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a b s t r a c t

Polycrystalline Zn1−xEuxO (x = 0, 0.02, 0.05) films were deposited on silicon (1 0 0) substrates by radio-
frequency magnetron sputtering. The structural, optical and magnetic properties of the films were
investigated. The results from both the X-ray diffraction and photoluminescence spectra reveal that
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Eu3+ ions successfully substitute for Zn2+ ions in the ZnO lattice. The magnetic field and temperature
dependence of magnetization curves demonstrate that the Zn0.95Eu0.05O films are ferromagnetic at room
temperature. No impurity phase was found in Eu-doped films with X-ray diffraction, Raman spectroscopy
and zero-field-cooled measurements. The ferromagnetism is attributed to the intrinsic property of Eu-
doped ZnO films and could be interpreted by the bound-magnetic-polaron model.
erromagnetism
agnetic measurements

. Introduction

In the last few decades, diluted magnetic semiconductors
DMSs) have attracted enormous scientific interest because of their
nique properties with both charge and spin degrees of freedom [1].
uch of work has been done on the magnetic properties of IV, III–V,

nd II–VI DMS materials obtained by doping magnetic impurities
nto those semiconductors [2,3]. Among them, ZnO-based DMSs
ave been extensively studied as they hold great potential for the
pplications in magneto-, photo-, spin-electronics and microwave
evices due to their wide band gap (3.37 eV) and high exciton bind-

ng energy (60 meV) [4].
For the practical applications in magneto-, spin-electronic

evices and so on, a DMS should be ferromagnetic above room
emperature. Theoretical works predicted that transition metal
TM) doped ZnO would show ferromagnetic behavior above 300 K
5,6]. The ferromagnetism measured at various temperatures
as reported in Co-, Ni-, Mn-, and Fe-doped ZnO [7–11]. Rare

arth atoms have partially filled f-orbitals which carry magnetic
oments and may take part in magnetic coupling as in the case

f TMs with partially filled d-orbitals. Actually, recent experiments
howed that rare earth metals such as Gd and Eu doped GaN exhib-

ted ferromagnetic coupling [12–15]. On the other hand, rare-earth
ons are good luminescence centers due to their narrow and intense
mission lines originated from 4f intrashell transitions, and many
nvestigations on the pure optical properties of Eu, Tb, and Er doped
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ZnO have been carried out [16–19]. Compared with TM doped ZnO,
little attention has been paid to the ferromagnetic properties of
rare earth metal doped ZnO. Therefore, it is of great importance
to explore the magnetic properties of rare earth metal doped ZnO
and promote its applications such as in magneto-optical and spin
electronic devices.

In this paper, the structural, optical and magnetic properties of
Eu-doped ZnO films prepared by radio-frequency (RF) magnetron
sputtering were investigated and the origin of the ferromagnetism
in the Eu-doped ZnO was also explored.

2. Experimental

The Eu-doped ZnO films with different Eu content (Zn1−xEuxO films, x = 0, 0.02
and 0.05) were deposited on silicon (1 0 0) substrates by RF magnetron sputtering.
The ceramic targets of Zn1−xEuxO were synthesized from stoichiometric amounts
of high purity ZnO (99.99% purity) and Eu2O3 (99.95% purity) powder. The pure
argon (99.99% purity) or argon/oxygen premixed sputtering gas (oxygen content:
5%) were introduced to the chamber at a base pressure of 3 × 10−4 Pa. The substrate
temperature, the working pressure and the deposition time were 450 ◦C, 1 Pa and
2 h, respectively. The structural properties of the samples were characterized by X-
ray diffraction (XRD) in an error of about 1‰ and Raman spectroscopy. The surface
morphologies of the thin films were investigated by scanning probe microscope
(P47-SPM-MDT) in the atomic force microscope (AFM) mode. The room temper-
ature photoluminescence (PL) spectra of the films were obtained with a Hitachi
F-7000 fluorescence spectrophotometer. Magnetic properties were investigated by
measuring magnetization as functions of magnetic field and temperature with a
superconducting quantum interference device magnetometer (SQUID).
3. Results and discussion

Fig. 1 shows the XRD patterns of Zn1−xEuxO (x = 0, 0.02 and 0.05)
films deposited on Si (1 0 0) with 5% oxygen content in the sputter-
ing gas. The patterns indicate that all the films exhibit the c-axis
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of Eu3+ ions, respectively [22]. The intensities of the red emissions
increase with increasing Eu concentration, which indicates that
Eu3+ ions substitute for Zn2+ ions in the lattice, and the efficient
energy transfer from ZnO host to Eu3+ ions is achieved.
ig. 1. XRD patterns of Zn1−xEuxO (x = 0, 0.02 and 0.05) films deposited with 5%
xygen content in the sputtering gas.

rientation without any impurity phases. The changes in the ‘c’ lat-
ice constants and the full widths at half maximum (FWHMs) of the
0 0 2) XRD peaks for Zn1−xEuxO films with increasing Eu concentra-
ion are summarized in Table 1 and the lattice constants determined
ith XRD at the present are in an error of about 1‰. Apparently, the

c’ lattice constant increases from 5.214 Å to 5.282 Å with increasing
u concentration from 0% to 5%. As the ionic radius of Eu3+ (1.07 Å)
s much larger than that of Zn2+ (0.74 Å) [16], the increase of this
c’ lattice constant indicates that Eu3+ ions successfully substitute
or Zn2+ ions in the ZnO lattice. The FWHM of the (0 0 2) peak also
ncreases from 0.459◦ to 0.935◦ with increasing Eu concentration
rom 0% to 5%. It could be attributed to a decrease in the grain size
f the Eu-doped ZnO films. Fig. 2 shows the AFM images taken on
he Zn1−xEuxO films. The decreasing of the grain size of Zn1−xEuxO
lms with increasing Eu concentration is clearly observed. The root
ean square (RMS) roughness is 29.7, 6.26 and 3.42 nm for the films
ith Eu concentration of 0%, 2% and 5%, respectively.

Raman spectroscopy measurements were also performed to get
ore information about the microstructure of Zn1−xEuxO films.

ig. 3 shows the Raman spectra collected on Zn1−xEuxO (x = 0, 0.02
nd 0.05) films with an excitation laser beam of He–Cd 325 nm.
ll the observed Raman peaks are nearly the same for the pure
nd Eu-doped ZnO films. The phonon mode at 578 cm−1 could be
ttributed to the E1(LO) mode, which is caused by the defects such
s O vacancy, Zn interstitial defect, or these complexes and free
arriers [20]. The other three peaks are observed at 1156 cm−1,
735 cm−1 and 2312 cm−1 in turn, which are just the resonant
ands of the E1(LO) mode. These results indicate that there are

arge numbers of defects in our Zn1−xEuxO films. In addition, the
resence of any other vibration mode from secondary phase is not
bserved in these Raman spectra.

Fig. 4(a) shows the room temperature PL spectrum of pure ZnO
lm with 320 nm excitation line of a xenon lamp. There are two

mission bands on the spectrum. One is an intense and sharp emis-
ion band centered at about 387 nm, which is attributed to the
ear-band-edge (NBE) emission of ZnO. The other is a broad emis-
ion centered at about 554 nm, which is resulted from the ionized

able 1
hanges in the ‘c’ lattice constants and the FWHMs of the (0 0 2) XRD peaks for
u-doped ZnO films with increasing Eu concentration.

Samples ‘c’ lattice constant FWHM (◦)

Pure ZnO 5.214 0.459
Zn0.98Eu0.02O 5.274 0.901
Zn0.95Eu0.05O 5.282 0.935
Fig. 2. AFM images of (a) pure ZnO, (b) Zn0.98Eu0.02O,and (c) Zn0.95Eu0.05O thin films.

oxygen vacancies [10,21]. The presence of the 554 nm band indi-
cates the existence of the defects, and is consisted with the Raman
spectroscopy measurements, as discussed above. Fig. 4(b) shows
the room temperature emission spectra of Zn1−xEuxO films under
the excitation line of 468 nm. The peaks of red emissions at 595 nm
and 618 nm are ascribed to the 5D0 →7 F1 and 5D0 →7 F2 transitions
Fig. 3. Raman spectra of Zn1−xEuxO (x = 0, 0.02 and 0.05) films deposited on Si (1 0 0)
substrates.
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ig. 4. (a) Room temperature PL spectrum of pure ZnO film with 320 nm excitation
nd 0.05) films under the excitation line of 468 nm.

Fig. 5 exhibits the curves of magnetization versus applied field
M–H) for Eu-doped ZnO films. The inset is the zero-field-cooled
ZFC) curve of the Zn0.95Eu0.05O film measured with a magnetic
eld of 200 Oe perpendicular to the sample surface. The pure ZnO
hows linear diamagnetic signal even at low temperature [23].
pparently, the Zn0.98Eu0.02O film retains diamagnetic after sub-

racting the contribution of the substrate, which could be attributed
o magnetic decoupling of Eu ions since the concentration of Eu is
mall (2%) in this sample. For the Zn0.95Eu0.05O film, clear hystere-
is loops are observed in the M–H curves both at 300 K and at low
emperature down to 10 K, though the saturated magnetization is
maller for the M–H curve measured at 300 K. These results suggest
hat magnetic coupling occurs at a higher concentration of Eu (5%)
or the Eu doped ZnO. Most importantly, these results show that
oom temperature ferromagnetism can be obtained by a proper
uantity of Eu doping in ZnO film. For the ZFC measurement, the
ample of Zn0.95Eu0.05O was first cooled down to 10 K from room
emperature under zero applied field, and then the net magnetiza-
ion was measured with a magnetic field of 200 Oe during heating.
he magnetization in the ZFC curve remains almost constant up to
00 K, indicating that the film is ferromagnetic and the Curie tem-

erature of the film is higher than 300 K. It should also be noted
hat no discontinuous change in the ZFC curve confirms that the
bserved ferromagnetism can be attributed to the single magnetic
hase without any phase-separation.

ig. 5. M–H curves of (a) Zn0.98Eu0.02O film, measured at 300 K, (b) Zn0.95Eu0.05O
lm, measured at 300 K, and (c) Zn0.95Eu0.05O film, measured at 10 K. The inset is
he ZFC curve of the Zn0.95Eu0.05O film measured with a magnetic field of 200 Oe
erpendicular to the sample surface.
a xenon lamp, and (b) room temperature emission spectra of Zn1−xEuxO (x = 0, 0.02

The ferromagnetism in Zn0.95Eu0.05O film could arise from a
number of possibilities, such as EuO, Eu metal, Eu2O3 and intrinsic
property of the Eu-doped ZnO film. The existence of a secondary
phase could be ruled out, since EuO is ferromagnetic with a TC
of 69 K [24], metallic Eu is helimagnetic with a �N about 92 K,
and Eu2O3 shows paramagnetic at 300 K. Furthermore, no impu-
rity phase was found in Eu-doped ZnO films with XRD, Raman
Spectroscopy and ZFC measurements. Therefore, ferromagnetism
is expected to arise from the intrinsic exchange interaction of mag-
netic moments in Zn0.95Eu0.05O film.

The exact mechanism of intrinsic ferromagnetism in ZnO-based
DMSs is still under debate. In TM-doped ZnO systems, differ-
ent mechanisms of ferromagnetism have been speculated. Hou
et al. [25] reported that the carrier-induced ferromagnetism (RKKY
mechanism) might be applied to explain the ferromagnetism in
Cu-doped ZnO film. Meanwhile, Singhal et al. [26] reported that
the bound-magnetic-polaron (BMP) is responsible for the ferro-
magnetism in Co-doped ZnO. Because the Raman and PL results
showed that there were large numbers of defects in our Zn1−xEuxO
films, the role of defects on the ferromagnetic properties was
also studied. Fig. 6 shows the room temperature M–H curves of
Zn0.95Eu0.05O films deposited with different O2 content. Although
all the films show ferromagnetic at 300 K, but the saturated mag-
netization increases remarkably for the sample prepared in pure

argon. Therefore, our results seem to be consistent with the BMP
model proposed by Coey et al. [27]. The magnetic exchange interac-
tion between O vacancy and Eu3+ ions aligns all the Eu3+ ions around
the O vacancy, forming BMPs. Once the overlapping of BMPs crosses

Fig. 6. Room temperature M–H curves of Zn0.95Eu0.05O films deposited with differ-
ent O2 content.



6 d Com

o
c
s
o
a

4

o
t
s
o
r
q
E
m
o
m
r
a
d

A

n
C

R

[

[

[

[

[

[
[

[
[
[

[

[
[
[

[

324 Y. Tan et al. / Journal of Alloys an

ver the sample, bulk ferromagnetism is created. More defects
an be introduced due to the lack of oxygen when the film was
puttered with pure argon, which is responsible for the increase
f the saturated magnetization for the sample prepared in pure
rgon.

. Conclusions

Eu-doped ZnO films with a c-axis orientation have been grown
n Si (1 0 0) substrates by RF magnetron sputtering. The struc-
ural and photoluminescence measurements reveal that Eu3+ ions
ubstitute for Zn2+ ions in the lattice. Ferromagnetic loops were
bserved for Zn0.95Eu0.05O films at 300 K, which demonstrated that
oom temperature ferromagnetism can be obtained from proper
uantity of Eu doped ZnO films. No impurity phase was found in
u-doped films with XRD, Raman spectroscopy and ZFC measure-
ents. The ferromagnetism was attributed to the intrinsic property

f Eu-doped ZnO films and could be interpreted by the bound-
agnetic-polaron (BMP) model. More importantly, the present

esult, the ferromagnetism of Eu-doped ZnO above room temper-
ture, also shows that Eu-doped ZnO can be practically used as a
ilute magnetic semiconductor.
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