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ABSTRACT: The evolution of vacancy-type crystalline defects across the transition from
anatase to rutile structure of titanium dioxide (TiO2) nanoparticles during hightemperature annealing in oxygen and argon is studied by using positron lifetime and
coincidence Doppler broadening spectroscopic measurements. The TiO2 nanoparticles
were synthesized through a simple sol−gel chemical route. The changes in the crystalline
phase and lattice parameters of the nanoparticles upon thermal treatment were investigated
by X-ray diﬀraction and high-resolution transmission electron microscopy, and the results
were correlated with those of photoluminescence spectroscopy and positron annihilation
measurements. The structural defects, mostly 3D vacancy clusters, in the nanoparticles
were found to decrease in concentration during the annealing in O2 rather than in Ar at
elevated temperatures. In the case of annealing in Ar, the vacancy-type defects persisted
even at the highest annealing temperature of 900 °C used in the experiment and the
transition was, as a result, found to be delayed and partial. The annihilation of positrons at
the nanocrystalline grain interfaces also contributed to the long positron lifetime component, but variations due to annealing
were clearly visible as it also contained the contributions from annihilation within the vacancy clusters. The role of the vacancytype defects on the magnetic property of the TiO2 nanoparticles is also investigated.

■

INTRODUCTION
The wide band gap semiconductor titanium dioxide (TiO2),
especially in nanocrystalline form, has become one of the most
fascinating and versatile oxide materials in recent years because
of its exciting physical properties that make it suitable for
applications in electronics, opto-electronics, solar cells, electrochemical energy generation, gas sensors, photocatalysis, hydrogen production, and spintronics.1−3 TiO2 manifests mostly in
two diﬀerent phases known as anatase, where the lattice
constants a and c maintain the relation a < c and rutile in which
a > c. The corresponding band gap energies (Eg ∼3.2 eV
(anatase) and ∼3.0 eV (rutile)) further demonstrate that the
physical properties exhibited by the TiO2 nanostructures are
largely dependent on their crystalline phases. The anatase TiO2
nanostructures are found to have interesting photocatalytic
properties, whereas the rutile one has superior electronic and
optical functionality.4 This type of behavior of the TiO2
nanostructures depending on its crystalline structure might
also be dominantly inﬂuenced by the intrinsic crystalline defects
of the material.5 When the dimension of the semiconductor
materials is reduced to the nanometer length scale, the presence
of structural defects and their various aspects like size,
concentration, and charge states become very important
parameters capable of controlling the physical properties of

the nanostructures.6,7 Furthermore, the large interfacial areas of
the grains of nanostructures enriched with the free volume
defects have considerable inﬂuence in tailoring their properties
as well.7,8 Therefore, for a proper understanding of the physical
properties of semiconductor nanostructures, great eﬀorts have
been made to account for the presence of defects and defectsrelated disorders in their crystalline structure. In this context,
positron annihilation spectroscopy (PAS) is the most reliable
and powerful technique for probing the defects like vacancies
and interfaces in semiconductor nanostructures.9,10 There are
already reports on the success of this technique in the
characterization of vacancy-type defects in TiO2 by Kong et
al.11 and Jiang et al.12 The former work demonstrated an
enhancement in the photocatalytic eﬃciency in samples
synthesized at increasing temperatures and attributed the
same to a reduction of bulk defects and improved separation
of photogenerated electrons and holes. The latter report spoke
on the presence of small neutral Ti3+-oxygen vacancy associates
and large vacancy clusters in hydrogenated TiO2. Both of these
studies, however, limited the measurements either to relatively

Figure 1. XRD patterns of the TiO2 nanoparticles annealed in (a) O2 and (b) Ar atmosphere at diﬀerent temperatures. Panel c and its inset,
respectively, show the variation of the lattice volume and crystalline size of TiO2 nanoparticles with annealing temperature.

lower temperatures of synthesis or to exploring the eﬀects of
hydrogenation on electron−hole recombination and did not
utilize the potential of PAS for monitoring the defects-mediated
mechanism of the anatase-rutile transition. In this work, we
have investigated the presence and evolution of the vacancytype defects during the crystalline phase transition in TiO2
nanoparticles, synthesized by facile sol−gel route, by using PAS.
The positron annihilation characteristics in semiconductor
nanostructural materials, that is, the positron lifetimes and the
Doppler broadening in the line shape of the annihilation
gamma ray spectrum, are extremely sensitive to the presence of
vacancy-type defects as well as to their charge state, size, and
concentration. A series of PAS measurements are therefore
conducted in this work on TiO2 nanoparticles to examine the
role of crystalline defects on the structure and its transition
during high-temperature annealing up to 900 °C in either
oxygen (O2) or argon (Ar) atmosphere.

■

EXPERIMENTAL DETAILS
For the preparation of TiO2 nanoparticles with diﬀerent grain
sizes by the sol−gel chemical route, appropriate amounts of
titanium isopropoxide, Ti{OCH(CH3)2}4, and 2-propanol were
mixed and stirred for 20 min to make a homogeneous solution.
A few drops of water are then added as catalyst to accelerate the
reaction. The solution was left undisturbed overnight and then
centrifuged with water and ethanol repeatedly to remove the
unwanted impurity phases. The product was dried in an oven at
80 °C for 2 h. The as-prepared and dried TiO2 powder was
then divided into several parts, and each part was subsequently
annealed for 3 h at a temperature diﬀerent from others ranging
from 300 to 900 °C, one set in oxygen (O2) and another in
inert gas atmosphere (argon (Ar) in this case). The crystalline
phase and the particle sizes of the TiO2 nanoparticles were
determined by X-ray diﬀraction (XRD) (X’Pert Pro,
Panalytical) and transmission electron microscopy (TEM)
(FEI TECHANI G2 TF20ST). High-resolution TEM
(HRTEM) images were also used to detect the lattice fringes
and defects or imperfections present within the nanoparticles.
Photoluminescence (PL) spectroscopy (Horiba Jobin Yvon,
Fluorolog-3) was carried out to observe the defect-emissions
within the TiO2 band gap depending on the annealing
temperature and atmosphere. Room-temperature PL measurements were performed on the as-prepared and annealed
nanocrystalline TiO2 compact powder samples using a 450 W
Xe lamp with an excitation wavelength of 420 nm (blue light).

All of the measurements were conducted in the presence of air
at room temperature. Here the excitation wavelength was
carefully chosen to avoid any artifact eﬀect from the Xe lamp
(used as the excitation source) itself and also from the highly
scattering surface of the TiO2 nanoparticle samples. The
magnetic behavior of the TiO2 nanoparticles was studied using
a vibrating sample magnetometer (VSM, Lakeshore, model
7144) in the temperature range 80 to 300 K.
The formation and evolution of the structural defects with
the annealing temperature and atmosphere (O2 and Ar) were
monitored using positron lifetime and coincidence Doppler
broadening spectroscopic (CDBS) techniques. Positron
annihilation measurements were carried out by keeping the
sample and the source in vacuum to avoid interference from air
and absorbable gases. The source of positrons used was
radioactive 22Na (∼10 μCi in strength) deposited on a thin (∼2
mg cm−2) nickel foil, which was then folded and kept immersed
in the powdered sample. The sample with the source
embedded in its volume was kept under vacuum throughout
the experiment, and the sample covered the source from all
sides in thicknesses suﬃcient to ensure full capture and
annihilation of the positrons from the source within the sample
itself. The γ rays were detected using a slow-fast coincidence
spectrometer with time resolution 170 ps obtained as full width
at half-maximum of the 60Co γ-ray coincidence spectrum
recorded under the 22Na experimental settings. About 1.5
million counts were collected under each positron lifetime
spectrum, with a peak to background ratio better than 10 000:1.
For CDBS measurements, the annihilation γ rays were detected
using high pure germanium (HPGe) detectors of resolution
1.27 and 1.33 at 511 keV. About 7 to 8 million coincidence
events were then generated in a time-correlated two-parameter
spectrum with the sum and diﬀerence of the detected energies
in the coplanar axes.13,14 Additional details and especially of the
procedure of data analysis are given later.

■

RESULTS AND DISCUSSION
Morphology and Crystal Structure. Figure 1a,b shows
the XRD patterns of TiO2 annealed at diﬀerent temperatures
under O2 and Ar. The as-prepared TiO2 is found to exhibit the
anatase phase, but during the annealing the crystal structure
changed signiﬁcantly. The diﬀraction patterns revealed a partial
phase transition from anatase to rutile after the annealing at 700
°C in O2 and after the annealing at 900 °C when annealed in
Ar. The lattice parameters were estimated from the XRD data

Table 1. Lattice Parameters and Particle Sizes of the Samples Annealed at Various Temperatures in Oxygen and Argon
samples annealed in O2
lattice parameter

samples annealed in Ar

particle size (nm) obtained
from

lattice parameter

particle size (nm) obtained
from

temperature (°C)

a (Å)

c (Å)

XRD

TEM

a (Å)

c (Å)

XRD

TEM

as-prepared
300
500
700
900

3.7651
3.7682
3.7883
3.7685
4.5782

9.4364
9.4412
9.4989
9.4893
2.9523

5.3
5.5
9.2
21.5
25

5
8
18
34
42

3.7651
3.7538
3.7495
3.7608
4.6053

9.4364
9.4032
9.4174
9.4508
2.965

5.3
5.4
7.1
8
14.9

5
10
13
16
20

Figure 2. TEM micrographs of the TiO2 nanoparticles annealed at diﬀerent temperatures. Inset (i) shows the HRTEM images (white circles indicate
the lattice defects) and (ii) shows the corresponding selected area electron diﬀraction (SAED) patterns.

and are summarized in Table 1. The anatase as-prepared
sample had a = b = 3.7651 Å and c = 9.4364 Å. Figure 1c shows
the lattice volume (a2c) after the diﬀerent annealing treatments.
A sudden decrease in lattice volumes after 700 (in O2-annealed
samples) and 900 °C (in Ar-annealed samples) clearly indicates
the phase transition from anatase to rutile crystal of TiO2. The
broad nature of XRD peaks of the as-prepared samples
indicates the nanostructural morphology of TiO2 with
crystallite sizes ∼5 nm, as determined from the peak width
analysis. Furthermore, the crystallite sizes (inset of Figure 1c)
are found to increase with the increase in annealing
temperature, as indicated by the sharper diﬀraction peaks of
samples annealed at higher temperatures. The particle sizes are
found to increase more rapidly with annealing temperature in
the O2-annealed samples when compared with that in Arannealed samples. It is noticeable that in the case of the O2annealed samples the phase transition (anatase to rutile) occurs
at an earlier temperature (700 °C) than that at which the
transition took place in the Ar-annealed samples (900 °C). A
similar transition in TiO2 from the anatase to rutile structure
and accompanied simultaneously by a grain growth has been
previously reported by Kholmanov et al.15 and Zheng et al.,16
even when the annealing was carried out in air.

Figure 2 shows the TEM micrographs of diﬀerent TiO2
nanoparticles annealed in O2 and Ar atmospheres. The
presence of crystalline defects or lattice imperfections in the
sample annealed at 300 °C in O2 is conﬁrmed from the highresolution TEM (HRTEM) images (indicated with circle).
whereas the defects or imperfections are found to be annealed
out at higher temperatures. The selected area electron
diﬀraction (SAED) patterns (in the insets of Figure 2) show
that the samples annealed in O2 at 300 °C are polycrystalline in
nature, and they transform into single crystalline phase with
annealing at 900 °C. The picture is quite diﬀerent in the case of
the Ar-annealed samples where the lattice imperfections are still
present after annealing at 900 °C and the samples remain
polycrystalline. In the case of oxide semiconductors like TiO2,
oxygen vacancies are found to be very common, and they
usually agglomerate into clusters if the samples are synthesized
in nanostructural form.6,17,18 However, the high-temperature
annealing in the presence of excess oxygen may compensate its
deﬁciency at least partially and thus improves the crystallinity
by reducing the amount of defects.6 On annealing in oxygendeﬁcient environment like Ar, the defects (oxygen vacancies)
can remain within the samples with no compensation route
easily available and instead may agglomerate and grow in size.

Figure 3. Room-temperature PL emission spectra of the TiO2 nanoparticles annealed in (a) O2 and (b) Ar.

Photoluminescence Properties. PL spectroscopy is a
very useful tool to investigate the defect states in the oxide
semiconductor nanostructures.17−19 Room-temperature PL
measurements were performed on the as-prepared and
annealed nanocrystalline TiO2 compact powder samples using
a 450 W Xe lamp with an excitation wavelength of 420 nm. All
of the measurements were conducted in the presence of air at
room temperature. Figure 3a,b shows the PL emission spectra
of the annealed TiO2 nanoparticle samples in comparison with
those of the as-prepared TiO2 nanoparticles. All of the samples
are found to exhibit broad emission band in the visible green
wavelength region centered at 2.3 eV, whereas the intensity of
the green emission band is found to decrease consistently with
the increase in the annealing temperature. The TiO2 nanoparticles annealed at 900 °C in O2 and Ar exhibit weakest green
emission, and they provide a strong near IR PL emission
centered at 1.5 eV. The visible green emission of the
nanocrystalline anatase TiO2 and the near-IR emission of rutile
TiO2 have been studied extensively.20 Hence, the present PL
investigations clearly conﬁrm the phase transformation of the
TiO2 nanoparticles from anatase to rutile during annealing at
elevated temperature, as indicated by the previous XRD studies.
However, the presence of various types of crystalline defects in
TiO2 nanostructures is attributed to the PL emissions at
diﬀerent wavelength regions. The intense visible green emission
from the anatase TiO2 nanoparticles can be assigned to the
diﬀerent types of oxygen vacancy defects, which lie deep within
the band gap of TiO2.21 The oxygen vacancy defects of the
anatase TiO2 nanoparticles are found to be annealed out during
the annealing at higher temperatures because of the crystalline
phase transformation. The near-IR PL emission of the rutile
TiO2 nanoparticles is believed to be originated because of the
other intrinsic crystalline defects or even radiative recombination of the electrons of the conduction band with holes trapped
at oxygen atoms on (100) and (110) surfaces of TiO2
nanoparticles.21,22 However, this study demonstrates the role
of the intrinsic defects of TiO2 nanoparticles on their PL
properties.
Positron Annihilation Studies. The information obtained
from XRD, TEM and PL spectroscopy studies about the phase
transition and the evolution of the crystalline defects grown in
the TiO2 nanoparticles have been further supported by the
results of PAS. A few typical positron lifetime spectra, peaknormalized to depict the diﬀerences, are given in Figure 4. The
spectra were analyzed using the computer program PALSﬁt,23

Figure 4. Peak-normalized positron lifetime spectra of the as-prepared
and 900 °C-annealed samples.

and three positron lifetimes were resolved from each,
irrespective of the temperature and environment of heat
treatment. They are named as τ1, τ2, and τ3 in the ascending
orders of their magnitude, and the respective relative intensities
are named as I1, I2, and I3 irrespective of their magnitudes. The
results are shown in Figure 5. Normally in solids with a single
dominant type of defects positrons have a lifetime conspicuously less than the bulk lifetime, in accordance with the
two state trapping model24
1
1
=
+ κd
τ1
τb
(1)
where κd is the ﬁnite trapping rate of positrons in the defects.
The positron lifetime τb in defect-free TiO2 has been reported
by several authors as ∼178 ps.25,26 We too obtained a lifetime
τ1 = 181 ps close to this value in the as-prepared sample, but
this could be a mere coincidence, especially because τ2 and I2
are fairly large and eq 1 should then imply a much lower value
for the shortest lifetime τ1. This indicates that the two-state
trapping model represented by the above equation is
inadequate in this case.
This is further conﬁrmed by the signiﬁcant observation in all
of the other samples, that is, those that are heat-treated, for
which τ1 > τb. In other words, apart from the defects that give
the other longer lifetime τ2, positron lifetime in defects of a
smaller size and concentration get admixed with τb to give the

Figure 5. Positron lifetimes τ1, τ2, and τ3 and the intensities I2 and I3 versus the annealing (●: in oxygen; ○: in argon) temperature of TiO2
nanoparticles.

Table 2. Positron Lifetimes and Intensities in As-Prepared TiO2 When the Experiments Were Conducted with the Sample in Air
and Then in Vacuum
environment

τ1 (ps)

I1 (%)

τ2 (ps)

I2 (%)

τ3 (ps)

I3 (%)

air
vacuum

178 ± 2
180 ± 3

58.6 ± 1.3
55.5 ± 1.3

364 ± 4
349 ± 4

41.2 ± 1.3
44.3 ± 1.8

6320 ± 912
3357 ± 502

0.2 ± 0.02
0.2 ± 0.02

observed τ1, and these lower order defects too play a pivotal
role in the annealing behavior of TiO2. These defects can be
those that could arise from nonstoichiometric composition of
the crystal structure and can be identiﬁed mostly as the Ti
monovacancies, which are negatively charged.16 Indeed there
are larger vacancy-type defects in the form of clusters that serve
as the major positron trapping sites and give positrons an
extended lifetime τ2. The magnitudes of τ2 are such that the
defects can be conceived as composed of ﬁve to six
monovacancies each in bulk solids. However, considering the
fact that the samples are nanocrystalline in all stages, including
that after the annealing at the highest temperature of 900 °C,
and that a signiﬁcant fraction of positrons indeed can diﬀuse
out to the grain surfaces, τ2 should be treated as an admixture of
the lifetimes of positrons annihilating within slightly smaller
vacancy clusters inside the crystallites and at crystallite surfaces.
This appears to be true because the thermal diﬀusion length of
positrons in TiO2 is 45 nm27 and is larger than the particle sizes
in our samples (Table 1).
τ2 could not be exclusively attributed to positron annihilation
on the surfaces because it shows deﬁnite variation in its values
after the samples were subjected to heat treatments at diﬀerent
temperatures and with diﬀerent gaseous environments. Moreover, had τ1 and τ2 in the as-prepared sample been attributed
exclusively to positron annihilation in the bulk and the surfaces
alone, it would be physically untenable to talk about vacancy
clusters in the subsequently annealed samples. The variation of
the positron annihilation parameters with the annealing
temperature clearly depicts the role of vacancy clusters, as
will be discussed below.

The above argument has been further veriﬁed by measuring
the positron lifetimes in the as-prepared samples in both air and
vacuum. The results are summarized in Table 2. τ1 is unaﬀected
by the atmospheric conditions, suggesting that the origin of this
component is within the grains. τ2 decreases with improvement
of vacuum and is contrary to normal observations where the
presence of air molecules would fasten the annihilation of
positrons at the grain surfaces. The orthopositronium pick-oﬀ
lifetime τ3 also decreases. Both of these can be attributed to
better compaction of the sample due to evacuation whereby the
grains move closer and the width of the intercrystalline regions
become smaller.
The results indicated in Figure 5 further highlight another
important aspect of the TiO2 structure. It is noteworthy that,
except I2, all of the other positron lifetime parameters show
similar qualitative changes with annealing temperature,
irrespective of the annealing conditions. Before focusing on
this change, it should also be pointed out that the magnitudes
of τ1 and τ2 after annealing the samples at all temperatures are
smaller when annealed in argon than when the annealing is
done in oxygen. The presence of an oxygen atmosphere helps
in the annulment of some of the defects, and that would explain
the decreasing tendency of I2 in the O2-annealed samples. An
argon atmosphere renders the defects less mobile, and the
vacancy agglomeration is slowed down. τ3 is larger in the argonannealed sample, although the diﬀerence with the values in
oxygen-annealed sample is not appreciable.
Barring the initial measurement to compare the eﬀects of the
sample environment, all other measurements, including the one
on the as-prepared sample, were done with the sample and
source in vacuum. In both of the cases of annealing in either O2

or Ar, the positron lifetime in monovacancies gets attached to
the bulk lifetime and τ1 gets enhanced.16,25 The trend, however,
got reversed after 300 °C, which indicated that monovacancies
start disappearing above this temperature, but τ2 shows a
simultaneous increase in this stage, and it can be suggested that
the monovacancies are migrating and agglomerating with the
existing vacancy clusters. This results in an increase in size of
the latter, and the increase in τ2 supports this argument. There
is a notable diﬀerence between the values of τ1 after the
annealing at 900 °C in the two sets of samples, which will be
explained later.
Zheng et al.16 had recently reported that a transition from the
anatase phase to the rutile phase of TiO2 gives rise to a more
conspicuous and sharper reduction of positron lifetime and
further emphasized that the defects represented by the diﬀerent
positron lifetimes annealed out as a result of this transition. The
observations in the present work are in agreement with these
reported results but at the same time exhibit certain diﬀerences,
too. For example, unlike in the work reported by Zheng et al.,16
the change in positron lifetimes as a result of the annealing is
not very large. X-ray diﬀraction results also indicated only a
partial transition of the anatase phase to the rutile phase. While
the results of XRD showed the transition only after the
annealing at 700 °C in O2 and 900 °C in Ar, positron
annihilation parameters indicated the eﬀects of vacancy
agglomeration until 500 °C and the transition above it. This
indicates better sensitivity of the technique over the conventional ones to identify the structural variations and reﬂect them
in the form of distinct and measurable changes. A previous
example is that of nanocrystalline Fe2O3, in which the transition
from the γ phase (spinel) to α phase (orthorhombic) had been
identiﬁed from positron lifetimes at a earlier temperature and
grain size smaller than those at which the same change was
found to occur during XRD measurements.28
The free-volume defects in the samples do not necessarily
indicate any systematic variation, although their presence could
not be ignored or else the variance of ﬁt in the analysis shot up
to physically unacceptable values. Although the intensities are
small (<1.4%), the cavities that favor the formation and survival
of orthopositronium up to lifetimes as large as 2.4 to 4.8 ns
should have dimensions ranging from 3.2 to 4.6 Å, as estimated
using the Tao−Eldrup model.29,30 The fact that the variation of
τ3 does not necessarily follow the patterns of variation of the
other two lifetimes indicates that these cavities are lying outside
the grains, that is, within the intergranular regions, and the
positrons do not (and need not necessarily) reﬂect the changes
of phase transition that essentially aﬀect the material structure
within the grains only. Still, from the results of τ3 shown in
Figure 5, it can be concluded that the free-volume radii
ultimately after the highest temperature of annealing fall down
to 3.8 and 3.2 Å. This is consistent with the crystalline grain
growth shown in the inset of Figure 1c, whereby the
intergranular separation reduces and the positronium lifetimes
also follow the same behavior. At the highest annealing
temperatures 700 and 900 °C, the intensity I3 is less than 0.2%
and is too small to have any signiﬁcance in the rest of the
discussion.
The mean positron lifetimes, estimated from the individual
lifetimes and their intensities as
N

τm =

∑i = 1 τiIi
N

∑i = 1 Ii

(2)

where N stands for the number of lifetime components, are
shown in Figure 6. τm reﬂects the cumulative eﬀect of defect

Figure 6. Calculated mean positron lifetime (τm) in the TiO2
nanoparticles.

evolution and structural transition processes taking place in the
samples. Thus, the falling values after the annealing at 500 °C
indicate that the defect annealing precedes the structural
transition. This is in agreement with the arguments made by
other authors who had recently reported a transition in
TiO2.16,25
The only positron annihilation parameter that has shown a
notable diﬀerence between the samples annealed in O2 and
those annealed in Ar is the relative intensity I2, which continued
to fall at higher temperatures in the former and showed a small
increasing trend in the latter. This once again conﬁrms the
argument that the transition from the anatase phase to the
rutile phase in the O2-annealed sample is slightly advanced due
to the annealing of vacancies,. whereas the same is delayed in
the Ar-annealed samples due to the delay in the annealing of
vacancies. In fact, the reduction of the crystalline defects was
also seen in the HRTEM study of the samples annealed at 900
°C in O2. Until the highest annealing temperature of 900 °C,
no such drastic changes are observed in the Ar-annealed
samples. At the highest annealing temperature of 900 °C, I2 in
the O2-annealed sample is 25.8%, whereas that in the Arannealed sample is 41.5%. A more signiﬁcant observation is
about τ1, which is now less than τb, and this represents a
situation ideally describable by a two-state trapping model.30
This shows the near-complete annealing of vacancy clusters
from the grains, and I2 = 25.8% can be attributed to positron
annihilation at the grain surfaces. A similar situation is distinctly
absent in the Ar-annealed sample, where the vacancy clusters
are retained even against the annealing at 900 °C. The mean
positron lifetime τm(900 °C) < τm(as-prepared) in the O2annealed sample whereas τm(900 °C) > τm(as-prepared) in the
Ar-annealed sample. An indication of this diﬀerence is even
visible in the raw positron lifetime spectra shown in Figure 4.
Finally, in this part of the discussion, we shall present the
results of CDBS measurements that will highlight some of the
elemental aspects of positron trapping sites in solids. A timecorrelated two-parameter spectrum with the sum (E1 + E2) and
diﬀerence (E1 − E2) of the detected energies (E1 and E2) in the
coplanar axes and counts distributed accordingly served as the
resource to extract a background-free Doppler-shifted energy
distribution spectrum from the energy window 1022 ± 2.4 keV

as a 1D projection parallel to the (E1−E2) axis.13,14 The
spectrum so obtained is an exact distribution of the momentum
of electrons annihilated by the positrons, free of detector
resolution function and background eﬀects.13,14 The positive
energy-shifted parts of a few typical area-normalized spectra are
shown in Figure 7. To illustrate the diﬀerences more

Figure 7. Positive Doppler energy-shifted parts of area-normalized
gamma ray spectra of the as-prepared and 900 °C annealed samples.

prominently, it is customary to generate quotient spectra (or
ratio curves) by dividing the projected spectra of the samples

after area-normalization by an identical spectrum obtained for a
reference sample, high pure (99.999%) and well-annealed (at
600 °C for 2 h in vacuum p = 10−5 mbar) Al single crystals in
this case. The results are as shown in Figure 8a,b.
All of the curves exhibit a characteristic peak at around pL =
18.8 × 10−3 m0c that incidentally also coincides with that of
elemental Ti. This is unexpected because positrons cannot get
trapped into oxygen vacancies (VO) due to the Coulomb
repulsion, and hence seeing an environment of Ti is not directly
plausible, but positrons can also get trapped in divacancies
(VTi+O) or even in trivacancies (VTi+O+Ti). The original positron
lifetime τ2 was much larger than the monovacancy lifetime in
TiO2 notwithstanding the surface contribution to it, and the
CDBS results, which indicate suﬃcient proximity of positrons
to an environment surrounded by Ti electrons, further support
it.
It should be noted from Figure 8a,b that the peak position
does not change due to the annealing and thus the elemental
distributions around the positron trapping sites remain the
same. Nevertheless, considerable diﬀerences exist so far as the
peak amplitudes of these curves are concerned. To elucidate
this further, the peak amplitudes are plotted against the
annealing temperature in Figure 9,and a deﬁnite diﬀerence is
found to exist between samples annealed in O2 and Ar.
Although the ultimate result of annealing seems to be the
increasing proximity to the Ti atoms, the retention and possible
agglomeration of the defects is seen as a marked deviation in
the variation of the peak amplitude with temperature in the Arannealed samples. This is consistent with the variation of I2, as
previously explained.
The line-shape parameter S (Figure 10) also shows
diﬀerences in the variations with temperature. S denotes the
ratio of counts in selected number of channels around the peak
(511 ± 0.8 keV) of the projected 1D spectrum to the total
number of counts under it and thus represents the fraction of
positrons annihilating with low momentum electrons. Hence it

Figure 8. Ratio curves generated from the coincidence Doppler broadened spectra of the TiO2 nanoparticles annealed in (a) O2 and in (b) Ar. The
curves were generated with respect to the spectrum of annealed single-crystalline Al.

to the annealing of TiO2 nanoparticles is investigated using a
VSM. It is interesting that the as-prepared TiO2 nanoparticles
are found to exhibit weak ferromagnetism at 300 K as well as at
80 K, as shown in Figure 11, although bulk TiO2 is diamagnetic.

Figure 9. Amplitudes of the peaks of the ratio curves obtained from
the CDB spectra versus sample annealing temperatures.

Figure 11. Field-dependent magnetization, M(H), behavior in asprepared TiO2 nanoparticles at 300 and 80 K. The inset (i) shows the
M(H) curve near to the origin signifying the presence of small
coercivity, and inset (ii) shows the variation of saturation magnetization (MS) during annealing at diﬀerent temperatures in O2 and Ar.

Figure 10. S parameter versus annealing temperature curves for the
TiO2 annealed in O2 and Ar.

is sensitive to the vacancy-type defects in solids. While the
variations of positron lifetimes show similarities, the corresponding variations in the lineshapes show minor diﬀerences
but which nevertheless do not conﬂict with the discussion
already presented. In general, the S parameter gives information
about the size and concentrations of the structural defects like
cation vacancies. In the case of the O2-annealed samples, the
decreases in S parameter when annealed at higher temperature
(>700 °C) indicate the reduction of defect concentration,
which supports our previous results, but a marked diﬀerence in
the case of the Ar-annealed samples shows the retention of the
vacancies and increased positron trapping at the highest
annealing temperature and is consistent with the variation of
the intensity I2. To eﬀect complete annealing of vacancy-type
defects and a full transformation from the anatase to rutile
structure, it seems necessary to have a possible defectannulment route by either making good the loss of oxygen
ions or annealing the samples at still higher temperatures. The
latter is not attempted in these studies.
Magnetic Properties of TiO2 Nanoparticles. The
presence of vacancy-type defects such as oxygen vacancy or
cation vacancy can signiﬁcantly aﬀect the intrinsic magnetic
behavior of wide-band oxide semiconductors nanostructure.6,8,15,16,31 Therefore, the eﬀect of defect modiﬁcation on
the intrinsic room-temperature ferromagnetism (RTFM) due

From the inset (ii) of Figure 11, it can also be seen that the
saturation magnetization (MS) in as-prepared TiO2 nanoparticles increases initially after annealing at 300 °C and then
decreases gradually on further increase in annealing temperature for both O2- and Ar-annealed samples. From the PL
analysis, we have obtained evidence of the presence of a
signiﬁcant number of oxygen vacancy defects (VO) in the asprepared TiO2 nanoparticles. The VO is a positively charged
center, and it can trap an electron and thus can form a bound
state VO+. Recent studies8,15,16,32 have shown that such oxygen
vacancy with single electron trap (Vo+) can induce a local
magnetic moment (∼1 μB), and if the concentration of such
vacancies reaches above a threshold limit, ferromagnetic
exchange interaction between such VO+ defects can be stabilized
to mediate the RTFM. In addition, cation vacancy, such as the
Ti vacancy (VTi) here, can also induce a large magnetic
moment that generally arises from the 2p orbital electrons of
oxygen atom in the vicinity of VTi.7,19,33 However, it is quite
diﬃcult to create and stabilize a signiﬁcant amount of VTi due
to its high formation energy without any proper defectengineering.15,34 A small increase in the S parameter obtained
from CDBS measurements indicates that the concentration of
VTi or VTi clusters does not signiﬁcantly change due to the
annealing of TiO2 nanoparticles. Therefore, the origin of
RTFM in TiO2 nanoparticles can be attributed mainly to VO+
defects. Because of the annealing in the O2 atmosphere, the VO+
concentration gradually reduces, which results in a gradual
decrease in MS , and after annealing at 900 °C, the
ferromagnetism vanished completely. However, a comparatively
slow decrease in MS is observed for the samples annealed in Ar
due to the retention of VO+ vacancies or Ti vacancy in TiO2, as
evident from the CDBS results. Therefore, the correlation
between the defects and the corresponding ferromagnetic
behavior in TiO2 nanoparticles annealed at diﬀerent atmos-

pheres indicates that the presence of vacancy-type defects can
stabilize intrinsic ferromagnetism in oxides, which can be a new
approach for the application of oxide-based magnetic semiconductors in spintronics and optospintronics.

■

SUMMARY AND CONCLUSIONS
The annealing behavior of the vacancy-type defects associated
with TiO2 nanoparticles synthesized by a simple sol−gel
method is investigated by correlating the results of TEM, XRD,
and PL spectroscopy with those derived from detailed positron
annihilation studies. Consistent with the previous results
reported by other authors about the anatase to rutile phase
transition stated to occur at 500 °C when annealed in air, we
also observed the same phenomenon but substantially delayed
to 700 °C when annealed in O2 and to 900 °C when annealed
in an inert gas atmosphere (Ar). The as-prepared sample itself
indicated the presence of vacancy clusters as predominant
positron trapping defects besides the grain surfaces. The latter
is a result of the nanocrystalline dimensions, a reason that
accounts for a fraction of the positrons diﬀusing and
annihilating at the surfaces/interfaces. During the initial stage
of annealing, positron lifetime in monovacancies was admixed
with the bulk component, but these smaller order defects soon
agglomerated with the existing vacancy clusters and increased
the size of the latter. The defect speciﬁc positron lifetime
indicated large vacancy clusters existing within the grains.
Positronium formation is detected in the intercrystalline
cavities, although in very minute percentage. Transition from
the anatase phase to the rutile phase was not as conspicuous as
in reported results of annealing in air. In both of the cases of
annealing in O2 and Ar, the transition got delayed due to the
delay in the annealing of defects. In the case of annealing in Ar,
the defects are retained, and it may require higher temperatures
to anneal them out and eﬀect complete transition from anatase
to rutile structure. The observed modiﬁcation of intrinsic
defects and corresponding ferromagnetic behavior in TiO2
nanoparticles annealed at diﬀerent atmospheres shows that
RTFM in TiO2 can be stabilized through proper defect
engineering.
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