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Abstract. Vertically aligned Mn–ZnO whiskers were grown on sapphire substrate by a thermal chemical  

vapour deposition method. X-ray diffraction measurements indicate that samples are high-quality single crys-

tals and c-axis oriented. Raman and XPS analyses revealed that Mn was incorporated into the ZnO lattice. 

Room temperature T
c ferromagnetism was observed. These Mn–ZnO whiskers may find their potential appli-

cations in spintronic field. 
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1. Introduction 

In recent years, diluted magnetic semiconductors (DMS) 
have attracted great attention due to their potential for the 
development of spintronic device (Kundaliya et al 2004; 
Kane et al 2005; Liu et al 2005; Luo et al 2005; Zhang et 

al 2005; Abouzaid et al 2006; Alaria et al 2006; Gu et al 
2006; Hill et al 2006; Manivannan et al 2006; Rama-
chandran et al 2006; Wang et al 2006; Xu et al 2006). As 
to Dietl’s theoretical prediction, p-type Mn-doped ZnO 
could keep ferromagnetism above room temperature 

(Dietl et al 2000). Many efforts have been made to inves-
tigate Zn1–x

Mn
x
O system. Also, Mn-doped ZnO with 

various morphologies, such as bulk (Kane et al 2005), 
films (Liu et al 2005; Abouzaid et al 2006; Gu et al 2006; 
Ramachandran et al 2006; Xu et al 2006) and nanoparticles 

(Luo et al 2005), have been prepared by different ex-
perimental methods. However, these magnetism results 
are inconsistent. For example, Zn1−xMnxO (x = 0⋅02) syn-
thesized by the sol–gel method are paramagnetic (Mani-
vannan et al 2006). Meanwhile, Mn-doped zinc oxides 
synthesized by coprecipitation method display a typical 
paramagnetic behaviour (Alaria et al 2006). Bulk Zn1−x 

Mn
x
O prepared by a melt-growth technique also shows a 

paramagnetic behaviour (Kane et al 2005). Whereas a few 
others have observed ferromagnetism of Zn1–x

Mn
x
O sys-

tem (Jung et al 2002; Norton et al 2003; Sharma et al 
2003; Heo et al 2004; Lim et al 2004; Ivill et al 2005; 
Kittilstved et al 2005). However, reports on ferromagnetism 
of one-dimensional Zn1–x

Mn
x
O system are very few. Re-

cently, Jeong et al reported that they synthesized verti-

cally well-aligned Zn1–x
Mn

x
O nanorod arrays with room 

temperature ferromagnetism by using a thermal chemical 
vapour deposition (CVD) process. In the preparation 
process, Au-coated sapphire was used as the substrate.  
In our paper, a CVD route was used to synthesize one-
dimensional Zn1–x

Mn
x
O whisker arrays with room tem-

perature ferromagnetism and the sapphire without Au 
coating was used as the substrate. The magnetic properties, 
structure and composition were investigated. 

2. Experimental 

In order to prepare Mn-doped ZnO whiskers, a mixture of 
Zn, ZnO, carbon and MnCl2 powder (weight ratio of Zn, 
ZnO, carbon and MnCl2 being 1 : 1 : 1 : 1) was loaded into 
an alumina boat to serve as the source material. Mean-
while, sapphire substrate was placed above the source at a 
vertical distance of about 5 mm with its polished side 
facing the source. The alumina boat was transferred into a 
horizontal alumina tube furnace, and then the furnace was 
heated up at a rate of 20°C/min under a constant Ar flow 
(flow rate: about 200 sccm; argon purity: 2% O2 in Ar). The 
growth temperature was maintained at 950°C for 30 min, 
and then the furnace was allowed to cool down. A red 
thin layer of the as-prepared sample was found deposited 
on the entire sapphire. In design of source materials, the 
addition of ZnO and C will provide a continuous and sta-
ble oxygen supply through carbon-thermal reduction of 
ZnO. The high temperature reaction at 950°C is benefi-
cial to Mn ions diffusing into Zn liquid droplets, which 
promote the formation of Mn-doping in Zn whiskers. The 
as-prepared samples were characterized by field emission 
scanning electron microscopy (SEM) (SEM: Sirion 
200 FEG), X-ray diffraction spectra (XRD) (Philips 
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X’pert-PRO, CuKα (0⋅15419 nm) radiation) and X-ray 
photoelectronic spectroscopy (XPS). Raman scattering 
measurement was performed on a RAMANLOG 6 Raman 
system at backscattering geometry using the 514⋅53 nm 
line of an Ar+ laser as excitation source. Magnetic mea-
surements were performed using the quantum design 
physical property measurement system (PPMS). 

3. Results and discussion 

Figure 1 shows the XRD spectra of as-prepared sample. 
All diffraction peaks correspond to sapphire and wurtzite 
phases of ZnO. No trace of manganese related phase was 
detected. SEM image (figure 2) demonstrates that a large 
amount of whiskers were aligned onto sapphire substrate. 
Whiskers are hexagonal and well faceted. The surface of 
whisker is smooth and no nanoparticles are found to be 
attached to it. The diameter of whiskers range from 1–5 μm 
in length, about 10 μm. 
 

 

Figure 1. XRD spectra of Mn-doped ZnO whiskers. 
 

 

Figure 2. SEM image of Mn-doped ZnO whisker array. 

 X-ray photoelectronic spectroscopy (XPS) reveals that 
at. % of Zn, O and Mn of product are 40⋅62, 55⋅51 and 
3⋅87, respectively. The percentage of Mn% is predecided 
by the vapour pressure of MnCl2 at growth temperature. 
Figures 3a and b show the Zn and Mn 2p XPS spectra of 
as-prepared sample, respectively. They were calibrated by 
taking the carbon C 1s peak (binding energy = 284⋅6 eV) 
as reference. We can see from figure 3(a) that one strong 
peak appears at 1021⋅5 eV, which corresponds to the 
binding energies of Zn 2P3/2. The de-convoluted peak at 
1022 eV corresponds to the binding energies of 
stoichiometric Zn (2P3/2). The de-convoluted peak at 
1021⋅25 eV corresponds to the binding energies of Zn 
with one broken bond. It is reasonable to consider that, 
due to the large size of Mn2+ compared to Zn+2 ion radius, 
Zn with broken bonds were introduced to the lattice. Fig-
ure 3(b) shows that one broad peak appears at 845⋅8 eV, 
which indicates the existence of Mn2+. 
 The room temperature Raman spectra ranging from 
200–1000 cm–1 are shown in figure 4. The strongest peak 
at about 435 cm–1 can be assigned to the high frequency 
branch of E2 mode of ZnO, which is the strongest mode 
in wurtzite crystal structure. The full width at half maxi- 
 
 

 

Figure 3. XPS spectra of Mn-doped ZnO whiskers: (a) 
Zn2p3scan and (b) Mn2p scan. 



Study  of  ferromagnetism  in  Mn-doped  ZnO  whisker  arrays 

 

123

mum (FWHM) for this E2

 peak is 20 cm–1, which implies 
that whiskers still keep good ZnO wurtzite structure un-
der Mn doping. The peak at about 574 cm–1 can be as-
signed to A1 longitudinal optical (LO) mode of ZnO. The 
peak at 326 cm–1 originates from the zone-boundary pho-
nons of 2-E2(M) for ZnO. Another peak centred at 
523 cm–1 has also been observed. Kaschner et al (2002), 
Cheng et al (2004) and Bundesmann et al (2003) also ob-
served this mode in N, Ce- and Sb-doped ZnO. According 
to their explanation, this mode is induced by host lattice 
defects, such as oxygen vacancies and Zn interstitials. 
With the increment of doping content, the host lattice 
defects in ZnO are activated and amplified and then this 
mode (523 cm–1) appears. In our case, this is attributed to 
the larger size of Mn2+ (1⋅10 Å) compared to Zn2+ ionic 
radius (0⋅89 Å). When Mn2+ was doped into ZnO lattice, 
new lattice defects, such as oxygen vacancies and Zn in-
terstitials, are created. Therefore, the appearance of 523 cm–1 
can be used to characterize Mn2+ doped into ZnO lattice. 
Compared with those of bulk ZnO, all Raman shifts exhi-
bit red shifts. The red shifts indicate that whiskers are 
under a tensile force. 
 Figure 5(a, b) shows the field-dependent magnetization 
curves (M–H curve) of Mn-doped ZnO whiskers at 7 K 
and room temperature, respectively. Hysteresis loop  
behaviour is observed at 7 K and room temperatures with 
the coercive field of 114 Oe and 58 Oe, respectively. The 
magnetization at room temperature is relatively weak. 
The magnetic signal from the sapphire substrate was sub-
tracted in these measurements. However, for ZnO whiskers 
without doping, no hysteresis loop behaviour appears. 
These results confirm that Mn doping into ZnO lattice 
can induce ferromagnetic ordering at room temperature. 
Temperature-dependent magnetization, M vs T measure-
ments of Mn-doped ZnO whiskers were performed under 
both zero-field-cooled (ZFC) and field-cooled (FC) con-
ditions. As shown in figure 5c, a deviation of ZFC and FC 
 
 

 

Figure 4. Raman spectra of Mn-doped ZnO whiskers. 

magnetizations exist up to 300 K. This magnetization 
difference can be attributed to the following: For FC 
sample at room temperature, the ferromagnetic ordering 
appears obviously under the magnetic field of 1T. When 
the temperature decreases from 300 to 7 K, the ferromag-
netic ordering degree becomes low. Until 7K, the ferro-
magnetic ordering degree still keeps a higher value, but 
for ZFC sample, from room temperature to 7 K, the sam- 
 
 

 

Figure 5. (a) M–H relationship of Mn-doped ZnO whiskers at 
7 K, (b) M–H relationship of Mn-doped ZnO whiskers at 300 K 
and (c) temperature dependent magnification (M–T) curves of 
Mn-doped ZnO whiskers at a magnetic field of 10000 Oe (ZFC 
and ZF). 
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ple has not been magnetized. When the temperature 
reaches 7 K, the ferromagnetic ordering takes place under 
magnetic field of 1T. Because the temperature is very 
low, this is not beneficial to ferromagnetic ordering, and 
thus the ferromagnetic ordering is carried out slowly. As 
a result the ferromagnetic ordering degree is lower than 
that of FC sample, as shown in figure 5c. When the tempe-
rature rises, for FC and ZFC samples the thermal action 
makes the ferromagnetic ordering degree to decrease. 
Therefore, the magnetization difference between FC and 
ZFC samples is kept from 7 K to 300 K. 

4. Conclusions 

In conclusion, Mn-doped ZnO whisker arrays were fabri-
cated on sapphire substrate via a thermal chemical vapour 
deposition method. Mn-doped whiskers array were c-axis 
oriented and well-aligned. Mn-doping introduces the lattice 
defects and induces Raman vibration modes at 523 cm–1. 
Room temperature Tc ferromagnetism is observed. Mn-
doped whiskers may have potential future in spintronic 
applications. 
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