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In this article, we have investigated the effects of Li incorporation on the lattice defects and room-
temperature d0 ferromagnetic behaviour in ZnO nanocrystals by correlating X-ray photoelectron,
photoluminescence and positron annihilation spectroscopic study in details. It is found that at low doping
level (<7 at.%), Li1+ is an effective substituent of Zn site, but it prefers to occupy the interstitial positions
when Li-doping exceeds 7 at.% resulting in lattice expansion and increase of particle sizes. The pristine
ZnO nanocrystals exhibit ferromagnetic behaviour which is further enhanced significantly after few
percentage of Li-doping in ZnO. The magnitude of both saturation magnetizations (MS) as well as the
Curie temperature (TC) are found to increase considerably up to Li concentration of 10 at.% and then
started to decrease on further Li-doping. The gradual enhancement of Zn vacancy (VZn) defects in ZnO
nanocrystals due to Li substitution as confirmed from photoluminescence and positron annihilation
spectroscopy measurements might be responsible to induce paramagnetic moments within ZnO host.
The ferromagnetic exchange interaction between the localised moments of VZn defects can be mediated
though the holes arising due to Li-substitutional (LiZn) acceptor defects within ZnO. Hence, Li doping in
ZnO favours in stabilizing considerable VZn defects and thus helps to sustain long-range high-TC ferro-
magnetism in ZnO which can be a promising material in future spintronics.
1. Introduction

Study of defect-induced d0 magnetic properties in wide band
ZnO-based semiconductors has been recently drawn immense re-
search attention due to their potential applications in the future
spintronics devices [1]. Due to presence of various intrinsic struc-
tural defects, pure ZnO is often found to exhibit n-type conductiv-
ity and also exciting optical properties. Besides these, the
incorporation of ferromagnetic behaviour in nonmagnetic ZnO lat-
tice with doping or modifying crystal defects can provide a unique
opportunity to combine the various fields of physics like electron-
ics, optics and magnetics in a single platform which can be one of
the promising materials in spintronics and opto-spintronics. The
existence of room temperature ferromagnetism (RTFM) has been
observed previously in various pure and transition-metal doped
semiconducting oxides [2–6] and even also in some nonmagnetic
element doped oxide semiconductors [7–10] as well. In many
cases, naturally grown oxygen vacancy defects have been
associated as the origin of ferromagnetism in low-dimensional
ZnO [2–4]. However, the recent density functional theory (DFT)
based first-principles calculations have shown that the neutral
oxygen vacancy in ZnO is nonmagnetic, whereas the Zn vacancy
(VZn) is magnetic. The magnetic moment of VZn originates not from
the 3d orbitals of Zn but from the unpaired 2p electrons of nearest
O atom in the vicinity of VZn site [3,11,12]. Hence, it is very neces-
sary to investigate properly various crystal defects and their evolu-
tion in order to understand the origin of such unexpected
ferromagnetism in ZnO nanostructures or thin films.

Generally, ZnO nanostructures or thin films are found to be en-
riched with various types of intrinsic point defects or lattice imper-
fections. The most common lattice defects in pristine and doped
ZnO are found to be oxygen vacancies, zinc interstitials, zinc vacan-
cies, zinc antisites, oxygen interstitials, and oxygen antisites [13].
The formation and stabilization of these defects depends upon
the sample preparation conditions and also on the type of dopants
incorporated. In addition, the doping can also lead to the formation
of structural inhomogeneity within the host materials. It has
been found that some of intrinsic defects or structural imperfec-
tions can have significant role on the magnetic origin within ZnO
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nanostructures and thin films [3–12]. Earlier, in potassium (K)-
doped ZnO nanowires [10] and sodium (Na)-doped ZnO thin films
[14], the growth of considerable amount of VZn defects were found
due to the doping of these monovalent alkali-metal ions. In this
context, the process of positron annihilation in condensed matter
is a very useful subatomic process that can indirectly provide infor-
mation on the defect-related aspects in materials [15]. In nanoma-
terials, positron annihilation spectroscopy (PAS) has a further
advantage that a significant fraction of the positrons, after thermal-
ization of their kinetic energies, can diffuse out and get annihilated
on the surfaces of nanocrystals. Details are available on popular re-
view articles on this subject [16,17].

In this work, we have investigated the evolution of vacancy-
type defects due to doping of lithium (Li) ions in ZnO nanoparticles
(NPs) using PAS and attempted to find out the possible correlation
between the magnetic, luminescence and structural properties and
the defects in Li-doped ZnO. All the Li-doped ZnO NPs here are
found to exhibit significant ferromagnetism having Curie tempera-
ture (TC) beyond the room temperature (300 K). It is found that the
doping of monovalent Li in ZnO lattice can significantly modify the
concentration of Zn vacancies and vacancy clusters from positron
lifetime measurements and coincidence Doppler broadening spec-
troscopy (CDBS) analysis. PL spectroscopic measurements have
also showed the evidence of considerable VZn defects in Li-doped
ZnO, which are found to have a direct influence on the magnetic
behaviour of ZnO.

2. Experimental details

Pure and Li-doped ZnO NPs are prepared by chemical co-precipitation method.
High purity (99.999%) chemical reagents such as zinc acetate (Zn(COOCH3)2�2H2O)
and lithium acetate (CH3COOLi) and sodium hydroxide (NaOH) are used for the syn-
thesis of Li-doped ZnO NPs. Two precursor solutions are prepared, one of
Zn(COOCH3)2�2H2O and CH3COOLi salts with appropriate Zn:Li ratio in mixture of
200 ml water and Triton X-100 (0.5 M) (hereafter called precursor A) and the other
of 0.05 M NaOH in 50 ml water (precursor B). Afterwards, precursor B was added
slowly drop by drop (using a sophisticated pressure equalizer) into the boiled pre-
cursor A heated at 80 �C under constant stirring. The resultant solution was then
heated constantly for 1 h at 80 �C until a precipitate was formed which was washed
repeatedly with water and ethanol and dried at 80 �C for 24 h. Finally, the as-pre-
pared samples were annealed at 500 �C in a tubular furnace under a continuous
flow of oxygen (O2). The crystal structure and morphology of the samples are iden-
tified using X-ray diffraction (XRD) with Cu Ka radiation (k = 1.541 Å), transmission
electron microscopy (TEM) and high resolution TEM (HRTEM). UV–Visible absorp-
tion spectroscopic measurements are conducted to estimate the effect of Li-doping
on the energy band-gap of ZnO. Magnetic measurements are performed using a
vibrating sample magnetometer (VSM) (Lake Shore Cryotronics) at room-tempera-
ture. Photoluminescence (Horiba Jobin Yvon, Fluorolog-3) spectroscopy is carried
out to identify various defect states within the ZnO band-gap due to Li-doping.

The direct evidence of vacancy-type defects are also obtained using positron
annihilation spectroscopy (PAS) which was performed by embedding a 22Na source
emitting positrons in the powdered sample taken in a glass tube. The tube was wide
enough to ensure that the source is covered from all sides by the powdered sample in
thickness sufficient to ensure that all the positrons were stopped within it. The glass
tube was further evacuated throughout the period of each experiment so that the
sample was dry and free of moisture. The air and gaseous impurities otherwise
got trapped in the sample are also removed by this exercise. The gamma rays emit-
ted from 22Na source simultaneously with the positrons and those emitted after the
annihilation of the latter in the sample material are recorded for positron lifetime
measurements using a gamma–gamma slow-fast coincidence spectrometer, which
has a time resolution (full width at half maximum) of 170 ps. Coincidence Doppler
broadening measurements were performed using two high pure germanium (HPGe)
detectors, which had energy resolutions 1.27 keV and 1.33 keV at 511 keV, i.e., the
energy of the annihilation gamma rays. Further details are given afterwards.

3. Results and discussion

3.1. Particle size, shape and crystal structure

In order to estimate particle shape, size and nature of crystal-
lites, TEM measurements are performed for pure and Li-doped
ZnO samples. Fig. 1 shows the representative TEM, HRTEM
micrographs and the selected area electron diffraction (SAED) pat-
terns for undoped and 7 at.% Li-doped ZnO NPs. It is quite evident
from the figure that the average size of the pure ZnO NPs lies in be-
tween 80–100 nm and they appear in nearly hexagonal shape. The
growth of such hexagonal shaped ZnO NPs possibly indicates the
existence of hexagonal wurtzite crystal structure of ZnO. However,
the particle sizes for the 7 at.% Li-doped ZnO (Fig. 1(c)) are found to
be �40–50 nm which are smaller compared to that of the undoped
ZnO. In fact it is observed that the particle size initially decreases
with the increase of Li-doping concentration up to 7 at.% and then
increases on further increase of Li-doping. The appearance of con-
centric rings in the SAED patterns indicates that all the samples are
polycrystalline in nature.

The samples also had been initially tested for their crystalline
structures and phases through X-ray diffraction and the XRD
patterns of the Li-doped ZnO samples are shown in Fig. 1(g).
The diffraction patterns for all the pure and Li-doped ZnO agreed
well with the standard hexagonal wurtzite crystal structure of
ZnO (JCPDS code No. 36-1451). Although the crystal structure
of ZnO remained unchanged after Li-doping, significant shifting
of the individual peak positions (2h) is observed. The inset of
Fig. 1(g) shows the direction of shifting of ZnO (100) diffraction
peak due to gradual increase of Li-doping. The peak initially
shifts towards higher 2h-direction up to 7 at.% of Li-doping and
then shifts in reverse direction which signifies the contraction
and expansion of the lattice due to Li-doping, respectively. Using
XRD, the values of lattice parameters of hexagonal ZnO unit cell
are estimated and their variations with Li-doping concentration
are plotted in Fig. 2(a). Both the lattice parameters a and c are
found to decrease initially up to the Li-doping concentration of
7 at.% and then started to increase on further Li-doping. The de-
crease of lattice parameter is due to the substitution of compar-
atively smaller size Li1+ ions (0.73 ÅA

0

) at the Zn2+ (0.76 ÅA
0

) site
within the ZnO matrix. However, when the Li concentration ex-
ceeds over 7 at.%, the Li ions begin to occupy the lattice intersti-
tial sites which might result in the expansion of ZnO unit cell.
The XRD patterns has also been used to estimate the average
crystallite sizes in the NPs via peak-width analysis using the
standard Scherrer equation [18]

dc ¼
Kk

b cos h
ð1Þ

where K = 0.89 is a constant, k = 1.541 Å is the wavelength of the Cu
Ka radiation used and b is the full width at half maximum of the
peak. The variation of the crystallite size with the increase of
Li-doping concentration is illustrated in Fig. 2(b), which reveals an
interesting fact that similar to the lattice parameters, the crystallite
size also decreased initially with Li-doping up to 7 at.% and then it
increases with additional Li-doping. (In these Fig. and those
given later, the solid lines are drawn to guide the eyes only.) The
range of particle sizes we obtained in the present samples
(dc = 30–40 nm) is a medium one, i.e., too large to observe quantum
confinement effects and too small to prevent positrons diffusing out
to the surfaces and getting annihilated there. The latter aspect is
discussed again afterwards.

3.2. Magnetic properties

Room and low temperature magnetic measurements of the Li-
doped ZnO NPs are measured with extreme care using a vibrating
sample magnetometer (VSM), especially to avoid any sort of sam-
ple contamination. Fig. 3(a) and (b) shows the field versus magne-
tization, M(H) curves for all the pure and Li-doped ZnO NPs
measured at 300 and 80 K, respectively. Pristine ZnO NPs prepared
under similar conditions are found to exhibit week ferromagnetic
behaviour which is found to enhance significantly after few



Fig. 1. TEM micrographs (a) and (d), HRTEM image (b) and (e), and selected area electron diffraction (SAED) pattern (c) and (f) for undoped ZnO and 7 at.% Li-doped ZnO NPs.
(g) X-ray diffraction patterns of the undoped and Li-doped ZnO NPs samples.

Fig. 2. The variation of (a) the lattice parameters a and c of hexagonal ZnO unit cell
and (b) the average crystallite sizes estimated from XRD with increasing Li
concentration.
percentage of Li-doping in ZnO. In fact, ferromagnetic signature of
the Li-doped ZnO is found to increase continuously from 0 to
10 at.% Li-doping however, further increase of Li-doping concentra-
tion leads to the reduction of RTFM. In order to assure the ferro-
magnetic behaviour of Li-doped ZnO NPs and to estimate the
Curie transition temperature (TC), temperature dependent magne-
tization, M(T) measurements are also conducted and shown in
Fig. 3(c). It is interesting to notice that the values of Curie temper-
ature (TC) as well as the saturation magnetization (MS) of the
Li-doped ZnO nanocrystal samples increase up to 10 at.% of Li-dop-
ing and then falls down on further doping. Thus, although the
elemental Li is known to be nonmagnetic, still the incorporation
of Li ions within ZnO lattice becomes quite effective to stabilize
RTFM in ZnO. In fact the nanoparticle samples with moderate
Li-doping (4–10 at.%) showed significant ferromagnetic behaviour
with TC well above the room temperature (300 K). Such type of
d0 FM in various wide band oxide nanostructures or thin films
had been also previously observed and the origin was attributed
to the various point defects such as oxygen vacancies [3–5], Zn
vacancies [7–10] within the host lattice. In addition, the presence
of grain boundaries and interfaces are also reported to have signif-
icant role on inducing FM in ZnO [19,20]. In a recent review on ZnO
nanograin films, Straumal et al. [19] showed the existence of a
threshold surface area (Sth) of grain boundary above which the film
is found to exhibit ferromagnetic behaviour. However, the thresh-
old surface area was found to depend largely on the specific dopant
[19,20] and thus can control the ferromagnetic properties in doped
ZnO. However, the exact origin of such RTFM in such wide band
oxides may depend on the particular material, dopant elements
as well as on the experimental or growth condition which need de-
tailed investigation. Hence, in order to investigate the presence of
other crystalline defects precisely within Li-doped ZnO NPs and to
correlate the ferromagnetic properties with the defects, XPS, PL
and PAS measurements are performed in details.
3.3. X-ray photoelectron spectroscopy (XPS) studies

Fig. 4(a) shows the typical XPS survey scan for 10 at.% Li-doped
ZnO using Mg Ka source. From the XPS scan, no impurity elements
except carbon (C) are detected in within the detection limit of XPS.
The C 1s peak at 284.6 eV is usually used as an internal reference in
the spectrum [21]. The C 1s peak may also be because of the carbon
tape used during the measurements. The representative high reso-
lution XPS spectrum of O 1s core level, shown in Fig. 4(b), can be
fitted with two Gaussian components situated at 530.9 and
532.1 eV, respectively. The peak with low binding energy
(530.9 eV) can be attributed to the formation of O–Zn bond, due
to presence of O2� ions on the wurtzite crystal structure of the hex-
agonal Zn2+ ion array [22,23]. On the other hand, the high energy
peak (532.3 eV) can be correlated to the oxygen deficient region
in the ZnO23 or the Zn–OH bond due to the formation of the



Fig. 3. Field dependent magnetization M(H) curves obtained at (a) 300 K (b) 80 K and (c) temperature dependent magnetization M(T) plots for pure and Li-doped ZnO NPs. (d)
Variation of saturation magnetization (MS) and Curie temperature (TC) with Li doping concentration (at.%).

Fig. 4. (a) Typical XPS survey scan for 10 at.% Li-doped ZnO samples, High resolution core level XPS spectrum of (b) O 1s, (b) Zn 2p and (c) Li 1s within 10 at.% Li-doped ZnO
lattice.



Zn(OH)2 phase in the ZnO matrix by the absorption of moisture
from atmosphere [24–26]. Fig. 4(c) shows the Zn 2p core level
XPS spectrum which exhibits a doublet located at 1022.8 and
1045.9 eV respectively, corresponding to the core lines of Zn 2p3/

2 and 2p1/2 states. The difference in the binding energies between
the two peaks (23.10 eV) is in good argument with the standard
reference value of ZnO [21]. Here, we did not observe any peak
due to metallic Zn which generally exhibits a peak at 1021.50 eV
[27]. The estimated values of the binding energies and the binding
energy difference of the Zn 2p spectrum clearly indicate that the Zn
is in the + 2 oxidation state [28]. The high-resolution Li 1s core le-
vel spectrum, shown in Fig. 4(d) can be fitted into two different
peaks situated at 53.1 and 55.4 eV, respectively. The peak with
higher binding energy located at 55.3 eV is attributed to Li–O bond
which confirms the substitution of monovalent Li ion at Zn site
(LiZn) [29,30]. However, the occurrence of comparatively low inten-
sity peak at 53.6 eV indicates the presence of small percentage of Li
interstitial (Lii) defects which arise due to the partial substitution
of Li at Zn site [30].
3.4. Photoluminescence properties

Fig. 5 shows the room-temperature photoluminescence (PL)
spectra of Li-doped ZnO NPs under an excitation wavelength (kex)
of 330 nm. The PL spectra of pure ZnO is found to exhibit strong
ultraviolet–visible (UV) emission (peak 1) at 383 nm along with
very weak defect band centered around 540 nm. With the incorpo-
ration of Li in ZnO, the UV emission is found to be suppressed sig-
nificantly due to the dominance of the defect-related band at
higher wavelength region. The UV emission (peak 1) in the pure
ZnO film can be assigned as the near band edge (NBE) emission
due to the free exciton (FX) recombination through an exciton–
exciton collision process [31]. However, the broad defect band
can be decomposed into two most significant emission peaks:
green emission (peak 2) at 540 nm and yellow-orange emission
(peak 3) around 590 nm. The origin of yellow-orange luminescence
is due to the stabilization of various Li-related defects such as deep
Li acceptors, Li-interstitial. [32,33]. The gradual enhancement of
yellow-orange emission intensity with the increase of Li concen-
tration indicates the successful doping of Li atom in ZnO host. Be-
sides the strong yellow-orange emission, Li-doped ZnO NPs are
also found to exhibit significant green emission (peak 2) centered
Fig. 5. Room-temperature PL spectra of pure and Li-doped ZnO NPs.
around 540 nm (i.e. at 2.3 eV) which is found to be enhanced grad-
ually due to the increase in Li-doping. However, the origin of the
green luminescence in ZnO thin films and nanostructures re-
mained quite controversial. Earlier, it was suggested that the oxy-
gen vacancy (VO) is responsible for such green emission in ZnO but,
several recent studies have shown that it is Zn vacancy (VZn) rather
than VO which is responsible for green luminescence observed in
the case of ZnO thin films and nanostructures [10,13,34–36]. VZn

defects are found to create deep acceptor band around 0.9 eV
above the valence band maximum (VBM) and the electronic tran-
sition from the conduction band minimum (CBM) to VZn acceptor
levels often leads to the emission of visible green luminescence
at 2.30–2.40 eV [13,35,36]. Therefore, the enhancement of green
luminescence after gradual Li-doping indicates the stabilization
of more and more VZn defects within the Li-doped ZnO NPs. The in-
crease of VZn concentration with increase of Li-doping in ZnO is also
confirmed from the positron annihilation spectroscopic measure-
ments which are discussed in the next section.

3.5. Positron annihilation spectroscopy (PAS) studies

3.5.1. Positron lifetime measurements
Peak-normalized positron lifetime spectra of two samples, i.e.,

the undoped ZnO and after doping with Li1+ to a concentration
16 at.%, are shown in Fig. 6. The nature of the spectra indicates an
enhancement in the positron lifetime in the doped sample, suggest-
ing the generation of more vacancies in the sample as a result of the
continued reduction of the positive ions. From the positron lifetime
spectra, we had resolved three lifetime components and their
respective relative intensities using the program PALSfit [37]. The
reason for choosing three lifetimes has not been arbitrary but based
on a judicial judgment on the different types of positron annihila-
tion sites that are probable in such nanocrystalline systems. Indeed
a satisfactory variance of fit m = v2/f within the limits of acceptabil-
ity (1.00 ± 0.19) also justified such a choice. (f is the degree of free-
dom [37].) A short lifetime less than the reported bulk lifetime in
ZnO due to free annihilation of positrons can occur and the average
of such lifetimes will be the shortest lifetime component in the
analysis. It is termed as s1. The longer components s2 and s3 can
arise from positron annihilation within the vacancy-type defects
in the crystallites and the formation and annihilation of orthoposi-
tronium atoms in the regions between the crystallites [38]. The lat-
ter are spin triplet bound states of positrons with electrons and
their lifetimes, i.e., the longest component s3 (�1–4 ns), is a result
of the very low electron density pervading in the intercrystallite re-
gion. Its intensity I3 however is very small, for example, less than
0.6% in the present case. Ignoring the presence of this component,
however, resulted in poor variance of fit (m > 2–3) and hence not
Fig. 6. Peak-normalized positron lifetime spectra of the undoped and the highest
doped ([Li1+] = 16%) samples.



accepted as an alternative route. Further discussion is no more
made about this component.

Positron lifetime in pure ZnO (sb) has been reported as any va-
lue from 151 ps to 177 ps by several authors [39]. The value we ob-
tained in a previous experiment was 179 ps [39]. Normally, in the
presence of just one type of defects, s1 will be less than sb. This fol-
lows from the two-state trapping model [40,41]. When the posi-
trons get trapped in defects, they will have a further lifetime of
s2. The survival time in the pre-trapped state is called the Bloch
state residence time because the positron during this time interval
will be diffusing through the interstitial position under the influ-
ence of the periodic potential (called Bloch potential). The maxi-
mum delocalized (free) positron lifetime is sb, i.e., if the positron
is not trapped in the defect during this time, it will be annihilated
from the bulk with the lifetime sb. Hence the average of the Bloch
state residence time and s1 will be always less than sb. The situa-
tion can change if there are two or more types of defects in the
sample and, in such cases, s1 can be greater than sb. This is not
the present case. It is found that s1 is less than sb for all the sam-
ples. This means there is only one predominant type of positron
trapping sites and the surfaces of nanocrystallites are the likely
attributions. Since the nanocrystallites of all the samples used here
are of sizes less than the thermal diffusion length of positrons
(�52 nm for ZnO [42,43]), they can thermally diffuse onto the grain
surfaces and get annihilated there. The large magnitudes of s2 are
proof to this. However, the positron lifetime on the grain surfaces
should have been a saturation lifetime and should not have shown
any variation with the doping by Li1+ ions. As illustrated in Fig. 7,
all the positron annihilation parameters exhibit two opposite
trends. Up to x = 7 at.%, all the positron lifetimes decrease and then
at higher values of x, they increase. This means, s2 also contains a
contribution from the electron density within the particles. Va-
cancy clusters are possible within the particles and they arise from
the non-stoichiometry of the semiconductor material. Hence s2 is
treated here as an average of the positron lifetimes within the va-
cancy clusters and the crystallite surfaces, whose numerical values
are close to one another.

The variations of the positron lifetimes and intensities with
increasing Li concentration as shown in Fig. 7, can result from
two opposite effects. In the initial stages of doping, vacancy
Fig. 7. (a) The positron lifetimes and (b) the relative intensities of the two longer life
clusters of the type VZn+O+Zn are partially filled by Li1+ ions, reduc-
ing them to lithium–vacancy complexes and this will cause the
positron lifetime s2 to fall as the effective size of the vacancy clus-
ter is decreased. At the same time, there are also substitution ef-
fects in which Zn2+ ions will be replaced by Li1+ ions. The
reduction will introduce fresh oxygen vacancies in the samples.
Since oxygen vacancies are positively charged, positrons cannot
get trapped into them directly but their agglomeration with the
existing mono-vacancies of Zn2+ will result into neutral divacan-
cies of the form VZn+O. Positrons get trapped in them and the effect
is reflected as a sharp increase in the intensity I2. Above x = 7 at.%,
however, the doped Li1+ ions with a unit positive charge start occu-
pying the interstitial sites and this abruptly block the free diffusion
of the positrons. Positron trapping in defects is therefore immen-
sely reduced as indicated by a drastic fall in I2 and the principal
contribution to the lifetime s2 at this stage comes from those get-
ting annihilated at the crystallite surfaces. Although the longest
lifetime component s3 and its intensity I3 also show systematic
variations with the doping concentrations, as already stated before,
much significance is not attributed as the concerned intensity I3 is
really small (<0.6%).

3.5.2. CDBS measurements
The CDBS measurements are carried out first by recording the

spectra of energies of annihilation gamma rays going in the oppo-
site directions using high pure germanium detectors and then gen-
erating a two-parameter spectrum with the sum and difference of
the energies in the x- and y-axes and the time correlated events in
the z-axis [44,45]. The distribution of events parallel to the y-axis
in the sum interval 1022 ± 2.4 keV is a Doppler broadened positron
annihilation gamma ray spectrum free of the detector resolution
function and nuclear background effects. It is therefore a true
reflection of the electron momentum distribution in the material
under study. The changes in electron momentum distribution are
however too small to differentiate. Hence, in order to magnify
the very small differences, the spectra so obtained are generally
divided by an identical spectrum obtained for a pure defect-
free reference sample. In this case, we had used single crystalline
Al sample as the reference. It had purity better than 99.999%
and was annealed at 600 �C for 2 h in vacuum before the
times versus the concentration of Li doping in the ZnO nanocrystalline samples.



Fig. 8. The quotient spectra obtained from the CDBS data of the different samples
with respect to single crystalline Al reference samples.
measurements. It gave a single-component positron lifetime spec-
trum with a value 165 ps, close to 162 ps reported for Al in litera-
ture. The spectra so obtained are called quotient spectra or ratio
curves. These are shown in Fig. 8. All the curves exhibit two
Fig. 9. (a) The longitudinal electron momentum pL corresponding to the secondary peak
samples. (c) A plot depicting the smooth variation of the amplitude of the secondary pe
distinct peaks, the one at the longitudinal electron momentum
pL = 9.39 � 10�3 m0c is due to elemental oxygen environment sur-
rounding the cationic vacancies where positrons get strongly
trapped. A less prominent peak at pL = (29 – 33) � 10�3 m0c needs
special mention as it shows consistency with the increasing anni-
hilation of positrons with the electrons of Li1+.

To examine the spectra better, the value of pL and the peak
amplitude for the different samples are illustrated in Fig. 9(a)
and (b). With the increase of Li1+ ion concentration, the peak gets
shifted towards higher electron momenta and the amplitudes of
the peaks too increase. The latter is understandable as due to
increasing number of Li1+ ions whereas a definite shift of the peak
towards higher electron momenta points towards excess Li1+ ions
segregating over defects and surfaces and positrons getting
increasing proximity to interact and get annihilated with the elec-
trons. An interesting observation is the smooth variation of the two
quantities as shown in Fig. 9(c), thereby emphasizing the increas-
ing substitution of Zn2+ ions by the Li1+ ions. It suggests that Li is a
very appropriate cation to modify the properties of ZnO nanocrys-
tals to an appreciable extent.

Before concluding, a look at the variation of the two lineshape
parameters S and W helps to understand the evolution of defects
and (b) the peak amplitude in the CDB spectra of the Li-doped ZnO nanocrystalline
ak of the CDB spectra with the corresponding longitudinal electron momentum pL.



during the doping process. These parameters have been derived
from the projected one-dimensional spectra described above,
according to the relations

S ¼
P2

i¼�2NiðDEÞ
P50

i¼�50NiðDEÞ
ð1ðaÞÞ

and

W ¼
P�4

i¼�12NiðDEÞ þ
P12

i¼4NiðDEÞ
P50

i¼�50NiðDEÞ
ð1ðbÞÞ

Here in these equations, i = 0 corresponds to E1 � E2 = 2DE = 0
and each channel was calibrated for 400 eV. The calculated S and
W parameters are plotted against the Li1+ doping concentration
and shown in Fig. 10(a) and (b). The figure depicts a continuously
rising S parameter with increasing doping concentration while the
W parameter shows a continuous decrease. Consequently the S–W
plot which is used to illustrate the defect evolution process is a fall-
ing straight line (Fig. 10(c)). The S and W parameters basically rep-
resent the fractions of low and high momentum electrons
annihilated by the positrons. The relative values of these fractions
are characteristics of the defects and their change can throw some
light on the major defect evolution process. The straight line
behaviour of the parameters, as shown in Fig. 10(c), confirms the
existence of vacancy clusters [46] that have still not undergone
Fig. 10. The lineshape parameters (a) S and (b) W versus Li doping concentration. (c)
any structural changes or annealing during the range of doping
used and can still play a significant role in deciding the related
properties of the material One difference is, however, very much
visible. In the positron lifetime results, there was a clear reversal
of variation across x = 7 at.%. In CDBS, such a demarcation is not
to be seen and the variation is continuous. This is to be understood
from additional investigations using other experimental tech-
niques that can support the findings from positron annihilation
measurements.

The S-parameter generally represents the positron annihilation
with the low momentum electrons i.e. in vacancy sites or voids
within the sample. Here, in Li-doped ZnO, the gradual increase of
S-parameter in Fig. 10(a) indicates the increase of Zn vacancy
(VZn) or vacancy cluster concentration due to Li-doping. Earlier,
PL spectra also showed the evidence of enhancement of VZn con-
centration due to Li-doping in ZnO. The study of Wang et al. [12]
and also other recent studies [10–13] have shown that the pres-
ence of VZn leads to the spin polarization of oxygen 2p orbital
which can be a dominant source of localized magnetic moment.
Besides VZn, the Li substitutional (LiZn) defects can also induce
localized magnetic moment which may also contribute to the over-
all magnetic moment [10,47]. The concentration of VZn increases
due to gradual Li-doping in ZnO NPs and when the vacancy
concentration exceeds the percolation threshold, long-range
ferromagnetic exchange interaction between the localised
The plot of S-parameter versus W-parameter in the Li-doped ZnO NPs samples.



moments of magnetic defects can be mediated by the hole arising
due to the presence of LiZn acceptors [10–13]. The strength of fer-
romagnetic interaction not only depends on the defect concentra-
tion but also on the effective hole concentration that exists in the
system. In a proposed model, Bouzerar and Ziman [47] have shown
the dependency of vacancy-induced local magnetic moment and
magnetic coupling required by long-range ordering described via
a single correlated band of oxygen orbitals with additional random
potentials. This type of potential arises due to the substitutional
defects and density of vacancies present in the matrix. For small
potential antiferromagnetic nearest neighbour coupling exists. As
the potential increases, ferromagnetic coupling begins to dominate
but with further increase of potential or substitutional defect
concentration, coupling becomes antiferromagnetic again. They
predicted that a well defined region of potential, defect concentra-
tion, as well as carrier density exists where the ferromagnetism
with high temperature is possible with few percentages of
vacancies or substitutional defects like Li, Na, and K. Beyond the
optimum window of defect concentration, magnetic moment as
well as Tc vanishes as the magnetic couplings are destroyed by
Rudermann–Kittel–Kaysa–Yashida type oscillations or antiferro-
magnetic superexchange interaction.

In present study, initially the Li1+ ions prefers to substitute at
Zn2+ site till x = 7 at.% and then it starts to occupy the lattice inter-
stitial site on higher doping concentration. Contrary to LiZn accep-
tors, Li interstitials (Lii) are donor-type defects which reduce the
effective hole concentration arising due to LiZn [48] by recombina-
tion process. Therefore, for dilute doping level, it is expected that
the hole concentration in Li-doped ZnO should increase gradually
with increase of Li-doping and, after a certain doping level when
Li interstitial (Lii) defect concentration starts increasing, the hole
concentration will fall down due to compensation effect. As the fer-
romagnetic interaction between VZn defects is mainly mediated by
the holes, both the saturation magnetization and TC are found to
decrease (Fig. 3d) when Li-doping concentration exceeds beyond
10 at.%, due to gradual reduction of hole concentration in Li-doped
ZnO matrix. Therefore the stabilization of VZn defects or defect
clusters due to Li-doping, as confirmed from PL as well as PAS mea-
surements is responsible for the observed RTFM in Li-doped ZnO
nanocrystals. Besides introducing significant magnetic moment,
the substitution of such monovalent Li in ZnO also makes the Curie
temperature (TC) quite high which fulfills the primary requirement
for RT spintronic application. Hence, the proper control and engi-
neering of such defects within low-dimensional ZnO can produce
enough opportunity to modify the materials properties and also
to make them suitable for various multifunctional applications.
Thus the stabilization of such vacancy-induced high-TC ferromag-
netism in luminescent oxide semiconductors can be an effective
alternative approach to prepare ZnO-based magnetic semiconduc-
tors for spintronic and opto-spintronic applications.
4. Conclusions

The effect of Li incorporation on crystal defects and defect-in-
duced RT ferromagnetic properties in ZnO nanocrystals has been
investigated in details by correlating XPS, PL and PAS study. It is
found that, at low doping level (<7 at.%), Li1+ is an effective substi-
tuent of Zn site and it prefers to occupy the interstitial positions
when Li-doping exceeds 7 at.% resulting in lattice expansion and
increase of particle sizes. Ferromagnetic signature in nanocrystal-
line ZnO is found to enhance initially with increase of Li-doping
concentration. Both the saturation magnetization (MS) and Curie
temperature (TC) are found to increase gradually up to 10 at.% Li-
doping and then started to fall on further increase of Li-doping
concentration. Photoluminescence spectroscopic measurements
showed the indication of Zn vacancy (VZn) defects within ZnO lat-
tice after Li-doping which was further confirmed by positron anni-
hilation study. The continuous increase of line shape S-parameter
with Li-doping concentration, obtained from coincidence doppler
broadening spectra (CDBS) indicated the enhancement of VZn de-
fects which are mainly responsible for stabilization of high-TC fer-
romagnetism in Li-doped ZnO nanoparticles. The vacancy type
defects, initially of the predominant configuration VZn+O+Zn got re-
duced to neutral ZnO divacancies due to the partial recombination
by the doped Li1+ ions but, when the doping concentration ex-
ceeded 7 at.% and Li1+ ions started migrating to the interstitials,
positron diffusion is partly impeded and this results in reduced
probability of annihilation. Hence, the control and manipulation
of such defects within ZnO matrix in proper way can produce huge
opportunity to modify the materials properties and make them
suitable for multifunctional applications. It is also quite interesting
to conclude that these defect-induced ferromagnetic oxide semi-
conductors can be used as the alternatives of transitional metal
(TM)-doped magnetic semiconductors as spintronic materials.
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