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We investigated the structural and magnetic properties of Zng gsMng 05O films prepared on sapphire sub-
strates by pulsed-laser deposition. Only low temperature ferromagnetism (Curie temperature lower than
50K) was observed in Mn-doped samples, while pure ZnO film shows a typical paramagnetic behavior.
Structural analyses indicate that the substitutional Mn?* ions play a significant role for the low temper-

ature ferromagnetism. Lattice defects such as Vo and Vz, were not proven to be effective factors for the
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origin of ferromagnetism in the films. The low temperature ferromagnetism might be interpreted as p-d
hybridization from indirect coupling of Mn ions (Mn-O-Mn).

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

ZnO0-based dilute magnetic semiconductors (DMSs) were exten-
sively investigated as a promising candidate for spintronics
applications due to their outstanding characteristics such as wide-
band gap and large exciton binding energy [1]. Transition-metals
(TM) doping proved to be an effective way to obtain ferromag-
netism (FM) in ZnO systems. Especially, Co- and Mn-doped ZnO
have aroused widespread interest during the past years. However,
the experimental results are always contradictory and the origin
of FM has far from been established clearly. For Mn-doped ZnO
system, various experimental results on magnetic behavior such
as room temperature FM, low temperature FM, paramagnetism
and spin-glass were reported [2-5]. On the other hand, in some
works the ferromagnetism was observed in Zn;_yMnxO, while the
origin and reproducibility of the FM are still under debate [6-8].
For example, Ramachandrana et al. observed O vacancy-mediated
room temperature ferromagnetism in Mn-doped ZnO films [9].
However, calculations from Diana et al. indicate that defects such
as O vacancies lead to antiferromagnetic interactions between the
Mn atoms [10].

Magnetic behaviors of Mn-doped ZnO films are strongly
dependent on the growth conditions. Further studies are required
to understand the magnetic mechanism of this system in detail. In
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the present work, we fabricated the Zng g5sMng ¢50 films under low
and high oxygen pressure on sapphire substrates by pulsed-laser
deposition, and then annealed the films under nitrogen atmosphere
at 700 °C. The correlation between structural features and magnetic
properties was characterized clearly.

2. Experiments

Pure and Mn-doped ZnO films were deposited on Al;03 (000 1)
single crystals by pulsed laser deposition technique. Zng gs Mng 50
target was prepared by solid state reaction method from ZnO
and MnO, powders. Mixed powders were ground in agate mor-
tar for 6h, and then sintered at 500°C for 16 h. Target sintered
under 500 °C was proved to be suitable for growing ferromagnetic
Mn-doped ZnO films [11]. Deposition process was using pulsed
KrF excimer laser (A =248 nm) with a repetition rate of 5Hz and
energy of 200 mJ/pulse. During the process the substrate temper-
ature was keep at 550°C. Oxygen partial pressure for Mn-doped
ZnO films was 2 x 10~4Pa and 10 Pa, respectively. The undoped
ZnO film was prepared under oxygen pressure of 2 x 104 Pa. The
time of deposition was 20min and the thickness of films was
260 nm estimated by stylus profilometer. Magnetic properties of
the films were measured using vibrating sample magnetome-
ter (VSM). The X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) were used to investigate crystal structures
and chemical valence states, respectively. Defect characterization
was performed by Positron annihilation spectroscopy and Raman
spectroscopy.
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Fig. 1. The XRD patterns of (a) pure and Mn-doped ZnO films, (b) 2 x 104 Pa pre-
pared Zng9sMng 50 film annealed at 700°C. The insets in (a) and (b) are enlarged
region of ZnO (00 2) peak of those films.

3. Results and discussion

Fig. 1(a) displays the XRD patterns of the grown films. In addi-
tion to substrate diffraction, only (002)and (0 04) peak of wurtzite
hexagonal ZnO was detected. No evidence of Mn-related second
phases was observed within the detection limit of XRD, indicating
a general solution of Mn ions into ZnO lattices. Diffraction peak of
ZnO (002) was found to shift slightly to lower angles after Mn-
doped (inset in Fig 1(a)). It is generally considered that the radius
of Mn ions (83 pm) is larger than that of Zn ions (74 pm), thus sub-
stitution of Mn ions at Zn site can increase the lattice constant on
c-axis [12]. For the Zngg5Mng 050 film prepared under 2 x 10~ Pa,
no separation of Mn-cluster phases was detected after annealing at
700°C, as shown in Fig. 1(b). It is possibly interpreted as the sol-
ubility limit of Mn ions in ZnO lattices is much larger than 5 at%
[13]. Inset in Fig. 1(b) display a further left shift of (0 02) peak after
annealing, indicating an improved occupancy of Mn ions into ZnO
lattices.

XPS measurements were employed to further characterize the
chemical bonding states of Mn in films, as shown in Fig. 2(a). The
binding energy of Mn 2p1/2 peaks are located at about 653.6eV
overlap with an auger peak of Zn (656.7 eV). The Mn 2p3/2 peaks
are located at 640.3 eV, 640.8eV and 640.9 eV for Zngg5Mng 50
films prepared under 10Pa, 2 x 10~4Pa, as well as the annealed
2 x 104 Pa film at 700 °C, respectively. It indicates that the doped
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Fig. 2. XPS spectra of (a) Mn 2p for Mn-doped ZnO films, (b) O 1s for as-prepared
and annealed 2 x 104 Pa Zng 95 Mng 050 film.

Mn ions in the films are dominantly in divalent states [14]. No
binding energy peaks of metallic Mn (637.7eV) and Mn** ions
(642.6 eV)were detected within the limitation of XPS. Besides of the
slight shift of the 2p3/2 peak, the peak linewidth also show slightly
narrower for 2 x 104 Pa prepared film, and a further decrease of
linewidth was found after annealing at 700 °C. It is considered that
the chemical states surrounding MnZ* ions are more inclined to
Mn-0 bonding for this film, or the dopant-induced lattice defects
were adjusted after annealing and more Mn?* ions into stable
substitutional combination. This is consistent with the results of
XRD. Fig. 2(b) displays the asymmetric O1s peaks of as-grown and
annealing Zng gsMng 050 film prepared under 2 x 10~4 Pa. Both the
experimental peaks can be fitted by two Gaussian curves. The low
binding energy peak (blue curves) located at 530 eV is attributed to
lattice 0%~ ions in wurtzite structure of ZnO, and the high binding
energy peak (red curves) located at 531.8 eV is related to the oxygen
deficient regions (oxygen vacancies) [15]. It can be seen that after
annealing the high binding energy peak shows decrease both in the
intensity and relative area. This result indicates that annealing at
high temperature improved the lattice quality and resulted in the
decrease of oxygen vacancy concentration, which consistent with
the previous reports [16].

Fig. 3 display the room temperature Raman spectra range from
200cm~! to 900 cm!. A volume of 514.5 nm line from an Ar* ion
laser was used for excitation. In addition to the substrate phonon
modes of 420cm~! and 752 cm™1, the expected ZnO modes locate
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Fig. 3. Room-temperature Raman spectra of pure ZnO film and Zng ¢5sMng 05O films.

at 381 cm™! [A; transverse optical mode (A;70)], 437 cm~! [high
frequency branch of E, (E;N&)], 568 cm~" [A; longitudinal opti-
cal mode (A1'9)] and 578.2cm~! [E; longitudinal optical mode
(E1"0)] were also detected. Compared with the pure ZnO, no peak
located at 578.2cm~! was evidently observed in Mn-doped films.
It is considered that the 578.2 cm~! peak was overwhelmed by the
strong additional peak located at 568 cm~!, which may be induced
by oxygen-related vacancies [17]. Besides the intrinsic peaks of
ZnO, an additional strongest mode located at 525.6cm~! was also
observed in Mn-doped films. Although this mode was considered
as a local vibration of Mn in ZnO, the vicinal line was also observed
in Sb- and Ce-doped ZnO samples [18,19]. Therefore, this vibra-
tion mode is more likely related to the Mn-doping induced lattice
defects of ZnO, as the previous reports suggested [20]. The relative
intensity of 525.6cm~! peak in the Mn-doped films is consistent
with that of 568 cm~! mode. It is indicates that the O-related vacan-
cies or defects in the 2 x 10~4 Pa prepared film obviously decreased
after annealed at 700°C.

The Vz,-related defects in our films were characterized by slow
positron annihilation spectroscopy, which was proved to be a
sensitive tool for detecting the cationic defects in materials [21].
Positrons are easily trapped by vacancy defects, result in a narrow-
ing of 511 keV annihilation peak compared to bulk annihilation. S
parameter was defined as a fraction of counts in the central region
of this 511 keV peak [22]. Therefore, positrons annihilated in vacan-
cies will result in an increase in S-parameters. In our experiments,
the depth profile of Vz,-related defects was measured by mono-
energetic positron beam with energies varying from 0.5keV to
20keV. The S-parameter as a function of incident positron energy
for pure and Mn-doped ZnO films was shown in Fig. 4. Based on
VEPFIT fitting, the curves for all the films can be divided into three
layers. The surface layer with positron energy range of 0-1.5 keV
usually exhibit high S-parameters due to the formation of positro-
nium atoms at material surface [23]. The energy range of 1.5-9 keV
corresponds to the sample layer of ZnO films. A tempered slope
change was observed at 9 keV, indicating the interface of film and
substrate. Positrons annihilate mainly in the sapphire substrate
after the incident energy above 9keV. Compared with the sam-
ple layer of pure ZnO, significant increase of S-parameters was
observed in Mn-doped ZnO films. It is worth noting that this
increase of S-parameters was not observed in Co-doped ZnO films,
despite the identical preparation conditions and doping concentra-
tion. Considering that the radius of Co ions (74.5 pm) is much close
to the Zn ions (74 pm), it is reasonable to attribute the increase of
S-parameters to Mn-doping induced lattice defects in ZnO films,
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Fig. 4. The S-parameter as a function of positron implantation energy for pure and
Mn-doped ZnO films.

since the radius of Mn2* ions are much larger than Zn?* ions. After
annealing, the S-parameters of 2 x 10~4 Pa prepared Zng 95Mng 950
film slightly decrease. It indicates that Vz,-related defects were
reduced after this sample was annealed at 700 °C. While the substi-
tutional Mn?2* ions induced lattice expansion cannot be eliminated
by annealing.

Field-dependent magnetization (M-H) curves for the Mn-doped
films clearly show paramagnetic behavior at room temperature
and 50K, as shown in Fig. 5(a) and (b). Note that the diamag-
netic backgrounds have not been subtracted from those curves.
For the Zngg5Mng 50 film prepared under 10 Pa, a clear hystere-
sis loop superimposed on the background was detected at 10K
(Fig.5(c)). The temperature dependent magnetization (M-T) curves
in Fig. 5(d) display a rapid decrease with the increase of tempera-
ture from 5K to 35K, and then almost flat with temperature above
50K. The field-cooling and zero field-cooling curves overlap with
each other at low temperature, indicating an absence of spin glass
or superparamagnetic states in the film [24]. M-H and M-T results
reveal that only low temperature ferromagnetism (LTFM) exist
in our films with the Curie temperature no more than 50K. The
2 x 104 Pa prepared Zng 95sMng o5 0 film show clear ferromagnetic
curve at 10K. After annealing, this ferromagnetic curve shows an
obvious increase both in saturation magnetization (Ms) and coer-
cive field (Hc).

Although Vz,-induced room temperature FM in ZnO was
reported [6], the zinc vacancies cannot as the origin of the low tem-
perature FM in our films, since the Vz,-related defectsin 2 x 10~4 Pa
prepared Zng gsMng 50 film were reduced after annealing at 700 °C
while the FM show a further increase in Ms and Hc. It is may con-
sidered that the content of Vz, in the films is relatively low, thus no
long-range magnetic orders were formed among those zinc vacan-
cies. Likewise, annealing induced decrease of oxygen vacancies in
the films. Vg mediated room temperature FM in Mn-doped ZnO
samples was characterized in previous reports, which is depicted
by a bound magnetic polaron (BMP) mechanism [9,17]. While this
mechanism is not confirmed in our experiments, since the oxygen
vacancies and low temperature FM show inconsistent changes in
annealing behavior. Calculations from Diana et al. suggested that
the oxygen vacancies may lead to antiferromagnetic interaction
between Mn ions in ZnO sample, and the Curie temperature for 5%
Mn-doped ZnO sample is normally lower than 50K simulated by
Monte Carlo method, which is typically consistent with our exper-
imental results [10]. We calculated the magnetic interaction of Mn
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Fig. 5. The field-dependent magnetization (M-H) curves measured at (a) room temperature, (b) 50K and (c) 10K for pure and Mn-doped ZnO films. (d) Temperature
dependent magnetization measured in field-cooling and zero field-cooling (FC/ZFC) under 500 Oe for 10 Pa prepared Zng95Mng 50 film.

ions in the ZnO using generalized gradient approximation (GGA)
and GGA+U (Coulomb interaction) method of density functional
theory. The results indicate that introducing of Vg in Mn-Mn cannot
reverse the ground energy from anti-FM to FM, while increase the
energy gap and lead to a more stable state of antiferromagnetism.
Given the results of XRD measurement, Mn?* ions substituted at
Zn site may play an important role in the origin of this low tem-
perature FM. Different from the direct interaction of Mn-Mn, the
indirect coupling between Mn ions (Mn-O-Mn) may result in ferro-
magnetic order [12]. The p-d hybridization from indirect coupling
of Mn ions (Mn-0O-Mn) was reinforced after annealing due to the
decrease of Vg content [12], which is considered as the reason of
LTFM increase in our films. It seems that the LTFM mechanism is far
from the defect such as Vz, or Vg induced (or mediated) room tem-
perature FM in Mn-doped ZnO. Different mechanisms existed in
Mn-doped ZnO samples may lead to a variety of magnetic behavior
in previous experimental results.

4. Summary

In summary, pure ZnO and Zng g5Mng 50 films were prepared
by pulsed-laser deposition technique. Magnetic measurements
indicate that the Mn-doped ZnO films only show low tempera-
ture hysteresis loop at 10K. After annealing, the doping induced
defects (such as Vz, and V) clearly decrease while the FM shows
increase both in Mg and Hc. It indicates that the LTFM observed
in the films not origin from zinc vacancies or mediated by oxy-
gen vacancies. XRD results show an improved occupancy of Mn2*
ions at Zn?* site after annealing. The substitutional Mn2* jons may
play an important role in the origin of the LTFM in the films, which

is possibly attributed to the indirect interaction coupling of those
substitutional Mn?* ions.
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