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Abstract Mn”" doped ZnO nanopowder was prepared by
simple sonochemical method. X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive
X-ray (EDX) analysis, optical absorption (UV-Vis), pho-
toluminescence (PL), Electron Paramagnetic Resonance
(EPR), Fourier transform infrared (FT-IR) spectroscopy
and magnetization have been used to characterize the
sample. XRD study revealed that Mn>" doped ZnO had
wurtzite hexagonal structure. Composition analysis by
EDX indicated the presence of small amounts of man-
ganese. Crystal field (Dq) and interelectronic repulsion (B,
C) parameters are evaluated from optical absorption. Spin-
Hamiltonian and bonding parameters are evaluated from
the EPR study. Optical and EPR confirms that the Mn>"
entered into ZnO lattice as distorted octahedral site sym-
metry. FT-IR spectrum exhibited vibrational bands of Zn—
O bonds. PL spectrum shows the emission bands in UV and
visible region. Magnetization loop was measured and
clearly shows typical ferromagnetic saturation behavior.
The results suggest oxygen vacancies, especially singly
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ionized oxygen vacancies, play a crucial role in mediating
ferromagnetism in the Mn doped ZnO system.

1 Introduction

Research on low-dimensional magnetic materials has been
a focus because of their importance to biomedicine, non-
linear optics and spin-based electronics in material science.
The development of oxide based diluted magnetic semi-
conductors (DMS) with high Curie temperatures has
attracted much attention in recent years because they show
ferromagnetic state at room temperature (RTFM) [1]. Zinc
oxide (ZnO), one of the very significant and adaptable
semiconductor with direct band gap of ~3.37 eV and a
large exciton binding energy of 60 meV at room temper-
ature (RT) is a promising candidate for functional com-
ponents of devices and materials in photonic crystals, gas
sensors, light-emitting diodes, solar cells and photo elec-
trochemical cells. ZnO materials are believed to be non-
toxic, bio-safe and biocompatible [2] and have been used in
many applications of daily life, such as drug carriers,
cosmetics and fillings in medical materials [3]. It has high
optical transparency in the visible range and it can be
achieved through doping of transition metal (TM) ions in
ZnO lattice [4]. Charge transfer between surface of nano-
material and capping molecule can alter the electronic
structure of nano-crystals and hence can boost the ferro-
magnetism in ZnO nanomaterials. Presence of defects due
to large surface to volume ratio of nanomaterials allows
tuning various properties which cannot be observed in their
bulk form. Doping is the effective way to magically
manipulate physical and optical properties of a wide band
gap semiconductor. It is well known that doping a selective
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element into ZnO is the primary method for controlling the
properties of semiconductor such as band gap or electrical
conductivity, and to increase carrier concentration for
electronic applications where a higher carrier concentration
is required. The change of band gap is potential in transi-
tion metal ion doped ZnO leading to different colors of use
for optical devices [5]. Transition metals have partially
filled d states which can be used as doping elements for
transforming spin frustrated semiconductors to ferromag-
nets. The quantum confinements on low-dimensional
DMSs can be observed via optical characterization and
their magnetic properties. Recently Babu et al. [6-10] have
reported the synthesis and characterization various TM
doped ZnO nanopowders with aid of ultrasonic waves.
Among transition metals, Mn*" doped ZnO system is an
ideal DMS candidate and has been intensively investigated
because Mn>" atoms have largest magnetic moment. ZnO
doped with Mn®" has also been regarded as an ideal
material for short wavelength magneto optical applications
because of its wide band gap and the thermal solubility of
Mn?* in ZnO [11-13]. It can be concluded from previous
reports that the magnetic properties of Mn>* doped ZnO is
very sensitive to native defects, surface states, chemical
states and local environment of Mn*" dopants.

2 Experimental details

Zinc acetate (Zn(CH3COO),.2H,0), Sodium Lauryl Sul-
phate  (SLS) (C;;H,504,SNa), Manganese nitrate
(Mn(NO3),) and Sodium hydroxide (NaOH) are purchased
from Merck Chemicals. All of the chemical reagents used
in this experiment are analytical grade and used without
further purification. The procedure employed for preparing
ZnO nanopowder is as follows. In a typical synthesis, zinc
acetate (2.195 g, 0.01 mol%) was grounded for 5 min and
SLS (2.018 g, 0.007 mol%) was added to zinc acetate.
After the mixture was grounded for another 5 min, it is
stood for 2 h at RT. The mixture was still a solid powder
then mixed with sodium hydroxide pellets (0.89 g,
0.02 mol%) and grounded again for 30 min. Later
0.03 mol% of manganese nitrate is added to the above
mixture. The product is washed several times in an ultra-
sonic bath with distilled water and alcohol to remove any
by-product and SLS. After washing, the solution is cen-
trifuged at 10,000 rotations per minute about 30 min. The
settled powder is collected and dried in air at 80 °C for 2 h.

Powder X-ray diffraction (XRD) pattern of Mn*" doped
ZnO powder was collected by PANalytical X’Pert Pro-
diffractometer with CuKa radiation (1.5406 A). Scanning
Electron Microscope (SEM) and Energy Dispersive X-ray
Spectroscope (EDS/EDX) images were taken from JEOL
JSM 6610 LV. Photoluminescence (PL) spectrum was
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obtained from Horiba Jobin—Yvon Fluorolog-3 Spec-
trofluorimeter with Xe continuous (450 W) and pulsed
(35 W) lamps as excitation sources. FT-IR spectrum was
recorded using Shimadzu IRAffinity-1 FT-IR spectrometer
in the region 400-4000 cm™'.Optical absorption spectrum
was taken from JASCO V-670 Spectrophotometer in the
wavelength region of 200-1400 nm. The EPR spectrum
was obtained from JEOL JES-TE100 ESR spectrometer
operating at X-band frequencies and having a 100-kHz
field modulation. The magnetic hysteresis loop was
obtained from a Lake Shore 7407 vibrating sample mag-
netometer (VSM) for the sample.

3 Results and discussion
3.1 XRD study

The as synthesized product was subjected to XRD char-
acterization for the identification of crystal structure. XRD
confirmed that sample has hexagonal wurtzite structure of
ZnO and corresponding pattern is shown in Fig. 1. No
peaks belonging to Mn metal, Mn oxides or other impurity
phases were detected. The peaks observed at
20 = 31.5577°, 34.2129°, 36.0394°, 47.3327°, 56.3881°,
62.6623°, 66.1534°, 67.7660° and 68.8610° are corre-
sponds to the diffraction planes of ZnO (1 0 0), (00 2), (10
1),(102),(110),(103),200),(112)and (201)
respectively. Comparing the XRD data with standard
wurtzite hexagonal structure of ZnO (JCPDS File No.36-
1451), the peaks of diffraction pattern are shifted to lower
diffraction angles, wider FWHM and increase of lattice cell
parameters are well agreement with previous reports. From
the XRD data, lattice cell parameters are evaluated as
a = 0.3260, c = 0.5226 nm, when compared with standard
values slightly increased (a = 0.3249, c = 0.5206 nm).
This change in lattice parameters and shifts of peaks to
lower angles can be attributed to Mn incorporation and is
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Fig. 1 X-ray diffraction of Mn>" ions doped ZnO nanopowder
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indicative of Mn doping into the ZnO matrix. The average
crystallite size (t) of the Mn®" doped ZnO nanopowder can
be deduced from the XRD peaks using the Debye—Scher-
rer’s formula [14]

t =0.91/BcosO

where A is the X-ray wavelength, B is the full width at half
maximum intensity (FWHM) and 0 is the Bragg’s angle.
The average crystallite size was found to be around 21 nm.

3.2 Morphological study

SEM technique is used to study surface morphology and
distribution of particles for the samples. In the present
investigation, SEM images of Mn®" doped ZnO
nanopowder were shown in the Fig. 2a, b which are
recorded at different magnifications. Micrographs revealed
that the sample shows rough surface morphology. In
addition, EDS results showed the weight percentage of
dopant present in the host matrix in Fig. 3.

3.3 Optical absorption

Electronic configuration of Mn®" (d”) gives rise to free ion
terms 6S, 4P, 4F, G, in addition to a number of doublet
states of which °S occupies the ground state. °S and *P
terms transform as 6Algand 4T1g respectively, in crystal
fields. “D and “G splits into 4Eg + 4T2g and
4Alg + 4Eg + 4T1g + 4T2g respectively [15]. The forma-
tion of Mn>" doped ZnO nanopowder was confirmed by
UV-Vis spectra. The optical absorption spectrum of pre-
pared material from 200 to 600 nm is shown in Fig. 4. The
spectrum shows various spin-forbidden d—d bands at 387,
420, 467 and 555 nm which are characteristics of octahe-
dral site symmetry for Mn”". The bands are sharp, when
the energy expressions for the transition are independent of
Dq, whereas the bands are broad when they depend on Dq.
The bands observed at around 387, 467 and 555 nm depend
on crystal field parameter Dq and are assigned to the
transitions  °A;4(S) — *Tae(D), °A;«(S) — *T5(G) and

6Alg(S) — 4T1g(G) respectively; the band observed at
around 420 nm is assigned to the transition
®A1(S) = *A1(G) + *E4(G), which is independent of
Dq. These transitions are assigned using Tanabe-Sugano
diagram [15]. The energy matrices for d° configuration
with Tree’s correction factor (o0 = 76 cm™ ') are solved for
different sets of crystal field parameter Dq, Racah param-
eters B and C. The values which give good fit with
observed data are Dq = 750, B =650 and
C = 3150 cm ™. The band head data along with calculated
values are given in Table 1. The observed and calculated
values of parameters are in good agreement with the
reported system [16].

3.4 PL analysis

In general, the spectrum of ZnO exhibit three types of
emissions i.e. ultraviolet, blue and green emissions. The
ultraviolet emission of ZnO is generally attributed to
exciton emission originating from recombination of free
exciton through an exciton—exciton collision process [17],
The mechanism of blue emission is related to either oxygen
vacancies or Zn vacancies [18] and green emission is
commonly attributed to the transition of a photo-generated
electron from a deep level below the conduction band to a
deeply trapped hole resulting from an oxygen vacancy [19].
The crystal quality of synthesized nanopowder can affect
origin and intensity of the UV emission and hence
enhancement in the UV emission is observed for
nanopowders with better crystal quality. Therefore the
improvement of crystal quality (less structural defects and
impurities, such as oxygen vacancies and Zn interstitials
etc.) leads the sharp and strong origination of UV emission
in the room temperature PL spectrum [20]. PL spectrum of
as prepared Mn*" doped ZnO nanopowder with an exci-
tation wavelength of 325 nm shown in Fig. 5. The bands
are observed in UV and visible region. The ultraviolet
emission at 383 nm is due to exciton emission originating
from recombination of free excitations through an exciton—

Fig. 2 SEM images of Mn*" ions doped ZnO nanopowder
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Fig. 3 EDS spectrum of Mn** doped ZnO nanopowder
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Fig. 4 Optical absorption spectrum of Mn>* doped ZnO nanopowder

exciton collision process. The strong violet with corre-
sponding weak blue emission bands around 425 and
467 nm are associated to oxygen or zinc vacancies. The
transition of a photo generated electron of green emission
band is observed at 505 nm. Finally strong band of yellow

to orange emission is occurred at 578 nm, characteristic
emission of Mn** ascribed “T,~°A, transition in d shell,
occupies the octahedral site symmetry in the host lattice
[21]. CIE 1931 chromaticity coordinates were also calcu-
lated from the emission spectrum. In the present investi-
gation the calculated values of chromaticity index can be
written as (x = 0.3369, y = 0.3028). The corresponding
diagram for chromaticity index is shown in Fig. 6. The
circular spot on the Chromaticity diagram represents the
corresponding emission colour in the white region. In order
to inspect the quality of light, colour correlated temperature
(CCT) values has been calculated from colour coordinates
using McCamy empirical formula [22];

CCT = —437n + 3601n> — 6861n + 5514.31
where n = (x — X.)/(y — ye) and the chromaticity epi-

center is at x, = 0.3320 and y. = 0.1858, (x, y) are cal-
culated coordinates prepared samples. CCTs of Mn?* ions

Table 1 Assignments of various transitions for optical absorption spectrum of Mn>" doped ZnO nanopowder

Transitions from 6A1 «(S) Wavelength (nm) Wavenumber (cmfl) Dq (cm™") B (cmfl) C(cm™h
! Observed Calculated

*T,e(D) 387 25,839 25,857

*A14(G) + *Eo(G) 420 23,809 23,770 750 650 3150
*T,e(G) 467 21,413 21,432

4T]g(G) 555 18,018 18,027
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Fig. 5 PL spectrum of Mn>* doped ZnO nanopowder
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Fig. 6 CIE chromaticity diagram of Mn*" doped ZnO nanopowder

doped ZnO nanopowder is 5231 K. Generally, CCT value
>5000 K indicates the cold white light used for commer-
cial lighting purpose and <5000 K indicates the warm
white light used for home appliances [23]. Hence, this
material may be used in white light display devises.

3.5 EPR study

EPR studies provide a detailed description of the ground
state of the paramagnetic ions and enable to understand the
nature of the site symmetry produced by the ligands around
the transition metal ion. Mn>" belongs to d° configuration. It
is well known in the case of Mn>" that axial distortion of

octahedral symmetry gives rise to three Kramers’ doublets,
i.e.,|£5/2>,14£3/2> and |£1/2>. Application of Zeeman field
lifts the spin degeneracy of the Kramers’ doublets [24]. As
>3Mn hyperfine interaction is large and very anisotropic in
low-spin Mn”*" complexes, isotropic spectra tend to be
poorly resolved and undiluted powders give very broad lines.
EPR spectra of low-spin Mn> " complexes have been elusive,
in part because of high-spin Mn*>" decomposition products
which have easily observed spectra. A typical X-band EPR
spectrum, observed at room temperature for Mn** doped
ZnO nanopowder, is shown in Fig. 7, which has broad lines
centered at g = 2.0071, characteristic of octahedral site
symmetry of Mn? " within the framework material. The spin-
Hamiltonian and bonding parameters are evaluated as
g =2.0071 and A = 90 cm™ . In general, the g-value for
the hyperfine splitting is indicative of the nature of the
bonding. If the g-value shows a negative shift with respect to
the free electron value (2.0023) then the bonding is ionic and
conversely, if the shift is positive, then the bonding is more
covalent. In the present case, the g-value shows positive,
indicative of covalent bonding between Mn”* and ligands
[25]. Hence, the doped Mn>" is ascribed to the octahedral site
symmetry and partially covalent bonding with its ligands in
ZnO host matrix.

3.6 FT-IR study

FT-IR spectrum of Mn>" doped ZnO nanopowder shows
the fundamental mode of vibrations at ~ 3400, ~2900,
~1400, and ~ 1600 cm™' which correspond to the O-H,
C-H, asymmetric and symmetric C=0 stretching modes
respectively. The absorption bands in the range from 430 to
650 cm ™! are attributed to the stretching modes of Zn-O
[26, 27]. Hence the absorption bands at 609 em~! s
attributed to the stretching modes of ZnO. The FT-IR

spectrum of Mn*" doped ZnO nanopowder is shown in
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Fig. 7 EPR spectrum of Mn>* doped ZnO nanopowder
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Fig. 8 FT-IR spectrum of Mn”>" doped ZnO nanopowder

Fig. 8. The absorption band at 3392 and 3745 cm ™' is due
to the hydroxyl stretching O-H mode. The absorption
peaks in the range of 2855-2930 cm ™" are attributed to the
stretching band of C-H (alkyl group). The band observed at
2309 cm ™! is because of an existence of CO, molecule in
air. The absorption peak at 1645 cm™" is ascribed to H-O-
H stretching band. The absorption band at 1506 cm™" is
attributed to the symmetric stretching mode of C=0 and at
about 1400 cm ™" can be assigned as asymmetric stretching
mode of C=0. The overtone of ZnO is observed at
895 cm™' which indicates the formation of tetrahedral
coordination of Zn is present [28].

3.7 Magnetic study

Figure 9 shows magnetic hysteresis loop in M-H mea-
surements performed for Mn*>" doped ZnO nanopowder at
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Fig. 9 Room temperature M-H curve of Mn?" doped ZnO
nanopowder
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room temperature. The sample exhibits well defined hys-
teresis loop, which is indicative of room temperature fer-
romagnetic behavior. From the XRD analysis, the absence
of secondary phase is confirmed. Saturation magnetization
(Ms) of Mn*" doped ZnO nanopowder is estimated to be
about 85.83 x 10 %emu/g. The remnant magnetization
(Mr) and coercive field (He) are 9.65 x 1073 emu/g and
132.10 Oe, respectively. Two main factors probably lead to
the appearance of ferromagnetism in TM doped ZnO
nanocrystals: one is increase of the number of defects and
oxygen vacancies. The second one is exchange interactions
between TM ions and O ions spin moments. From above
analysis, it can be conclude that the ferromagnetism in
Mn?" doped ZnO nanopowder is not from other impurities
but expected to be intrinsic.

4 Conclusions

Mn** doped ZnO nanopowder is prepared successfully by
simple sonochemical method. XRD measurements
revealed the hexagonal wurtzite structured ZnO with Mn*"
with crystallite size of 21 nm without any other secondary
phases. SEM images show rough surface morphology. The
optical absorption spectrum shows the doped Mn>" occu-
pied at octahedral site symmetry for which crystal field
(Dq) and interelectronic repulsion (B, C) parameters are
evaluated. PL spectrum revealed that characteristic ZnO
emission bands in UV region. The evaluated CIE colour
coordinates indicated that this prepared sample may be
used for white light emitting devices. From the EPR study,
spin-Hamiltonian and bonding parameters are evaluated.
By correlating optical and EPR data, Mn>" entered into the
ZnO lattice as distorted octahedral site symmetry. The
nature of bonding between Mn*" and its ligands is partially
covalent. The FT-IR spectrum shows the formation of Zn—
O bonds and showed the vibrational bands in the region of
600—4000 cm~'.The magnetic hysteresis curve confirms
the ferromagnetic nature at RT.
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