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Abstract 

Undoped and Mn-doped ZnO micro-rod arrays were fabricated by the spray pyrolysis method on 

glass substrates. X-ray diffraction and scanning electron microscopy showed that these micro-rod 

arrays had a polycrystalline wurtzite structure and high c-axis preferred orientation. 

Photoluminescence studies at 10 K show that the increase of manganese content leads to a 

relative decrease in deep level band intensity with respect to undoped ZnO. Magnetic 

measurements indicated that undoped ZnO was diamagnetic in nature whereas Mn-doped ZnO 

samples exhibited ferromagnetic behavior at room temperature, which is possibly related to the 

substitution of Mn ions (Mn
2+

) for Zn ions in the ZnO lattice.  
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1. Introduction 

Zinc oxide (ZnO), with a wide direct band gap of 3.37 eV and large exciton binding 

energy of 60 meV, shows promising materials properties and has attracted intensive research 

efforts with an emphasis on its possible applications in UV/blue optoelectronics, transparent 

transistors and photodetectors [1,2]. Doping of ZnO with magnetic ions like Mn, Cr, Fe, Co and 

Ni results in ferromagnetic semiconductor behavior. In such ferromagnetic semiconductors, a part 

of the lattice is made up of magnetic atoms and thus they are called diluted magnetic 

semiconductors (DMS). The term “spintronics” refers to utilizing the spin-degree of freedom of 

an electron for applications, as opposed to the conventional usage of the charge. Some possible 

applications of spintronic devices are spin-valve transistors [3], spin light-emitting diodes [4], 

logic devices [5], and non-volatile memory [6]. The basic requirement for these practical 

applications is to achieve the Curie temperature (TC) well above the room temperature [7]. In 

2000, Dietl et al. predicted theoretically that Mn-doped ZnO and GaN would be ferromagnetic at 

room temperature and would therefore be suitable for applications in spintronics [8]. Following 

this initial work, using ab initio calculations based on the local density approximation, Sato et al. 

theoretically demonstrated that V-, Fe-, Co-, Ni- and Cr-doped ZnO showed ferromagnetic 

ordering above the room temperature [9]. However, a number of experimental studies reveal that 

the magnetic behavior of Mn in ZnO appear to be dependent on preparation conditions, such as 

preparation methods, doping concentration, substrate type, substrate temperature and annealing 

atmosphere. For example, Elanchezhiyan et al. observed ferromagnetic behavior for films grown 

on sapphire substrates while films on Si substrates exhibited only paramagnetic behavior [10]. 

Work by Pradhan et al. indicated that Zn1−xMnxO films grown at a substrate temperature of 500 

°C exhibited room temperature ferromagnetism and growths beyond 500 °C showed a decrease in 

the magnetization due to the formation of Mn-related clusters [11]. Furthermore, Cheng et al. 



 4 

reported paramagnetic properties for Zn0.93Mn0.07O films prepared by magnetron sputtering [12], 

while Fukumura et al. observed spin-glass behavior with a strong antiferromagnetic exchange 

coupling for Zn0.64Mn0.36O films prepared by pulsed laser deposition [13]. Trolio et al. 

demonstrated that the saturation magnetization, Ms, for Mn-doped ZnO increased with Mn 

concentration up to 4 at.%, while for higher Mn concentrations Ms decreased almost linearly [14]. 

Finally, Hou et al. showed that the net magnetization of Mn-doped ZnO thin films annealed in air 

decreased, but increased with annealing in inert atmospheres [15]. Although there are many 

experimental studies on magnetic and non-magnetic doped ZnO films showing room temperature 

ferromagnetism, the origin of ferromagnetism is still strongly debated in transition metal (TM)-

doped oxide DMSs such as ZnO-based DMS [16-18]. Early studies proposed that a free carrier 

mediated mechanism was responsible for the ferromagnetic behavior [19]. However, more recent 

studies proposed that native defects like oxygen vacancies give rise to ferromagnetic ordering in 

oxide based DMS [20]. 

 A considerable research effort has recently been focused on studying TM-doped one-

dimensional (1D) ZnO nano/microstructures (such as wires, rods and tubes) due to their potential 

use in producing nano/microscale spintronic devices [21]. Among the TM ions, the doping of Mn 

into ZnO is most encouraging since Mn has the highest possible magnetic moment and also the 

half of the d-band is full, creating a stable fully polarized state [22]. However, determination of 

the physical origin of magnetic effects in different magnetic ion-doped semiconductors is a 

crucial factor in development of such materials for wider applications. Different theories of the 

origin of magnetic effects, including theories based on intrinsic defect involvement as well as the 

magnetic ion dopants [23], mean that correct control of dopant and defect populations based on 

such understanding is needed to realize applications. This is one of the aims of the present study. 
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 There are also various methods to fabricate 1D TM-doped ZnO materials. These 

techniques vapor phase transport [23], hydrothermal method [24], thermal evaporation [25] and 

spray pyrolysis technique [26]. Among these, the spray pyrolysis is especially suitable, since it 

has proved to be a simple and inexpensive method, particularly useful for large area applications. 

Furthermore, there is much less research on the use of spray pyrolysis method for the growth of 

1D TM-doped ZnO materials in the literature and the second aim of the present study is to 

undertake a study of the use and potential of this growth method to grow ZnO-based DMS. In 

this communication, we present data on ZnO micro-rod arrays synthesized via spray pyrolysis on 

glass substrates and specifically we have studied the effects of the increase of Mn-doping 

concentration on ZnO samples using x-ray diffraction (XRD), scanning electron microscopy 

(SEM), photoluminescence (PL) and magnetic measurements. We have studied the effect of Mn-

doping on the visible defect band level in PL, which reduces with increasing Mn-doping, 

indicating a likely reduction in the number of optically active defects. In addition, magnetic 

measurements show room temperature ferromagnetism of our Mn-doped ZnO samples. These 

data allow us to conclude that the ferromagnetism in our samples is not due to defect related 

ferromagnetism and is likely due to ferromagnetic coupling between Mn
2+

 ions in the lattice, 

mediated by conduction band electrons. This provides important evidence to help distinguish 

between different theories (in the case of Mn-doping) for magnetic effects proposed in the 

literature for magnetic ion-doped ZnO. 

2. Experimental details 

Zn1 − xMnxO micro-rod arrays with nominal molar fraction (x) values of 0.00, 0.02, 0.04 

and 0.06 were obtained by spray pyrolysis in an air atmosphere. The experimental set up and the 

other experimental details are described in more detail elsewhere [27]. The initial stock solution 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TW0-4S73RBP-2&_user=736460&_coverDate=09%2F01%2F2008&_alid=1148116043&_rdoc=18&_fmt=full&_orig=search&_cdi=5548&_sort=r&_docanchor=&view=c&_ct=19&_acct=C000040818&_version=1&_urlVersion=0&_userid=736460&md5=bdb4023959f4f4ebff27bfdb617414bb#bib8
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was prepared from zinc chloride (ZnCl2) at 0.1 M concentration in deionized water. Doping was 

achieved by the addition of MnCl2.4H2O (0.1 M) to the stock solution, which was then sprayed 

on the glass substrate. The growth was performed with a spray rate of about 5 ml/min and the 

growth rate was ~ 50 nm/min. Prior to growth the glass substrates were cleaned in ethanol and 

then dried in vacuum. During growth, the substrates were rotated with a speed of 10 rpm and the 

substrate temperature was kept at 550 °C. XRD data of the samples in θ-2θ mode were taken 

using a Bruker AXS D8 advance texture diffractometer with CuKα radiation over the range 

2θ = 20-60° with a step of 0.01° at room temperature. The surface morphology and bulk 

composition were studied with JEOL JSM-6400 SEM equipped with energy dispersive x-ray 

spectroscopy (EDS) an accelerating voltage of 20 kV and beam current of 50 nA was used in all 

cases for this study. Optical transmission measurements were performed at room temperature 

with a Shimadzu UV-1201 UV–VIS–NIR spectrophotometer over a wavelength range of 300–

1100 nm. PL measurements were performed at 10 K using a SPEX 1704 monochromator, with a 

closed cycle cryostat Janis SHI-950-5. PL spectra were excited with the 325 nm line of a He–Cd 

laser at a power level of ~ 200 mW, unfocussed on the sample surface. Magnetization 

measurements as a function of magnetic field and temperature were carried out using a Quantum 

Design Physical Property Measurement System with a vibration sample magnetometer module. 

 

3. Results and discussion 

The structural properties of undoped and Mn-doped ZnO micro-rod arrays produced by 

spray pyrolysis were investigated by XRD, and the results for all samples are shown in Fig. 1(a)-

(d). XRD patterns of these samples exhibit peaks corresponding to (100), (002), (101) and (102) 

planes, which can be indexed as the ZnO powder wurtzite (hexagonal) structure in the standard 

data (JCPDS, 36-1451). The (002) peak shows the highest intensity in all cases, implying that all 
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the samples have a hexagonal crystal structure with a preferred orientation with the substrate 

normal parallel to the normal to the ZnO (002) plane. There were no diffraction peaks detected 

for Mn metal clusters, Mn oxide secondary phases or other impurity phases within the sensitivity 

of our XRD measurements, implying that Mn ions were incorporated into the ZnO lattice by 

substituting on Zn lattice sites. In addition, compared with undoped ZnO sample, increasing the 

Mn molar fraction caused a shift in diffraction peak position of the Mn-doped ZnO micro-rods. 

The calculated c values based on the diffraction peak position were found to increase from 5.21 Å 

for undoped to 5.22 Å for nominally 6 at.% Mn-doped ZnO. The slight increase in the lattice 

parameter c upon Mn incorporation indicates that samples were in a state of strain and that along 

the c-axis this strain was tensile [28]. The reason for this c-axis lattice parameter change may be 

due to the concentration of foreign atoms and the difference of their ionic radii with respect to the 

substituted matrix ion ions; the radius of Mn
2+

 ions (0.80 Å) is larger than that the Zn
2+

 ions (0.74 

Å) or to the differences in the linear thermal expansion coefficients of the ZnO samples with 

different Mn molar fractions and soda-lime glass [29]. 

Chemical compositions of undoped and Mn-doped ZnO micro-rods were investigated by 

EDS. Fig. 2(a) and (b) shows EDS spectra obtained for undoped and nominally 6 at.% Mn doped 

ZnO micro-rods, respectively, showing the existence of manganese within the samples. Table 1 

indicates that all the samples are composed of Zn, O or Mn, demonstrating the increase in 

concentration with the increase of Mn-doping in ZnO micro-rods. Table 1 also shows that actual 

atomic percentage ratio of Mn is less than the nominal composition in the solution. The 

difference between the actual and the nominal Mn concentration is probably due to the dilution of 

Mn ions in the ZnO host matrix. Additionally, compared to undoped ZnO, it was found that the 

Mn-doped ZnO micro-rods were slightly zinc deficient and oxygen rich, beyond that expected for 
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Zn replacement by Mn. Similar results were obtained by Wang et al. for Cu-doped ZnO 

nanoparticle sheets [30]. 

SEM surface micrographs for the samples are shown in Fig. 3 and reveal that both the 

undoped and 1.1, 2.6, 4.2 at.% Mn-doped ZnO micro-rod arrays display hexagonal shaped rods 

with sub-micron diameters. As seen in Fig. 3, the micro-rods in all cases show a distribution of 

diameters (3.3  0.7 m , 2.0  0.5 m , 2.2  0.7 m  and 2.5  1.0 m  for the undoped and 1.1, 

2.6, 4.2 at.% Mn-doped samples, respectively). However, compared to the undoped ZnO, it was 

observed that there was no essential change in the morphology of the micro-rods with the 

increase of Mn-doping. Based on the data from XRD pattern in Fig. 1 and the cross-section 

image of undoped ZnO sample as illustrated in the inset of Fig. 3(a), the hexagonal rods with a 

height of ~ 7 μm were found to be regular and almost perpendicular to the substrate, indicating 

that undoped and Mn-doped ZnO rods preferentially grow along the (002) plane..  

The optical transmission spectra at room temperature of the undoped and Mn-doped ZnO 

micro-rod arrays are shown in Fig. 4(a). The transmittance spectra revealed that all the samples 

had a low average transmittance below the band gap. The maximum transmission of the undoped 

ZnO micro-rods was around 25 % and this decreased from 18 % to 10 % with increasing Mn 

content from x = 0.0 to 4.2 at.%. Krunks et al. also reported significantly reduced transmission 

when ZnO submicron rods were prepared at substrate temperatures exceeding 500 °C by the 

spray pyrolysis method [31]. On the other hand, Rodriguez-Baez and et al. obtained ZnO thin 

films with a high optical transmittance when the substrate temperature was lower than 500 °C 

during spray pyrolysis [32]. The smoother surface morphology of those samples and the 

consequently higher transmittance are fully consistent with our results because of scattering by 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TW0-4XJWD0G-6&_user=736460&_coverDate=10%2F29%2F2009&_alid=1149733687&_rdoc=14&_fmt=full&_orig=search&_cdi=5548&_sort=r&_docanchor=&view=c&_ct=83&_acct=C000040818&_version=1&_urlVersion=0&_userid=736460&md5=57f41d4d66f308458ac084f6b178bbd5#bib33
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TW0-4XJWD0G-6&_user=736460&_coverDate=10%2F29%2F2009&_alid=1149733687&_rdoc=14&_fmt=full&_orig=search&_cdi=5548&_sort=r&_docanchor=&view=c&_ct=83&_acct=C000040818&_version=1&_urlVersion=0&_userid=736460&md5=57f41d4d66f308458ac084f6b178bbd5#bib52
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the micron-scale roughness of the micro-rod arrays in our sample morphology, as seen in Fig. 2 

[33].  

Fig. 4(a) also indicates changes in the absorption edge shape and position as the 

concentration of Mn increases in ZnO micro-rod arrays, which has also been reported in case of 

Mn-doped ZnO films [34]. One may attempt to determine the optical band gap energy, Eg, from 

the absorption spectra using a Tauc-plot analysis of the variation of the absorption coefficient (α) 

with photon energy, utilizing the relation; 

                            2/1)()( gEhAh                                  (1) 

where Eg is the optical band gap of the films and A is a constant. Fig. 4(b) shows the plots of 

(αhν)
2
 versus (hv) for the various ZnO micro-rod array samples. Extrapolations of the linear 

portions of the plots onto the energy axis were used to estimate the band gap values using this 

method and these analyses show an apparent decrease in Eg from 3.26 to 2.98 eV with an increase 

of Mn content from x = 0.0 to 4.2 at.%. This behavior in absorption spectra is in agreement to the 

results reported on Mn-doped ZnO film prepared by other techniques [34-36]. However, we also 

note that an opposite trend of the band gap energy (as determined by a Tauc plot analysis) 

increasing with increasing Mn content in ZnO films was also reported in the literature [37,38] 

and we comment further below on this apparently contradictory results. 

 In order to investigate the influence of Mn-doping on optical emission and defect 

formation, PL spectra of undoped and Mn-doped ZnO micro-rods were measured at 10 K and are 

shown in Fig. 5 (all spectra normalized to the near band edge peak emission). The dominant UV 

peak seen in all the samples is located at 3.361 eV and is ascribed to the near band edge emission 

of excitons bound to donors (D
0
X, members of the so-called I line series) [39]. The energies of 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TW0-4XJWD0G-6&_user=736460&_coverDate=10%2F29%2F2009&_alid=1149733687&_rdoc=14&_fmt=full&_orig=search&_cdi=5548&_sort=r&_docanchor=&view=c&_ct=83&_acct=C000040818&_version=1&_urlVersion=0&_userid=736460&md5=57f41d4d66f308458ac084f6b178bbd5#bib53
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TW0-4XJWD0G-6&_user=736460&_coverDate=10%2F29%2F2009&_alid=1149733687&_rdoc=14&_fmt=full&_orig=search&_cdi=5548&_sort=r&_docanchor=&view=c&_ct=83&_acct=C000040818&_version=1&_urlVersion=0&_userid=736460&md5=57f41d4d66f308458ac084f6b178bbd5#fig4
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TW0-4S73RBP-2&_user=736460&_coverDate=09%2F01%2F2008&_alid=1149746420&_rdoc=18&_fmt=full&_orig=search&_cdi=5548&_docanchor=&view=c&_ct=19&_acct=C000040818&_version=1&_urlVersion=0&_userid=736460&md5=3de5b635e7308bf1fdf76cf46b4235d8#fig6
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these peaks are identical for all samples, indicating that the dominant donor bound exciton 

emission energy is unaffected by the Mn incorporation. This D
0
X emission is observed at a 

constant energy below the band gap and thus indicates that the band gaps at low temperatures in 

all samples are identical, and hence these data are in clear disagreement with the variations in the 

band gap value determined by the Tauc plots presented above. The low temperature PL data give 

a very precise value for the band gap due to the sharp emission lines and these data provide clear 

evidence that the band gaps of all samples are unchanged by Mn incorporation. The origin of this 

disagreement is easily explained. The Tauc relation in Eq. (1) above assumes free carrier 

behavior with no electron-hole interactions, whereas for ZnO the large excitonic binding energy 

of 60 meV means that significant electron-hole correlation is present even at room temperature 

and the so-called Sommerfeld enhancement factor is clearly seen in absorption spectra at room 

temperature [40-42]. Thus the use of the Tauc plot analysis is inappropriate for materials such as 

ZnO, unless correction is made for such excitonic effects. There are clear changes in the 

absorption edge shape in Fig. 4(a) which indicate a change in the Sommerfeld factor in 

absorption due to changes in exciton binding/stability and hence excitonic width, rather than a 

change in band gap. Surprisingly many reports in the literature use the Tauc analysis to determine 

band gaps in ZnO without taking account of the effects of electron-hole binding and it is likely 

that this fact, together with changes in the exciton binding/stability due to varying materials 

quality and defect concentration (as well as Fabry-Perot effects in specular films which are not 

taken account of) lead to the wide diversity of reported trends in band gap with e.g. Mn doping, 

as mentioned above [34-38]. For all these reasons we judge the conclusion from the low 

temperature PL data above, i.e. that the band gaps of the samples are unaffected by Mn doping, to 

be the correct one.  
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 The undoped ZnO sample exhibits three sharp peaks located at 3.287 eV, 3.219 eV and 

3.146 eV, respectively. These peaks may be due to more tightly bound excitons but we note also 

that the spacing between them corresponds closely to the longitudinal-optical phonon energy of ~ 

72 meV, so that at least some of them may be due to phonon replicas [43]. After doping the ZnO 

micro-rods with Mn, these peaks are not longer seen [44]. In the deep level region, as shown in 

the inset of Fig. 5, all the samples display a defect-related visible luminescence band, which is 

usually related to defects such as zinc interstitials (Zni) and oxygen vacancies (Vo) [29]. The 

relative intensity of this band (compared to the band edge peak at 3.361 eV) decreased with 

increased Mn-doping level, which may be due to the decreasing number of the optically active 

defects as well as the thermal quenching as a result of the increase in the nonradiative transition 

centers created by Mn incorporation and intrinsic defects mentioned previously [45-47]. Kuhnert 

et al. obtained a similar quenching effect after doping with different donor impurities and 

explained that donor doping shifted the Fermi level above the Cu
2+

 level so that the hole was no 

longer stable in the d shell, giving rise to the quenching of the green luminescence band [48].  

 Magnetization versus magnetic field (M-H) curves of the micro-rod arrays corresponding 

to the actual Mn-dopant molar fractions x = 0.0, 1.1, 2.6 and 4.2 at.% measured at 300 K are 

shown in Fig. 6.  The diamagnetic contribution from the substrate is subtracted from the total 

magnetization. As illustrated in the upper left inset of Fig. 6, undoped ZnO sample exhibited 

diamagnetic behavior. A similar result was obtained by Liu et al. for pure ZnO in In-doped ZnO 

nanowires grown by vapor phase transport process [49]. It is clear that all Mn-doped ZnO 

samples showed ferromagnetic behavior at room temperature but the 2.6 at.% Mn-doped ZnO 

showed stronger ferromagnetic behavior than either the 1.1 at.% Mn- or 4.2 at.% Mn-doped 

samples. The coercive field (Hc) and the remnant magnetization (Mr) of 2.6 at.% Mn-doped ZnO 

micro-rods are found to be ~ 15 kA/m and ~ 100 A/m, respectively. However, these (Hc and Mr) 
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values decreased to ~ 11 kA/m, ~ 80 A/m for 1.1 at.% Mn and ~ 10.5 kA/m, ~ 60 A/m for 4.2 

at.% Mn-doped ZnO samples. Additionally, 1.1 at.%, 2.6 at.% and 4.2 at.% Mn-doped ZnO 

micro-rods almost exhibited stable Ms values of ~ 39, ~ 57 and ~ 59 A/m, respectively. 

In order to explain the origin of room temperature ferromagnetism, several experimental 

research groups made some studies on Mn-doped ZnO. For example, Elanchezhiyan et al. 

observed a maximum ferromagnetic moment for their 5 at.% Mn-doped ZnO thin films and 

found that the ferromagnetic nature decreases with an increase in Mn concentration. They 

attributed this to the clustering of Mn ions, which causes a decrease in Mn–Mn distance leading 

to decrease in ferromagnetic behavior [50]. However, Yan et al. pointed out that oxygen 

vacancies play an important role in the appearance of room temperature ferromagnetism for Mn-

doped ZnO nanorods [51]. Ramachandran et al. also suggested that the origin of room 

temperature ferromagnetism observed for Mn:ZnO samples was related to carrier or defect 

mediated mechanism [52]. Furthermore, Cong et al. proposed that magnetic behaviour of Mn-

doped ZnO nanostructures can be explained by carrier induced mechanism, implying the 

exchange interaction between local spin-polarized electrons (such as the electrons of Mn
2+

 ions) 

and conductive electrons [53]. Dietl et al. also described the origin of the ferromagnetism in Co-

doped ZnO in terms of a spinodal decomposition of a Co-rich antiferromagnetic nanocrystals 

embedded in a paramagnetic matrix of ZnO:Co. They concluded that the observed room 

temperature ferromagnetism resulted from uncompensated spins at the antiferromagnetic 

nanocrystal surfaces [54].  

Mn, MnO2 and Mn2O3 are antiferromagnetic with a Neel temperatures (TN) of ~ 100 K, ~ 

84 K and ~ 75 K, respectively while Mn3O4 is ferromagnetic with a TC of ~ 43 K [55]. In regard 

to the origin of the ferromagnetism observed in our samples, since these Mn-related phases 

weren’t observed in our samples by XRD measurements, it appears that the origin of the room 
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temperature ferromagnetism in the samples are not due to presence of manganese oxides or 

clusters. According to the PL results already discussed, the relative intensity of the deep level 

band for Mn-doped ZnO samples is smaller than that of undoped ZnO, indicating that Mn-doping 

may decrease the concentration of defects such as Vo and Zni. Hence, we can pronounce that the 

origin of the observed ferromagnetism of our samples cannot be attributed to defect-related 

ferromagnetism. Additionally, since there is a correlation between the observed ferromagnetism 

and carriers (discussed later), neither antiferromagnetism (with a TN of 300 K) nor 

superparamagnetism were seen in our Mn-doped ZnO samples that therefore we conclude that the 

origin of the ferromagnetism cannot ascribe to the spinodal decomposition [56,57]. Therefore we 

consider that the observed room temperature ferromagnetism of our samples most probably result 

from the substitution of Mn ions (Mn
2+

) for Zn ions in the ZnO lattice, which was indicated by 

XRD results. It was reported that Mn
2+

 had an important effect in the ferromagnetic properties of 

Mn-doped ZnO [58]. According to Ruderman-Kittel-Kasuya-Yosida theory [59,60], the 

magnetism originate from the exchange interaction between local spin-polarized electrons (such 

as the electrons of Mn
2+

 ions) and conduction electrons. This interaction leads to the spin 

polarization of conductive electrons and subsequently, the spin-polarized conductive electrons 

perform an exchange interaction with local spin-polarized electrons of other Mn
2+

 ions. Thus 

after the long-range exchange interaction, almost all Mn
2+

 ions exhibit the same spin direction. 

The conduction electrons are regarded as a medium to “connect” all Mn
2+

 ions. As a result, the 

material exhibits ferromagnetism [22]. 

It was also found that Mr value initially increased with 2.6 at.% Mn-doping content and 

then decreased for 4.2 at.% Mn-doped ZnO sample, indicating a deterioration in the 

ferromagnetism for 4.2 at.% Mn-doped ZnO. This can be explained by the ferromagnetic-

antiferromagnetic competition, saying that at higher concentrations may be ascribed to an 



 14 

increasing occurrence of antiferromagnetic coupling for Mn pairs happening at shorter separation 

distances, leading to a decreasing the ferromagnetic interaction, which was reported in the 

literature previously also [38,50,61].  

The magnetization versus temperature (M–T) curve was measured at a temperature range 

of 5–300 K and is shown in Fig. 7. These data show that the temperature dependence of the 

magnetization of the 2.6 at.% Mn-doped ZnO sample is linear at high temperatures. At lower 

temperatures it displays a steep rise with pronounced concave curvature but without showing any 

distinct magnetic phase transition. A strong deviation from the linear behavior at low temperature 

can be attributed to antiferromagnetic behavior originating from the Mn-Mn exchange interaction 

[62]. Based on these data we can conclude that the TC is well above room temperature, but it is 

hard to determine the exact value, since it exceeds the temperature range of our measurements. 

Quite a number of previous works have shown that Mn-doped ZnO displays ferromagnetism with 

TC values of about 30-40 K [63,64], while others have observed TC values above room 

temperature, the latter in agreement with our results [65]. 

 

4. Conclusions 

Based on the structural, optical and magnetic measurements shown and discussed above, 

the following conclusions can be drawn: (i) all the samples have a hexagonal structure with a 

strong [002] preferred orientation normal to the substrate, Mn incorporation did not significantly 

change the texture or the morphology but did lead to a slight increase in c-axis lattice constant (ii) 

compared to the undoped ZnO, the number of optically active deep level defects decreased for 

Mn-doped ZnO micro-rod samples; (iii) the different Mn-doped ZnO micro-rod arrays displayed 

ferromagnetic loops clearly, though a quantitative estimation of the TC was not possible. Based 

on these data we can conclude that the ferromagnetism in our samples is not due to defect-related 
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ferromagnetism and is likely due to ferromagnetic coupling between Mn
2+

 ions in the lattice 

which provides evidence to help distinguish between different theories for magnetic effects 

proposed in the literature in the case of Mn-doped ZnO.  
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Figure Captions 

 

Fig. 1. XRD patterns of (a) undoped, (b) 1.1 at.% Mn-, (c) 2.6 at.% Mn- and (d) 4.2 at.% Mn-

doped ZnO micro-rod arrays. 

Fig. 2. EDS spectra of (a) undoped and (b) 4.2 at.% Mn doped ZnO micro-rod arrays. 

Fig. 3. SEM images of (a) undoped and the inset shows a cross-section image of the undoped 

ZnO, (b) 1.1 at.% Mn-, (c) 2.6 at.% Mn- and (d) 4.2 at.% Mn-doped ZnO micro-rod arrays. 

Fig. 4. (a) Optical transmission spectra of undoped, 1.1 at.% Mn-, 2.6 at.% Mn- and 4.2 at.% Mn-

doped ZnO micro-rod arrays, (b) Plots of (αhυ)
2
 versus (hυ) for undoped, 1.1 at.% Mn-, 2.6 at.% 

Mn- and 4.2 at.% Mn-doped ZnO micro-rod arrays. 

Fig. 5. PL spectra of undoped, 1.1 at.% Mn-, 2.6 at.% Mn and 4.2 at.% Mn-doped ZnO micro-rod 

arrays as recorded at 10 K. Inset shows deep level band in magnified view. 

Fig. 6. Room temperature (M-H) curves of undoped, 1.1 % Mn-, 2.6 % Mn- and 4.2 % Mn-doped 

ZnO micro-rod arrays. Upper left inset shows (M-H) curve of undoped ZnO sample. 

Fig. 7. (M-T) curve of 2.6 at.% Mn-doped ZnO micro-rod arrays. 
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Table captions 

Table 1. Actual atomic concentrations of Zn, O or Mn in undoped and nominally 2 at.% Mn-, 4 

at.% Mn- and 6 at.% Mn-doped ZnO micro-rod arrays. 
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Table 1 
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Measured 

at.% 
 

Mn Zn O 

ZnO - 49.0 51.0 

2 at.% (nominal) Mn-doped ZnO 1.1 45.3 53.6 

4 at.% (nominal) Mn-doped ZnO 2.6 42.9 54.5 

6 at.% (nominal) Mn-doped ZnO 4.2 42.1 53.7 
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