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The magnetic properties and defect types of virgin and N-doped TiO, single crystals are probed by superconducting
quantum interference device (SQUID), X-ray photoelectron spectroscopy (XPS), and positron annihilation analysis (PAS).
Upon N doping, a twofold enhancement of the saturation magnetization is observed. Apparently, this enhancement is not
related to an increase in oxygen vacancy, rather to unpaired 3d electrons in Ti>*, arising from titanium vacancies and
the replacement of O with N atoms in the rutile structure. The production of titanium vacancies can enhance the room
temperature ferromagnetism (RTFM), and substitution of O with N is the onset of ferromagnetism by inducing relatively

strong ferromagnetic ordering.
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1. Introduction

Dilute magnetic semiconductors (DMSs) have aroused
much interest due to their favorable magnetic, magneto—
optical, and magneto—electrical properties for application of
spin-dependent electronic devices.!! In the past decade, mag-
netic element doping has suffered from problems of cluster,
precipitates or secondary phase formation, and the origin of
ferromagnetism in the magnetic-transition-element-doped ox-
ide semiconductor has been under debate. Recently, some re-
search groups found that nonmagnetic ion-doped oxide semi-
conductors also exhibit ferromagnetism, namely, so-called
“d%” ferromagnetism.[?! Light elements such as C- and N-
doped oxide semiconductors have aroused wide interest>=]
since the nonmagnetic element doping may avoid the possi-
ble extrinsic ferromagnetism induced from the clustering of
magnetic ions, precipitation or the formation of secondary
phases.[®-8] The N-doped oxide semiconductor, ZnO, is first
used as host and studied, both experimentally and theoreti-
cally. Subsequently, many theoretical studies based on first
principles calculations were carried out to explore the ferro-
magnetisms of N-doped oxide semiconductors, such as N-
doped SnO;, In,0O3, and TiO,.%12] However, among these
various N-doped TiO;, semiconductors, few experimental re-
sults have been reported to confirm the predictions from these

theoretical studies.
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In this study, we show the effect of N-doping on the mag-
netic properties and defect types of TiO, rutile single crystals.
Upon N-doping an enhancement of ferromagnetic ordering in
terms of remanent and saturation magnetization is achieved.
By combining X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), positron annihilation analysis (PAS), and
superconducting quantum interference device (SQUID), we
are able to show that with respect to the virgin sample, N dop-
ing can add saturation magnetization by the replacement of O
with N atoms and titanium vacancies in the rutile structure.
The selection of TiO; single crystals instead of thin films is
expected to exclude any effect of possible magnetic impurities
in the underlying substrates!'3! and of the interfaces between

films and substrates. 4]

2. Experiment

Commercial rutile TiO, single crystals were obtained
from the Institute of Shanghai Optics and Fine Mechanics,
Chinese Academy of Sciences. The size of the samples was
5 mmx5 mmx0.5 mm, corresponding to 53.25 mg in mass.
The nitrogen implantation was performed at an energy of
160 keV in a vacuum chamber of 2x 102 Pa, with the nomi-
nal dose varying from 1x10'® ions/cm? to 1x 10'7 ions/cm? to
1x10'8 jons/cm?. The samples thereafter were named 1E16,
1E17, and 1E18. XRD and XPS were used for the crystal
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characterization and phase analysis. Magnetic properties of
all samples were evaluated by using a highly sensitive SQUID
(MPMS XL-5). PAS was also carried out for the evaluation
of defects at room temperature with a monoenergetic positron
beam. The energy of the positrons could be continuously ad-
justed in a range of 0 keV-20 keV, and about 4x10° counts
were accumulated per given energy.

3. Results and discussion

First, we use XRD to characterize the phases of N-doped
TiO, single crystals. XRD analyses show that all the samples
have only rutile structures, and no impurity phases are detected
within the detection limit of the instrument. One representa-
tive XRD spectrum is shown in Fig. 1 for the 1x 10'® nitrogen

ion/cm implanted sample.
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Fig. 1. XRD spectrum of 1x 108 nitrogen ions /cm? implanted sample.

Figure 2(a) shows the M—H loops measured at 300 K for
virgin and N-implanted TiO, single crystals with dose values
of 1x10'® ions/cm? to 1x10'7 ions/cm? to 1x10'® ions/cm?
respectively. All substrates display diamagnetic behavior!!]
that is different from that of Zhou ez al (paramagnetic).['®! The
diamagnetism and ferromagnetism are proportional to mag-
Figure 2(b) shows the N

doping-fluence-dependent magnetization of TiO; single crys-

netic field in N-doped samples.

tals after subtracting the diamagnetic background. The mag-
netic moment increases gradually with the increase of doping
dose, but for the implanted dose with 1x10'® ions/cm? it de-
creases significantly. We also measure the hysteresis loops at
different doping doses. The loops are weakly doping-dose-
dependent.

The effects of N on the electronic properties of the doped
samples are discussed by examining the Ti 2p and N 1s core
level X-ray photoelectron spectroscopy spectra. Figure 3
shows the Ti 2p XPS spectra obtained from the virgin TiO,

single crystal and from the N-doped single crystals. These

spectra are fitted by three Gaussians. The Ti 2p spectra show
the typical spin—orbit split doublet of the Ti** ion at binding
energy BE=458.4 eV and BE=464.2 eV respectively. Unlike
other samples, the sample 1E16 has both Ti** ions and Ti**
ions. When the lattice oxygen is removed (due to the N irra-
diation) from rutile structure, the excess electrons which turn
unpaired,!'”! tend to occupy the nearby localized Ti 3d orbit
and convert Ti*" ions into Ti** ions. Then with the increase
of the N doping dose, excess N ions could fill oxygen vacan-
cies, which leads to the conversion of Ti3T ions into Ti** ions.
Some studies!'®! elucidated that Ti** ions with one unpaired
3d electron provide the local magnetic moments, but we also
found the hysteresis loops in sample 1E17 and sample 1E18
by SQUID magnetometry, which indicate that the unpaired 3d
electrons are not the main reason for the existence of room
temperature ferromagnetism (RTFM) in N-doped TiO, single

crystals.
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Fig. 2. (color online) (a) Original M—H curves of virgin and N-doped
TiO, single crystals at 300 K, with the dose values being 1x10'°,
1x10'7, and 1x10'® jons/cm? respectively. (b) M—H curves after sub-
tracting the substrate signal. The anomalous protrusions in the curves
are marked by arrows. The unit 1 Oe=79.5775 A-m~!.
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Fig. 3. (color online) Ti 2p XPS spectra for (a) virgin TiO, and N-doped TiO; with the dose values of (b) 1x10'°, (c) 1x10'7, and

(d) 1x10'8 jons/cm?.
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Fig. 4. (color online) N 1s spectra for N-doped TiO, samples with the

dose values of 1x10'° ions/cmz, 1x10'7 jons/cm? to 1x 10'8 jons/cm?.
Figure 4 shows N 1s spectra for N-doped TiO, with the
different doping doses. N-doped samples each show that two
peaks appear at 395 eV-396.2 eV and 399 eV-401 eV respec-
tively. It is known that N in TiO, has several states, such as
interstitial (396 eV-397 eV), TiN state (396 eV-397 eV), and
substitution Ti—-O-N (~ 400 eV). Therefore, the N ions exist

due to the formation of Ti—~O-N bond, interstitial occupation

or Ti—-N-N bond in doped single crystals.

To verify the scenario, positron annihilation spectroscopy
(PAS) measurements are performed to detect cation vacan-
cies. As is well known, PAS is very sensitive to nega-
tively charged and neutral vacancy-type defects and has been
proved to be a powerful tool to investigate vacancy defects in
semiconductors. ' With the help of PAS, the vacancy defects
can be identified and their concentrations are determined. Fig-
ure 5(a) shows the plots of the S parameter versus positron im-
plantation energy for virgin TiO, and N-doped TiO; with the
dose values of 1x1010, 1><1017, and 1x10'8 jons/cm?. Fig-
ure 5(b) shows the plots of the S value versus W value for two
types of samples. It can be seen that the S and W values lie
on a straight line for virgin TiO; single crystal, which means
a single annihilation mechanism. But for N-doped samples,
two kinds of annihilation mechanisms can be found, and one
of them at (0.0876, 0.4125) is believed to be induced by N im-
plantation. As is well known, Vri-related defects are the main
defect trapping positrons inside the TiO; crystals. By combin-
ing XPS measurement, the other annihilation mechanism may
be V1i—Np complexes. Based on change of the S shown in
Fig. 5(a), the plots can be divided into three parts. In part I
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in an energy range from O to 2.5 keV, the S decreases sharply
with the increase of energy, which is due to the positron anni-
hilations and formation of positronium atoms at the surface of
the samples.[!°! The plots in part IT in an energy range between
2.5 keV and 12 keV can be regarded as the characteristics of
virgin and doped samples. In part II, the S parameter of N-
doped TiO; crystal shows a distinct increase in comparison
with that of virgin crystal, implying that the number of defects
(Vr; and V1—-Np) increases with the increase of N doping
concentration, and it reaches a maximum for the 1E18 sam-
ple. While in part III in an energy range of 12 keV-20 keV,
positrons annihilate mainly in the substrate, leading to over-

lapping of the plots.
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Fig. 5. (color online) (a) Variations of S values with incident positron
energy (a) and with W value (b) for the samples: virgin TiO, and N-
doped TiO, with the dose values of 1 x 10'° jons/cm?, 1x 10'7 ions/cm?
to 1x10'8 jons/cm? respectively.

Recently, the theoretical reports suggested that the ferro-
magnetism originates from the substitution of O with N. It is
possible to activate ferromagnetism coupling between adjacent
N dopants. Examination of spin density distribution and DOS

spectra reveals that the p—p interaction between N and O is the

origin of ferromagnetism coupling in this system. The hole-
mediated double-exchange mechanism plays a major role in
forming the ferromagnetism for N-doped TiO; system.!'!) Our
experimental measurements show that in the N-doped samples
there exist mainly Vo, Vi, No, and V1;—Ngo defects. In the
present work, the saturation magnetization of N-doped TiO,
single crystals increases initially and then decreases as N con-
centration increases in the 1x10'® ions/cm? dose. It can be
explained as follows: when N doping concentration is low, a
small number of V; and Ng defects are induced in sample
1E16, leading to weak saturation magnetization. When fur-
ther increasing N concentration, more V; and N defects are
generated in sample 1E17. However, for sample 1E18, ex-
cess N ions could fill oxygen vacancies due to the formation
of V1;—Np complexes which make the saturation magnetiza-
tion decrease. Moreover, the loops are weakly dependent on
doping dose, indicated by SQUID measurement. Combining
with XPS and PAS, it may clarify that the substitution of O
can provide more favorable conditions for the onset of ferro-
magnetic ordering, " and the titanium vacancies can enhance
the RTFM. Further, due to localized defect clusters, the RTFM

may have localization.

4. Conclusion

Summarizing our results, we conclude the following. (i)
A V1i—No complex is generated due to ion irradiation. (ii) The
saturation magnetization of N-doped TiO; single crystals in-
creases with N doping dose increasing up to 1x10'¢ ions/cm?
and 1x10'7 ions/cm?, but decreases at 1x10'8 ions/cm? due
The RTFM is
attributed to Vp; and No defects in the rutile structure. The

to the formation of the V1;—Np complexes.

production of titanium vacancies can enhance the RTFM, and
substitution of O with N is the onset of ferromagnetism by

inducing relatively strong ferromagnetic ordering.
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