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This paper reports that Eu-doped ZnO films were successfully deposited on silicon (100) by radio-frequency mag-

netic sputtering. The x-ray diffraction patterns indicate that Eu substitutes for Zn in the lattice. Ferromagnetic loops

were obtained by using superconducting quantum interference device at 10 K and room temperature. No discontinuous

change was found in both of the zero-field-cooled and field-cooled curves. The observed ferromagnetism in Eu-doped

ZnO can be attributed to a single magnetic phase. The saturation magnetisation decreased remarkably for the Eu-doped

ZnO prepared by introducing 5% of oxygen in the sputtering gas or by the post annealing in O2, suggesting that the

defects play key roles in the development of ferromagnetism in Eu-doped ZnO films.
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1. Introduction

In conventional semiconductor devices, the spin

of the charge carriers is usually ignored. Diluted mag-

netic semiconductors (DMSs) systems formed by sub-

stituting a fraction of a host semiconductor cations

with magnetic ions, have been of much interest be-

cause of their potential as a new functional material,

which will open a way to introduce the spin degree of

freedom into semiconductor devices.[1,2]

For practical applications, DMSs should be fer-

romagnetic above room temperature. Theoretical

works predicted that transition metal (TM) ions sub-

stitution in ZnO could produce ferromagnetism above

300 K.[3,4] The ferromagnetism measured at various

temperatures was reported in Co-, Ni-, Mn-, and Fe-

doped ZnO.[5−9] Rare earth atoms have partially filled

f-orbitals which carry magnetic moments and may

take part in magnetic coupling as in the case of TMs

with partially filled d-orbitals. Recent experiments

show that rare earth metals (Gd and Eu), doped GaN

exhibits ferromagnetic coupling.[10−13] On the other

hand, rare-earth ions are good luminescence centres

due to their narrow and intense emission lines origi-

nated from 4f intrashell transitions. Many investiga-

tions on the pure optical properties of Eu, Tb, and Er

doped ZnO have been carried out.[14−17] Compared

with TM doped ZnO, rare earth metals doped ZnO

has been much less studied with respect to ferromag-

netic properties, although such a system would be very

interesting for magneto-optical applications.

In this paper, we present the structural and

magnetic properties of rare-earth metal Eu-doped

ZnO films prepared by radio-frequency (RF) magnetic

sputtering. The results showed the room temperature

ferromagnetism in Eu-doped ZnO films. The influ-

ence on magnetic properties of Eu-doped ZnO film

with sputtering ambience and the post annealing in

O2 is also examined.

2. Experimental

The pure and Eu-doped ZnO films were deposited

on silicon (100) substrates by RF magnetic sputter-

ing. The ceramic targets of ZnO and Zn0.95Eu0.05O

were synthesized from stoichiometric amounts of high

purity ZnO and Eu2O3 powders. The pure argon

(99.99% purity) or argon/oxygen premixed sputter-

ing gas (oxygen content: 5%) were introduced to the

chamber at a base pressure of 3× 10−4 Pa. The sub-

strate temperature, the working pressure and the de-
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position time were 450 ◦C, 1 Pa and 2 h respectively.

After the deposition, some of the samples were an-

nealed in oxygen ambience at 450 ◦C for 2 hours.

The crystalline qualities of the samples were exam-

ined by x-ray diffraction (XRD) measurements. Mag-

netic properties were investigated by measuring mag-

netisation as functions of magnetic field and temper-

ature with superconducting quantum interference de-

vice (SQUID).

3. Results and discussion

Figure 1 shows the XRD patterns of

Zn0.95Eu0.05O and undoped ZnO films deposited on

Si (100) in pure argon. The inset shows the expanded

view of the XRD pattern for Zn0.95Eu0.05O film. The

patterns indicate that the films exhibit the c-axis

orientation without any impurity phases. For the Eu-

doped ZnO film, the (002) peak intensity increases

with respect to ZnO film, and the (101) peak disap-

pears. The similar results were found in Tb-doped

ZnO films,[16] and these results suggest that proper

quantities of Eu doping in ZnO film would stimulate

the grain growth and improve the crystallinity of the

film. The XRD peak corresponded to the (002) plane

of Zn0.95Eu0.05O is smaller. So the lattice constant

in the c-direction is 5.2662 Å (1 Å=0.1 nm), slightly

larger than that (5.2296 Å) of ZnO. As the ionic ra-

dius of Eu3+ (1.07 Å) is much larger than that of Zn2+

(0.74 Å),[14] the increase of this out-of-plane ‘c’ lattice

constant indicates substitution of Eu at Zn sites.

Fig. 1. XRD patterns of Zn0.95Eu0.05O and undoped ZnO

films deposited on Si (100) with pure argon. The inset shows

the expanded view of the XRD pattern of Zn0.95Eu0.05O film.

Figure 2 exhibits the curves of magnetisation ver-

sus applied field for Zn0.95Eu0.05O film at 10 K and

300 K. The magnetic field was applied perpendicu-

larly to the sample surface. The pure ZnO shows

diamagnetic even at low temperature.[18] For the

Zn0.95Eu0.05O film, clear hysteresis loops, observed in

the M–H curves both at room temperature and at

low temperature down to 10 K, show that the sample

is ferromagnetic. The origin for the ferromagnetism

in the Eu doped ZnO, even at room temperature, can

be attributed to Eu3+ ions substituted for Zn2+ ions

in the lattice, since EuO is ferromagnetism with a TC

of 69 K,[19] metallic Eu is helimagnetism with a ΘN

about 92 K, and Eu2O3 shows paramagnetic at 300 K.

Some experiments on magnetic element doped ZnO

suggested that the ferromagnetism might be caused

by a secondary phase such as doping elements or their

oxides.[20,21] However, in the present case, the mag-

netism in the Eu-doped ZnO derived from impurity

phase can be excluded because of no impurity phase

found in Zn0.95Eu0.05O film with XRD measurements.

Fig. 2. Magnetisation versus applied field curves of

Zn0.95Eu0.05O film measured at 10 K and 300 K.

In order to better understand the magnetic

properties of Zn0.95Eu0.05O film, the magnetisa-

tions as functions of temperature were also carried

out. Figure 3 shows the zero-field-cooled (ZFC) and

field-cooled (FC) curves for the Zn0.95Eu0.05O film.

In FC measurement, a magnetic field of 200 Oe

(1 Oe=79.5775 A/m) was applied perpendicularly to

the sample surface, and for the ZFC measurement, the

sample was first cooling down to 10 K under zero ap-

plied field, and then the net magnetisation was mea-

sured with a magnetic field of 200 Oe during heat-

ing. The ZFC and FC curves keep separate in the

whole temperature range from 10 K to 300 K, sug-

gesting that the film is ferromagnetic, and apparently,

the Curie temperature of the film is much higher than

300 K, since the magnetisation in the FC curve re-

mains almost constant up to 300 K. It is also clear

that no discontinuous change in both of the FC and

ZFC curves confirms that in the XRD measurement,
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the observed ferromagnetism can be attributed to the

single magnetic phase without any phase-separation.

Fig. 3. The FC and ZFC curves for the Zn0.95Eu0.05O film

deposited Si (100) with pure argon. The magnetic field of

200 Oe was applied perpendicularly to the sample surface.

Figure 4 shows the room temperature M–H

curves of Eu-doped ZnO films prepared by sputter-

ing in 5% of oxygen content, and by sputtering in

pure Ar ambience followed annealing in O2 at 450 ◦C

for 2 hours. The M–H curves of Zn0.95Eu0.05O at

room temperature (as shown in Fig. 2) were also in-

cluded. Although all the films show ferromagnetism

at 300 K, but the saturated magnetisation decreases

remarkably for both the sample prepared by introduc-

ing 5% oxygen content into the sputtering gas and

the sample prepared by sputtering followed by anneal-

ing in O2. The sputtering and post annealing ambi-

ence have great influence on the ferromagnetism of

Zn0.95Eu0.05O film.

Fig. 4. The M–H curves of Eu-doped ZnO films prepared

with 5% oxygen content in the sputtering gas and prepared

by sputtering in pure Ar ambience followed annealing in O2.

A large number of defects such as Zn interstitials

and O vacancies can be introduced due to the lack

of oxygen when the films were sputtered with pure

argon. The concentration of defects, e.g., oxygen va-

cancies, should be decreased if the sample sputtered

with 5% oxygen content in argon gas or the sample

sputtered followed by annealed in O2. As a result, the

saturated magnetisation was decreased (as shown in

Fig. 4). These results show clearly that the defects

play key roles in the development of ferromagnetism

in Eu-doped films. The ferromagnetism in Eu-doped

ZnO film could be explained by the bounded magnetic

polaron (BMP) model,[8] in which, the effective carri-

ers in the films could be localised by defects. When-

ever magnetic dopants sit inside the radius of localised

carriers and couple with them, a BMP is formed. Once

the overlapping of BMPs crosses over the sample, bulk

ferromagnetism is created.[3,22,23] Recent results from

other groups also suggested that room temperature

ferromagnetism could be caused by defects in the TM-

doped ZnO.[7,24−27]

4. Conclusions

In summary, Eu-doped ZnO films with a c-axis

orientation have been grown on Si (100) substrates

by RF magnetic sputtering. The (002) XRD peak of

Zn0.95Eu0.05O film is found to be smaller than that of

ZnO, indicating Eu substitution for Zn. The ferromag-

netic loops were obtained with the SQUID at room

temperature and 10 K. No discontinuous change was

found in both the ZFC and FC curves, confirming that

the observed ferromagnetism can be attributed to the

single magnetic phase without any phase-separation.

The saturated magnetisation decreased for the Eu-

doped ZnO prepared by introducing 5% oxygen in the

sputtering gas as well as the post annealing in O2,

which shows that the defects play a key role in the

development of ferromagnetism in the Eu-doped ZnO

films. More importantly, the present result, the fer-

romagnetism of Eu-doped ZnO above room tempera-

ture, also shows that Eu-doped ZnO can be practically

used as a DMS.
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