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MgO single crystals were implanted with 70 keV C/N/O ions at room temperature with respective doses
of 2 � 1016 and 2 � 1017 ions/cm2. All samples with high-dose implantation showed room temperature
hysteresis in magnetization loops. Magnetization and slow positron annihilation measurements con-
firmed that room temperature ferromagnetism in O-implanted samples was attributed to the presence
of Mg vacancies. Furthermore, the introduction of C or N played more effective role in ferromagnetic per-
formance than Mg vacancies. Moreover, the magnetic moment possibly occurred from the localized wave
function of unpaired electrons and the exchange interaction formed a long-range magnetic order.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, diluted magnetic semiconductors (DMSs) have
received increasing interests from scientists due to their spintron-
ics application potential. Room temperature ferromagnetism
(RTFM) is observed in transition-metal (TM) doped semiconduc-
tors [1–5], which is generally attributed to the presence of transi-
tion metal. However, the initial idea was challenged by the
ferromagnetism discovery in thin films of undoped HfO2, in which
the expected defects or oxygen vacancies could be the source of
ferromagnetism [6]. Recently, defect induced magnetism (DIM)
has been observed in series of nanoparticles or films of metallic
oxides [7,8]. The magnetic moment origin is attributed to the exis-
tence of oxygen vacancies. Subsequent studies on MgO material
demonstrated that cation vacancies at sample surfaces are respon-
sible for RTFM [9–12]. For instance, Kumar et al. observed that
magnetic moments were dependent on the size of nanoparticles
that are relevant to the concentration of Mg vacancies [10]. A series
of studies on N-doped MgO proved that localized magnetic mo-
ments exist around the N impurity [13-17]. Moreover, ferromag-
netic correlations between the two nitrogen impurities have
been calculated [15]. However, inconsistencies from previous
experiments have been reflected in some theories as they pre-
sented opposite views. Wu et al. demonstrated that the C or N
ion performance in MgO easily exhibited stable diamagnetism
after pairing [18]. Meanwhile, one has to acknowledge the fact that
contribution of ferromagnetic impurities in most studies is difficult
ll rights reserved.
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to exclude from the total signal observed. Measured impurities are
necessary in this research field, which has been carefully presented
in a recent study [19].

The nature of ferromagnetism in MgO samples remains unclear.
Few experiments on N-doped MgO and C-doped ZnO have been re-
ported thus far [20-22]. However, MgO-based FM via C-doping has
not been experimentally investigated. In the current Letter, the
experimental results on the magnetic properties of C-/N-/O-
implanted MgO single crystals are reported. Positron annihilation
spectroscopy was used to characterize the defects and vacancies
in the implanted samples. The discovery of RTFM may provide a
valuable reference for further theories on DIM.
2. Experiment

MgO single-crystal wafers, prepared through arc melting and
packaged in a vacuum bag prior to use, were obtained commer-
cially from the Chinese Academy of Sciences (Shanghai). Induc-
tively coupled plasma emission spectroscopy (ICP-ES) was used
to detect ferromagnetic impurities in raw wafers [23]. The results
are shown in Table 1.

The ICP-ES analysis showed traces of Fe, Co, Ni, Mn, Cr, and Ca
impurities. Ferromagnetic impurities in wafers were demonstrated
as small because the content was normally less than 10 ppm for
each element. XRF measurement only showed Ca impurity peak
and ICP-ES showed that Ca ion content was 1.16 mg/g. Ca ions
are presumably diamagnetic and do not contribute to the para-
magnetic response [19].

Injection experiment was completed using a 100 keV Electro-
magnetic Isotope Separator at the Shanghai Institute of Applied
dx.doi.org/10.1016/j.cplett.2012.11.063
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Table 1
Results of the ICP-ES analysis.

Fe Co Ni Mn Cr

Concentrations(lg/g) 15.20 1.25 12.34 10.67 16.02

Figure 1. Depth profiles of injected ions simulated with SRIM. The solid line
represents the depth profile of C ions in a high dose sample analyzed by SIMS.

Figure 2. The magnetization versus magnetic field measured at 300 K for (a) O-, (b) C-, (c
curve of virgin MgO is shown in pattern (d). The insets show apparent low field hyster
background has been subtracted.
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Physics (SIAP). C, N, and O-ions at 70 keV were implanted into the
polished surface of different MgO crystals with the dose was di-
vided into 2 � 1016/cm2 and 2 � 1017/cm2, respectively. The pro-
cesses maintained a base pressure of 2.2 � 10�4 Pa and a nearby
controlled room temperature. Wafers were deeply colored after
implantation. The depth profiles of injected ions are shown in Fig-
ure 1. Average implantation depth by the Stopping and Ranges of
Ions in Matter (SRIM) simulation was approximately 120 nm for
O and N, and approximately 150 nm for C. Solid line represents
the depth profile of C ions in high dose sample analyzed using Sec-
ondary Ion Mass Spectrometry (SIMS). The real implantation depth
of C ions was approximately 100 nm. The atomic concentration of
implanted ions was estimated using the density of samples which
gave impurity peak concentrations of 33% and 4.7% for the higher
and lower implantation dose, respectively. All the samples were
cut into 6 � 8 � 0.5 mm, and then carefully decontaminated with
ultrasonic acetone. Room-temperature magnetic properties were
obtained using the Vibrating Sample Magnetometer (VSM) with
an accuracy of 10�7 emu. Measurements were carefully conducted
to avoid contact with the magnetic apparatus to ensure the exclu-
sion of magnetic impurities influences. The structure and defects of
the samples were demonstrated by X-ray diffraction spectroscopy
and slow positron annihilation measurements.
3. Results and discussions

Figure 2 shows the VSM results of all samples. All magnetic
curves were treated to subtract background signals influences,
which include diamagnetic substrate, measurement of straws,
) N- implanted MgO with implantation dose of 2 � 1016 and 2 � 1017 ions cm�2. Raw
esis loops for the samples implanted dose of 2 � 1017 ions cm�2. The diamagnetic
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Figure 3. XRD patterns of (up) C-implanted samples, (middle) O-implanted
samples, (bottom) N-implanted samples. For each graph, the top pattern corre-
sponds to the higher implantation dose.
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and possible influence of impurities in wafers. Ferromagnetism at
room temperature could be observed among all samples with
2 � 1017/cm2 implantation dose.

O-implantation does not introduce any impurities into MgO.
The well-defined hysteresis loop in Figure 2a indicates that the ob-
served RTFM is attributed to the implantation-induced defects. For
the C-group in Figure 2b, the lower-dose sample did not exhibit
significant change compared with virgin wafer. However, the high-
er-dose sample showed an obvious hysteresis, with saturation
magnetization of approximately 5 � 10-4 emu, which is four times
larger than the O-implanted higher-dose sample. Coercivity field
was approximately 50 Oe. Figure 1c shows that the N implanted
lower-dose sample showed a significant change in magnetism,
but not a clearly identifiable coercive field. The higher-dose sample
showed a ferromagnetism change, with saturation magnetization
almost equal to the C-implanted sample (Figure 1d). Coercive field
was approximately 60 Oe. Compared with O-implanted sample,
there is a remarkable change in both the saturation magnetization
and coercivity for these samples implanted with C and N ions, even
though the implantation dose is almost the same. This is a strong
indication that defects alone is not the only parameter that influ-
ences the magnetic characteristics of the MgO:C and MgO:N. It’s
believed that the presence of C or N element also play a significant
role in RTFM origination in C- or N-doped samples.

Figure 3 displays the XRD measurements of implantation-
induced lattice distortion. All samples showed only MgO(200)
peak corresponding to cubic rock salt structure and no any extra
second-phase diffraction peaks were formed after implantation
(2h from 20 to 80). The full width at half-maximum (FWHM) val-
ues for the virgin sample was 0.18� and no significant changes
were observed in lower-dose implanted samples. However, a clear
broad feature appears at the left side of the MgO(200) peak for all
the higher-dose implanted samples. The FWHM values for the C-
and N-implanted samples were 1.24� and 1.23�, respectively, indi-
cating the lattice disorder due to the implantation induced defects.
For the O-implanted sample, apparent two peaks were observed at
the (200) plane which give the FWHM were 1.33 (left peak) and
0.25� (right peak), respectively. This indicates that the crystal in
the O-implanted layers becomes more imperfect due to lattice dis-
tortion. Peak broadening for higher-dose samples after O-implan-
tation may be attributed to the induced Mg related vacancies or
clusters. Meanwhile, lattice expansion induced by interstitial
atoms was also a reason for the peak broadening and left move-
ment in C or N implanted MgO. For C-implanted sample, the sub-
stitution of O by implanted C will expand the lattice [21]. Thus,
this Letter assumed that the implanted defects are mainly lattice
expansion or cation vacancies/clusters.

Slow positron annihilation spectroscopy, an effective tool for
detecting vacancy-type defects in materials, was also utilized to
determine the nature of the induced defects in C- and O-implanted
higher-dose samples. The measurements were carried out using
the mono-energetic positron beam, and positron energy varied
from 0.25 to 15 keV. Doppler broadening of annihilation radiation
was measured by a Ge detector. The motion of electron–positron
pair prior to annihilation caused Doppler broadening in the
511 keV annihilation line and can be characterized by the line-
shaped parameter S [24], which is defined as the ratio of counts
in the central region of 511 keV to the total number of counts in
the peak. Therefore, an increase in the S parameter indicates the
introduction of vacancy defects. Figure 4 displays the S parameter
as a function of incident positron energy for virgin, O-, and C-
implanted higher-dose MgO. The corresponding mean implanta-
tion depth is shown in the top axes. The positrons with an energy
range from 0.25 to 1.5 keV annihilate at the surface of the samples.
The largest S-parameters in this layer were normally due to the
formation and annihilation of positronium atoms at the surface
Please cite this article in press as: Q. Li et al., Chem. Phys. Lett. (2012), http://
of materials [25]. The energy range between 1.5 and 7.5 keV is re-
garded as the feature of the ion-implanted layer. While the inci-
dent energy above 7.5 keV, positrons annihilate mainly in the
MgO substrate, leading to over-lapping of the three plots. The in-
crease of S-parameters in the injection layer clearly showed the
emergence of induced defects. Figure 5 displays the plots of W val-
ues as a function of S value for the O- and C-implanted samples.
The W parameter was defined as a fraction of counts in the wing
area of the 511 keV peak [26]. Each defect type exhibits its own
specific S and W parameter. Thus, the linear relationship between
S–W indicates that the two samples contain the same vacancy de-
fects [27]. Cation vacancies are dominant positron trapping defects
in materials. The significant increase of S-parameter in both
samples definitely showed that the induced defects are mainly
dx.doi.org/10.1016/j.cplett.2012.11.063
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Figure 4. S–E curves measured for virgin, O-, and C-implanted MgO with
implantation dose of 2 � 1017 ions cm�2. The lines are drawn to guide the eye.

Figure 5. The dependence of S and W parameters.
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Mg related vacancies. Moreover, the observed RTFM originated in
the electronic status around Mg vacancies due to the spin polariza-
tion of 2p electrons of the oxygen atoms surrounding the Mg
vacancies, in view of suggested theories [28]. The S-parameter
increase observed in the O-implanted sample was higher than
the C-implanted sample, clearly indicating that the concentration
of Mg vacancies caused by O-implantation was greater than that
of C-implantation. Given the significant distinction of saturation
magnetization, Mg vacancies were not eligible for the main origin
of ferromagnetism in the C implanted sample. It’s believed that
Most of the observed RTFM are attributed to the presence of the
C-element. The introduction of C or N was also proven to play more
effective role in ferromagnetic performance than Mg vacancies.

As a wide band-gap material, the MgO samples are highly resis-
tive. Experiments show that the carrier concentration in samples is
too low to be detected by Hall Effect, which suggests that FM does
not depend upon the presence of a significant carrier concentra-
tion. Actually, injection-induced holes (unpaired electrons) are
the source of localized moment in insulating MgO. Ferromagnetic
coupling can be interpreted as the exchange interaction in the
Please cite this article in press as: Q. Li et al., Chem. Phys. Lett. (2012), http://
localized wave function. The d0 ferromagnetism in MgO can prob-
ably be understood using the phenomenological bound magnetic
polaron model [29]. Defects or impurities that have a triplet
ground state or low-lying triplet excited state may form an
impurity band by themselves, taking over the ‘magnetic polaron’.
Thus, ferromagnetism strongly depends on the concentration of
impurities.

All ferromagnetic signals assumingly attribute to the presence
of C or N ions. In addition, the saturation magnetization was esti-
mated by only 0.027 lB per C or N, which was lesser than the the-
oretically predicted value of 2 lB/C and even the experimentally
reported value of 0.06 lB/C in ZnO [13,21]. However, it is a com-
mon phenomenon that the experimental results of magnetic mo-
ment are lesser than the theoretical values. Moreover, the
average moment will be decreased when the doping concentration
increases. Excessive doping probably inhibits part of the perfor-
mance of magnetism, resulting in an average magnetic moment
decrease. For higher-dose samples, several injected impurities
too close to each other possibly lead to the formation of antiferro-
magnetic pairs [30]. Another fact is that a large number of atoms,
which are located in low concentrated regions as shown in Figure 1,
do not contribute to the observed RTFM. It could be seen that the
high-dose samples contain paramagnetic component because of
nearly isolated impurity ions. Lower-dose samples without ferro-
magnetism can be interpreted as the peak concentration at 4.7%;
hence, the critical value which visible ferromagnetism required
could not still be achieved. The paramagnetic performance of low-
er-dose samples in Figure 2a and c was due to isolated moments
formation.
4. Conclusion

In summary, apparent RTFM was observed in C-, N-, and O-
implanted higher-dose MgO samples. The magnetic moment origin
and the ferromagnetism in O-implanted MgO are due to the
implantation-induced Mg vacancies. C and N impurities definitely
contribute to the observed RTFM in C/N-implanted samples, which
are even more effective than Mg vacancies. Localized magnetic mo-
ment as the key factor of ferromagnetic coupling has also been
discussed.
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