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ABSTRACT 

Mn-doped nanocrystalline ZnO particles have been successfully synthesized at low temperature (80˚C) by the copre- 
cipitation method using zinc sulfatehepta hydrate and NaOH. The structural and magnetic properties have been charac- 
terized using X-ray diffraction (XRD), Energy dispersive x-ray, vibrating sample magnetometer and electron spin 
resonance. XRD measurements revealed that the sample posses hexagonal wurzite structure. From the Rietveld refined 
XRD spectra, the lattice parameters, average crystallite size and microstrain values was obtained. In this range of dop- 
ing concentrations all samples show an expansion of the lattice parameters relative to the bulk samples. From magnetic 
measurements we observed the presence of room temperature ferromagnetic order in our Mn-doped ZnO samples.  
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1. Introduction 

Dilute magnetic semiconductors (DMSs) have been at- 
tracting much interest since they show their possibility of 
manipulating charge and spin degrees of freedom in a 
single material. Theoretical predictions of room tem- 
perature ferromagnetism in ZnO based DMS have caused 
intensive efforts on ZnO material doped with transition 
metal. The Mn-doped ZnO system is very promising due 
to its wide bandgap of ZnO host material and due to its 
high solubility of Mn atoms in ZnO matrix. Mn-doped 
ZnO has also attracted much attention because of dis- 
agreements about the existence and the origin of room- 
temperature ferromagnetism. Sharma et al. [1] observed 
ferromagnetism behavior above room temperature for 
small atomic percentages of Mn doped in ZnO bulk and 
thin films. They proposed that room-temperature ferro- 
magnetism behavior due to carrier-induced interactions 
between isolated Mn ions in ZnO. Contrary to this result, 
several authors have been argued that room-temperature 
ferromagnetism in Mn-doped samples originated from an 
oxygen-vacancy-stabilized metastable phase [2,3]. Some 
authors [4-6] believed that the secondary phases of Mn 
transition metals clusters and their oxides might be re- 
sponsible for the observed ferromagnetism behavior. 
However, some recent studies showed the absence of  

ferromagnetic ordering in bulk single phase of Mn-doped 
ZnO down to 2 K [7,8]. Such incosistent results have 
also been observed for Mn-doped ZnO thin films, which 
extend from paramagnetic properties [9] to spin-glass 
behavior [10]. Most likely the differences in the reported 
results are due to different preparation methods and by 
different researchers suggesting that magnetic properties 
of this system are very sensitive to the preparation condi- 
tions.  

In this work, we reported synthesis of Mn-doped ZnO 
in the form of nanocrystalline particles using a simple co- 
precipitation method. The structural and magnetic prop- 
erties of the nanocrystalline particles were investigated 
using X-ray diffraction (XRD), energy dispersive x-ray 
spectroscopy (EDX), infrared absorption (FTIR), elec- 
tron spin resonance (ESR) and vibrating sample magne- 
tometer (VSM).  

2. Experimental  

For the synthesis of Mn-doped ZnO nanoparticles in this 
study, manganese sulfate monohydrate (MnSO4·H2O), 
Zinc sulfate hepta hydrate (ZnSO4·7H2O), 25% aqueous 
Sodium hydroxide (NaOH) were used which are pro- 
cured from Aldrich and Merck. All of the chemicals used 
are GR grade without further purification. ZnO nanopar- 
ticles were synthesized by using a co-precipitation method. 
The requisite amounts of ZnSO4·7H2O and MnSO4·H2O *Corresponding author. 
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were dissolved in distilled water depending on the per- 
centage of Mn doping to form solution. For the sake of 
convenience, these solution are designated as solution A. 
Solution A was then put into an ordinary ultrasonic 
cleaner using a 57 kHz operating frequency for 2 h. Si- 
multaneously, 44 mmol NaOH was prepared in 440 ml of 
de-ionized water (solution B). Then, solution A was sub- 
sequently stirred with a magnetic stirrer at room tem- 
perature. In this solution, the solution B was added until 
the final pH of solution reached to 12 and then solution 
was further stirred for 0.5 h with constant stirring. So 
obtained solution was aged at room temperature for 18 h. 
This solution was centrifuged and washed several times 
with ethanol and distilled water in order to remove re- 
sidual and unwanted impurities. The obtained product 
was dried in a vacuum oven at 200˚C for 1 h yielding 
dark brown Mn doped ZnO powder. 

The x-ray diffraction (XRD) patterns of the Mn-doped 
ZnO powder samples were measured at room tempera- 
ture with a standard x-ray diffractometer Philips PW 
1710 and monochromatic Cu-Kα (λ = 1.54060 Å) radia- 
tion operated at 40 kV and 20 mA in the range from 10˚ 
to 80˚. The calibration of the diffractometer was done 
using Si powder. Elemental analyses of the samples have 
been done by energy dispersive x-ray spectroscopy (EDX) 
using scanning microscope. Fourier-transform infrared 
spectra of the powder samples were recorded using a 
Shimadzu Fourier-transform spectrometer in the range of 
400 - 4000 cm–1. Magnetic properties were experimen- 
tally studied by measuring magnetization as a function of 
external magnetic field at room temperature using Ox- 
ford Type 1.2 T vibrating sample magnetometer (VSM). 
These measurements were taken from 0 to ±1 Tesla field. 
To obtain information on oxidation state and site occu- 
pancy of the Mn ions in the ZnO matrix electron spin 
resonance (ESR) was carried out using X-band JEOL 
JES-RE1X at room temperature. X-band spectrometer 
equipped with 9.1 GHz field modulation unit. 

3. Results and Discussion 

Figure 1 shows the representative EDX spectra for un- 
doped and Mn-doped nanocrystalline ZnO particles. The 
elemental analysis indicated that the samples contain 
target elements with carbon as impurities within the EDX 
analysis limit. Quantitative results of the Mn/Zn ratio are 
calculated from the area of the corresponding spectral K 
lines. The amount of Mn in the nanocrystalline ZnO par- 
ticles has been found to vary between 6 - 30 at%.  

Figure 2 illustrates the Mn incorporation in nanocrys- 
talline ZnO particles as a function of the initial cations 
ratio in the starting dissolution. It is seen that the amount 
of Mn incorporated in the samples is slightly lower than  

 

Figure 1. EDX spectra of undoped and Mn-doped na- 
nocrystalline ZnO particles for various doping concentra- 
tions. 
 

 

Figure 2. The Mn incorporation in the nanoparticles as a 
function of the initial cation ratio in the starting solution.  
 
that of the nominal amount of Mn added during the syn- 
thesis. 

Figure 3 shows the XRD pattern of undoped and Mn- 
doped ZnO. The pattern suggests that the undoped and 
Mn doped ZnO up to doping concentrations of 25 at% of 
Mn are constituted in a hexagonal wurzite structure with 
a prefered orientation of (101) diffraction plane. No ad- 
ditional peak correspond to the secondary-phase forma- 
tion has been observed up to 25 at% of Mn, which means 
the crystal structure of Mn-doped ZnO does not depart 
from its wurzite structure. However, in the sample with 
further addition 30 at% of Mn, additional peak corre- 
sponding to the secondary phase begin to appear at 2θ 
approximately 62˚. This peak was identified as ZnMn2O4.  
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Figure 3. XRD patterns of undoped and Mn-doped nanocrys- 
talline ZnO particles synthesized with different concentra- 
tions of Mn. 
 
This result indicated that the doping limit for our Mn 
doped ZnO samples is below 30 at% of Mn. From Fig- 
ure 3 one can observe that the Bragg angle of the in- 
tense (101) diffraction plane slightly shifted towards 
higher values relative to that of pure ZnO. This is evi- 
dence for creation of internal compressive micro stress. 
In addition a line broadening was also observed in our 
XRD spectra. It is commonly accepted that XRD line 
broadening may be the result of pure size or micro strain, 
or both size and microstrain. Williamson and Hall [11] 
have proposed a method combining the effect of size and 
microstrain on line broadening, when both are operative. 
The combined effect gives the final-result of FWHM of 
the diffraction peak, ∆, which is the sum of FWHM grain 
size and FWHM lattice distortion. This relation may be 
expressed in the form:  

cos 4 sinD                (1) 

where  is the strain associated with the Mn-doped 
nanocrystalline ZnO particles. This equation represents a 
straight line between 4 sin Θ as an x-axis and ∆cos Θ as 
an y-axis. The slope of the line gives the strain  and in- 
tercept of this line gives crystallite size D. Figure 4 
shows the Williamson and Hall plot of our undoped as 
well as Mn-doped nanocrystalline ZnO particles. It is 
observed that the strain in Mn-doped samples is higher 
than that of undoped sample. The strain is higher as the 
dopant is increased. It is seen that more Mn content is 
introduced into the sample, the stronger tensile is, or 
more created compression stress is. The crystallite size 
D as well as strain  calculated from Williamson and 
Hall plot was found to decrease and increase, respec- 
tively with increasing Mn dopant (Figure 5).  

 

Figure 4. William-Hall plot for each doping concentration 
of Mn-doped nanocrystalline ZnO particles. 
 

 

Figure 5. The average crystallite size and micro strain of 
Mn-doped nanocrystalline ZnO particles obtained from 
William-Hall’s formula. 
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The XRD spectra were further analysed by Rietveld 
technique. Evaluation of the lattice parameters a, c and 
the unit cell volume V as a function of Mn concentrations 
is shown in Figure 6. The calculated lattice parameter 
are higher than the standard JCPDS parameter for bulk 
ZnO, a = b = 3.2498 Å and c = 5.2060 Å, respectively. 
Since the ionic radii of Zn2 (0.74 Å) is smaller than that 
of Mn2 (0.83 Å) and larger than that of Mn3 (0.64 Å) 
[12].  

All of the lattice parameters are increased with in- 
creasing Mn concentrations indicating a homogeneous 
statistical substitution of Mn2 for Zn2 in our Mn-doped 
ZnO samples.  

Optical characterization was performed by measuring 
the diffuse reflectance at room temperature. Figure 7 
shows the diffuse reflectance spectra R as a function of 
wavelength for samples shown in Figure 3. Since our 
samples are powder, the low reflectance values in our 
spectra indicate high absorption in the corresponding 
wavelength region. The data collected at room tempera- 
ture showed a clear difference between the samples in the 
region of 200 - 800 nm. The significance of this is more 
visible after applying the Kubelka-Munk function F(R) 
given by the relation F(R) = (1 – R)2/2R, where R is the 
magnitude of reflectance. The optical gap was estimated 
from diffuse reflectance spectra by plotting the square of 
the Kubelka-Munk function F(R)2 as a function of en- 
ergy. To obtained the optical gap the linear part of F(R)2 
curve was extrapolated until it intersects the energy axis 
at F(R)2 = 0. The optical gaps of our Mn-doped ZnO 
samples were also shown in Table 1. The corresponding 
optical gaps are seen to be shifted to lower energies with 
increasing doping concentrations. A similar decrease in 
band gap energy with doping concentration of transition 
metals has been reported by several authors [13-15]. 
They have argued that the band gap narrowing with tran- 
sition metal (TM) doping in ZnO may be due to the sp-d 
exchange interaction between the band electrons and the 
localized d-electrons of the transition-metal ions, as a 
result of the incorporation of transition-metal ions into 
the Zn site of the ZnO lattice. 

The magnetization versus magnetic field (M-H) curves 
recorded at room temperature for all Mn-doped ZnO 
samples are shown in Figure 8. A hysteresis behavior is 
observed at room temperature, implying the well defined 
ferromagnetism. However, the shape of the loop for 
samples doped with higher Mn concentrations do not rule 
out the presence of some paramagnetic contribution. 
From Figure 8 it is clear that the increase in Mn concen- 
tration decreases the ferromagnetic nature and increases 
the paramagnetic component of samples. This result is in 
agreement with the one reported by Sharma et al. [16] 
and Abdel Hakeem [17]. The coercive field (HC) and the  

 

Figure 6. The lattice parameters a, c, and cell volume V of 
the hexagonal wurtzite undoped and Mn-doped nanocrys- 
talline ZnO particles as a function of doping concentration. 
 

 

Figure 7. Diffuse reflectance spectra of Mn-doped nanocrys- 
talline ZnO particles synthesized with various doping con- 
centrations. 
 
remnant magnetization (MR) estimated come out to be 
1262, 451, 403, 164 Oe and 0.0503, 0.0090, 0.0065, 
0.0042 emu/gram for samples doped with 6 and 9, 12, 25 
at%, respectively. Since the possible Mn-related second- 
dary phases have not been observed in our XRD meas- 
urements, we could exclude the posibility of room tem- 
perature ferromagnetism in our Mn doped ZnO samples 
due to the presence of any secondary phase.  

Even if some tiny secondary phase such as ZnMn2O4 
could not results in ferromagnetism because ZnMn2O4 is 
ferrimagnetic with TC ≈ 15 K [18], and nearly all possible 
Mn based oxides are antiferromagnetic except Mn3O4    
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Table 1. Rietveld refined XRD data and optical gap of Mn-doped nanocrystalline ZnO particles. 

Sample at% a (Å) c (Å) V (Å3) <D> nm e Eg (eV) 

0 3.2504 5.2135 47.7017 15.99 0.00107 3.52 

6 3.2519 5.2142 47.7521 15.47 0.00111 3.30 

9 3.2532 5.2145 47.7930 12.93 0.00155 3.26 

12 3.2546 5.2155 47.8434 12.73 0.00160 3.23 

Mn doped ZnO 

25 3.2568 5.2169 47.9209 12.57 0.00175 3.21 

 

 

 

Figure 8. Room temperature M-H curves for Mn-doped 
nanocrystalline ZnO particles synthesized with various dop- 
ing concentrations. 
 

Figure 9. Experimental and fitted ESR spectra of Mn-doped 
nanocrystalline ZnO particles doped with various doping 
concentrations. The spectra are deconvoluted into two signals: 
S1 (red-dotted line) and S2 (green-dashed line) signal. 

with TC ≈ 46 K [19]. Thus, the ferromagnetism behavior 
observed in our samples studied here does not seem to be 
related with the presence of any secondary phase such as 
ZnMn2O4 or Mn3O4.   

at the lower field is attributed to ferromagnetic-resonance 
which arises from transition within the ground state of 
the ferromagnetic domain [23,24], and a narrow ESR 
signal arising from the paramagnetic states of isolated 
Mn2 ions at room temperature is detected at a higher 
field in the form of hyperfine and fine lines [25,26]. 
However, it is believed that this narrow signal is not in- 
volved in the ferromagnetic ordering [27]. Thus, our ESR 
measurements revealed the co-existence of ferromagnetic 
and paramagnetic states. At lower doping concentrations, 
an isotropic hyperfine spectrum with six lines is clearly 
observed. The electronic configuration of the Mn2+ ion is 
3 d5 and the electronic ground state is 6S5/2, which splits 
into three Kramers doublets (5/2, 3/2 and 1/2). In the 
presence of a magnetic field, the spin degeneracy of 
isolated Mn2+ ion can be completed removed by the 
Zeeman splitting, resulting in five fine-structure transi- 
tions each split into six hyperfine lines. Due to hyperfine 

Electron spin resonance (ESR) is an effective tool to 
investigate the oxidation state, electronic configuration 
and site occupancy of the dopant transition metal ion 
more critically and also to understand the carrier concen- 
tration and magnetic exchange coupling at a microscopic 
level. As the number of unpaired electrons are different 
in different oxidation states, they can be easily distin- 
guished from the number of fine transitions in the ESR 
spectra from their g-values. In addition the ESR tech- 
nique is very sensitive method for detecting ferromag- 
netic ordering as well as other magnetic species. It is well 
established that Mn is divalent in II-VI compounds, and 
assumes the high spin d5 configuration characterized by 
S = 5/2 and g  2.0 [20-22]. Figure 9 shows the ESR 
spectra of ZnO particles doped with different Mn con- 
centrations recorded at room temperature. In our ESR 
experiments, all signals can be considered as a superpo- 
sition of two overlapping signals. A broad signal appears  
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splitting, each of these transitions will be split into six 
hyperfine sublevels. Upon increasing the Mn concentra- 
tion, the contribution of hyperfine spectrum of the iso- 
lated Mn2+ will become weaker. To determine the g-value 
and the number of spins associated with each signal we 
fit the ESR signals with two Lorentzian functions. We 
labeled this type of spectrum as S1 (a broad signal) and 
S2 (a narrow signal). The S1 line exhibits a g-value of 
approximately 2.1195 and ΔHpp of approximately 438 G, 
while the S2 line has a g-value of approximately 2.0068 
and ΔHpp of approximately 208 G. In the doping range 
investigated, the g-values and ΔHpp of the S1 line were 
observed to be independent of the doping concentrations, 
whereas the g-values and ΔHpp of the S2 line tended to 
decrease and increase, respectively with increasing dop- 
ing concentrations. The g-values, ΔHpp and correspond- 
ing number of spins participating (peak area) in produc- 
ing the S1 and S2 signals are provided in Figures 10 and 
11. It is seen that with increasing doping concentrations 
the total number of spins contributed to the paramagnetic 
state is considerably higher than the total number of spins 
contributed to the ferromagnetic states. 

Although it is known that Mn ions belonging to the 
paramagnetic states do not contribute to the magnetic 
signal, we observed a decrease in magnetization of the  
 

 

Figure 10. The g-values, line width ∆Hpp, and peak area of 
the S1 line signal as a function of doping concentration. 

 

Figure 11. The g-values, line width ∆Hpp, and peak area of 
the S2 line signal as a function of doping concentration. 
 
samples with increasing doping concentration. This result 
is consistent with the result obtained from ESR meas- 
urements. A similar result was also obtained by other 
researchers [28-30] who proposed that the concentration 
of oxygen vacancies played an important role in mediat- 
ing the ferromagnetic exchange between Mn ions, which 
is consistent with the bound magnetic polaron (BMP) 
theory. According to this theory, the ferromagnetic ex- 
change between magnetic transition metal ions in DMS 
is mediated by a shallow donor electron that form a BMP 
and overlaps to create a spin-split impurity band [28]. In 
accordance with the BMP model, the magnetization of 
the system is assumed to originate from regions of corre- 
lated and isolated spins. The magnetization that arises 
from the correlated spins is ferromagnetic, whereas the 
magnetization that is due to the isolated spin is para- 
magnetic. From the discussion above, the donor impurity 
band exchange model is an appropriate explanation for 
the observed RTFM behavior in our Mn-doped samples. 

4. Summary 

In summary, a series of nanocrystalline Mn-doped ZnO 
particles were synthesized by co-precipitation method. 
The XRD patterns suggest that all of our nanocrystalline 
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Mn-doped ZnO particles are constituted in a hexagonal 
wurzite structure with a preferential orientation of (101) 
diffraction plane. At the concentration Mn of about 30 
at% the crystallographic form deviates from its wurzite 
structure with the manifestation of secondary phases 
ZnMn2O4, suggesting a greater amount of Mn incorpora- 
tion into the sample. With the increase in Mn concentra- 
tions up to 25 at% the lattice parameter and the average 
crystallite size increased, indicating that Mn ions substi- 
tute for the site of Zn ions and disorder started to occur in 
the samples. The optical absorption studies showed that 
band-gap energy is decreased from 3.30 to 3.21 eV as the 
doping concentration increased from 6 to 25 at%. Sam- 
ples doped with Mn concentrations up to 25 at% were 
found to exhibit room-temperature ferromagnetism. Our 
VSM results indicate that our Mn-doped samples display 
ferromagnetic interaction that cannot be attributed to the 
presence of secondary-phase. From VSM and ESR results, 
we believed the observed RTFM order supports the BMP 
model [28].  
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