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ABSTRACT

Nanocrystalline Mn doped Zn;_xMn,O (x=0.02, 0.05, 0.07, 0.10) dilute magnetic semiconductors (DMSs)
have been synthesized by mechanical alloying the stoichiometric mixtures of ZnO and MnO powders for
different durations in a high energy planetary ball mill at room temperature under air medium. In the
course of milling, the peak broadening of ZnO reflections increases continuously and MnO reflections
disappear completely after 2 h of milling. Microstructure characterization of ball milled samples employ-
ing the Rietveld structure refinement using X-ray diffraction data reveals that the Zn?* ions are replaced
by Mn?* ions and lattice parameters of ZnO matrix increase slowly due to this substitution. Particle size
of these DMS decreases continuously with increasing Mn concentrations. XPS measurement indicates
that the doped Mn ions possess both Mn?* and Mn** valance states. Magnetic characterization of DMS
samples shows room temperature ferromagnetism (RTF), which confirms the inclusion of Mn?* in ZnO
lattice and the RTF can be explained in the light of RKKY exchange interaction. Optical characterization
of these DMS by UV-vis spectroscopy clearly reveals a red-shift and consequently the optical band-gap

decreases with increasing Mn concentrations.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The dilute magnetic semiconductors (DMS) offer the advantages
of semiconductors combined with properties of magnetic materi-
als. The ZnO based DMS systems have some unique characteristics
like large band gap (~3.37 eV), large exciton binding energy at room
temperature (~60 meV), high optical gain (300cm~1), very short
luminescence life time [1] which are required for various optoelec-
tronic [2] and magneto-optical [3] devices.

The manufacturability of these materials depends on thermal
equilibrium solubility of the dopant in the base material. The II-VI,
III-V group elements are the most studied materials. Enormous
application of spintronic devices such as spin-valve transistor, spin-
light emitting diodes, non-volatile memory, optical isolator and
ultra fast optical switches inspired widespread research work to
synthesize the DMS with II-VI and III-V semiconductors [1-16].
Among these materials, Mn doped II-VI and IlI-V semiconduc-
tors have been well studied, particularly the Mn doped GaAs [4,5].
However, the Curie temperatures (T¢) of these materials have been
limited to 140 K which is very low for practical device applications
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[17]. The maximum ferromagnetic Curie temperature (T¢) reported
for this system is ~172 K which is much lower than room temper-
ature [18]. Dietl et al. [19] predicted that magnetically doped wide
band-gap p-type semiconductors particularly ZnO and GaN can
achieve Curie temperature well above the room temperature. This
fact has motivated researchers to study the properties of transi-
tional metal doped semiconductors. Milivojevic et al. [13] prepared
ferromagnetic polycrystalline Zn;_yMnxO samples at room tem-
perature by solid state sintering route. Jayakumar et al. [ 7] reported
the room temperature ferromagnetism in polycrystalline Mn doped
ZnO synthesized by low temperature solid state reaction of MnO,
and ZnO. But in none of the previous cases, MnO has been con-
sidered as the dopant to ZnO, though it would be a better way of
substitution of ZnZ* by Mn?2* as both of the ions have same valence
state and also very close ionic radii.

In the present work, Mn-doped ZnO nanocrystalline DMS pow-
ders have been synthesized for the first time by mechanical alloying
the ZnO and MnO powders within 2 h of milling duration and sin-
cere efforts have been made for microstructure characterization,
magnetic and optical property measurements using X-ray powder
diffraction (XRD), high resolution transmission electron micro-
scope (HRTEM), X-ray photoluminescence spectroscopy (XPS),
superconducting quantum interface device (SQUID) and UV-vis
spectrometer. Structural and microstructure characterizations are
made by analyzing the XRD data employing the Rietveld method
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of structure and microstructure refinement and HRTEM. The room
temperature ferromagnetic behavior of these prepared samples is
revealed from M-H loop traced by SQUID and the optical band gap
is measured from the UV-vis absorption spectra. The objectives of
the present work are to (i) prepare Mn-doped ZnO using MnO as
dopant, (ii) find an easiest and quickest way for nanocrystalline ZnO
DMS preparation, (iii) characterize these DMS by several methods
to ascertain room temperature ferromagnetism in Mn-doped ZnO,
and (iv) determine the variation of band gap with the variation of
doping concentration.

2. Experimental

The nanocrystalline Zn;_xMn,O (x=0.02, 0.05, 0.07, 0.10) samples were syn-
thesized by mechanical alloying (MA) the metal oxide precursors. Initially, the
stoichiometric mixtures of pure ZnO (E. Merck; purity 99%) and MnO (Alpha Aser;
purity 99.5%) powders were mixed in different molar ratios in an agate mortar for
30 min. Then milling of powder mixture was performed in a high-energy planetary
ball mill (Model-P5, M/s FRITSCH, GmbH, Germany) in air medium at room tem-
perature in a chrome steel vial of 80 ml volume filled with chrome steel balls of
10 mm diameter. Different Mn doped Zn;_4Mn,O DMS samples were prepared by
ball milling the powder mixtures for 0.5, 1 and 2 h durations.

Structure and microstructure of these samples were primarily characterized
by X-ray diffraction (XRD) using Ni-filtered CuK, radiation from an X-ray pow-
der diffractometer (Panalytical; Model PW1830) operated at 40kV and 20 mA. For
detailed X-ray line profile analysis employing the Rietveld’s method of structure and
microstructure refinement, step-scan data (of step size 0.02° 20 and counting time
30s) of unmilled and all ball milled samples were recorded for the entire angular
range 20°-80° 26. Microstructure of 2 h ball milled sample was also characterized by
HRTEM (JEOL JEM 2010) equipped with GATAN CCD camera operated at 200kV to
verify the results obtained from X-ray analysis. A pinch of sample was dispersed in
ethanol, sonicated for a long time and subsequently, a drop of it was put on a carbon
coated copper grid for TEM study.

In order to analyze the chemical states of the constituent elements, XPS mea-
surements were performed with an emphasis on the peaks associated with Zn 2p
and Mn 2p. XPS core-level spectra were recorded with an Omicron Multiprobe (Omi-
cron NanoTechnology GmbH., UK) spectrometer fitted with an EA125 hemispherical
analyzer. A monochromatic Al K, X-ray source operated at 150 W was used for the
experiments. The analyzer-pass energy was kept fixed at 40 eV for all the scans. As
the samples are insulating in nature, a low energy electron gun (SL1000, Omicron)
with a large spot size was used to neutralize the samples. The potential of the elec-
tron gun was kept fixed at —3 eV for all the samples with respect to the ground. The
binding energies of the peaks were corrected by shifting the peak positions by an
equal amount that was required to shift the main peak of the corresponding C1s
spectrum to 285.0eV.

The variation of band gap with concentration of doping material was investi-
gated by UV-vis absorption spectroscopy using a Shimadzu UV-vis spectrometer
(Shimadzu UV-vis 1800) in the wavelength range (200-800) nm at room tempera-
ture.

The magnetic properties of the milled samples were measured by a SQUID mag-
netometer (MPMS XL 7, fitted with an evercool dewar, supplied by Quantum Design,
USA). In order to observe the variation of the hysteresis loop and the magnetic order-
ing between the as prepared (2 h ball milled) sample and its annealed counterpart,
DC magnetization loop of annealed (at 773 K for 3 h) powder is also recorded at room
temperature.

3. Method of analysis

In the present study, we have adopted the Rietveld’s powder
structure refinement method [20-30] for X-ray powder diffraction
data analysis to obtain the structural parameters, such as atomic
coordinates, occupancies, lattice parameters, thermal parameters,
etc. and microstructure parameters such as particle size and r.m.s.
lattice strain of Mn doped ZnO DMS samples. The Rietveld’s soft-
ware MAUD 2.26 [24] is specially designed to refine simultaneously
both the structural and microstructure parameters through Mar-
quardt least-squares method. The peak shape is assumed to be a
pseudo-Voigt function with asymmetry because it takes individ-
ual care for both the particle size and strain broadening of the
experimental profiles. The background of each pattern is fitted by a
polynomial of degree four. The theoretical X-ray powder diffraction
pattern is simulated containing ZnO and MnO phases in a single
pattern as the patterns are composed of reflections from these
phases.

Initially, positions of all peaks are corrected by successive
refinements of zero-shift error. Considering the integrated inten-
sity of the peaks as a function of structural and microstructural
parameters, the Marquardt least-squares procedure is adopted for
minimizing the difference between the observed and simulated
powder diffraction patterns and the minimization is monitored
using the reliability index parameter, Rwp (weighted residual error)
and Rexp (expected error) defined, respectively, as

Re _ [Z,»Wi(lo —Ic)z]
e S willo)

1/2

N_p 1
e[
> iwillo)

where Iy and I. are the experimental and calculated intensities,
w;j(=1/Iy) and N are the weight and number of experimental obser-
vations, and P is the number of fitting parameters. This leads to the
value of goodness of fit (GoF): [20-25]

GoF = RWP

exp

The peak broadening, peak asymmetry and peak shift of the
experimental profiles are fitted by refining the particle size, lat-
tice strain and lattice parameter values (including zero-shift error).
Refinements of all parameters are continued until convergence is
reached with the value of the quality factor, GoF very close to
1 (varies between 1.1 and 1.3), which confirms the goodness of
refinement. Microstructure parameters such as particle size, lat-
tice strain values of ball-milled samples are obtained from this
analysis along with all structural parameters. It may be noted that
the Cagliotti parameters U, V, and W [23] instrumental asymmetry
and Gaussianity parameters [24] are obtained for the instrumental
setup using a specially prepared Si standard and kept fixed during
refinements.

4. Results and discussion
4.1. Nanostructure characterization by XRD and HRTEM

X-ray powder diffraction patterns of unmilled and all ball-milled
Znq_xMnx0 samples with x=0.02, 0.05,0.07 and 0.10 milled for dif-
ferent durations look quite similar and the end compositions are
shown in Fig. 1(a) and (b). In these figures, all unmilled (0 h) mix-
tures are composed of ZnO and MnO reflections only. All reflections
are well resolved and at higher scattering angle split clearly into
CuKy1_q2 doublets. It indicates that particle sizes of both starting
ingredients are quite large and they are almost free from lattice
strain.

In the course of milling time up to 1h, peak broadening of all
reflections increases continuously, or else, there is no significant
change noticed in the XRD patterns of ball-milled samples. Just
after another 1 h of milling, MnO reflections disappear completely
in the XRD patterns of all compositions. As there is no change in
ZnO reflections except peak broadening, it indicates that the Mn2*
ions in all proportions are incorporated easily into the ZnO lat-
tice. It further suggests that the solubility limit of MnO in ZnO is
more than 10 mol.%. The newly formed phase can be treated as the
(Zn,Mn)O solid solution. In most of the earlier cases, MnO, was used
as dopantand Zn2* ions (r=0.75 A) in tetrahedral coordination were
replaced by Mn2* (r=0.85 A) ions. In some cases, room temperature
ferromagnetic behavior in Mn-doped ZnO was assigned due to the
ferromagnetic cluster. However, in the present study, we did not
notice the presence of any new phase or cluster in any of the com-
positions milled up to 2 h of milling. It confirms that the ZnO is a
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Fig. 1. XRD patterns of ZnO and MnO mixtures milled for different durations (a)
Zng.9sMng 020 and (b) Zng.9oMng.100.

stable phase material and its structure remains invariant up to 2 h
of milling.

It is well known that properties of any crystalline material
change with changing its microstructure. If it is possible to evalu-
ate the microstructure parameters related to lattice imperfections
by any means, then by controlling the microstructure parame-
ters, a control over properties can be achieved and a ‘tailor-made’
material with desirable properties may be prepared. To evaluate
the microstructure of the ball milled samples in terms of differ-
ent lattice imperfections like, change in lattice parameter, particle
size and lattice strain, the Rietveld method of structure refine-
ment has been adopted in the present case, as this is one of the
best methods for microstructure characterization of samples hav-
ing significant number of overlapping reflections. This method is
also able to estimate quantitatively the relative phase abundances
in a multiphase material. In the present study, the simulated XRD
patterns for the Rietveld analysis are generated with the following
phases: ZnO (ICSD - 65121, Sp. Gr. P63 mc, hexagonal, a =3.25682 A;
€=5.21251A), and MnO (ICSD - 643195, Sp. Gr. Fm3m, cubic,
a=4.4440 A) phases.

Experimental XRD patterns of unmilled and all ball-milled
samples of all compositions are fitted very well by refining the
structural and microstructure parameters of respective simulated
patterns and the fitted XRD patterns of end compositions are
shown in Fig. 2(a) and (b). XRD patterns of 2 h milled samples of
all compositions are fitted very well with (Zn,Mn)O solid solu-
tion consideration where Zn2* ions are replaced by subsequent
amount of Mn2* ions. The ‘goodness of fittings’ (GoFs) in all cases
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Fig. 2. Typical Rietveld analysis output of the XRD patterns of ZnO and MnO
mixtures milled for different durations (a) ZnggsMngo2,0 and (b) ZnggoMng 100.
Experimental (Ip) data are shown as (o), simulated patterns (Ic) are shown by
solid lines, (Io-Ic) represents the corresponding difference for each of the pat-
tern, (c) indexed selected area electron diffraction (SAED) pattern of 2 h ball milled
Zng.90Mng 100 nano-particles.

lie in between 1.1 and 1.3 which signify that the fitting quali-
ties are good enough for all experimental patterns. The residual
of fittings (Io—I¢) between observed (Ig) and calculated (I¢) inten-
sities of each fitting is plotted under respective XRD patterns. Peak
positions of all reflections of these two phases are marked (|)
and shown at the bottom of the plot. It is clearly evident from
the plot that the (Zn,Mn)O solid solution is formed within 2h
of milling without any contamination from neither of precursor
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Fig. 3. Structures of (a) ZnO (wurzite), (b) MnO (cubic) and (c) ZnO:Mn (wurzite), respectively.

powders nor from the milling media. But, a careful observation of
isolated (1 02)reflections at ~47.7° 20 in all compositions indicates
that the peak-broadening increases continuously with increasing
Mn-concentration. It signifies that lattice imperfections in ZnO
matrix increases with increasing atomic size mismatch between
Zn2* (r=0.75A) and Mn?* (r=0.85A) ions and manifested in sub-
stitutional solid solution. The observation of X-ray data analysis
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agrees well with HRTEM image where the presence of ZnO phase is
shown clearly in ZnggMng ;O sample after 2 h of milling by index-
ing selected area electron diffraction (SAED) pattern (Fig. 2(c)). We
did not notice the presence of any Mn-oxide phase (MnO, MnO,,
Mn,03 Mn304 or ZnMn,04 phase) within this duration of milling
which had been noticed by Karamat et al. [31] and other researchers
[32-34].
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Fig. 4. Lattice parameter variations of ZnO and MnO mixtures milled for different durations (a) variation of ‘a’ with increasing milling time for different compositions, (b)
variation of ‘c’ with increasing milling time for different composition, (c) increment of ‘a’ with increasing Mn concentration, and (d) increment of ‘c’ with increasing Mn
concentrations.
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Fig. 3 shows the crystal structures of ZnO (ICSD - 65121), MnO
(ICSD - 643195) and ZnO:Mn lattices, respectively. The primitive
unit cell and orientation of the crystallographic axes for each of the
structure have been shown in the figures. Periodic arrangement
of Zn (magenta) and Mn (blue) tetrahedrons in respective figures
indicates these lattices are undistorted. The structure of ZnO:Mn
is the same as that of pure ZnO except some Zn atoms (fractional
coordinates 1/3, 2/3, 0) have been replaced by Mn atoms and a
(Zn,Mn)0 substitutional solid solution is formed due to Mn doping.
As the ionic radii of Mn2* and Zn2* are close, tetrahedrons remain
undistorted due to this substitution reaction.

Variations of lattice parameters ‘a’ and ‘c’ of ZnO phase with
increasing milling time in all compositions are shown in Fig. 4(a)
and (b), respectively. Both the parameters increase in general, non-
linearly with increasing milling time which indicates the gradual
diffusion of Mn2* into ZnO lattice. These lattice parameters are
also increasing continuously (Fig. 4(c) and (d)) with increasing Mn
concentrations, signify the constant substitution of ZnZ* ions by
the bigger Mn2* ions during solid solution formation following
the Vegards’s law for substitutional alloys. Several authors [35-37]
reported the variation of ZnO lattice parameters with increasing
Mn concentrations in Mn-doped ZnO DMS. However, the gradual
changes in lattice parameters on the way to complete formation
of (Zn,Mn)O DMS in the course of milling are revealed for the first
time by the Rietveld analysis of XRD data of all ball-milled sam-
ples. It may also be noted that both the lattice parameters increase
in two steps and increment of ‘c’ is higher than ‘a’ at higher Mn con-
centrations. It indicates that MnZ* ions could perfectly substitute
smaller Zn%* ions preferably on c-axis.

The relative phase abundance of (Zn,Mn)O phase in unmilled
and ball-milled samples are obtained from the Rietveld analysis of
XRD data of respective samples and shown in Fig. 5(a). It may be
noted that initially the phase content of ZnO phase decreases in all
compositions within 30 min of milling and then increases slowly to
complete the solid-solution formation process. This decrease indi-
cates the increase of MnO phase content which may be attributed to
diffusion of ZnO phase into MnO lattice and a MnO-based solid solu-
tion is formed at the early stage of milling. Diffusion of ZnO phase
into MnO lattice is very much evident from Fig. 5(b). Critical analy-
sis of the XRD pattern of unmilled mixture of ZnO and 5 mol.% MnO
powders reveals the ratio of the intensities (peak heights) of (102)
of ZnO and (200) of MnO phases as ~5.4507 and that for 30 min
milled sample is found to be ~0.9846. This decrease in intensity
ratio of these two phases confirms the inclusion of ZnO phase into
the MnO lattice at the initial stage of milling. Similarly, in case of
unmilled mixture of ZnO and 7 mol.% MnO powders, these intensity
ratios are 4.5685 and 0.9243 respectively. In the course of milling,
finally the ZnO-based solid solution is formed.

The Rietveld analysis reveals that particles are isotropic in
nature and in the course of milling, particle sizes of (Zn,Mn)O in all
compositions reduce very rapidly and their variations with increas-
ing milled time are shown in Fig. 6(a). It may be noted that the
particle sizes in all compositions reduce to ~6.5nm after 2h of
milling. However, a careful observation (as shown in the inset of
Fig. 6(a)) clearly reveals the rate of decrease in particle sizes with
Mn concentrations. At the final stage, i.e. after 2 h of milling, par-
ticle size of 2 at.% Mn doped ZnO composition particle size rapidly
reduces to ~7.2 nm but in case of 10at.% Mn doped ZnO compo-
sition particle size rapidly reduces to ~6.4nm. It indicates that
increase in Mn concentrations results in particle size reduction in
presence of lattice imperfections originated from the atomic size
mismatch between Zn?* and Mn2* ions. The average particle size
obtained from HRTEM analysis of Zng9Mng 1O composition milled
for 2h is ~7nm. The average size of spherical particles (marked
with white circles) in 2h milled sample is estimated from the
TEM images (Fig. 6(b) and (c)) and the size of these particles vary
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Fig. 5. (a) Variations of mole fractions of ZnO in ZnO and MnO mixtures (x=0.02,
0.05, 0.07, 0.10) milled for different durations, (b) comparisons of peak intensities
of ZnO and MnO phases between 0 h and 0.5 h milled samples for x=0.05 and 0.07.

between ~6.0 and 7.5 nm. However, most of the particles are spher-
ical in shape and their average size is ~7 nm. The distribution of
particle size is represented in a histogram (Fig. 6(d)) where it can
be seen that particles are almost mono-dispersed with average size
lying between 6.5 and 7.0 nm, which is very close to that obtained
from X-ray analysis. A very close look at the bright field HRTEM
images in Fig. 7(a)-(d) reveals the particle size of 2 h milled pow-
ders. Fig. 7(a) shows few particles in the 10at.% Mn doped ZnO
sample. The interplanar spacing of these particles (Fig. 7(b)) is
~2.49 A which confirms the presence of (10 1) plane of Zng gMng ;O
phase. Size of this particle is ~5.8 nm. In Fig. 7(c) bright field HRTEM
image reveals clearly an individual spherical particle with clear lat-
tice fringes, and it is identified as the (101) plane of ZnggMng 0
phase. Fig. 7(d) shows another particle in magnified form with par-
ticle size is ~7nm and the interplanar distance ~2.6 A confirms
the presence of (002) plane of ZnggMng ;0 phase. Lattice fringes
as shown in Fig. 8(a) and (b), taken from another area reveal the
presence of (002),(110)and (101) atomic planes of ZnggMng 0
phase. Absence of any atomic plane of dopant MnO confirms the
complete inclusion of Mn2* in Zn2* lattice sites. As the atomic
planes are perfectly parallel, therefore, the occurrence of stacking
faults in these nano particles may be ruled out.

The r.m.s. lattice strain generated in the (Zn,Mn)O matrix during
the milling has been obtained from the Rietveld analysis and shown
in Fig. 9. It is evident from the variation that the lattice strain in all
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compositions increases continuously with increasing milling time. The distributions of particle sizes with increasing milling time
Thisincreasing nature of strain signifies thatin the course of milling, for all compositions are obtained from the Rietveld analysis. Nature
more and more Zn%* ions are substituted by larger Mn2* ions (Fig. 9 of the distribution in all compositions is similar and one of them

inset). is shown in Fig. 10(a). It is evident from the variations that
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Fig.7. (a)and (c) HRTEM images of Zng9Mny 100 nano particles. Fig. 7 (b) and (d) shows distinct particles of Zng goMng 10O phase with some of measured interplanar distances.

particle size distribution reduces continuously and after 2h of
milling almost monodispersed particles are obtained, which is also
evident from HRTEM images (Fig. 6(b) and (c)). The distributions
of lattice strains of all of compositions have also been obtained
from the Rietveld analysis. However, the nature of distributions is
similar for all the compositions. Nature of variation of one such
composition (ZnggsMngg50) is shown in Fig. 10(b). As the par-
ticle size reduces with milling time, the concentration of lattice
strain increases, which signifies that smaller particles contain more
strain.

4.2. XPS measurements

Fig. 11 represents the typical Zn 2p and Mn 2p XPS spectra of the
10 at.% Mn-doped ZnO nano powders. Fig. 11(a) shows the Zn 2ps3),
XPS spectra of the sample. Although the data appear to be a single
peak but it is observed that two peaks are required to fit the data in
a better manner. The peak at 1021.8 eV of ~70% intensity matches

very well with the binding energies of ZnO and the another close
to 1022.7 eV may be due to the presence of 30% ZnO in a differ-
ent environment of Zn(OH), which may have formed as thin film
on the sample surface due to water adsorption. The presence of
Zn(OH), in Mn-doped ZnO samples has been reported earlier [38].
It may be noted that the presence of Zn(OH), is not noticed in the
XRD patterns due to its insignificant contribution or in its presence
in amorphous state in the form of thin film. The incorporation of
Mn into the ZnO lattice can be clearly demonstrated by the core
level spectra of Mn 2p3, (Fig. 11(b)). Here again, the data appear
to consist of a single peak but the proper fitting is obtained after
considering two Gaussian-Lorentzian sum functions. Positions of
these peaks appear at 641.1 eV and 642.7 eV and they are assigned
to Mn2* and Mn*', respectively. A quantitative analysis reveals
the relative percentage of Mn2* and Mn** to be ~20% and ~80%,
respectively. These results indicate that the doped Mn ions pos-
sess two different valance states, Mn2* and Mn**, respectively and
the presence of MnZ* ions results in observed room temperature
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Unit on NANO Se, [ACS

Fig. 8. (a) and (b) HRTEM images of 2 h milled Zny9Mng ;0 sample confirming the
presence of (002),(101) and (110) lattice planes of ZnggoMng.100 phase.

ferromagnetism in these samples which is already established by
several research groups [6,39].

4.3. Magnetic characterization

The DC magnetization loops of ball milled (room temperature)
and annealed (at 773K for 3 h) ZngggMng g0 powders are repre-
sented in Fig. 12. It can be seen that both the samples show ‘S’
shaped loops indicating their ferromagnetic nature. Both samples
show (inset) clear hysteresis loops with coercive field Hc ~ 75 Oe
and remanence M; of 2.2 x 10~ emu for room temperature sample
and ~1.7 x 10~4emu for the annealed sample. DC magnetization
loops of these samples indicate that practically there is no signature
of magnetic saturation even at higher magnetic fields. It appears
that there are some paramagnetic and superparamagnetic compo-
nents along with the definite ferromagnetic ordering which gives
monotonically increasing magnetization with increase of magnetic
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Fig. 9. Variation of lattice strain of ZnO with increasing milling time with varying
Mn concentrations. Increase of lattice strain with increasing doping concentrations
at 2 h ball milled sample (inset).

field. Similar coexistence of ferromagnetism and paramagnetism
has been observed in earlier cases of DMS samples [40,41-43].
As the particle size of DMS powders is in the nano scale regime,
some of the particles could behave superparamagnetically. The ori-
gin of paramagnetism seems to develop from some isolated Mn2*
ions, which do not take part in ferromagnetism at room temper-
ature. Spins of these isolated Mn2* ions tend to align along the
direction of the applied magnetic field giving rise to paramagnetic
component. Small value of the coercive field and resulting small
hysteresis area are quite similar to those of other ferromagnetic
ZnO based DMS and nanocrystalline DMS-QD (quantum dot) aggre-
gates [40,44-46]. Normally, for magnetic materials at relatively low
temperatures a better signal is expected due to better magnetic
ordering which is in accordance with our findings.

The origin of ferromagnetism in DMSs challenges our basic
understanding of ferromagnetism. Most of the models assume a
high density of charge carriers in the conduction, valence, or some
impurity band within the band gap as a prerequisite to obtain
room temperature ferromagnetism (RTF). The absence of any impu-
rity phase, confirmed from the detailed XRD and HRTEM analysis,
rules out the possibilities of ferromagnetism due to any extrin-
sic origin. If we exclude the possibility of an extrinsic origin, viz.
ferromagnetic impurity segregation, then we can consider it as
intrinsic in origin derived from the substitution of Mn2* for Zn2*
ions retaining the wurtzite structure of ZnO. In the carrier medi-
ated exchange mechanisms pertinent to magnetism, defects are
important to the ferromagnetism of DMSs [46,47]. Many authors
[19,48] including Sato and Katayama-Yoshida [49] proposed that
uncontrolled formation of lattice defects can generate carriers that
mediate ferromagnetic ordering. The idea of defect-mediated RTF
has already been applied to Mn doped CdGeP, system [50,51].
As native point defects, oxygen vacancies are very common in
ZnO and they contribute to the observed ferromagnetism in Mn
doped ZnO [52-54]. However, oxygen vacancies in ZnO lattice have
been critically examined through the structure and microstructure
refinement of Mn-doped ZnO lattice by the Rietveld method. It is
worthy noting that the oxygen vacancy in ZnO lattice is insignificant
and may not play any role in defect-mediated RTF. The ferromag-
netism in DMS materials has also been explained by the RKKY
model [55] where the magnetism arises due to the exchange inter-
action between local spin-polarized electrons (in the present case,
electrons of Mn2* ions) and conduction electrons. It thus appears
that population of free carriers plays an important role in manifes-
tation of ferromagnetic property in these materials. The increasing
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Fig. 10. (a) Distribution of particle sizes of ZnO with increasing milling time for one of the Mn concentrations (x=0.05), (|) marks on the x-axis represents the most probable

values of the particle sizes, (b) distribution of lattice strain of ZnO with increasing milling time for one of the Mn concentrations (x=0.05).

value of the saturation magnetizations in the M-H curve is due to
the orientation of the more number of polarized electrons in the
direction of the applied magnetic field via conduction electrons by
an indirect exchange interaction (RKKY) with increasing applied
magnetic field.

The present investigation shows that the observed ferromag-
netic interaction in the samples is primarily due to substitution of
Mn?* ions at regular Zn2*sites in ZnO lattice. This result is in con-
trast to some earlier reports [56-60]. Kolesnik and Dabrowski [58]
did not observe any ferromagnetic interaction in the bulk samples
with composition Zn;_,Mn,0 (x <5%) synthesized by solid-state
reaction method.

In the present study, DC magnetizations as a function of mag-
netic field show that the T.s of RTF are well above the room
temperature for all members of Zn;_yMnyxO (x <10%) series. Our
results clearly indicate that the observed ferromagnetism above
RT for Mn doped ZnO samples is due to the incorporation of
Mn?* ions in ZnO lattice dominated by RKKY exchange interaction,
rather than due to any impurity phase or oxygen vacancies in ZnO
lattice.

4.4. Optical characterization

The optical absorption spectra of all these ball milled samples
are obtained in the wavelength range (300-700)nm, depicted in
Fig. 13(a). The coefficient of absorption of these samples is expected
to depend on several factors, such as, surface roughness, disper-
sion effect, etc. The low value of absorption coefficients in case
of Zn1_yMn,0 may be due to light scattering at the rough surface
of the particles. In the absorption spectra the maximum absorbed
wavelength appears at ~377.5 nm for x=0.10 and that for x=0.02
appears at ~372 nm. It indicates that the absorption edges are in
ultra-violet region and shift toward longer wavelength region with
increasing values of , i.e. a significant red-shift is clearly observed
with increasing Mn content. The optical band gap energy of all these
samples are calculated using Tauc [61] formula applicable for direct
band gap semiconductors and plotted in Fig. 13(b).

The absorption edges of the samples are found to shift toward
the longer wavelength side, which may be attributed to absorption
of higher energy activation of sp-d exchange interaction. The values
of the band gaps are found to decrease from ~3.336 eV to ~3.285 eV
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Fig. 11. (a) Typical Zn 2p3); and (b) Mn 2p;;; XPS spectra of the 10at.% Mn doped
nano powders.

with corresponding increase in Mn concentration from x=0.02 to
0.10, respectively, as shown Fig. 13(b). Similar phenomenon of
decrease in band gap with increase in Mn content in ZnO is also
observed in some previous reports also [62-65]. Similar type of
behavior has been reported in case of Co doped ZnO films by Kim
and Park [66], which is because of absorption of higher energy pho-
tons causes activation of ‘spd’ exchange interactions. This nature of
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Fig. 12. Room-temperature magnetic hysteresis loop (M-H curve) of the Mn-doped
Zn0 nano powders.
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Fig. 13. (a) Variation of optical absorbance in different Mn doped ZnO DMSs. (b)
Variation of optical band-gap with increasing Mn concentrations.

variation of band gap with Mn content may be attributed to the s-d
and p-d interactions and it has been explained theoretically using
the second order perturbation theory [63]. The observed decrease
in the band gap can be explained with help of sp-d exchange inter-
action, which is a manifestation of strong exchange interaction
present between d electron of Mn and the s and p electrons of host
matrix. Although exchange interaction is more important in the
presence of an external magnetic field H, in certain cases it can
manifest at H=0. However Fukumura et al. [67] has reported an
overall blue shift in the band gap with increase in Mn concentra-
tion in thin epitaxial films on Mn doped ZnO and the reason for the
blue shift was attributed to the higher band gap energy on MnO.

5. Conclusions

In conclusion, the above observations clearly reveal the follow-
ing facts about the Zn;_yMnyO DMSs synthesized by mechanical
alloying ZnO and MnO powder precursors:

(1) Nanocryatalline (~7 nm)Zn;_yMnxO with different doping con-
centration (x=0.02, 0.05, 0.07, 0.10) are prepared successfully
for the first time by mechanical alloying the stoichiometric
mixture of ZnO and MnO powders at room temperature in a
planetary ball within 2 h of milling.
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(2) Detailed microstructure characterization of ball milled
Zn,_xMn;O powders by Rietveld method of structure refine-
ment reveals the incorporation of Mn into ZnO matrix, which
means that the Mn2* ions have substituted the Zn%* ions with-
out changing the wurtzite structure of ZnO. HRTEM images
also corroborate the incorporation of Mn into ZnO matrix.

(3) Particle size of the prepared Zn;_4MnxO can be controlled with
doping concentrations.

(4) Nanocrystalline DMS samples are free from any kind of con-
tamination.

(5) XPS measurements indicate that the doped Mn ions possess
both Mn?* and Mn*#* valance states.

(6) SQUID measurements confirm the presence of RTF along with
a paramagnetic component in both ball milled and annealed
DMS samples.

(7) The observed decrease in the band gap of ZnO with increasing
doping concentration is explained in terms of sp-d exchange
interaction.
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