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Abstract
Zn0.99Mn0.01O and Zn0.985(Mn0.01, Sb0.005)O thin films were prepared on sapphire(0001) by
reactive radio-frequency (rf) magnetron sputtering. Zn0.99Mn0.01O showed no obvious
ferromagnetic behavior while Zn0.985(Mn0.01, Sb0.005)O exhibited robust ferromagnetic signals
with a saturation magnetization of 0.92 μB/Mn2+, and Zn0.985(Mn0.01, Sb0.005)O film grown in
an oxygen rich condition exhibited a larger saturation magnetization of 1.76 μB/Mn2+. The
results are most consistent with the bound magnetic polaron model, in which localized p-type
defects mediate the ferromagnetic ordering.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

During the last few years, there has been much interest in
diluted magnetic semiconductors (DMSs), i.e. semiconductors
that have been doped slightly with a magnetic element
to result in room-temperature ferromagnetism (FM), that
is essential for applications [1–5]. Compounds based on
ZnO were theoretically predicted to be ideal candidates for
room-temperature DMSs [6]. Motivated by this prediction,
numerous studies have addressed the magnetic properties of
transition-metal-doped ZnO, with conflicting conclusions. For
Mn-doped ZnO, theoretical work of Sato and Katayama-
Yoshida, based on first-principles calculations, showed that
the ferromagnetic Mn2+:ZnO state should be more stable
in p-type samples [7], and theoretical work of other
groups, which was based on the B3LYP hybrid density
functional method or gradient-corrected functional density
theory, also confirmed that antiferromagnetism is the ground
state of Mn2+:ZnO [8, 9]. Kevin et al obtained high-
TC ferromagnetism in N-capped Mn2+:ZnO [10], while no
obvious ferromagnetism was found in O-capped films. Their
results provided experimental evidence for the theoretical
predictions. However, ferromagnetism near and well above
room temperature was also reported for n-type Mn2+:ZnO by
Heo et al and Yang et al, respectively [11, 12].

The ferromagnetism of TM-doped ZnO remained poorly
understood experimentally despite clear theoretical predic-

tions. Recently, Behan et al reported that ZnO films doped with
Mn or Co could be divided into three regimes with increase
of carrier density: the insulating regime, the intermediate
regime and the metallic regime [13]. Ferromagnetic behavior
was observed in both insulating and metallic films. Two
distinct mechanisms, magnetic polarons and carrier-mediated
exchange, were proposed to give rise to the ferromagnetism
of these two magnetic regimes. This categorization of the
samples might be helpful to explain the large scatter of the
results reported in the literature.

In this paper, we undertake an investigation of Sb-doped
Mn2+:ZnO thin films to experimentally verify the effects
of Sb doping on the magnetism of this specific system.
Bound magnetic polarons are proposed to account for the
observed magnetic behavior. The results demonstrate that
ferromagnetism of Mn2+:ZnO is very sensitive to defects.

2. Experimental details

The Zn0.99Mn0.01O (ZMO) and Zn0.985(Mn0.01, Sb0.005)O
(ZMSO) targets for sputtering were prepared using the
standard solid-state reaction process. Fine powders of high-
purity (>99.9%) ZnO, MnCO3 and Sb2O3 with prescribed
molar ratio were mixed thoroughly and sintered at 1350 ◦C
for 5 h in air. All films were deposited on (0001) sapphire
(α-Al2O3) substrates. The sputtering chamber was evacuated
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Figure 1. XRD pattern of Zn0.985(Mn0.01, Sb0.005)O film.

Table 1. Targets and sputtering atmospheres of samples A, B and C.

Sample Target Working gas (sccm)

A Zn0.99Mn0.01O Ar = 10
B Zn0.985(Mn0.01, Sb0.005)O Ar = 10
C Zn0.985(Mn0.01, Sb0.005)O Ar = 10, O2 = 10

by a turbo molecular pump to a base pressure below 4.5 ×
10−4 Pa. Argon and oxygen was introduced into the chamber
as working gas through two mass flow controllers and the
chamber pressure was fixed at 2.0 Pa during deposition. The
substrate was mounted on a stage at 600 ◦C and kept a distance
of 60 mm from the target. Three samples were prepared as
shown in table 1.

The thickness of the films was about 300 nm, measured
by a profilometer. The crystal structures of the films were
characterized by x-ray diffraction (XRD) (Cu Kα radiation
source). Chemical bonding states and chemical compositions
of the films were analyzed by x-ray photoelectron spectroscopy
(XPS) (ESCALAB 250) with Al Kα x-ray source. To
investigate the optical properties, the photoluminescence (PL)
spectrum in the ultraviolet–visible range was taken using a
He–Cd laser (λ = 325 nm) at room temperature. The
absorption spectra of the films were measured at room
temperature on an ultraviolet–visible (UV–VIS) spectrometer.
Magnetic measurements were performed using a Quantum
Design SQUID (MPMS XL-7) magnetometer with the applied
magnetic field parallel to the film plane.

3. Results and discussion

All the films are light yellow and transparent with a very
smooth surface. Figure 1 shows a typical XRD pattern of
ZMSO film. Only diffraction peaks of wurtzite ZnO(0002)
planes were observed, which indicates a preferential (0001)
oriented growth of the film. No manganese or antimony oxide
phases were detected, suggesting that the Mn ions might be
substituted into Zn sites, while it is unclear whether Sb ions
substitute Zn sites or O sites.

Figure 2. (a) XPS spectra for Sb 3d3/2 and 3d5/2; (b) fit for Sb 3d3/2

spectra.

To detect the incorporation of Sb and investigate the local
chemical bonding of Sb in the films, XPS measurements were
performed. As is shown in figure 2, the Sb 3d3/2 spectra can
be fitted into three peaks: 540.168, 539.162 and 537.737 eV.
The XPS result shows that Sb ions are mainly in the form of
Sb5+, Sb3+ and Sb0. The Sb3+/Sb5+ ratio is found to be about
10:1 by integrating the peak intensities. The positive charge
state of Sb in the film implies that Sb substitutes for Zn (SbZn)
and bonds with O. Since Sb2O3 or Sb2O5 phase separation
is unlikely, as proven by the XRD pattern shown above, we
suggest that the doped Sb ions should substitute for Zn ions
homogeneously.

The room-temperature PL spectra of samples B and C
are shown in figure 3. Both films reveal a broad band PL
emission ranging from 350 to 600 nm, centered at about
520 nm. The peak at the wavelength of around 411 nm
(3.02 eV) might be assigned to the near-band edge transition of
free excitons [14–17]. This is in agreement with the absorption
spectra shown in the inset of figure 3, which reveals a bandgap
of 2.99 eV for sample B and 3.08 eV for sample C, although
this bandgap difference was not clear in the PL spectrum. The
typical bandgaps of pure ZnO and ZnMnO in our experimental
condition are about 3.20 and 3.13 eV, respectively. The
decrease in the bandgap of ZMSO compared to the pure and
Mn-doped ZnO confirms the incorporation of Mn, as well as
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Figure 3. Room-temperature photoluminescence spectrum of
Zn0.985(Mn0.01, Sb0.005)O (sample B) and Zn0.985(Mn0.01, Sb0.005)O
grown in an oxygen rich condition (sample C). The inset shows the
α2 versus hν plots of sample B and sample C.

the introduction of additional defects via Sb doping in the
system. The green emission at around 520 nm might be
ascribed to defects such as the singly ionized oxygen vacancies
or incorporated Cu2+ ions [18–20]. Grown in an oxygen rich
condition, sample C shows weaker green luminescence than
sample B. This observation reveals that the oxygen vacancy
might be responsible for the green luminescence in our films.

The field dependences of magnetizations of samples A,
B and C measured at 300 K are shown in figure 4. It
can be seen that the Zn0.99Mn0.01O film (sample A) shows
no ferromagnetic behavior. However, once co-doped with
0.5% Sb, samples B and C both show clearly ferromagnetic
hysteresis. In figure 4, Zn0.985(Mn0.01, Sb0.005)O film (sample
B) has a saturation magnetization (MS) of 0.92 μB/Mn2+ and
a coercive field (HC) of 66 Oe, while Zn0.985(Mn0.01, Sb0.005)O
grown in an oxygen atmosphere (sample C) exhibits stronger
magnetic hysteresis, with MS as large as 1.76 μB/Mn2+
and an HC of 84 Oe. It is worth mentioning that these
experiments were repeated several times and have been found
to be highly reproducible. Obviously, the co-doping of Sb
does indeed play a key role in tuning the ferromagnetism of
the ZMO film. Furthermore, the oxygen rich atmosphere gives
a great enhancement of the ferromagnetism; for example, the
saturation magnetization of sample C is nearly twice that of
sample B.

Much attention should be paid to the origin of the
ferromagnetism in ZMSO films. First we should consider
the influence of substrates or the secondary phase such as
Mn3O4. The Mn concentration of 1% is much lower than
the equilibrium solubility of Mn in ZnO of 13% [21], and
no evidence for secondary phase was found in XRD or XPS
tests. Furthermore, using the same substrates and with the
same Mn concentration of 1%, samples A, B and C exhibited
obvious differences of ferromagnetism intensity shown in M–
H curves. We therefore come to the conclusion that, compared
with the intrinsic magnetism, signals from substrates or the
secondary phase can be neglected.

Ferromagnetic ordering in ZnO-based DMS is widely
believed to be carrier mediated [6, 22, 23]. The large MS

Figure 4. Hysteresis loops for Zn0.99Mn0.01O (sample A),
Zn0.985(Mn0.01, Sb0.005)O (sample B) and Zn0.985(Mn0.01, Sb0.005)O
grown in an oxygen rich condition (sample C) measured at 300 K.

of ZMSO films might come from the Mn–Mn ferromagnetic
interaction mediated by Sb-induced defects. As a promising p-
type dopant in group V, Sb has attracted considerable research
interest recently. For instance, Aoki et al reported on Sb-
doped p-type ZnO film grown by excimer laser doping [24].
Xiu et al also reported on Sb-doped p-type ZnO film
prepared by molecular beam epitaxy [25]. First-principles
calculations attribute p-type conductivity in Sb-doped ZnO
films to an acceptor complex (SbZn–2VZn) [26]. In ZMSO
films, the nearby Mn ions might be aligned together via
localized holes introduced by the acceptor complex (SbZn–
2VZn), and form the so-called bound magnetic polarons
(BMPs) [27]. The bound magnetic polaron model assumes
an exchange interaction between localized holes and the
transition-metal ion. An oxygen rich condition was thought
to be beneficial to get p-type Sb-doped ZnO [26, 28]. As
shown in figure 4, sample C, grown in an oxygen rich
condition, shows stronger ferromagnetic signals than sample
B. The above results confirm that the ferromagnetism is
more likely to be mediated by the holes. Although n-type
defects such as oxygen vacancies, Zn interstitials or Sb3+/Sb5+
substituted for Zn2+ do exist, some localized p-type defects
still work to induce the ferromagnetic coupling of nearby Mn
ions [10, 29, 30]. Unfortunately, attempts to measure the
Hall effects have failed because of the high resistivities of the
films.

4. Conclusion

In conclusion, magnetism of Zn0.99Mn0.01O and Zn0.985(Mn0.01,

Sb0.005)O thin films prepared on sapphire(0001) by reactive
rf magnetron sputtering was investigated. Zn0.99Mn0.01O
showed no obvious ferromagnetic behavior. However,
Zn0.985(Mn0.01, Sb0.005)O films exhibited strong ferromagnetic
signals. In our experimental conditions, doping with Mn alone
induced no obvious ferromagnetism in the ZnO system itself.
The co-doping of Sb plays a key role in the formation of
ferromagnetic ordering, while an oxygen rich condition can
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enhance the magnetic moment drastically. The formation of
bound magnetic polarons, which consist of localized holes and
surrounding clouds of Mn spins, is thought to be responsible
for the ferromagnetism. Further studies are in progress to more
clearly elucidate the ferromagnetic mechanisms.
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