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This paper investigates the ferromagnetism in ZnO:Mn powders and presents our findings about the
role played by the doping concentration and the structural defects towards the ferromagnetic signal.
The narrow-size-distributed ZnO:Mn nanoparticles based powders with oxygen rich stoichiometery
were synthesized by wet chemical method using zinc acetate dihydrate and manganese acetate
tetrahydrate as precursors. A consistent increase in the lattice cell volume, estimated from x-ray
diffraction spectra and the presence of Mn 2p;, peak at ~640.9eV, in x-ray photoelectron
spectroscopic spectra, confirmed a successful incorporation of manganese in its Mn>" oxidation state
in ZnO host matrix. Extended deep level emission spectra in Mn doped ZnO powders exhibited the
signatures of oxygen interstitials and zinc vacancies except for the sample with 5 at. % Mn doping.
The nanocrystalline powders with 2 and 5 at. % Mn doping concentration were ferromagnetic at room
temperature while the 10 at. % Mn doped sample exhibited paramagnetic behavior. The maximum
saturation magnetization of 0.05 emu/g in the nanocrystalline powder with 5 at. % Mn doping having
minimum defects validated the ferromagnetic signal to be due to strong p-d hybridization of Mn ions.
© 2012 American Institute of Physics. [d0i:10.1063/1.3679129]

. INTRODUCTION

Presently, magnetic devices utilize only the spin degree of
freedom of the electrons to bring about the functionalities
regarding data storage in hard disks and magnetic random
access memories based on metallic multilayers. Conventional
electronics utilizes only the charge degree of freedom of the
carriers to process the data. The emerging field of spintronics
represents the convergence of two fundamental properties of
electron, charge and spin, to form the basis for a new class of
device design.' The exploitation of electron spin in practical
devices has already been established as spin valves are used as
magnetic tunnel junctions in magnetic random access memory
(MRAM), a platform that aims to replace current memory
technologies. One of the ingenious ways to combine the spin
and charge of electrons in a material, and achieve these effects,
is by synthesizing a material with both semiconducting as well
as magnetic properties. Being a ferromagnetic semiconductor
with favorable experimental properties, dilute magnetic semi-
conductors (DMSs) will promisingly suit this need. DMS have
recently attracted broad interest for their promised functional-
ities in spintronics as the charge and spin of electrons are
accommodated into single material leading to interesting mag-
netic, magneto-optical, and magneto-electric properties.'”
Magnetic properties of II-VI-based DMS have attracted much
attention® after Dietl’s prediction about the room temperature
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ferromagnetism (RTEM) in Mn-doped ZnO.* There has been a
considerable interest in the fabrication of transition metal
doped ZnO as a promising material for the discovery of
RTFM in implementing spintronic devices.” Numerous studies
have, therefore, been carried out to grow ZnO:Mn semicon-
ductors due to large spin moment exhibited by Mn and is
extensively investigated as a candidate element for producing
ferromagnetic ZnO essential for magneto electronics and spin-
tronic applications.®™® Although several groups have reported
the ferromagnetic behavior of ZnO:Mn semiconduc'[01rs,9_13
but some reports exhibited non ferromagnetic nature of poly-
crystalline ZnO:Mn thin films at room temperature.'*'® Some
researchers reported defect mediated ferromagnetism due to
zinc and oxygen vacancies (V,) coupled with Mn ions'”'®
while the others reported the origin of ferromagnetism due to
impurity phases such as nanoclustering of oxides of Mn and
spinel ZnMn,0O, (Ref. 19) formation. Due to the controversial
results indicated in literature, the origin of ferromagnetism is
still in debate. In addition, the lack of reproducibility of ferro-
magnetic signal in ZnO:Mn based DMS materials prepared
with the same manganese content raises questions about the
origin of the ferromagnetism in ZnO:Mn.

In view of recent controversies in RTFM in transition
metal doped ZnO, the present paper aims to shed some light
on the origin of ferromagnetism by investigating Mn doped
nanocrystalline ZnO powders for their structural, composi-
tional, optical, morphological, and magnetic properties. The
investigation of ZnO:Mn based DMS to optimize the synthesis
and growth parameters of Mn doped ZnO nanocrystalline
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powders is useful for spintronic applications. We report the
RTEM due to strong hybridization of Mn ions in ZnO nano-
crystalline powders synthesized through wet chemical method.
The powder obtained from wet chemical method offers homo-
geneous doping of Mn in ZnO host matrix as compared to the
powder obtained by commonly used solid-state reaction
method. The role of structural defects and dopant concentra-
tion in ferromagnetic signal is also investigated and discussed.

Il. EXPERIMENTATION

Nanocrystalline Mn doped ZnO powders were synthe-
sized through a wet chemical method. The Mn-doped ZnO
powders were prepared for three different Mn doping con-
centrations of 2, 5, and 10 at. % hereinafter referred as
CP-2%, CP-5%, and CP-10%, respectively. Zinc acetate
dihydrate (90 mMol) and manganese acetate tetrahydrate
(2.9 mMol) were mixed along with potassium hydroxide
(280 mMol) in an environment of methanol (50 ml) for the
preparation of CP-2% sample. The solution was continu-
ously stirred using a magnetic stirrer for 3h at 52 °C to get
homogeneous mixing in solution. It was then cooled to room
temperature and allowed to age for 24 h. The fine precipitates
were removed by centrifugation and washed repeatedly with
distilled water to remove un-reacted materials. The precipi-
tates were dried for one day and sintered at a temperature of
550°C for 2 h to get rid of byproducts from the samples. Zinc
acetate dihydrate (Aldrich), manganese acetate tetrahydrate
(Aldrich), potassium hydroxide (Baker), and methanol
(Aldrich), in above mentioned preparation procedure, were
used as received. Nanocrystalline powders of CP-5% and
CP-10% were also prepared by the same procedure using
suitable quantities of acetates and solvents.

The crystalline phase of nanocrystalline powders was
analyzed using a SIEMENS D5005 Cu K, (1.504 A) X- ray
diffractometer (XRD). Near band edge (NBE) and deep level
emission (DLE) energy transitions from photoluminescence
(PL) spectra, measured using Hd-Cd (325 nm and 10 mW)
laser, were used to study the variation in optical band gap
and structural defects with dopant concentration. X-ray pho-
toelectron spectroscopy (XPS) with Kratos axis-ultra spec-
trometer equipped with a focused monochromatic Al-K,
(1486.6eV) x-ray beam (15kV and 10 mA) was employed
to identify the surface stoichiometry and elemental oxidation
states in Mn doped ZnO nanocrystalline powders. The mor-
phological features of nanocrystalline powders, along with
the quantitative analysis of elements, were investigated using
a JEOL JSM 6700 field emission scanning electron micro-
scope (FESEM) coupled with Oxford instrument’s energy
dispersive x-ray (EDX) system. Furthermore, the magnetic
characterization was performed by a Lakeshore 7404 vibrat-
ing sample magnetometer (VSM) at room temperature to
study the ferromagnetic ordering in nanocrystalline powders.

lll. RESULTS AND DISCUSSION

A. Structural analysis

Figure 1 shows the x-ray diffraction profiles of
Zn;_,Mn,O nanocrystalline powders for different concentra-
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FIG. 1. (Color online) XRD diffraction profiles of ZnO:Mn nanocrystalline
powders for different Mn concentrations.

tions of Mn (x =0.02, 0.05, and 0.1). The XRD profiles have
been indexed and found to be hexagonal wurtzite in structure
with ten prominent peaks indicating a non-preferential orien-
tation (polycrystalline) that is matched well with space group
P6;mc (No. 186) (ICSD # 82028) of wurtzite ZnO. No traces
of manganese oxides and/or any binary zinc-manganese
phases are observed in any of the samples indicating the suc-
cessful incorporation of Mn at the lattice sites of Zn in host
ZnO matrix.

Any impurity phase with concentration below the detec-
tion limit of XRD cannot contribute to RTFM in the samples,
as none of these possible phases (e.g., Mn;O, ZnMn,0,,
etc.) is ferromagnetic at room temperature.’**' The reduc-
tion in diffraction peak intensity and increase in full width at
half maximum (FWHM) with increasing Mn content suggest
the nanocrystalline nature of the samples. The average crys-
tallite size, determined from the broadening (FWHM) of dif-
fraction peaks using Scherer formula, are found to be 10.4,
10.3, and 9.5 nm for CP-2%, CP-5%, and CP-10% samples,
respectively. In addition, the shift in diffraction peak (refer
Table I) with the increase in Mn content suggests the incor-
poration of tetrahedral Mn®" ions at the substitutional sites
of Zn*" jons.?* The peak shift towards lower angles is an im-
portant evidence of replacement of Zn>" with Mn”" ions.*

The incorporation of Mn”" ions can also be verified by
the change in lattice parameters and the cell volume as a
function of Mn doping concentration. The lattice parameter
“a” and the cell volume are found to increase with an
increase in Mn content as shown in Figure 2 while there is a
little change in the lattice parameter “c” (refer Table I). Both
the lattice parameter “a” and the cell volume varied monot-
onically with the increase in Mn content and followed

TABLE 1. FWHM and lattice parameter ¢ of ZnO:Mn nanocrystalline
powders.

Sample  Centre of the d-spacing Lattice Bond
name peak (A) FWHM  parameter c(A) length(A)
CP-2% 36.272 24746  0.014031 5.203 1.9767
CP-5% 36.265 24751  0.014136 5.204 1.9769
CP-10% 36.261 24754 0.015436 5.203 1.9772
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FIG. 2. (Color online) Variation of lattice parameter “a” and cell volume
with Mn doping concentration.

Vegard’s law.”> The observed cell expansion indicates that
the tetrahedral Zn>" ions (0.74 A) are replaced by larger
sized (0.83 A) tetrahedral Mn*"ions.>* Furthermore, the
increase in interlayer distance (d-spacing) with the increase
in Mn content also justifies the incorporation of tetrahedral
Mn?" at the lattice sites of Zn”>" (refer Table I). A consistent
increase in bond length (refer Table I) is also an evidence of
tetrahedral Mn”" incorporation at Zn*" lattice sites.

B. Optical analysis

Figure 3 shows the room temperature PL spectra of the
nanocrystalline powders with different Mn contents. All PL
spectra have similar features with two luminescence bands;
the NBE and DLE bands. The UV emission, centered at
~380nm, is attributed to the NBE free excitation transitions
which can take place even at room temperature for ZnO. The
intensity of NBE strongly depends on the Mn content.>> In
our case, the intensity of NBE decreases with the increase in
Mn content that might be attributed to some non-radiative
recombination processes.

The DLE band is attributed to defect states within the
band gap of ZnO.%® The DLE spectra for CP-2%, centered at
~600 nm, exhibits the signatures of yellow emission that is
attributed to the presence of oxygen interstitials (O;)*” in Mn
doped ZnO nanocrystalline powders while no DLE spectra
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FIG. 3. (Color online) Room temperature photoluminescence spectra of Mn
doped ZnO nanocrystalline powders.
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was observed for CP-5%. For CP-10%, the DLE spectra was
deconvoluted with three peaks, centered at ~408, 489, and
580nm, respectively, using Gaussian function (not shown
here). The deconvoluted peak at 408 nm is attributed to the
transition from energy levels of interstitial zinc (Zn;) to the
valence band while the peak at 489 nm is related to the tran-
sition from energy level of singly ionized interstitial zinc
(Zn;) to local zinc vacancy (Vz,) level. The peak at 580 nm
exhibits the yellow emission that is attributed to the presence
of oxygen interstitial (O;) in nanocrystalline powders.
Increased carrier concentration of Zn; (estimated from the
relative area under curve of the deconvoluted peak) is re-
sponsible for the change in ferromagnetic phase to paramag-
netic in CP-10% (discussed later under the Sec. III E for
magnetic properties) that is consistent with the Ruderman-
Kittel-Kasuya-Yosida (RKKY) exchange model.?*

C. Compositional analysis

The typical XPS Zn 2p3,, core level spectrum of CP-5%
is shown in Figure 4(a), with the binding energies being cali-
brated by adventitious C 1 s peak centered at ~284.6eV. All
the samples exhibit similar Zn 2p3,, core level spectrum. The
stoichiometery of nanocrystalline powders calculated from
the relative area under the zinc and oxygen peaks, after a
Shirley background subtraction by non linear least square fit-
ting using mixed Gauss-Lorentz function, is found to be oxy-
gen rich with Zn/O < 1 for all nanocrystalline powders.

The asymmetric Zn 2p;/, peak of zinc in the elemental
as well as oxide form usually consists of two sub-peaks (after
deconvolution) centered at ~1022.4 and ~1021.5, respec-
tively.?? In our case, the two sub-peaks in deconvoluted core
level peak of Zn 2p;, are located at ~1020.4eV and
~1021.7eV, as shown in Figure 4(a). The lower energy
peak, in the deconvoluted spectrum of Zn 2p;p,, at
~1020.4¢eV is attributed to the O ions in the wurtzite
structure of hexagonal Zn”" ion array i.e. oxide form of Zn
in nanocrystalline ZnO (Ref. 30) while the peak centered at
~1021.7¢eV is attributed to metallic zinc. The shift in bind-
ing energy towards the lower value is due to the partial sub-
stitution of lattice Zn by Mn”>" ions in ZnO and Zn-Mn
bonding structure.’’ Since the electro negativity of Mn
(x =1.55) is smaller than that of O (;(0:3.44),32 Zn atoms
bonded to Mn atoms will contribute to the shift in the bind-
ing energy of Zn 2p;,,. Furthermore, the reduced crystallite
size which broadens the peak also contributes to the shift in
the binding energy towards the lower energy side.*

Figure 4(b) shows the typical Mn 2p;,, core level XPS
spectrum of CP-10% sample. All the samples exhibit the
presence of manganese in its two oxidation states. The Mn
2ps» peak, centered at ~641.2eV, was deconvoluted into
two components centered at ~640.9 and ~643.0eV using
Gausssian peak fitting. The first peak centered at ~640.9 eV
confirmed the presence of Mn”" in the host lattice of ZnO
while the second peak centered at ~643.0eV is attributed to
the presence of Mn*" oxidation state.®> Furthermore, the
contribution of the peak at ~640.9¢eV increased from 35%
for CP-2% to 88% for CP-10%, respectively (calculated
from the relative area under curve of the peak fitted with
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FIG. 4. (Color online) XPS core level spectra of (a) Zn 2ps, of CP-5%
sample, (b) Mn 2ps,, of CP-10% sample, and (c) O 1s of CP-10% sample
deconvoluted with two peaks using Gaussian peak fitting.

Gaussian function) which in turn validates the enhanced con-
centration of Mn?" in higher doped samples.

Figure 4(c) shows the asymmetric O 1s peak of CP-10%
which is deconvoluted with two peaks centered at ~529.5eV
and 530.6eV. Similar features were observed for all other
samples with the exception of CP-2% in which an additional
peak (531.7eV) related to O; was observed. The lower
energy peak is attributed to the O>~ ions in the wurtzite
structure of the hexagonal Zn>" ion array. Therefore, the
lower energy peak of oxygen spectrum can be attributed to
Zn-O bonds.* The peak at ~530.6¢eV is attributed to 0>~
ions in oxygen deficient regions and is related to the presence
of oxygen vacancies (V,). The contribution of Zn-O bonds,
estimated from the relative area under the peak at 529.5eV,

J. Appl. Phys. 111, 033503 (2012)

was observed to be 31%, 42%, and 25% for CP-2%, CP-5%,
and CP-10%, respectively. The maximum value (42%) in
CP-5% reveals an enhanced concentration of oxygen in Zn-
O bonding that will minimize the contribution from V,
towards the ferromagnetic signal for this sample.

D. Morphological analysis

The FESEM micrographs, shown in Figure 5, reveal a
clear distinction between the grain boundaries of different
nano-sized particulates with their well-defined dimensions
along the surface of the nanocrystalline powders. The aver-
age particle size was estimated to be ~36.3 =2.4nm,
~332*x2.0nm, and ~31.8 £1.2nm for CP-2%, CP-5%,
and CP-10%, respectively, using image processing
(image J®) software. The reduction in average particle size
from about 36 nm to about 32 nm, with the increase in Mn
content from 2 at. % to 10 at. %, is attributed to the incorpo-
ration of Mn ions as there is an inverse relation between the
particle size and the ionic radius of metallic ions.>> Further-
more, the increase in Mn concentration resulted in uniform
distribution of narrow-sized particles with well-defined grain
boundaries leading to improved surface features of the nano-
crystalline powders. A large percentage of all the atoms in a
nanoparticle (with decreasing particle size) are surface
atoms, which implies that interface and surface effects turn
out to be more important.>® Owing to large surface atoms/
bulk atoms ratio, the surface spins make an important contri-
bution to the magnetization. Surface effects can lead to a
reduction in magnetization of smaller particles which might
be associated with different mechanisms, such as the exis-
tence of a magnetically dead layer on the particle’s surface,
the existence of canted spins, or the existence of a spin glass
like behavior of the surface spins.® The decreasing size of
nanoparticles with increasing Mn doping concentration, as
estimated through FESEM images, indicates the increasing
number of surface atoms and thereby suggests the possible
reduction in ferromagnetism. However, as the reduction in
nanoparticle size with Mn concentration is only marginal,
therefore, its effect on ferromagnetic property will not be too
significant if other mechanisms, as discussed in Sec. III E,
have more profound effect.

The typical EDX spectrum of CP-10% with elemental
compositional analysis, shown in Figure 5(d), exhibits the
presence of all key elements i.e. Zn, O, and Mn. The quanti-
tative EDX measurement shows 5.69 and 2.97 at. % of Mn
for CP-10% and CP-5% samples, respectively, which is less
in comparison to the doping concentration used for these
samples. No signature of Mn has been found for CP-2% as
EDX is insensitive for the detection of elements below 2 at.
%. The quantitative analysis of all the samples also reveals
the dominance of oxygen over zinc showing oxygen rich sto-
ichiometery of nanocrystalline powders, which is also vali-
dated by XPS results.

E. VSM analysis

The field dependence of magnetization (M), at room
temperature, for nanocrystalline powders is studied using
VSM in the applied magnetic field range of 0-3000G. The
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FIG. 5. (Color online) FESEM micrographs of (a) CP-2%, (b) CP-5%, (c)
CP-10%, and (d) EDX spectra with elemental concentration of CP-10%
nanocrystalline powder.

M-H curves of CP-2% and CP-5% exhibit RTFM while for
CP-10%, the competing mechanism of paramagnetic phase
is dominant (refer Figures 6-8). The variation in saturation
magnetization (M), remanant magnetization (M,), and coer-
civity along with magnetic moment (ug) for different Mn
doped samples is presented in Table II.

J. Appl. Phys. 111, 033503 (2012)
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FIG. 6. Field dependent M-H curves of CP-2% nanocrystalline powder
exhibiting ferromagnetic ordering with (b) showing clear retentivity.

The maximum value of magnetic moment per Mn atom
was achieved for CP-5% sample but it is much smaller than
the reported value of Mn?" state (5 pg/Mn atom).17 The
reduced value of magnetic moment might be attributed to the
anti-ferromagnetic coupling between the neighboring Mn
atoms that reduce the ferromagnetic signal. Furthermore, the
presence of isolated Mn atoms, which are paramagnetic in
nature,'” can also contribute to suppress the ferromagnetic
signal.

Figures 6 and 7 reveal the dependence of magnetization
on the applied magnetic field for CP-2% and CP-5% nano-
crystalline powders exhibiting RTFM. According to the
bound magnetic polaron model (BMP), bound electrons in
defects, like oxygen vacancies (V,), can couple with Mn
ions and cause ferromagnetic regions to overlap giving rise
to long range ferromagnetic ordering in the samples. In ac-
cordance with BMP model, the magnetization of the system
originates from the regions of correlated and isolated spins.
The magnetization that arises from correlated spins is ferro-
magnetic (Mgy), whereas the magnetization due to uncorre-
lated spins is paramagnetic (Mp).18 So, based on BMP
model, the RTFM might be attributed to V,. According to
this theory of defect mediated RTFM, the saturation magnet-
ization and ferromagnetic signal should decrease for CP-5%
sample as there is no signature of V, in corresponding DLE
spectra (Figure 3). The increased saturation magnetization
(Figure 7) and minimum defects concentration in CP-5%
sample rules out the contribution of V, towards the ferro-
magnetic signal.

The RTFM in ZnO:Mn nanocrystalline powders can
also be explained on the basis of RKKY interaction which
explains the magnetic phases based on the concentration of
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TABLE II. Different magnetic parameters of nanocrystalline powders.

J. Appl. Phys. 111, 033503 (2012)

Sample M M, Coerisivity Susceptibilityy = M/H
name (emu/g) (emu/g) (G) Nun/g H1g/Mn atom (emu/g.G)
CP-2% 0.0127 297.91 x 107° 27.772 0.79 x 10%° 0.21 6.12%x 107
CP-5% 0.0350 524.03x 10°¢ 31.224 2.00 x 10% 0.23 10.71 x 107°
CP-10% 0.0175 149.59 x 106 17.537 4.01 x 10%° 0.06 536%x10°¢

free carriers apart from the concentration of magnetic ions.
ZnO is a native n-type material due to V,, and Zn;. However,
to achieve ferromagnetism in case of Mn doped ZnO, the
electron concentration must be low.* Dietl’s mean field cal-
culations® predict that the RTEM is possible in Mn-doped
ZnO that is heavily doped with holes, while the carrier medi-
ated ferromagnetism in n-type material should be limited to
lower temperatures.’’ Furthermore, the addition of electrons
to the system will move the Fermi energy level up in the
band gap, resulting a decrease in hole density and a reduction
in magnetization. In our case, oxygen rich stoichiometery
with increased Zn-O bonding in Mn doped ZnO nanopar-
ticles favors the indirect Mn-O-Mn ferromagnetic exchange
coupling. Furthermore, the enhanced Zn-O bonding in CP-
2% and CP-5% (refer XPS analysis) in turn reduces the V,
(donors) and leads to strong hybridization (p-d exchange
coupling) of Mn in ZnO host matrix which is responsible for
RTFM. It may, however, be noted that for CP-2% sample,
the presence of DLE (~600 nm) in PL spectra and XPS peak
at ~531.7eV indicates the presence of O; (acceptors) which
according to Dietl’s prediction® might also contribute
towards the ferromagnetic ordering for this sample as holes
are required to mediate RTFM in Mn doped ZnO. However,
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FIG. 7. Field dependent M-H curves of CP-5% nanocrystalline powder
exhibiting ferromagnetic ordering with (b) showing clear retentivity.

the VSM data showed that the ferromagnetism in CP-5%
samples (with highest Zn-O bonding concentration) is stron-
ger than that of CP-2% indicating that the ferromagnetic con-
tribution of Mn-O-Mn exchange coupling due to Zn-O
bonding is much more significant as compared to defected
mediated ferromagnetism.

Of course, there is still a possibility of occurrence of an
anti-ferromagnetic ordering of spins, but its probability is
very small®® specifically for CP-2% and CP-5% samples due
to the lower concentration of Mn ions for these samples.

It is well known that Mn ions belonging to anti-
ferromagnetic clusters do not contribute to the increase in
magnetic signal rather they reduce the net magnetization.*
Among all oxides of Mn, only MnO is anti-ferromagnetic
with a Neel temperature of 96 K and Mn;0, is ferromagnetic
with a curie temperature of 43 K. But in our case, the reduc-
tion in magnetization due to nano-clustering or secondary
phase formation is ruled out as any impurity phase regarding
Mn clustering was not observed in our XRD spectra. There-
fore, the RTFM in nanocrystalline powder is from the ferro-
magnetic interaction between adjacent Mn ions that
substitute the Zn ions rather than nanoclustering of Mn
oxides or contribution from V.

It is reported that Zn; produced at lower temperature
annealing can also cause RTFM,32 but in our case, this reason-
ing is also ruled out as CP-10% does not show any RTFM (as
seen in Figure §) though its DLE spectra show the presence of
Zn; (refer PL analysis). In CP-10%, the average distance
between the adjacent Mn atoms decreases due to the increased
concentration of Mn (10 at. %), which will favor super
exchange Mn-Mn interaction. The exchange coupling
between Mn-Mn nearest neighbors in ZnO is believed to be
anti-ferromagnetic®® due to overlapping of Mn d-states with
the valence band. As the anti-ferromagnetic energy is lower
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FIG. 8. Field dependent M-H curve of CP-10% nanocrystalline powder
exhibiting dominant paramagnetic phase.
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than the ferromagnetic one due the reduced distance between
the adjacent Mn ions, most of the Mn atoms should be anti-
ferromagnetically coupled at the relatively higher Mn concen-
trations (10 at. % Mn). Small signature of ferromagnetic
signal in CP-10% (Figure 8) might be attributed to the V,,
that is likely to occur in Mn doped ZnO matrix. For Mn doped
ZnO with Vz,, the acceptor band shows a large spin-split with
spin up defect state of V,.*> According to the BMP model,
the charge transfer between hybridized Mn 3 d state and V,
induced defect state favors the RTFM.*’ Direct exchange cou-
pling of Mn ions (Mn-Mn) is anti-ferromagnetic due to over-
lapping of Mn d-states while the indirect coupling of Mn ions
(Mn-O-Mn) is ferromagnetic. Direct anti-ferromagnetic cou-
pling competitions, between adjacent d-shells of Mn ions, sup-
press the ferromagnetic signal exhibited due to indirect
exchange coupling. So, there are likely competing mecha-
nisms between regions of Mn-defect pair ferromagnetism,
Mn-Mn nearest-neighbor anti-ferromagnetism, and isolated
manganese atoms that act paramagnetically.

The increased carrier concentration of native defects
(like Zn;) for CP-10% is also responsible for suppressing the
ferromagnetic phase that might transform it to the paramag-
netic phase. This is consistent with the proposed model for
Mn-doped ZnO,* where ferromagnetic ordering is not
favored by increase in electron concentration.

IV. CONCLUSION

The oxygen rich nanocrystalline ZnO:Mn powder was
prepared by simple wet chemical method using zinc acetate
dihydrate and manganese acetate tetrahydrate as precursors
for Zn and Mn species instead of normally used solid-state
reaction method. The XRD spectra showed cell expansion in
higher doped nanocrystalline ZnO powders with a consistent
increase in interlayer spacing, suggesting the incorporation
of larger sized tetrahedral Mn”" ions at the lattice sites of
Zn*" ions. The detailed XPS analysis of Zn 2p and Mn 2p
core level spectra reveals the maximum incorporation of Mn
at the lattice sites of Zn for CP-5% sample resulting in
enhanced saturation magnetization (0.04 emu/g) with RTFM.
The absence of DLE spectra for CP-5% indicated that the
RTFM for this sample was not due to structural defects (oxy-
gen vacancies and zinc interstitials) rather induced intrinsi-
cally by the incorporation of Mn*" ions, a prerequisite for
spintronic devices. Furthermore, the FESEM micrograph
revealed the existence of well-defined nano-sized (32-36 nm)
particles in Mn doped nanocrystalline powders with
improved surface features consistent with the XRD results
indicating the reduction in average crystallite size of the par-
ticles with Mn incorporation.
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