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a b s t r a c t

Mn-doped (2.6–4.8 at%) aligned zinc oxide (Mn:ZnO) nanorod-films were synthesized by hybrid wet
chemical route onto glass substrates. The chemical composition, structural, microstructural and mag-
netic studies were performed to investigate the origin of observed room temperature ferromagnetism
(∼0.11 �B/Mn) in these Mn doped ZnO nanorod-films. XPS studies indicated that incorporated Mn was
in Mn2+ and Mn4+ states. Mn2+ atomic concentration was found to be significantly larger than Mn4+

concentration in all the samples. Disappearance of the Raman peak at ∼577 cm−1 arising due to the Zn
interstitials may be related to the substitution of Mn2+ in the Zn2+ site with annealing. Thus, Mn metal
inclusions as Mn2+ in the ZnO lattice are possibly responsible for such large magnetic moment in the
1.07.Bc

eywords:
n-doped ZnO

oom temperature ferromagnetism
agnetic impurity

films.
© 2011 Elsevier B.V. All rights reserved.
anostructure

. Introduction

Transition metal doped ZnO has emerged as an attractive
andidate for DMS material based on both theoretical [1,2] and
xperimental [3,4] studies. In particular, incorporation of Mn2+ into
he large band gap ZnO lattice promises to lead to new magnetic,
ransport and optical properties in ZnO. For this purpose, Mn:ZnO
ompounds with predicted above-room-temperature ferromag-
etism have attracted attention as promising spintronic materials
1]. These compounds have been mainly grown by pulsed laser
eposition (PLD) [5], CVD [6], molecular beam epitaxy (MBE) [7,8],

sothermal sintering [9,10], sol-gel method [11] or RF magnetron
puttering [12]. However, the origin of the ferromagnetism still
emains controversial [13] as to whether it arises from manganese
xide, precipitation of secondary phase, or the replacement of Zn2+

y Mn2+ in the ZnO host lattice.
Currently, capability of depositing ZnO in different config-
rations [14–16] e.g. nanorods, nanobelts, nanowires (NWs),
anoneedles, nanotetrapods and nanocombs have been reported.
f all the structures, vertically aligned ZnO nanorods offer unique

∗ Corresponding author. Tel.: +91 33 24146321; fax: +91 33 24146584.
E-mail address: msakp2002@yahoo.co.in (A.K. Pal).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.04.034
opportunity of modulating the physical properties by changing the
aspect ratio and/or the number density of the ZnO nanorods. Not
many studies on magnetic measurements on Mn-doped vertically
aligned ZnO nanorods have been reported so far. Hence, studies
on Mn-doped vertically aligned ZnO nanorods may open up a new
avenue for exploiting this material for device applications [1,17,18].

In this communication, we present our studies on the magnetic
properties of Mn-doped vertically aligned ZnO nanorods deposited
by hybrid wet chemical route on glass substrate. The films were
characterized by measuring structural, microstructural, magnetic
properties, X-ray photoelectron spectroscopy and Raman proper-
ties.

2. Experimental procedures

Vertically aligned ZnO nanorods were deposited by wet chemical route onto
glass substrates on which ZnO seed particles were pre-deposited by sputtering tech-
nique. Thus, this technique is essentially a hybrid technique where one may easily
manipulate the size and distribution of the ZnO seed crystallites modulating the
growth of ZnO nanorods. Details of the synthesis of the above ZnO nanorods were
reported elsewhere [16]. Here we deposited ZnO nanorods for a fixed duration of
45 min.
Mn was evaporated from a tantalum boat at a system pressure ∼10−6 mbar onto
the above vertically aligned ZnO nanorods. The amount of manganese was controlled
and recorded by a quartz crystal thickness monitor. Mn was deposited on the ZnO
nanorods for three different durations so as to deposit Mn layer with thickness
∼3 nm, 6 nm and 10 nm, keeping the rate of Mn evaporation fixed at ∼0.2 nm/s. The

dx.doi.org/10.1016/j.jallcom.2011.04.034
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:msakp2002@yahoo.co.in
dx.doi.org/10.1016/j.jallcom.2011.04.034
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nO nanorods containing manganese, thus obtained, were then subjected to rapid
hermal annealing (RTA) in argon atmosphere. The temperature of annealing was
73 K and duration was 3 min.

An FEI Quanta 200 scanning electron microscopy (SEM) was used to record
he surface morphology at an operating voltage of 25 kV in back scatter mode. A
igaku MiniFlex X-ray diffraction (XRD) using Cu K˛ radiation was used to obtain
he micro-structural information. Raman spectra were recorded using Renishaw
nVia micro-Raman spectrometer using 514 nm Argon laser. The XPS spectra were
ecorded using a VG Microtech at a base pressure ∼10−10 mbar. The XPS setup used
ere is incorporated with a dual anode Mg–Al X-ray source with a hemispher-

cal analyzer and a channeltron detector with a resolution 1.3 eV. The analyzer
as operated with pass energy of 200 eV for large size survey scan of 0–1000 eV

inding energy region. For high resolution scans pass energy of 20 eV was utilized.
onochromatic Mg K˛ radiation (1256.6 eV) was used at 300 W for all the XPS mea-

urements reported here. The system is equipped with an EX03 Ar ion sputtering
un for sample etching. Data analysis was done using VGX900 software incorpo-
ated with system while baseline correction was made by removing the Shirely
ackground from all the spectra. The FWHM was measured from Gaussian Lau-
entzian fitting of the spectra. Concentration values were obtained by integrating
he intensities of the XPS core level peaks and correcting for the Relative atomic
ensitivity factors (RASF).

For investigation of magnetic properties of the films, temperature-dependent
agnetization (M–T) and magnetic hysteresis (M–H) curves were measured using
superconducting quantum interference device (SQUID) magnetometer (Quantum
esign, MPMSXL). M–T curves were measured both in zero-field-cooled (ZFC) and

n field-cooled (FC) mode at the applied fields of 20 Oe, 100 Oe, and 500 Oe and M–H
urves at 35 K and 300 K were measured in the field range −5000 Oe ≤ H ≤ 5000 Oe.
he magnetic fields of 20 Oe, 100 Oe, and 500 Oe were applied in parallel as well as
erpendicular to the substrate of the annealed Mn-doped ZnO nanorod films and
easurements were carried out in both the configurations.

. Results and discussion

.1. Microstructural analysis

Fig. 1(a) and (b) shows the SEM micrographs and the corre-
ponding XRD patterns of a representative film of ZnO nanorods
nd as-deposited film of Mn (3 nm): ZnO nanorods, respectively. It
s observed that ZnO films deposited on glass substrate are mostly
ertically aligned (Fig. 1(a)). Some of them could be seen to deviate
rom perfect vertical alignment. The corresponding XRD pattern
ndicates the evolution of oriented and aligned ZnO nanorods

ith the presence of a very strong characteristic peak located at
� = 34.6◦ for reflections from (0 0 2) planes. There are two very

ow intensity peaks located at 2� = 63.3◦ and 2� = 73.5◦ arising
rom reflections for (1 0 3) and (0 0 4) planes, respectively, of ZnO
anorods. Fig. 1(b) shows the morphology of the same film of
nO nanorods with as-deposited Mn (3 nm thick) on it. It may be
bserved that the tips of the ZnO nanorods appear like inverted
ear drops as Mn adatoms tried to trickle down the nanorods. The
RD pattern did not indicate any significant characteristic peak

or Mn. When these as-deposited Mn:ZnO nanorods are subjected
o rapid thermal annealing at 773 K for 3 min, Mn gets dispersed
n ZnO matrix uniformly, possibly due to substitution of Zn by

n atoms without affecting the observed alignment of the ZnO
anorods (Fig. 2(a)–(c)). This is true for all the films of ZnO nanorods
eposited with increasing amount of Mn in them. Incorporation of
n in ZnO lattice will be more apparent from the XRD patterns

f the annealed Mn:ZnO nanorods as shown also in Fig. 2(d)–(f)
hich contains no observable peak for Mn after annealing. This
ould mean that annealing of Mn film at 737 K did not crystal-

ize the Mn film but rendered Mn to go into ZnO lattice. The SEM
ictures of three such Mn: ZnO nanorods with different amounts
f Mn in them are shown in Fig. 2(a)–(c). Heights and widths of
he nanorods were estimated from the lateral view of the above
iscussed SEM pictures taken at a tilt angle of 30◦. Average length
nd diameter of the nanorods were ascertained by measuring the

ame for a large number of nanorods constituting the films. The
verage diameter and length of the nanorods obtained as above
ere ∼80 nm and ∼780 nm, respectively. Thus, the average aspect

atio of the nanorods will be ∼9.75. Lattice constants, a and c, of Ta
b
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Fig. 1. SEM pictures and corresponding XRD patterns of a representative: (a) ZnO-nanorods and (b) ZnO with as-deposited Mn (3 nm).

Fig. 2. SEM pictures of ZnO nanorods with different amounts of Mn after subjecting them to RTA: (a) Mn:ZnO (Mn ∼ 2.6 at%); (b) Mn:ZnO (Mn ∼ 4.3 at%) and (c) Mn:ZnO
(Mn ∼ 4.8 at%) and the corresponding XRD patterns of the Mn:ZnO nanorods: (d) Mn:ZnO (Mn ∼ 2.6 at%); (e) Mn:ZnO (Mn ∼ 4.3 at%) and (f) Mn:ZnO (Mn ∼ 4.8 at%).
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ig. 3. XPS spectra for RTA annealed Mn:ZnO nanorod-films showing core level pe
Mn ∼ 4.8 at%) and (c) pure ZnO nanorods.

he Mn:ZnO films were computed from the XRD patterns for the
nnealed films and are shown in Table 1. It may be seen that the
attice constants of pure ZnO nanorods agreed well with the bulk
alues (a = 0.32495 nm; c = 0.52069 nm) [19]. Both the ‘a’ and the ‘c’
alues increased slightly with the increased incorporation of Mn in
he ZnO nanorods as shown in Table 1.

At this juncture, it will be prudent to examine the possible
harge states of Mn existing in these Mn: ZnO nanorod films and it
ill also be pertinent enough to carry out XPS and Raman studies

n these films. It may be noted here that the results presented in the
ubsequent sections will refer to the annealed samples only, unless
tated otherwise.

.2. XPS analysis

The binding states of the compositional elements of Mn:ZnO
anorods were characterized by XPS studies. Fig. 3(a) and (b) shows
he typical core level peaks corresponding to Zn 2p, O 1s and Mn 2p
f the Mn:ZnO nanorods for two representative films with different
mounts of Mn incorporated in them. The Mn 2p3/2 peak of Mn:ZnO
anorods located at 643.2 eV is not as asymmetric as compared to
hat for oxygen (Fig. 3(a) and (b)). It deviated significantly from
Gaussian distribution. The Mn 2p3/2 peak of Mn:ZnO nanorods

ocated at 643.2 eV could be deconvoluted in two peaks located at
641.4 and 643.3 eV, which could be attributed to the existence
n2+ and Mn4+, respectively [20]. It is well known that, for one

ind of element, its ion with a high valence has a larger binding
nergy than its low valence ion. Generally, peaks for the metallic

n and Mn4+ ion are located at 637.7 eV and 642.4 eV as indicated

n Ref. [21]. It may be mentioned here that an extra high-energy
eature at ∼644.6 eV in the Mn 2p XPS spectra as observed by Cong
t al. [22] was attributed to ligand to metal charge transfer shake-
rresponding to Zn 2p, O 1s and Mn 2p for: (a) Mn:ZnO (Mn ∼ 2.6 at%); (b) Mn:ZnO

up transitions. We have computed the peak areas of the different
valence bonds of Mn and the ratios of Mn2+/Mn4+ in each sample
were computed by using the relation:

n(E1)
n(E2)

= A(E1)/S(E1)
A(E2)/S(E2)

where n is the number of element atom, A is the area of the XPS
peak of the element, E is the element and S is the elemental sensi-
tivity factor. The ratios of Mn2+/Mn4+ computed as above are shown
in Table 1. It was found that the atomic concentration of Mn2+, in all
the samples increased with increased amount of Mn incorporation
in the ZnO lattice. Also the atomic concentration of Mn2+ was found
to be large as compared to the atomic concentration of Mn4+ for all
the samples.

The O 1s peaks with their deconvolution result for two rep-
resentative Mn incorporated ZnO are shown in Fig. 3(a) and
(b), respectively. The peaks for O 1s could be deconvoluted by
curve fitting method in two Gaussian peaks centered at ∼529.6 eV
and ∼531.2 eV. The high binding energy component centered at
531.2 eV can be ascribed to the chemisorbed oxygen of the surface
hydroxyl, –CO3, absorbed H2O or absorbed O2 [23], which cannot
be easily removed. The component with low binding energy cen-
tered at 529.6 eV could be attributed to the O2− ions in the ZnO
lattice. For the sake of comparison, the XPS spectra of pure ZnO
nanorods are also appended here (Fig. 3(c)). The deconvoluted O
1s peaks could be seen centered at ∼529.7 eV and ∼530.9 eV. Both
the peaks have the binding energies shifted slightly towards lower

energy. The value of Zn/O ratio computed from the above spectra
is ∼1.11. The intensity of this peak would indicate the amount of
oxygen atoms in the wurtzite structure of the hexagonal Zn2+ ion
array.
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Fig. 4. (a) Raman spectra for RTA annealed Mn:ZnO nanorod-films: (a) Mn:ZnO
M.K. Sharma et al. / Journal of Alloy

The XPS spectrum of Zn 2p peak (Fig. 3) exhibited the charac-
eristic doublet corresponding to the peak at ∼1021.8 eV for Zn
p3/2 and at ∼1044.8 eV for Zn 2p1/2. Due to the ion radii differ-
nce between Mn2+ (0.66 Å) and Zn2+ (0.60 Å), Mn with larger ionic
adius replacing Zn of the ZnO lattice could result in the increas-
ng binding energy of Zn. This explains the slightly higher energy
osition of the peak centered at 1021.8 eV than that of Zn in the
ulk ZnO (1021.4 eV). The effective concentrations of Mn2+ incorpo-
ated into the films are found to be ∼2.6 at%, ∼4.3 at% and ∼4.8 at%
orresponding to Mn layer thickness of 3 nm, 6 nm and 10 nm,
espectively, for the ZnO-nanorod samples. Relative amounts of
n:Zn are shown in Table 1.
Although, the XPS results showed that Mn2+ state was the

ominant charge state, but it may be stressed here that elemen-
al quantification made by proton-induced X-ray emission (PIXE)
nd Rutherford back scattering spectrometry (RBS) measurements
ould have yielded more authentic information of the quantifica-

ion and distribution of Mn throughout the ZnO nanorods [24,25].
IXE is highly sensitive to elemental analysis and thus is an excel-
ent technique to quantify the overall concentration of host as well
s dopant materials. The X-ray yield of Mn and Zn would have
ffirmed that Mn atoms were located on substitutional Zn lattice
ites. Additionally, the RBS spectra would have illustrated both
rystalline quality and orientation. The authors regret to indicate
hat due to unavailability of the above supporting equipments in
he University, they are unable to include more authentic informa-
ion on Mn2+ ions in ZnO lattice as an additional support to the
nformation obtained by XPS measurements.

.3. Raman analysis

Among the other techniques, Raman spectroscopy offers a non-
estructive tool for obtaining information about both the local
nd the non-local vibrational states related to the structure of
nMnO compounds. Typical Raman spectra of three representative
s-deposited Mn:ZnO nanorod films grown on glass substrates are
hown in the insets of Fig. 4(a)–(c). All the spectra are dominated
y the presence of a strong peak located at ∼438 cm−1 followed by
eaks at ∼332 cm−1 and 378 cm−1 (unmarked) in the low wave-

ength number region. There is only one peak at ∼577 cm−1 in the
igher wave number region. The peak at ∼438 cm−1 may be iden-
ified as high frequency branch of E2 mode of ZnO. The broad and
symmetric nature of this peak is typical of the Raman active mode
pecially observed in wurtzite structure. The peak at ∼577 cm−1

ould be attributed to the A1 longitudinal optical (LO) mode of ZnO.
rigin of the above modes may be due to Zn interstitials present in

he films. The second order Raman arising from the E2 (high) − E2
low) multiple scattering processes appeared at ∼332 cm−1. This
bservation is in conformity with that observed by Gao et al. [26]
rom their studies on ZnO nanorods deposited by solution deposi-
ion method on GaN wafer. A very low intensity peak at ∼378 cm−1

resent (inset of Fig. 4(b) and (c); not marked) in the Raman spec-
ra for as-deposited Mn:ZnO nanorods could be identified as arising
ut of A1 Raman vibration modes. The appearance of Raman peaks
t ∼438 cm−1 and ∼378 cm−1 is in conformity with the observa-
ion by Wu et al. [27] on the ZnO nanowires prepared via sol–gel
emplate route by them.

When the above as-deposited Mn:ZnO films were subjected
o RTA, a drastic change in the Raman spectra is observed
Fig. 4(a)–(c)). The Raman spectra of the annealed Mn:ZnO
anorods indicated only one characteristic peak at ∼438 cm−1 for

n:ZnO films with lower Mn content (Fig. 4(a)). Films containing

igher Mn content indicated an additional Raman feature located
t ∼660 cm−1. We did not observe any peak at ∼522 cm−1 as was
bserved by Yang et al. [28], the origin of which was associated with
(Mn ∼ 2.6 at%); (b) Mn:ZnO (Mn ∼ 4.3 at%); (c) Mn:ZnO (Mn ∼ 4.8 at%). Insets show
the Raman spectra for as-deposited Mn:ZnO films.

Mn doping. Disappearance of the Raman peak at ∼577 cm−1 in the
annealed films, arising due to the Zn interstitials, may be related to
the substitution of Mn2+ in the Zn2+ site with annealing. Xu et al.
[29] and Kim and Stair [30] observed the existence of a weak peak at
about 665 cm−1 which was ascribed to the vibration mode of Mn–O.
In the present study, the observed vibrational mode at ∼660 cm−1

in Mn:ZnO nanorod samples appeared only for samples containing
higher amount of Mn. Yang et al. [28] indicated that the vibration
mode at ∼660 cm−1 may be ascribed to an intrinsic mode of ZnO
related to oxygen vacancies (Vo), zinc interstitials (Zuni), anisette
oxygen, etc. However, Samanta et al. [31] also observed additional
modes at ∼680 cm−1 and attributed the origin of this peak to the
precipitation of spinal secondary phase ZnMn2O4 in 10% Mn doped
ZnO. We have not observed the presence of any secondary phase
ZnMn2O4 in the XRD traces in any of our samples and moreover
the amount of Mn present in the samples under this study was

significantly lower. Thus, we apprehend that this Raman peak at
∼660 cm−1 did not originate from possible partial formation of Mn-
rich solid solution layer in the Mn:ZnO nanorods or precipitation of



7264 M.K. Sharma et al. / Journal of Alloys and Compounds 509 (2011) 7259–7266

F (Mn ∼
a nO (M

Z
b
a
M

3

M
s
c
a
n
fi
o
c
h
u
t
o

fi
t
0
s
t
c
s

increased manganese oxides due to surface oxidation (if any), in
these films, contributing to the modulation of the magnetic prop-
erties of these films, was absent. On the contrary, the oxide surface
layers might have resulted in ferromagnetic sub-phases (especially
ig. 5. M–H curves for RTA annealed Mn:ZnO nanorod-films: at 35 K for (a) Mn:ZnO
nd (c) Mn:ZnO (Mn ∼ 4.8 at%); and at 300 K for (d) Mn:ZnO (Mn ∼ 2.6 at%), (e) Mn:Z

nMn2O4. Rather, this peak might have originated from the com-
ined effect of two-phonon signal of ZnO as indicated by Calleja
nd Cardona [32] and Hasuike et al. [33] and the vibration mode of
n–O as observed by Xu et al. [29].

.4. Magnetization studies

M–H hysteresis curves recorded at 35 K and 300 K for the
n:ZnO nanorod-films containing different amounts of Mn are

hown in Fig. 5(a)–(c) and (d)–(f), respectively, which clearly indi-
ated that the films are ferromagnetic. The magnetic field was
pplied parallel and perpendicular to the substrate of Mn:ZnO
anorod-film and measurements were carried out in both the con-
gurations. It may be noted here that no significant change was
bserved in the magnetic behavior when measured in the above
onfigurations. The magnetization values were systematically a bit
igher in parallel configuration than that measured in perpendic-
lar configuration. Thus the results presented here will represent
he magnetic measurements carried out in parallel configuration
nly.

The saturation magnetization (MS) of the Mn:ZnO nanorod-
lms consistently increased with Mn concentration. The MS of
he films are estimated to be 0.21, 0.29, 0.38 be/Mn at 35 K and
.083, 0.093, 0.11 be/Mn at room temperature (300 K). M–H data

howed that magnetization decreased with increase in tempera-
ure. It was observed clearly from the expanded view of the M–H
urves (not shown here) that the values of the coercive fields mea-
ured under both increasing (HC+) and decreasing fields (HC−) are
2.6 at%) (Inset: M–H curve for pure ZnO nanorods film); (b) Mn:ZnO (Mn ∼ 4.3 at%);
n ∼ 4.3 at%) and (f) Mn:ZnO (Mn ∼ 4.8 at%).

nearly the same. The values of coercive fields (He) obtained as above
at 35 K and 300 K have been tabulated in Table 1. A variation of
�H [=|(HC+) − (HC−)|] for all the films with different Mn contents
revealing the differences in the coercive fields is indicated in Fig. 6.
Variation of this difference (�H) did not indicate any significant
change for films containing increased amount of Mn particles in
the ZnO matrix. This would indicate that the possible presence of
Fig. 6. Variation of coercive field difference (�H) with the Mn content in the ZnO
nanorod films.
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Fig. 7. (a) Temperature dependence of magnetization (M–T) curve for a represen-
tative Mn:ZnO (Mn ∼ 4.8 at%) sample in ZFC and FC conditions in the presence of dc
M.K. Sharma et al. / Journal of Alloy

n3O4) and which would not contribute to the observed ferromag-
etism at room temperature as it has a Curie temperature ∼43 K
34]. Moreover, the other manganese oxides (MnO and MnO2) are
ell known antiferromagnets below their respective Neel tem-
erature of 116 K and 84 K. These oxide surface layers (if present)
ould have resulted in a shell-core morphology wherein an anti-

erromagnetic oxide layer would surround the Mn2+ influencing
he magnetic properties due to the exchange interaction between
he ferromagnetic and the antiferromagnetic phases. Thus, a sig-
ificant difference in coercive fields could have been observed due
o the presence of surface manganese oxide layer resulting in the
xchange bias. Similar observation was made for metallic nanopar-
icles with shell NiO/core Ni morphology, which supported the
resence of oxide surface layers [35,36]. The residual magnetization
lso gradually increased for films containing increased amount of
anganese particles. It may be noted here that pure ZnO nanorods

id not show any ferromagnetic properties as is evident from the
–H plot shown in the inset of Fig. 5(a). Thus, the above results

onfirm that Mn doping in ZnO lattice would induce ferromagnetic
rdering at room temperature.

The magnetization due to spin-split donor impurity band is gen-
rally very anisotropic [37] in crystalline materials, with variations
p to a factor of 3 depending on the orientation of the applied
eld relative to the substrate. Also, there is not much difference in
agnetization in parallel and perpendicular configurations. Thus,

t may possibly imply that bound magnetic-polaron may dominate
agnetic exchange interaction and as such the origin of magnetism

n our samples may be related to the bound magnetic polarons.
The magnetization results for the Mn-implanted nanorods are

ery similar to those reported previously for Mn-implanted, bulk
-type ZnO single crystals, in which high resolution X-ray diffrac-
ion showed no secondary phases [38]. We note also that the
olubility limits for Mn in ZnO are between 13% for equilibrium
onditions and 35% for incorporation by pulsed laser deposition [5].
hese values are well beyond the concentrations employed here.
hus, the observed ferromagnetic behavior could be attributed to
he substitution of Mn ions (Mn2+) for Zn ions in the ZnO lattice.
his observation is in conformity with that reported by Lin et al.
21] and Cong et al. [22]. According to the results of XRD, XPS,
aman spectra and the magnetic properties, it may be concluded
hat the Mn2+ played the most important role in the ferromag-
etic properties of Mn-doped ZnO [39]. According to RKKY theory
40,41], the magnetism is due to the exchange interaction between
ocal spin-polarized electrons (such as the electrons of Mn2+ ions)
nd conductive electrons. This interaction leads to the spin polar-
zation of conductive electrons. Subsequently, the spin-polarized
onductive electrons perform an exchange interaction with local
pin-polarized electrons of other Mn2+ ions. Thus after the long-
ange exchange interaction, almost all Mn2+ ions exhibit the same
pin direction. The conductive electrons are regarded as a medium
o contact all Mn2+ ions. As a result, the material exhibits ferro-

agnetism. However, direct Mn–Mn interactions have been used to
xplain anti-ferromagnetism by some researchers [17]. XPS studies
ndicated that incorporated Mn was in Mn2+ and Mn4+ states. Mn2+

tomic concentration was found to be larger than Mn4+ concentra-
ion in all the samples. Also, disappearance of the Raman peak at
577 cm−1 arising due to the Zn interstitials may be related to the

ubstitution of Mn2+ in the Zn2+ site with annealing. Additionally,
ure ZnO nanorods did not indicate any ferromagnetic behavior.

t may be noted here that the largest magnetic moment obtained
n this study was ∼0.11 �B/Mn which is smaller that commonly
btained value of 5.9 �B/Mn2+. This would imply that not all Mn

ons took part in ferromagnetic behavior in these films. Also, when
he uncorrelated spins, responsible for paramagnetic component
re taken into account for computing magnetic moment, the resul-
ant moment per Mn ion would indicate higher values. This may be
magnetic fields of 20, 100 and 500 Oe. (b) Temperature dependence of magnetiza-
tion for Mn:ZnO films with different Mn contents in ZFC and FC conditions in the
presence of dc magnetic field of 20 Oe.

the basic cause of obtaining lower values of magnetic moment in
our films. Thus, it may be concluded from this study that Mn metal
inclusions as Mn2+ in the ZnO lattice are possibly responsible for
such existence of magnetic moment in the films as no phase of
Mn3O4 could be detected from our XRD and XPS results. The XRD,
XPS and Raman results implied that most Mn ions were located at
Zn sites, and the occupation rate of Mn2+ ions at the Zn sites would
increase with increasing Mn incorporation.

Fig. 7(a) presents the zero-field cooling (ZFC) and field-cooling
(FC) M–T curves of representative sample Mn:ZnO film (Mn
∼4.8 at%) from 2 K to 300 K at applied fields of 20 Oe, 100 Oe, and
500 Oe. Variation of magnetization with temperature for Mn:ZnO
films containing different Mn contents is shown in Fig. 7(b). The
contribution from the glass substrate was subtracted from the raw
data. Magnetization could be seen to increase rapidly below 50 K
for all the films measured at different magnetic fields (Fig. 7(a)).
The sample shows ferromagnetic behavior persisting above 300 K
and TC is thus estimated to be higher than 300 K. Magnetization
measured at H = 20, 100 and 500 Oe was found to be essentially
temperature independent between 35 and 300 K with no difference
in either the ZFC and FC case. Thus, it indicated the magnetiza-
tion existed up to room temperature. This is in agreement with the
results reported by others [42,43] which led to the suggestion of
room temperature ferromagnetism. A model [44] combining both
paramagnetic and ferromagnetic components may account for the
initial decrease of magnetization from 2 K to 35 K and remaining
non-zero up to 330 K. No signature of superparamagnetic blocking
temperature (TB) peak could be observed in the ZFC magnetization

data. The blocking may be present in the nanorods but may not
be observed because of very small particle size. The small particle
size leads to very low TB well below the detection limit of SQUID
magnetometer [45].



7 s and

4

w
a
p
o
t
P
T
(
M
f
a
i
s
l
r

A

R
R
I
S
a
f

R

[
[

[
[

[

[

[
[
[

[

[

[

[
[

[

[

[
[

[
[

[
[

[
[

[

[

[

[

[

[
[
[
[

[

266 M.K. Sharma et al. / Journal of Alloy

. Conclusions

In conclusion, aligned nanorods of Mn:ZnO (Mn = 2.6–4.8 at%)
as synthesized by hybrid wet chemical route on glass substrates

nd the microstructural, chemical compositional and magnetic
roperties were investigated. Room temperature ferromagnetic
rdering for the Mn:ZnO nanorods were clearly observed. The Curie
emperature for all the nanorod films is above room temperature.
ure ZnO nanorods did not show any ferromagnetic properties.
he magnetization increases with Mn doping in ZnO nanorods
0.083 ≤ MS ≤ 0.11 �B/Mn). XPS studies indicated that incorporated

n was in Mn2+ and Mn4+ states. Mn2+ atomic concentration was
ound to be larger than Mn4+ concentration in all the samples. Dis-
ppearance of the Raman peak at ∼577 cm−1 arising due to the Zn
nterstitials may be related to the substitution of Mn2+ in the Zn2+

ite with annealing. Thus, Mn metal inclusions as Mn2+ in the ZnO
attice are possibly responsible for such large magnetic moment at
oom temperature in the films.
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