni concentration.

1. Introduction

Since the last decade, dilute magnetic semiconductors (DMS) have
attracted much attention of the research community because of their
widespread applications in spintronics [1]. DMS are obtained by the
doping of magnetic transition metals like Co, Fe and Mn etc. into non-
magnetic semiconductors. It is one of the most important topics in the
spintronics field which is analogous to the traditional semiconductor
electronics [2]. Since the theoretical work done by Dietl. et al. in 2000
[3,4], wide band gap semiconductors (TiO2, ZnO, TiO2) are considered
the most promising candidates for obtaining room temperature ferro-
magnetic behavior. Matsumoto et al. in 2000 investigated Co doped
TiO2 for obtaining room temperature ferromagnetic behavior and
opened a new vista into the spintronics industry [5].

Among oxide dilute magnetic semiconductors TiO2 is very im-
portant because of its usage in various industrial fields due to its ex-
ceptional electrical and magnetic properties. It is used as a white pig-
ment in sunscreen and paint because of its high refractive index [6,7]. It
has been widely studied for treatment of waste water [8–10], corrosion-
protective coatings [11], bone implants [12,13], spin valve memristive
systems [14–16], electrochromical devices [14–16], Li-based batteries
[17–19] and dye sensitized solar cells [20].

Transition metals doped in TiO2 have been prepared through

various techniques like wet chemical synthesis [21], sol–gel method
[22], thermal hydrolysis [23], sonochemical route [24], RF plasma
synthesis from metal mixtures [25] and oxidative pyrolysis of organo
metallic precursors in induction thermal plasma [26], ion-implantation
[27], ion beam induced chemical vapor deposition (IBICVD) [28].

However the ferromagnetism depends strongly upon synthesis
methods and experimental conditions. Tseng, L.T. et al. [29] synthe-
sized TiO2 nanorods with doping of different transition metals (Ni, Co,
Fe and Mn) by the molten state method. It was observed that doping of
different transition metal ions into TiO2 gave rise to paramagnetic be-
havior instead of ferromagnetic behavior. Li, M. et al. [30] synthesized
vanadium (V) doped TiO2 microspheres by co-precipitation method
with the help of Ti and V precursors. Vanadium was incorporated into
TiO2 homogeneously which promoted the transition of TiO2 from
anatase to rutile phase. TiO2 doped with V displayed room temperature
ferromagnetic behavior. The obtained magnetization was associated
mainly with structural defects.

As far as the source of ferromagnetization in DMS is concerned, it is
still a controversial issue [31]. However, there are four factors which
are considered the source of ferromagnetization i.e. (i) oxygen va-
cancies (ii) transition metal dopants (iii) cation vacancies and (iv) the
change of titanium oxidation state (Ti3+). The oxygen vacancies cause a
noticeable change in band structure which is the major cause of
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ferromagnetization. while transition metals have unpaired d electrons
which induce the magnetic moment to DMS [32,33]. An important
parameter of DMS is accurate adjustment of different types of exchange
interactions like s, p-band and d-band electrons by the doping of dif-
ferent types of transition metals without changing their structure [34].

In this project Fe and Ni are co-doped into TiO2 because previous
research has shown that two dopants have a more synergistic effect
than one, with respect to the increasing absorption in the visible light
region [35,36]. Moreover better magnetic and electrical properties can
be achieved, if two transition metals are co-doped with TiO2 [37]. Fe+2

is considered a very appropriate candidate for doping. Fe2+ might ea-
sily be incorporated within the crystal lattice of TiO2 [38]. Fe-doped
TiO2 is of great interest due to its potential applications in magneto-
optic devices and spintronics [39,40]. On the other hand Ni doped into
TiO2 shows complications in room temperature ferromagnetic behavior
[41]. Zhao et al. found that doping of Ni in TiO2 induced reversible
ferromagnetism [42] while, Bahadur et al.reported that with an in-
crease of Ni contents, the magnetization of TiO2 powders decreased
which was attributed to oxygen vacancies destroying spin order.
Therefore more experimental investigations are required in order to
fully understand the mechanism of ferromagnetization in Ni doped TiO2

[43].
To the best of our knowledge Fe and Ni are co-doped into TiO2 first

time by the solid state reaction method. It is seen that most of the work
on TiO2 based DMS has been done either on thin films or on the
synthesis of nanoparticles through chemical route; a little attention has
been paid on the synthesis of TiO2 based DMS by the solid state reaction
method. Moreover, there is a little research work on co-doped TiO2 as
compared to single doped TiO2. Here an attempt has been made to
synthesize Fe and Ni co-doped TiO2 in order to tune the optical and the
magnetic properties at room temperature.

2. Materials and methods

A series of Ti0.9Fe0.1-xNixO2 (x= 0.00, 0.02, 0.04, 0.06, 0.08 and
0.10) was prepared by a simple and low cost solid state reaction
method. The flowchart of solid state reaction method is shown in Fig. 1.
All the powder samples were weighed according to their stoichometric
ratio by using a precise electronic balance. After weighing, all the
powder samples were mixed and ground individually for six hours using
Ceramic Mortar and Pestle to get homogenous mixture. These raw
samples were calcined in an air furnace at 1100 °C for two hours. After

heat treatment, the samples were again reground for two hours and
mixed thoroughly. The samples were used to make pallets of 1 cm
diameter by applying a pressure of 3 tons in a Hydraulic press. These
pallets were sintered at 650 °C for two hours for the purpose of hard-
ening.

In this work, Crystal structure and phase identification of the sam-
ples were examined using X-ray diffractometer D-8 discover, Bruker,
made in Germany, having source Cu-Kα radiations with the wavelength
1.54 Å. A Bruker Optics (Billerica, MA) Senterra microscope spectro-
meter was used for Raman spectroscopy analysis. The Surface mor-
phology of the samples was observed through scanning electron mi-
croscope (SEM) using S-3400N Hitachi. Room temperature magnetic
measurements were performed by Lakeshore 7436 vibrating sample
magnetometer. The samples were examined optically by using UV 2800
model, Hitachi Japan, with wavelength 300–900 nm.

3. Results and discussion

3.1. XRD analysis

The comparative XRD patterns of the series Ti0.9Fe0.1-xNixO2 (x= 0,
0.02, 0.04, 0.06, 0.08 and 0.10) are shown in Fig. 2(a). All the peaks
occurring at 27.39°, 35.86°, 39.18°, 41.26°, 44.03°, 54.27°, 56.7°,
62.42°, 63.98° and 69.1° have been attributed to (110), (101), (200),
(111), (210), (211), (210), (002), (310) and (301) planes after matching
the peaks with JCPDS card No 21-1272 [44]. The true rutile phase of
TiO2 has been observed. There is not a single peak belonging to Anatase
or the orthorhombic phase of TiO2. Moreover, the secondary peaks
belonging to oxides of Fe or Ni like Fe2O3, Fe3O4 and NiO are absent
which depict the highly pure, single phase, polycrystalline rutile
structure of the prepared samples. It is observed from the diffraction
patterns that all the samples are preferably growing along (110) di-
rection. The intensity of the peaks increases with increasing Ni con-
centration which is responsible for the high crystallinity of the samples.

The rutile lattice constants a and c have been calculated by taking
into account the highest intensity diffraction peak (110) and its
neighboring peak (101) using the relation given below [45].
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where (h, k, l) are miller indices of corresponding plane, d is inter-
planar spacing. The calculated values of lattice constants a and c with

Fig. 1. Flow chart of solid state reaction method.
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varying concentration of x are tabulated in Table 1. The relationship
between a and c as a function of Ni concentration is shown in Fig. 3. It is
noticed that as Ni concentration increases into Ti0.9Fe0.1O2 host, lattice
constants a and c both decrease. It may be due to incorporation of
smaller ionic radius of substituent, Ni+2 (0.69 A°) than host Fe2+

(0.75 A°) into TiO2 [46,47]. These results agree well with the earlier
findings [48,49]. The magnified view of the most intense diffraction
peak (110) is shown in Fig. 2(b). It is observed that the peak is shifted
slightly towards higher angle as Ni is doped into Ti0.9Fe0.1O2. This
shifting may occur due to the stress produced in the structure as a result
of the shrinkage of unit cell because of the difference of ionic radii of
Fe+2 and Ni+2 [50].

The crystallite size (D) is evaluated by well known Debye Scherrer's
formula, given below [51].

= ƛ β θD k / Cos (2)

A decrease in crystallite size is observed with increasing the Ni
concentration. This result is similar to one reported earlier [52]. The
variation of crystallite size as a function of Ni contents is shown in

Fig. 4.
The strain ε present in lattice due to imperfections and distortions is

estimated by the following relation [53].

=ε β/4 tan θ (3)

The value of strain is 8.8× 10−3 for Ti0.9Fe0.1O2 which keeps on
increasing with the addition of Ni contents. It increases from
8.8×10−3 to 1.74×10−2. This increase in strain with increasing Ni
contents may be co-related to decrease in crystallite size [54]. The
dislocation line density δ is computed by the relation given below [46].

=δ 1/D2 (4)

The dislocation line density is increasing by increasing Ni contents.
The variation of crystallite size and dislocation line density as a func-
tion of Ni contents are represented in Fig. 4.

The values of lattice strain, crystallite size and dislocation line
density are tabulated in Table 1.

Fig. 2. (a): Comparative XRD patterns of Ti0.9F0.1-xNixO2 (b): magnified view of the highest intensity (110) peak.

Table 1
XRD parameters of Ti0.9Fe0.1-xNixO2.

Composition (x) Crystallite size (D) (nm) Lattice constant a (A°) Lattice constant c (A°) Lattice strain ×10−3 Dislocatin density (ε) × 10−3

Ti0.9Fe0.1O2 22.86 4.598 2.963 8.8 1.91
Ti0.9Fe0.08Ni0.02O2 17.45 4.598 2.963 10.2 3.28
Ti0.9Fe0.06Ni0.04O2 15.05 4.595 2.939 10.4 4.41
Ti0.9Fe0.04Ni0.06O2 14.73 4.584 2.937 13.6 4.61
Ti0.9Fe0.02Ni0.08O2 13.99 4.583 2.926 14.4 5.11
Ti0.9Ni0.1O2 13.33 4.572 2.924 17.4 5.63
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Fig. 3. The Variation of lattice constants of Ti0.9Fe0.1-xNixO2 with Ni contents.
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3.2. Raman spectroscopy analysis

The Raman analysis of Ti0.9Fe0.1-xNixO2 is carried out at room
temperature and raman spectra of Ti0.9Fe0.1-xNixO2 (x= 0.0, 0.02, 0.04,
0.06, 0.08, 0.1) are shown in Fig. 5. The rutile phase exhibits major
peaks at 610, 446, and 242 cm−1 and minor peaks at 818, 707, and
319 cm−1[55]. From the spectra, it is observed that there are three
major peaks present i.e. at 264, 415 and 608 cm−1 which confirms the
formation of rutile phase of TiO2. Usually the four active Raman vi-
bration modes of rutile phase are given by the following equation.

+ + +A B B Egg1 1g 2g (5)

The peaks ranging from 446 to 452 cm−1 belong to Eg mode,
whereas the peaks ranging from 612 to 623 belong to A1g mode. The
peaks at 240–264 cm−1 belong to B2g mode and are known as com-
pound vibration peaks due to multiple phonon scattering process. This
mode is known as Characteristic Raman mode of rutile TiO2 [56,57].
This mode is broad and weak due to phonon confinement effect.

It is observed that when Ni is doped into Ti0.9Fe0.1O2, the intensity
of all the observed Raman bands decreases while their width increases.
The decrease in intensity of A1g mode is due to creation of Ni- Ti-O
clusters as well as defects in the lattice. The Eg mode is quite sensitive to
oxygen vacancies in Ti3+. The decline in the intensity of this mode
reveals the reduction in TiO2 lattice stoichiometry [58]. The decrease in
the intensity of B2g mode may be due to difference of ionic radius of
Fe+2 (0.75 A°), Ni+2 [0.69 A°] and Ti+4 [0.68 A°]. It is observed that as
the Ni contents increase, there is a frequency shift of Raman modes. Eg

and A1g mode are blue shifted while B2g mode is red shifted. This
shifting of Raman modes may be due to lattice strain. Moreover crys-
tallize size and defects also affect the shifting and broadening of Raman
modes [59]. The observed values of Raman shift of different modes are
tabulated in Table 2.

3.3. SEM analysis

The SEM micrographs of Ti0.9Fe0.1-xNixO2 (x= 0.0, 0.02, 0.04, 0.06,
0.08, 0.1) are shown in Fig. 6. The Ni free sample (Ti0.9Fe0.1O2) shows
agglomeration of smaller grains which increase in size as the con-
centration of Ni increases. The agglomeration of the grains may be due
to high surface energy and the appearance of nanometer size grains
with good surface coverage [60]. The Ni free sample also shows a
greater number of voids which decrease as the concentration of Ni in-
creases. However, all the samples show denser, inhomogeneous and
congested surfaces, with the continuous appearance of nanograins. No
cracks are observed. A modified surface is observed with increasing Ni
contents.

From these micrographs grain sizes are evaluated by the linear fit
method whose values are tabulated in Table 4. It is observed that grain
size increases with increasing the concentration of Ni ions in
Ti0.9Fe0.1O2.

3.4. EDX analysis

The elemental analysis of all the samples of Ti0.9Fe0.1-xNixO2

(x= 0.0, 0.02, 0.04, 0.06, 0.08, 0.1) is shown in Fig. 7. It shows that the
concentration of Fe and Ni is in accordance with the stoichometric ratio
in Ti0.9Fe0.1-xNixO2.

3.5. VSM analysis

The magnetic properties ofTi0.9Fe0.1-xNixO2 have been studied at
room temperature by applying a magnetic field of 2 T. Hysteresis (M-H)
loops of Ti0.9Fe0.1-xNixO2 (x= 0.0, 0.02, 0.04, 0.06, 0.08, 0.1) are
shown in Fig. 8. The different parameters like magnetization (M), re-
tentivity (Mr), coercivity (Hc) are extracted from the hysteresis loop
and are tabulated in Table 3. All the samples have magnetization at zero
magnetic field and also have some coercivity which confirms the fer-
romagnetic nature of the samples [61]. It shows that as the Ni contents
are doped into Ti0.9Fe0.1O2, magnetization decreases from 0.27 emu/g
to 0.07 emu/g. The decrease in magnetization may be due to less
magnetic moment of doped atom Ni+2 (2 µB) than host Fe+2 (5 µB)
atom. The decrease in magnetization with an increase in Ni contents is
shown in the inset of Fig. 8. On the other hand coercivity increases from
33 to 99 Oe with an increase in Ni contents and then decreases in the
last sample (Ti0.9Ni0.1O2), in the absence of Fe. This increase in coer-
civity can be attributed to the collective effect of two magnetic im-
purities (Fe and Ni) giving rise to strong ferromagnetic coupling [46].
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Fig. 5. (a): Raman spectrum of Ti0.9Fe0.1-xNixO2 (b) Magnified view of most intense Raman mode Eg.

Table 2
Variation of Raman modes of Ti0.9Fe0.1-xNixO2 with Ni contents.

Composition B2g(cm)−1 Eg (cm)−1 E1 g (cm)−1

Ti0.9Fe0.1O2 240 446 612
Ti0.9Fe0.08Ni0.02O2 238 446 613
Ti0.9Fe0.06Ni0.04O2 237 447 614
Ti0.9Fe0.04Ni0.06O2 237 449 615
Ti0.9Fe0.02Ni0.08O2 229 450 616
Ti0.9Ni0.1O2 226 452 623
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The origin of ferromagnetism has always been a controversial issue
because of different conflicting magnetic sources discussed in literature.
The source of magnetic behavior is complicated and is dependent on a
number of parameters like dopant type, carrier density and spacing
between magnetic ions. These factors affect the electronic band struc-
ture of dilute magnetic semiconductors which in turn affects its mag-
netic properties.

One of sources of ferromagnetization is secondary phases or ex-
trinsic origin [43]. In the present research work there is no possibility of
ferromagnetization due to extrinsic origin like Ni clusters or oxides of
Ni or Fe as is confirmed from XRD patterns of Ti0.9Fe0.1-xNixO2. Another
cause of ferromagnetism in DMS is super-exchange d-d interactions
which enhance with the increase in dopant contents [46]. So the in-
crease in dopant contents should increase the magnetization, but here a
reverse trend is observed, where a decrease in magnetization is ob-
served by an increase in Ni contents. Hence this source of ferro-
magnetization is also not affective here.

The other cause of ferromagnetization may be the indirect exchange
interactions (RKKY model) in which the Ni+2 ions may be ferro-
magnetically aligned via free carriers. Our XRD results show that when
Ni is doped into TiO2-Fe, a true rutile phase is observed with a linear
decrease in crystallite size. The magnetization also decreases as is ob-
vious from Table 2. So the RKKY model may be applicable here [62].

One of the possibilities may be the presence of oxygen vacancies
which are formed in order to compensate for charge neutrality when
Ti+4 is replaced by Ni+2 [62]. Oxygen vacancies are also formed during
annealing in solid state reaction method. It is already reported [62] that
TiO2 shows strong polaronic effect in which the effective mass of car-
riers becomes larger due to electron phonon interaction. As a result, the
polaronic electron spends most of its time close to an oxygen vacancy.
When this electron is trapped by an oxygen vacancy, F center is gen-
erated. The trapped electron with an orbital overlaps with the d shell of

magnetic impurities. Therefore a F- center bound magnetic polaron can
also be the cause of ferromagnetization here. The ferromagnetism is
attained when a number of magnetic polarons start overlapping and
form a constant chain through the whole material. In this way ferro-
magnetism is percolated in DMS [63].

3.6. UV–VIS analysis

The optical properties of Ti0.9Fe0–1-xNixO2 are studied by UV–Vis
spectrophotometer at room temperature. The UV–Vis absorbance
spectra of Ti0.9Fe0–1-xNixO2 is presented in Fig. 9. It is observed that
absorption edge shifts toward shorter wavelength as the concentration
of Ni increases, depicting a blue shift in band gap energy. The ab-
sorption edge shifted due to charge transfer from V.B (valence band) to
C.B (conduction band) [63]. It has been observed that the absorbance
can vary with some factors like oxygen deficiency, particle size and
defects in material [64].

The direct band gap energy has been calculated by well known
Tauc's equation [59] and its values are tabulated in Table 4. It is pre-
sented in Fig. 10 (a) and (b) respectively. The band gap energy of rutile
is 3 eV [65]. It is observed that bang gap energy (Eg) increases from
3.2 eV to 3.7 eV as the Ni concentration increases. This increase in band
gap energy is due to a decrease in the crystallite size as is observed in
the XRD analysis. As the crystallite size decreases, the Eg increases,
which causes the decrease in the number of overlapping energy levels.
So, the gap among the valence and conduction band increases which
increases the energy difference between these two bands by narrowing
the band width [59]. The variation of band gap energy with dopants
depends on synthesis methods, experimental conditions and types of
dopants. Many research papers reported that band gap energy de-
creased as doping concentration of Fe increased [66,67] into TiO2.
There are also contrary reports in which the band gap energy increased

1 µm

x=0 x=0.02 x=0.04

x=0.06 x=0.08 x=0.1

Fig. 6. SEM micrographs of Ti0.9Fe0.1-xNixO2.
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as Fe contents increased [68,69]. T-H. Leea et al. [70] observed both
increasing and decreasing trends of band gap energy with different
doping concentration of Fe into TiO2. Jianjun et al. [71] found a

x=0.1x=0.08x=0.06

x=0.04x=0.02
x=0

Fig. 7. EDX spectra of Ti0.9Fe0.1-xNixO2.
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Table 3
Magnetization, coercivity and retentivity of Ti0.9Fe0.1-xNixO2.

Composition Magnetization (M)
emu/g

Coercivity Hc
(Oe)

Retentivity Mr

×10−2

Ti0.9Fe0.1O2 0.27 37 1.3
Ti0.9Fe0.08Ni0.02O2 0.20 66 2.9
Ti0.9Fe0.06Ni0.04O2 0.18 77 3.5
Ti0.9Fe0.04Ni0.06O2 0.16 96 1.16
Ti0.9Fe0.02Ni0.08O2 0.11 99 1.1
Ti0.9Ni0.1O2 0.07 43 5×10−3

Fig. 9. UV–Vis absorption spectra of Ti0.9Fe0–1-xNixO2.

Table 4
Band gap energy and grain size of Ti0.9Fe0–1-xNixO2.

Composition Band gap energy (eV) Grain size from SEM (µm)

Ti0.9Fe0.1O2 3.20 0.51
Ti0.9Fe0.08Ni0.02O2 3.3 0.9
Ti0.9Fe0.06Ni0.04O2 3.62 1.2
Ti0.9Fe0.04Ni0.06O2 3.75 1.5
Ti0.9Fe0.02Ni0.08O2 3.75 1.7
Ti0.9Ni0.1O2 3.8 1.8
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decrease in band gap energy by varying different concentrations of Ni
into TiO2 While Fe and Ni co-doped into TiO2,decreased the band gap
energy [52].

4. Conclusions

A series of Ti0.9Fe0–1-xNixO2(x= 0, 0.02, 0.04, 0.06, 0.08, 0.1) has
been synthesized by the solid state reaction method. A true rutile phase
is attained without any secondary impurity. A decrease in crystallite
size is observed. Room temperature Raman spectra depict the presence
of oxygen vacancies and defects. SEM analysis results into a denser,
smoother and cracks free surface by the addition of Ni into Ti0.9Fe0.1O2.
EDX analysis shows that the contents of Fe and Ni are according to their
stoichometric ratio into TiO2. Magnetic measurements at room tem-
perature depicts ferromagnetic behavior for all the samples. Optical
properties measured by spectrophotometer reveal an increase in band
gap energy from 3.2 eV to 3.8 eV. The presence of the ferromagnetism
at room temperature and the crystallite size in nanocrystalline range
signifies the importance of present work. These features may be useful
for potential applications in memory devices with reduced dimensions
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