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Co and Cr Co-doped Titanium Dioxide, Ti0.9Cr.1-xCoxO2 (x=0.0, 0.02, 0.04, 0.06, 0.08 and 

.10), Dilute magnetic semiconductors (DMSs) were synthesized by solid state reaction 

method at annealing temperature of 1050
0
C for six hours. XRD patterns confirmed the 

single phase rutile. The rutile structure was also confirmed by Raman spectroscopy 

technique. Grain sizes were measured by Scanning Electron Microscope (SEM). The 

samples were examined for its magnetic property using Vibrating Sample Magnetometer 

(VSM) at room temperature which indicated Paramagnetic behavior. Electrical resistivity 

as a function of temperature was measured using four probe technique. Band gap energy 

was calculated by UV Visible spectroscopy. Both electrical resistivity measurements and 

band gap measurements confirmed the semiconducting nature of Ti0.9Cr.1-xCoxO2 series.    
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1. Introduction 
 

Dilute magnetic semiconductors (DMS) have the properties of both semiconductors and 

magnetic materials [1].They consist of semiconducting material doped with a few atomic percent 

of magnetic cation i.e. transition metals [2]. 3d transition metals like Fe, Co, and Ni, have partially 

filled d states. These partially filled d states contain unpaired electrons and responsible for 

exhibiting magnetic behavior. The addition of 3d transition metal ions can change the Fermi 

energy state by raising the valance band maximum and lowering the conduction band minimum, 

thus reducing the band gap [3]. Initial trials to observe ferromagnetism was carried out in II-VI and 

III-V semiconducting materials, such as Mn doped CdTe and Mn doped GaAs, etc .Although 

Ohno achieved ferromagnetism in Mn doped GaAs, the Curie temperature (Tc) was very less 

(Tc=110 K). Initial attempt on oxide based DMS was started by Matsumoto et al. in Co doped TiO2 

thin film, prepared by combinatorial pulsed-laser deposition (PLD) molecular-beam epitaxy 

(MBE), and obtained a Tc well above room temperature [4]. Among oxide based (O-DMSs) 

Titanium dioxide (TiO2) presents interesting properties such as transparent to visible light 

absorption, has a wide band gap, high refractive index and low absorption. These properties are 

promising for applications as catalysts, Photo anodes, Solar cells, magneto-optical applications [5]. 

TiO2 doped with Cobalt or Iron displays room temperature ferromagnetism both in Anatase and 

Rutile forms for different dopant concentrations. The magnetic behavior at room temperature 

varies largely with the fabrication method and growth conditions [6]. However the mechanism of 

magnetic ordering at room temperature is under discussion and is not understood still [7]. Among 

transition metal doped Cr is an important dopant both theoretically and experimentally as it has a 

major effect on carrier mobility. It appears to be ferromagnetic dopant in thin films [8]. 

 A lot of work has been done on TiO2 based DMS with doping of single transition metal 

but a little attention has been paid on co-dopants. Co-doping can lead to remarkable improvement 

in properties of DMS. Chakrabari et al reported that saturation magnetic field can be enhanced by 

adding 2% of Fe in Co-ZnO system [9, 10]. 
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The present work is an experimental one in which Co and Cr have been used as co-

dopants in TiO2 .The purpose of Co- doping is to induce the room temperature ferromagnetism and 

to enhance charge carrier density in TiO2. As a result the magnetic and electrical properties may be 

enhanced which would improve its efficiency for DMS applications.  

 

 

2. Experimentation 
 

A series of six powder samples having general formula Ti0.9 Co.1-xCrxO2 (x= 0.00, 0.02, 

0.04, 0.06, 0.08 and 0.10) has been prepared by Powder metallurgy route. All the samples have 

been weighed according to their stoichiometric ratio by using a precise electronic balance. After 

weighing all the powder samples have been mixed and  grinded individually by using Ceramic 

Mortar and Pestle to get homogenous mixture. These raw samples are then annealed in heating 

furnace at 1050
o
C for 6 hours. Some of material of prepared samples is used to make pallets for 

electrical resistivity measurement. Carver pallet press is used to make disc shaped pallets of 1.3 

mm diameter with acetone as a binder. The prepared pallets are then heated at 650
 o
C for 2 hours 

just for the purpose of hardening.      

In this work Crystal structure and phase identification of the samples have been examined 

using X-ray diffractometer D-8 discover, Bruker, made in Germany, having source Cu-Kα 

radiations with the wavelength λ = 1.540598 Å. UV-Visible analysis has been done to study the 

variation of band gap. The samples have been examined optically by using UV 2800 model, 

Hitachi Japan, having wavelength 300 to 900 nm. Surface morphology of the samples has been 

observed through scanning electron microscope (SEM) using S-3400N Hitachi. Room temperature 

Magnetic measurements are performed by Lakeshore 7436 vibrating sample magnetometer. 

Electrical resistivity measurements have been carried out by four probe technique at varying 

temperature.  

 

 

3. Results and discussion 
 

3.1 XRD ANALYSIS 

The Comparative XRD patterns of series having general formula Ti0.9Co0.1-xCrxO2 (x=0, 

0.02, 0.04, 0.06, 0.08 and 0.10) are shown in Fig.1. All peaks have been matched with JCPDS card 

number 21-1276 which has confirmed the rutile structure, i.e. tetragonal structure. There are some 

minor peaks of Ti2O3 with value of x= 0.0, 0.02, 0.04 at 2θ= 32.95 respectively. However these 

peaks vanished at x= 0.06, 0.08 and 0.1 respectively and a true rutile Phase is developed. From 

these XRD micrographs, the most intense diffraction peak has been selected and lattice constants a 

and c are determined by the following relation [2]. 

 
1

𝑑2
=

ℎ2+𝑘2

𝑎2
+

𝑙2

𝑐2
                                                                           (1) 

 

Where d is the interplanar distance and hkl are the miller indices of corresponding plane. It is 

observed that as the concentration of Cr increases the values of lattice constants ‘a’ and ‘c’ 

increase. This is due to the fact Cr
2+ 

ions have large ionic radius (0.87A°) compared to Ti
+4

 

(0.68A°) and Co
2+ 

(0.58A°). As the divalent Cr ions are substituted for metallic ions in the lattice, 

the Cr content replaces smaller Ti
+4

 ions elongating the lattice [10, 11, 12, and 13]. Average 

crystalline size is calculated by Sherrer’s formula which is given below. 

 

                                 D= k λ/ β Cosθ                                               (2) 

 

Where k is a constant having value 0.94.  λ is wavelength of Cu-Kα .It’s value is 0 .54×10-10 m , β 

is full width at half maximum. The values of crystallite size (D), lattice constants ‘a’ and ‘c’ with 

varying concentration of x are given in Table 1. 
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Fig 1. Comparative XRD patterns of Ti0.9Co0.1-xCrxO2 (x=a=0.0, x=b=0.02, x=c=0.04, x=d=0.06, 

 x=e=0.08, x=f=0.1) 

 

 

Table1. Values of crystallite size, lattice constants, grain size and band gap energy 

of Ti0.9Co0.1-xCrxO2 (x=0.0, 0.02, 0.04, 0.06, 0.08, 0.1) 

 

Cr Conc. /x 

 

 D/nm a/nm c/nm Grain Size / 

µm 

Eg /eV 

      

0.0 95.297 0.4560 0.293 3.1 2.82 

0.02 95.289 0.4562 0.293 2.9 2.72 

0.04 95.287 0.4562 0.294 2.7 2.72 

0.06 95.276 0.4573 0.294 2.5 2.52 

0.08 53.276 0.4579 0.295 2.4 2.52 

0.1 51.275 0.4582 0.296 2.1 2.5 

 

 

 

3.2 Raman spectroscopy analysis 
Raman spectra of the series Ti0.9Co0.1-xCrxO2 (x=0.0, 0.02, 0.04, 0.06, 0.08, 0.1) is shown 

in Fig.2. The rutile phase exhibits major peaks at 610, 446, and 242 cm
-1

 and minor peaks at 818, 

707, and 319 cm
-1

[14].  From the spectra it is observed that there are three major peaks present i.e. 

at 264, 415 and 608 cm
-1

 and two minor peaks at 315 and 706 cm
-1

 respectively. Usually the four 

active Raman vibration modes of rutile phase are given  

 

                                                  A1g+ B1g +B2g+Eg                                                         (3) 

 

 The peak at 415cm
-1

 and 608 cm
-1

 belong to Eg and A1g mode respectively whereas the 

peak at 264 cm
-1

is known as compound vibration peak due to multiple phonon scattering process 

.This peak is also known as Characteristic Raman peak of rutile TiO2  [15,16,17]. The peak 

corresponding to B1g i.e. at 143 cm
-1

 is not observed due to technical limitations of the Raman 

device. There is a slight Raman shift in observed values because of mixing of dopants having 

different sizes of ionic radii with increased concentration of Cr. Moreover, Lattice strain, defects, 

and crystallite size have a profound effect in the shifting, peak broadening and on the intensity of 

the Raman peak. 
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Fig  2. Comparative Raman spectra of Ti0.9Co0.1 -xCrxO2 (x=a=0.0, x=b=0.02, x=c=0.04,  

x=d=0.06, x=e=0.08, x=f=0.1) 

 

 

3.3 FTIR Analysis 

FTIR spectra of the series Ti0.9Co0.1-xCrxO2 (x=0.0, 0.02, 0.04, 0.06, 0.08, 0.1) is shown in 

Fig.3. From the FTIR spectra different vibration bands can be observed. The broad band below 

1000 cm
-1

 (having minima at 722,590, 525, and 471 cm
-1

)
 
can be attributed to characteristic Ti–O 

and Ti–O–Ti stretching and bending vibrational modes for rutile TiO2 [16] .The weak band around 

1000 cm
-1

 is due to the ionic character of Ti-O bonds [18].The absorption band at 1400 cm
-1

 is due 

to CO2 in air. It might be formed due to burning gases inside the furnace during heating of powder 

samples [19]. The peak at 1651 cm
-1

 is due to water molecules in KBr, which has been used in the 

preparation of samples for FTIR analysis. A small absorption peak observed around 2436–

2438cm
-1

 is due to the existence of CO2 molecule in air. [20] 
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Fig 3. Comparative FTIR spectra of Ti0.9Co0.1 -xCrxO2 (x=a=0.0, x=b=0.02, x=c=0.04,  

x=d=0.06, x=e=0.08, x=f=0.1) 

 

 

3.4 SEM ANALYSIS 

The SEM micrographs of all the samples of the series Ti0.9Co0.1 –xCrxO2 are shown in 

fig.4.These micrographs depict clear tetragonal picture with well defined boundaries. It can be 

seen that surface morphology is homogenous without any agglomerates. From these graphs Grain 

sizes were measured by linear line fit method whose values are given in Table 1.  
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Fig 4. SEM micrographs of Ti0.9Co0.1 –xCrxO2 (x=a=0.0, x=b=0.02,x=c=0.04, x=d=0.06, x=e=0.08, 

x=f=0.1) 

 

 

3.5 VSM Analysis 

Hysteresis loops of the series Ti0.9Co0.1 –xCrxO2 are shown in Fig. 5. However all the 

samples showed Paramagnetic behavior and none of the samples showed ferromagnetic behavior 

at room temperature. This might be due to the fact that predominant Co spins are uncoupled at 

room temperature [21]. This Paramagnetic behavior of TiO2 with Co at room temperature has also 

been observed by Baunie et al. He observed that ferromagnetism can be induced in single crystal 

of Rutile in oxygen deficient environment. When Cr which is antiferromagnetic in nature is added 

to TiO2-Co system, it appears to be paramagnetic. The behavior of Cr in TiO2 based DMS towards 

magnetism is also not very good in case of bulk DMS. It has been reported that addition of Cr to 

rutile TiO2 above a certain amount i.e. 6 atomic percent causes its paramagnetic behavior [8]. 

However in our case ferromagnetism did not appear even at amount below 6 atomic percent of Cr. 

When these magnetic dopants are added to TiO2, they-did not show any ferromagnetic behavior. 

The absence of Ferromagnetism in these samples at room temperature indicates the strong 

antiferromagnetic interactions among magnetic ions [22].These results are contrary to earlier 

experimental findings. [23] 
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Fig  5. Hysteresis loops of Ti0.9Co0.1-xCrxO2 (x=a=0.0, x=b=0.02, x=c=0.04, 

 x=d=0.06, x=e=0.08, x=f=0.1) 
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3.6 UV-Visible Analysis 
The band gap energy Eg versus (αhν)

2
 plots of series Ti0.9Co0.1-xCrxO2 is shown in Fig.6 (a, 

b). Band gap energy Eg is determined by Tauc’s equation [22] given as 

 

α (hν) = A (hν- Eg)
m             

                                                     (4) 

 

Where α is the absorption coefficient, hν is the photon energy, Eg is band gap energy and A is a 

constant known as band tailing parameter which is different for different material. The magnitude 

of m is characteristic of the type of transition and takes the value ½, 3/2, 2 and 3 for direct, 

allowed forbidden, indirect allowed and indirect forbidden transitions, respectively. The linear part 

of the curves is extrapolated to α=0 to get direct band gap energy. It is observed that band gap 

energy (Eg) decreases as the concentration of Cr increases. It is due to the fact that as Co and Cr 

are added to a TiO2, impurity band is generated within the band gap. Electrons in the valence band 

absorb high energy photon and transfer to the impurity band (higher energy state) then secondary 

transfer from the impurity band to the conduction band by absorbing other photons. Optical 

absorption of metal semiconductor depends on this impurity band. Moreover the red shift 

developed here can be attributed to charge transitions between metal ion d electrons and the 

valence or conduction band of TiO2. These results are in agreement with the earlier experimental 

studies [24]. 
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                   Fig 6. Band gap energy of Ti0.9Co0.1-xCrxO2 (a) x=a=0.0, x =b= 0.02, x=c= 0.04 

 (b) x=d=0.06, x=e= 0.08, x=f=0.1 

 

 

3.7 Electrical Resistivity Measurement  

Fig.7. shows the plot of volume resistivity ρv as a function of temperature. ‘ρv’ was 

measured using the relation  

ρv = RvA/L                                              (5) 

 

Where ρv is volume resistivity, Rv’ the measured volume resistance, ‘A’ the total area of the 

samples (in pellets form) and ‘L’ is the thickness of the pellet across which the volume resistance 

had been measured. The overall trend of the curves is that the DC electrical resistivity value 

decreases with the rise of temperature confirming the semiconductor nature of material [25]. 

This decrease in resistivity is also observed by four probe technique at room temperature. The 

values of resistivity are given in Table 1. 

(a) (b) 
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Fig7. Resistivity as a function of temperature of Ti0.9Co0.1-xCrxO2 (x=a=0.0, x =b= 0.02, x=c= 0.04 

x=d=0.06, x=e= 0.08, x=f=0.1) 

 

 

4. Conclusions 
 

An attempt has been made to fabricate Ti0.9Co0.1-xCrxO2 based DMS by Powder metallurgy 

route. Structural properties have confirmed the formation of rutile phase of TiO2. Magnetic 

measurements at room temperature showed absence of ferromagnetism for all Cr concentrations. 

The prepared series of Ti0.9Co0.1-xCrxO2 lie in semiconducting range which has been confirmed by 

resistivity measurements and U-V Visible analysis. Our results have revealed that prepared series 

of Ti0.9Co0.1-xCrxO2 is a Paramagnetic DMS. 
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