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This paper reports that Zn0.97Mn0.03O thin films have been prepared by radio-frequency sputtering technology

followed by rapid thermal processing in nitrogen and oxygen ambient respectively. Magnetic property investigation

indicates that the films are ferromagnetic and that the Curie temperature (Tc) is over room temperature. It is observed

that the saturation magnetization of the films increases after annealing in nitrogen ambience but decreases after annealing

in oxygen. Room temperature photoluminescence spectra indicate that the amount of defects in the films differs after

annealing in the different ambiences. This suggests that the ferromagnetism in Zn0.97Mn0.03O films is strongly related

to the defects in the films.
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1. Introduction

In recent years, diluted magnetic semiconduc-

tors (DMS) have attracted much attention of re-

searchers because of their potential application in

spintronics.[1−5] Among the family of DMS ZnO-

based DMS received special attention,[6] which had

been theoretically predicted to be ferromagnetic with

Curie temperature (Tc) higher than room tempera-

ture. However, in spite of much work published on

Mn doped ZnO DMS, the results are inconsistent, even

controversial. For instance, using the same method of

solid-state reaction, Sharma et al.[7] observed a high

temperature ferromagnetism (Tc > 300 K) in low-

temperature-processed Mn–ZnO system, while Kole-

senik et al.[8] found that single-phase samples only

showed paramagnetic Curie–Weiss behaviour. Be-

sides, the mechanism of ferromagnetism in Mn doped

ZnO is also far from well being understood. Some re-

searchers found that the high temperature ferromag-

netism in low-temperature came from a metastable

phase,[9] while others believed that a hole-mediated

ferromagnetism existed in Mn-doped ZnO.[10,11] How-

ever, it is also reported that defects especially oxy-

gen vacancies played an important role in magnetic

origin in ZnO-based DMS.[12−14] More intensive and

extensive work is needed for better understanding the

mechanism of ferromagnetism in Mn-doped ZnO sys-

tem.

In this work, Zn0.97Mn0.03O thin films were fab-

ricated by radio-frequency sputtering technology fol-

lowed by rapid thermal process in different ambiences.

Structural, magnetic and optical properties of the

films were systematically investigated. Our work in-

dicated that defects were strongly correlated with the

ferromagnetism in Zn0.97Mn0.03O thin films.

2. Experiment

The Zn0.97Mn0.03O thin films were deposited

on single crystalline Si (001) substrates by radio-

frequency magnetron sputtering. The ceramic tar-

get was prepared by solid-state reaction of high purity

ZnO (Alfa Aesar) and MnO2 (Alfa Aesar) at 700 ◦C.

With base pressure of 1×10−5 Pa, the operation pres-

sure and working power were 1 Pa and 100 W, re-

spectively. During the deposition, the temperature of

substrate was kept at 500 ◦C. The O2/Ar gas flow

ratio during the deposition was 1:1. The thickness

of the samples was fixed at 600 nm. Then the as-

deposited films denoted as samples A were annealed at
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850 ◦C for 2 min in nitrogen and oxygen ambience re-

spectively, correspondingly denoted as samples B (ni-

trogen) and C (oxygen). The concentrations of man-

ganese in the films were detected with field-emission

scanning electron microscope (EDAX). The struc-

tural properties of the films were analysed through x-

ray diffraction (XRD). Superconducting quantum in-

terference device (SQUID) system, MPMS-XL from

quantum design, was employed to investigate the

magnetic properties of the films. Moreover, room-

temperature photoluminescence spectra of the films

were measured with a continuous wave He–Cd 325-

nm laser for all the samples.

3. Results and discussion

Through EDAX measurement, the Mn concentra-

tions in the films were 3.02% and all the films were

insulating. Figure 1 shows the typical XRD spectra

of the samples A, B, C and pure ZnO films. Only

a sharp diffraction peak corresponding to ZnO (002)

orientation was observed, which gives suggestion of or-

dered ZnO films. It can be seen from inset that the

positions of diffraction peaks (002) shift towards lower

angles indicating the lattice expansion in ZnO with in-

corporation of Mn. Moreover, it was indicated in the

figure that both the positions and relative intensity of

diffraction peaks for samples A, B and C changed lit-

tle which suggested that after annealing, the structure

of the samples did not show any change.

Fig. 1. XRD spectra of samples A, B, C and pure ZnO.

Inset shows the highlight for peak (200) of ZnO.

Figure 2 shows the experimental results on the

magnetic properties of the sample A from SQUID

measurements with applied field parallel to the film

plane. All the data had subtracted the diamagnetic

contribution from the substrate. Figure 2(a) shows

the typical magnetic hysteresis loop of the films A and

pure ZnO films (inset) at 300 K, respectively. It was

observed that pure ZnO films showed no ferromag-

netism while the Zn0.97Mn0.03O films were ferromag-

netic at room temperature. It was well known that

nearly all of the possible Mn-based binary and ternary

oxide candidates are antiferromagnetic except Mn3O4

which is ferromagnetic with a Curie temperature of

only 46 K in thin films.[15,16] Therefore, it is believed

that ferromagnetism in the the Zn0.97Mn0.03O films

was caused by incorporation of Mn into ZnO lattice.

Fig. 2. (a) Typical magnetic hysteresis loops of samples

A at 300 K. Inset shows the magnetic hysteresis loops of

pure ZnO films. (b) Typical zero field cooled (ZFC) and

field cooled (FC) M–T curves of samples A at applied field

of 300 Oe.

Figure 2(b) shows the typical zero-field-cooled (ZFC)

and field-cooled (FC) magnetization of the samples

A as a function of temperature at applied field of

300 Oe (1 Oe=1 Gb/cm). The magnetization de-

creased with temperature but remained larger than

zero up to 300 K, which confirmed that the hysteresis

loops are attributed to the ferromagnetism in ZnMnO

films.[17] It also showed a distinct splitting between

the ZFC and FC curves. In the case of DMS, the FC
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and ZFC curves begin to split at a temperature be-

low the Curie temperature, then change monotonously

with further decrease of temperature.[17−28] While in

the magnetic nano-particle system, the FC and ZFC

curves only overlap in high temperature range and in

ZFC curve, a peak at a “blocking” temperature could

be observed, which was caused by the competition be-

tween the thermal energy and the magnetic anisotropy

energy of nano-particles.[21−23] In Fig. 2(b), no signal

for the peak can be observed in the ZFC curves at

high temperature range. Therefore, it was believed

that any other magnetic nano-particles did not ex-

isted in all the samples and ferromagnetism at 300 K

was again proved to be caused by the incorporation of

Mn into ZnO. Moreover, it was also observed that the

shape of the ZFC and FC curves of the samples B and

C was same to samples A, which were not shown here.

This gave strong evidence that rapid thermal process

did not cause any extra magnetic phases or magnetic

complexes in the samples, which was consistent to the

results of XRD spectra.

Fig. 3. Typical hysteresis loops of the samples A, B and

C at 300 K.

Figure 3 shows the typical hysteresis loops of the

samples A, B and C at 300 K. It was observed that af-

ter annealing at 850 ◦C, the saturation magnetization

of the films changed obviously. The saturation magne-

tization of the films increased after annealing in nitro-

gen but decreased after annealing in oxygen. Room-

temperature photoluminescence spectra of the sam-

ples A, B and C were shown in Fig. 4. It was observed

that two peaks existed in room-temperature photolu-

minescence spectra, one near band edge (NBE) emis-

sion at around 3.26 eV and the other at around 2.4 eV,

corresponding to defect-related emission,[24−26] such

as oxygen vacancy and zinc interstitial. On the

comparison of photoluminescence with the samples,

defect-related emission was enhanced after annealing

in nitrogen but decreased after annealing in oxygen.

It is reasonable because annealing in oxygen could de-

crease the oxygen vacancy in the films, while annealing

in nitrogen, the oxygen vacancy could increase due to

the evaporation of some Zn atoms although the time

of annealing is short.

Fig. 4. Room-temperature photoluminescence spectra of

the samples A, B and C.

Based on the XRD spectra and the curves of ZFC

and FC as mentioned before, the structure of the films

did not change after rapid thermal process. Therefore

it can be easily believed that the change of saturation

magnetization was related to the oxygen vacancy in

the films. In the bound magnetic polarons (BMPs)

model,[27] electrons are locally trapped by donor de-

fects (such as oxygen vacancies). The donors tend

to form bound magnetic polarons, coupling the local

magnetic moments of the sparsely distributed transi-

tion metal within their orbits. The coupling between

two transition impurities in the same bound magnetic

polaron is ferromagnetic. Therefore, the ferromag-

netism arises when the overlapping of the bound mag-

netic polarons occurs. This model has been proposed

to explain the origin of room temperature ferromag-

netism for some insulating oxide DMSs (such as Mn

doped ZnO).[27] In our work, it was found that the

room temperature ferromagnetism in Zn0.97Mn0.03O

thin films was intrinsic and the saturation magnetiza-

tion of the samples was proportional to the defects in

the films. The detailed amount of defects is difficult to

measure. However, because defects in our films such

as oxygen vacancy and zinc interstitial are donors and
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the films in our work are insulating, it is reasonable

to believe that the concentration of the defects in our

films is much lower than the Mn concentration.

Therefore, it is reasonable to understand that al-

though a lot of Mn atoms have incorporated into ZnO

lattice, still many Mn atoms are isolated because of

lacking defects, whose case is like that in Ref. [18].

The higher concentration of defects, the more amounts

of Mn impurities were coupled to form the bound

magnetic polarons, corresponding to higher magneti-

zation. Therefore, the observations are consistent with

the model of Coey et al.[27] Convincingly, it could be

concluded that defects play an important role in the

ferromagnetism in the Zn0.97Mn0.03O films.

4. Conclusion

Structural, magnetic and optical properties of

Zn0.97Mn0.03O films prepared by sputtering have been

investigated. The films were ferromagnetic with Curie

temperature over 300 K which was caused by incor-

poration of Mn into ZnO lattice. After rapid thermal

process, both the amount of defects and the saturation

magnetization of the films changed. It is found that

the saturation magnetization of the samples is sensi-

tive to the defects in the films, suggesting that defect-

related ferromagnetism exists in the Zn0.97Mn0.03O

films.
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