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Abstract
Coincidence Doppler broadening of the positron annihilation technique has been employed to
identify the defects in thermally annealed ‘as-received’ ZnO and thermally annealed ball-milled
nanocrystalline ZnO. Results indicate that a significant amount of oxygen vacancy has been
created in ZnO due to annealing at about 500 ◦C and above. The results also indicate that the Zn
vacancy created during the ball milling process can be easily removed by annealing the sample
at about 500 ◦C and above. The defect characterization has also been correlated with the
magnetic properties of ZnO.

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

1. Introduction

Recently, ZnO and a few other oxides have received a lot
of attention following the prediction [1] that ferromagnetic
ordering above room temperature could be possible by doping
a very low amount (�4 at.%) of transition metal ion (Mn,
Co, Fe, etc) into these oxides. These materials offer the
advantages of semiconductors combined with the non-volatile
properties of magnetic materials and thus they have a number
of potentially interesting device applications [2]. Since then,
an enormous amount of experimental effort [3–8] has been
put forward to make diluted magnetic semiconductor (DMS)
by doping different 3d transition metal ion e.g. Mn, Fe, Co,
etc, into ZnO. Interestingly, room-temperature ferromagnetic
ordering in the Mn-doped ZnO system has been observed for
those samples that are sintered in between temperatures of 400
and 550 ◦C [3, 4]. Recently, room-temperature ferromagnetism
has been observed in undoped nanocrystalline ZnO [9, 10]. It
is clearly indicated [10] that the oxygen vacancies present at
the surface of this nanocrystalline ZnO are mainly responsible
for the room-temperature ferromagnetism in nanocrystalline
ZnO. Oxygen vacancies also enhance the room-temperature
ferromagnetism in ZnO-based DMS system [11]. Thus it
is very important to characterize both Zn as well as oxygen
vacancy-type defects in ZnO. The main motivation of the
present work is the systematic study of defects introduced in

ZnO as a function of annealing temperature and to correlate
the magnetic properties of ZnO with the defects.

Defects can be introduced into a material by various
methods. The most common method is by doping with
impurity atoms. One can introduce controlled defects in a
system by thermal treatment [10, 12, 13] or by using an
energetic ion beam [14, 15]. In the present study, ‘as-received’
ZnO powder has been ball-milled to achieve an average particle
size of ∼15 nm. During the preparation of nanocrystalline
oxides by the ball milling process, a large number of defects are
introduced inside the material [16, 17]. In the nanocrystalline
phase, since the surface-to-volume ratio is very high, the
surface defects play an important role. The ball-milled ZnO
(nano-ZnO powder) and the ‘as-received’ ZnO (submicron
ZnO powder) have subsequently been annealed at different
temperatures (150–600 ◦C) in air.

The positron annihilation technique [18, 19] has been used
widely to characterize defects in samples like ZnO [20–24].
For the characterization of defects in the different ZnO sam-
ples, coincidence Doppler broadening of the annihilation ra-
diation (CDBAR) measurement technique has been employed.
In the CDBAR spectroscopic technique, a positron from the
radioactive (22Na) source is thermalized inside the material un-
der study and it annihilates with an electron, emitting two op-
positely directed 511 keV γ -rays [18, 19]. Depending upon
the momentum of the electron (p), these 511 keV γ -rays are
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Figure 1. X-ray diffraction pattern for the unground (as-received)
and 30 h ball-milled ZnO samples.

Doppler shifted by an amount ±�E in the laboratory frame,
where �E = pLc/2, with pL being the component of the elec-
tron momentum, p, towards the detector direction. By using
two identical high-resolution HPGe detectors, one can mea-
sure the lineshape of these 511 keV γ -rays. The wing part
of the 511 keV photo peak carries information about the an-
nihilation of positrons with higher-momentum electrons, e.g.
core electrons of different atoms. Thus, by measuring the
Doppler broadening of the 511 keV γ -ray and appropriate
analysis of the CDBAR spectrum [21, 25–27], one can identify
the electrons with which positrons are annihilating and hence
the atoms surrounding a defect.

2. Experimental outline

ZnO powder of purity 99.998% from Alfa Aesar, Johnson
Matthey, Germany have been ball-milled in a Fritsch
Pulverisette 5 planetary ball mill grinder with agate balls for
30 h to achieve an average particle size of ∼15 nm. The as-
received ZnO powder and the 30 h ball-milled ZnO powder
were then annealed at different temperature of 150, 200, 300,
400, 500 and 600 ◦C in air for a constant duration (5 h). To
avoid any type of stress and strain, slow heating and cooling
(at the rate of 3 ◦C min−1) was always maintained.

The x-ray diffraction (XRD) data are collected on a Philips
PW 1710 automatic diffractometer with Cu Kα radiation. For
each sample, a scan has been performed from 4◦ to 90◦ with
a step size of 0.02◦. The particle size of the sample has been
calculated from the Scherrer formula [28], i.e.

D = Kλ/β cos θ

where D is the particle size, β is the width, K is a constant
(= 0.89), λ is the wavelength and θ is the Bragg angle.

For the CDBAR measurement, two identical HPGe
detectors (efficiency, 12%; type, PGC 1216sp from DSG,
Germany) with an energy resolution of 1.1 at 514 keV of
85Sr, have been used as two 511 keV γ -ray detectors. The

Figure 2. Variation in the S-parameter with annealing temperature
for both the ‘as-received’ and 30 h ball-milled ZnO samples.

CDBAR spectrum have been recorded in a dual ADC-based
multiparameter data acquisition system (MPA-3 from FAST
ComTec, Germany). A 10 μCi 22Na positron source (enclosed
in thin Mylar foil) has been sandwiched between two identical
and plane-faced pellets [10, 29]. The peak-to-background ratio
of this CDBAR measurement system, with ±�E selection, is
∼105:1.

The coincidence Doppler broadening of the annihilation
511 keV γ -ray spectrum has been analyzed by evaluating the
conventional lineshape parameters (S-parameter) [18, 19]. The
S-parameter is calculated as the ratio of the counts in the
central area of the 511 keV photo peak (|511 keV − Eγ | �
0.85 keV) and the total area of the photo peak (|511 keV −
Eγ | � 4.25 keV). The S-parameter represents the fraction of
positrons annihilating with the lower momentum electrons with
respect to the total electrons annihilated. CDBAR spectra have
also been analyzed by constructing the ratio curve [21, 25–27]
with respect to the CDBAR spectrum of Al (defect-free
99.9999%-purity) single crystal.

The magnetization measurements were performed in
a MPMS-XL superconducting quantum interference device
(SQUID) Quantum Design magnetometer.

3. Results and discussion

Figure 1 shows the XRD patterns for the unground (as-
received) and the 30 h ball-milled samples. The average
particle sizes, as calculated from the Scherrer formula, are
107 and 15 nm for unground and 30 h ball-milled samples,
respectively.

Figure 2 represents the S-parameter for the ‘as-received’
ZnO and nanocrystalline ZnO (30 h ball-milled) versus
annealing temperature. It is clear from figure 2 that the
S-parameter has a higher value for 30 h ball-milled ZnO
(nanocrystalline ZnO) than the ‘as-received’ ZnO. The S-
parameter for both the samples (‘as-received’ ZnO and ball-
milled ZnO) increases slowly up to an annealing temperature
of 300 ◦C, and after that it decreases. The amount of decrease
in the S-parameter is more in the case of 30 h ball-milled
ZnO than the unground ZnO. The S-parameter represents the
fraction of positrons annihilating with the lower-momentum
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Figure 3. Ratio of the experimental electron–positron momentum
distributions for different ZnO samples to the electron–positron
momentum distributions for the defect-free Al (99.9999%-purity)
single crystal.

electrons with respect to the total electrons annihilated. The
higher value of the S-parameter for the 30 h ball-milled ZnO
indicates more annihilation of positrons in the defect sites,
e.g. Zn vacancies. The slow increase in the S-parameter
with annealing temperature indicates the enhancement of the
open volume defects in ZnO. The decrease in the S-parameter
after 400 ◦C suggests that positrons are annihilating more with
the higher-momentum electrons, e.g. core electrons. For
a better understanding, CDBAR spectra have been analyzed
by constructing the ratio curve [21, 25–27] with respect to
the CDBAR spectrum of Al (defect-free 99.9999%-purity)
single crystal. Figure 3 represents the ratio curves for the
‘as-received’ ZnO, 600 ◦C annealed ‘as-received’ ZnO, ball-
milled ZnO and 600 ◦C annealed ball-milled ZnO with respect
to Al single crystal. Also, ratio curves have been plotted
(figure 4) for the CDBAR spectrum of the ball-milled ZnO
with respect to the CDBAR spectrum of ‘as-received’ ZnO
and CDBAR spectra of annealed ZnO with the corresponding
un-annealed ZnO. All the ratio curves (figure 3) show a peak
at ∼10 × 10−3 m0c, and a shoulder-type peak at ∼21 ×
10−3 m0c. It is clear from figure 3 that, due to ball milling,
both the peaks at ∼10 × 10−3 m0c and at ∼21 × 10−3 m0c
reduce, but for both ball-milled and ‘as-received’ ZnO, due to
annealing at 600 ◦C, the ratio peaks at 10 × 10−3 m0c and at
∼21 × 10−3 m0c increases. Using the relation E = p2/4mo,
the kinetic energies of electrons corresponding to momentum
pL ∼ 10 × 10−3 m0c and 21 × 10−3 m0c comes out to be ∼13
and 56 eV, respectively. Thus the annihilation of positrons with
oxygen 2p and Zn 3d core electrons contributes to the peak at
10 × 10−3 m0c, and the peak at ∼21 × 10−3 m0c comes solely
from the annihilation of positrons with 3p core electrons of Zn.
In figure 4, the ratio curve for the ball-milled ZnO with respect
to unmilled ZnO shows a broad dip from the momentum range
∼7 × 10−3 to ∼23 × 10−3 m0c. In the same momentum range
(∼7 × 10−3 to ∼23 × 10−3 m0c), for the annealed ZnO a
broad peak has been observed. Thus from figures 3 and 4 it
is seen that for the ball-milled ZnO, positrons annihilate less
with the core electrons (both 3d and 3p) of Zn. This indicates

Figure 4. Ratio of the experimental electron–positron momentum
distributions for different ZnO samples.

the formation of cation-type defects (Zn vacancy) in the ZnO
system due to ball milling. This observation is in agreement
with our previous observations of the formation of cation-type
defects in other oxides due to the reduction of the particle size
by the ball milling process [16, 17].

The most important feature of figure 2 is that, in both
cases (‘as-received’ or unground and 30 h ball-milled), the S-
parameter decreases largely due to annealing above 500 ◦C.
This feature is also prominent in the ratio curves (figures 3
and 4). Figures 3 and 4 clearly indicate that, due to annealing
at 600 ◦C, positrons annihilate more with the core electrons
(both 3p and 3d) of the Zn atom. The increase in positron
annihilations with the core electrons (both 3d and 3p) of Zn
suggests that, due to annealing at 600 ◦C, the Zn vacancies
present in the 30 h ball-milled ZnO sample disappear. Also,
a significant amount of oxygen vacancies has been created in
both samples (‘as-received’ ZnO and 30 h ball-milled ZnO)
due to annealing at 600 ◦C. This is in agreement with the
earlier work [10, 21, 22]. Dutta et al, [21] has observed that
in polycrystalline ZnO, the Zn vacancy predominates up to an
annealing temperature of 300 ◦C but, due to further annealing,
more and more oxygen vacancies are generated in ZnO. Selim
et al, [30] has also observed the formation of the oxygen
vacancy in ZnO due to annealing.

To understand the room-temperature magnetic properties
of the differently prepared ZnO, the SQUID measurement
technique has been employed. Figure 5 represents the room-
temperature magnetic properties of the ‘as-received’ ZnO,
30 h ground ZnO and 600 ◦C annealed ‘as-received’ ZnO.
It is observed from figure 5 that the 30 h ground ZnO is
more diamagnetic than the ‘as-received’ ZnO. Moreover, from
the positron annihilation technique, it has been observed that
the Zn vacancy is in the 30 h ground ZnO more than the
‘as-received’ ZnO. This suggests that the Zn vacancy in the
undoped ZnO system may enhance its diamagnetic nature.
Figure 5 also shows that, due to annealing at 600 ◦C, the ‘as-
received’ ZnO becomes less diamagnetic (up to an applied
magnetic field of 3 kOe). Positron annihilation characterization
for these samples indicates that, due to annealing at about
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Figure 5. Room-temperature magnetization curves for different ZnO
samples.

600 ◦C, oxygen vacancies have been introduced in the ‘as-
received’ ZnO system. It is interesting to note that the
average particle size of the ‘as-received’ ZnO is ∼107 nm.
Previously, it has been observed [10] that the oxygen vacancy
in nanocrystalline ZnO makes it ferromagnetic. But, in
the present case, it has been observed that the introduction
of oxygen vacancies even changes the room-temperature
magnetic properties of the ‘as-received’ ZnO. In a number
of papers it has been shown experimentally [9–11] that the
magnetic properties of ZnO and transition metal ion doped
ZnO significantly changes with oxygen vacancy. Also, there
are some experimental and theoretical works [31, 32] where
some correlation between different defects with the magnetic
properties of transition metal ion doped ZnO has been made
but, in the case of undoped ZnO, a theoretical understanding is
still not clear.

4. Conclusion

Defects introduced in ZnO due to ball milling and annealing
processes have been characterized by employing coincidence
Doppler broadening of the annihilation radiation spectroscopic
technique. The results indicate that the Zn vacancies, created
during the ball milling process, can easily be removed by
annealing the sample at about 500 ◦C and above. The present
observation also indicates that the presence of Zn vacancy
makes ZnO more diamagnetic and, by annealing at 600 ◦C,
one can introduce oxygen vacancies in ZnO, which makes ‘as-
received’ (submicron) ZnO less diamagnetic.
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