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The magnetic properties of Mn-doped ZnO (ZnO:Mn) nano-
rods grown by hydrothermal process at a temperature of 200 °C
and a growth time of 3 h have been studied. The samples were
characterized by using powder X-ray diffraction with Rietveld
refinement, scanning electron microscopy, energy-dispersive
X-ray analysis and SQUID magnetometry. Mn (3 wt%) and
(5 wt%)-doped ZnO samples exhibit paramagnetic and
ferromagnetic behavior, respectively, at room temperature.
The spin-glass behavior is observed from the samples with
respect to the decrease of temperature. At 10 K, both samples
exhibit a hysteresis loop with relatively low coercivity. The
room-temperature ferromagnetism in 5 wt% Mn-doped ZnO
nanorods is attributed to the increase in the specific area of grain
boundaries, interaction between dopant Mn>" ions substituted
at Zn>" site and the interaction between Mn>" ions and Zn*"
ions from the ZnO host lattice.

1 Introduction Diluted magnetic semiconductors
(DMS), which combine ferromagnetism with semiconductiv-
ity, are identified to be potential building blocks for spintronic
devices [1-3]. Nonmagnetic materials like TiO,, SnO,, HfO,
showed room-temperature ferromagnetism while doping it
with a suitable quantity of transition metal elements [4-7].
Prellier et al. [8] reported ferromagnetism in transition metals
(TM) doped DMSs with a Curie point above room temperature
and are useful for advanced spintronic applications. In
particular, in semiconductor materials, ferromagnetism occurs
at doping levels far below the percolation threshold and the
average magnetic moment per dopant cation progressively
increases with decreasing dopant concentration [9]. Zinc oxide
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(ZnO) is an extensively studied wide direct bandgap (3.37eV)
nontoxic semiconductor with a large exciton binding energy
of 60meV at room temperature [10]. Room-temperature
ferromagnetism is theoretically predicted in Mn-doped ZnO
(ZnO:Mn) [11]. Following the theoretical prediction that
ZnO would become ferromagnetic at room temperature by
doping with 3d transition elements, intensive experimental
work has been carried out to understand the DMS
behavior [12-14]. Manganese is a good transition metal
candidate to be used as dopant because of its better thermal
solubility (10mol%) [13]. High-temperature and vapor-
phase methods are mostly employed for the fabrication
of 1D nanostructures of ZnO:Mn [15]. Mn-doped ZnO
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nanowires are also obtained by doping Mn into ZnO by
using various techniques, such as ion implantation, thermal
evaporation, and wet chemical method [10]. Solution-
based synthesis like solvothermal, hydrothermal methods
is one of the efficient strategies to prepare Mn-doped
ZnO 1D semiconductor nanostructures [16-21]. As stated
previously, there are several reports on the magnetic
characteristics of ZnO:Mn and inconsistencies exist in
these reports [22-24, 26, 27]. A recent first-principles-
based study could open new ways to the understanding
of the ferromagnetic interactions in this material [25].
Further, it is reported that the specific area of grain
boundaries is an important factor that determines the
magnetic properties of ZnO as well transition-metal-doped
ZnO.

In this context, it requires more experimental and
theoretical support to understand the origin of ferromagne-
tism in ZnO:Mn with different nature like bulk, films and
nanostructures, etc. In the present work, we have studied the
structure, morphology, and magnetic behavior of ZnO:Mn
(B3wt%) and ZnO:Mn (5wt%) nanorods in order to
understand the origin of magnetism of as-synthesized
ZnO:Mn nanorods.

2 Experimental ZnO:Mn nanorods were synthe-
sized by the reaction of Zn(CH3COO),-2H,0 (0.1 M),
Mn(CH3COO),-2H,0 (0.1 M), and NaOH (1M). The
initial reactants were dissolved in distilled water and
maintained at a pH of about 8-10. The reactants were
placed in a sealed Teflon-lined stainless steel autoclave
and maintained at a temperature of 200 °C for 3 h under
autogenous pressure [17]. After the heating process, the
autoclave was allowed to cool naturally to reach room
temperature. The resulting precipitate was collected,
washed with distilled water, filtered and dried in air
atmosphere at room temperature. The X-ray diffraction
(XRD) of the samples was obtained by using a Rigaku
D/Max-C X-ray diffractometer with Cu Ka radiation
(A=1.5414 A). The powder XRD patterns of samples
were processed with the Rietveld refinement method using
the FullProf program [28]. X-ray photoelectron spectros-
copy (XPS) measurement was carried out by using a
Kratos AXIS Ultra spectrometer. The scanning electron
microscope (SEM) images and energy-dispersive X-ray
analysis (EDX) of the samples were taken using a Hitachi
S-4800 SEM. Magnetic properties of the samples were
studied with a SQUID magnetometer (QUANTUM
DESIGN).

3 Results and discussion

3.1 Structural and compositional characteriza-
tion Figure 1 shows the Rietveld refined XRD pattern of
hydrothermally grown ZnO and ZnO:Mn. The XRD peak
shows that the synthesized samples are of good crystallinity.
All the diffraction peaks of ZnO and ZnO:Mn nanorods are
similar to that of hexagonal wurtzite structure of ZnO
(JCPDS: 36-1451) [space group P63mc (No. 186)].
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Figure 1 Rietveld refined XRD pattern of hydrothermally grown
(a) ZnO:Mn (5 wt%), (b) ZnO:Mn (3 wt%), and (c) ZnO nanorods.

Figure 2 shows the high-resolution XPS Mn-2p spectra
of ZnO:Mn nanorods (Mn 3 and 5 wt% doped samples). The
Mn-2p peak of ZnO:Mn nanorods is observed at 642.29 V.
This result is in agreement with previously reported binding
energy values of the Mn?* jonic state (Mn 2Pz [29]. This
indicates the presence of the Mn>" ions in the samples as
well as incorporation of Mn”>" jons into the ZnO lattice.
This observation also confirms the XRD of the present
sample, in which there is no additional phase or Mn clusters
or crystalline Mn oxides detected. Further, the observed
increase of the lattice parameters of Mn-doped ZnO indicates
the Mn incorporation into the ZnO lattice/replacement of
Mn?>" ions in the sites of Zn>" ions. This incorporation of
Mn into the ZnO lattice alters the lattice parameters, and
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Figure 2 The high-resolution XPS Mn-2p spectra of (a) ZnO:Mn
(5 wt%) and (b) ZnO:Mn (3 wt%) nanorods.

induces lattice strain that generates a stress on the host
lattice. Nevertheless, the wurtzite structure remains un-
changed by the substitution of Mn*" ions by Zn>" ions
into the ZnO crystal system. The lattice parameters @ and ¢
of the as synthesized samples are found to be slightly
increased with respect to the doping percentage of Mn*" ions
(Table 1). The slight variation in calculated lattice constants
can be understood if we consider the larger radius of
Mn*" ions (0.66 A) with respect to that of the Zn>" ions
(0.60 A) [30]. The EDX analysis of the samples indicates
the incorporation of Mn into the ZnO crystalline system
(Table 2).

3.2 Morphological characterization The SEM
images recorded from various regions of the sample grown
under the same conditions exhibited almost uniform nanorod

Table 1 Lattice parameters of hydrothermally grown ZnO with the
doping concentration of Mn.

lattice standard JCPDS  unit-cell parameters obtained
constant values [36-1451] with Rietveld refinement
@(in A)
ZnO ZnO:Mn ZnO:Mn
(in &)  GBwt%) (in A) (5wt %)
(in A)
a 3.2498 3.2455 3.2567 3.2948
c 5.2066 5.1982  5.1997 5.2569

Table 2 EDX analysis result of hydrothermally grown ZnO and
ZnO:Mn nanorods.

element ZnO ZnO:Mn (3 wt%) ZnO:Mn (5 wt%)

Zn O Zn O Mn Zn (0] Mn

76.23 18.86 7233 21.20 2.12
4270 43.19 3931 47.09 1.37

67.58 21.07 3.46
35.00 44.59 2.13

wt%
at%
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Figure 3 SEM images of hydrothermally grown (a) ZnO,
(b) ZnO:Mn (3 wt%) and (c) ZnO:Mn (5 wt%) nanorods.

morphology (Fig. 3). Hydrothermally grown ZnO nanorods
are bunched and exhibit flower-like morphology, while
ZnO:Mn samples seem to be more or less isolated. ZnO:Mn
(3 wt%) nanorods are comparatively larger in size than the
ZnO:Mn (5 wt%) sample.

3.3 Magnetic characterization M-H characteris-

tics of hydrothermally grown ZnO nanorods were studied
at 10 and 300 K (Fig. 4). These samples exhibit diamagnetic
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Figure 4 M-H curve of hydrothermally grown ZnO nanorods at
10 and 300 K.

nature at both temperatures (10 and 300 K), which is the
expected result from the ZnO nanorods. On the other hand,
the M—H curve at 300 K is almost a straight line without any
hysteresis loop for ZnO:Mn (3 wt%) sample (Fig. 5). In the
ZnO:Mn (3wt%) sample, the magnetization reaches a
maximum value at an applied field strength of about
69.56 kOe, and showing a magnetic moment of 0.067 emu
g~ !, and being not saturated. The magnetic susceptibility
shows a positive value that indicates the paramagnetic
behavior of the material. Interestingly, the ZnO:Mn (5 wt%)
sample shows an increase in its magnetic moment as
compared to ZnO:Mn (3 wt%) samples at 300 K. The M-H
curve at 300K of ZnO:Mn (5wt%) shows a hysteresis
loop with coercivity (H.) of the order of 0.017kOe,
remanence (M,) ~ 1.611 x 10~ *emu gfl (Fig. 6). This result
indicates that the ZnO:Mn (5 wt%) nanorods exhibit room-
temperature ferromagnetic behavior.

On the other hand, at low temperature (10 K; Fig. 7),
hysteresis loops with relatively low coercivity were observed
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Figure 5 M-H curve of hydrothermally grown ZnO:Mn (3 wt%)
nanorods at 300 K.
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Figure 6 M-H curve of hydrothermally grown ZnO:Mn (5 wt%)
nanorods at 300 K.
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Figure 7 M-H curve of hydrothermally grown ZnO:Mn (3 wt%)
and ZnO:Mn (5 wt%) nanorods at 10 K.

from all the samples under investigation. ZnO:Mn (3 wt%)
samples show coercivity (H.)~0.3129 kOe and a remanence
value of (M,)~0.0123 emu gfl. In the ZnO:Mn (5 wt%)
sample, coercivity (H.) is ~ 0.4256 kOe and remanence (M,)
is ~0.0205emu g~ ', respectively. Even at this temperature,
magnetization is not saturated for all the samples. The
hysteresis loop has a nonlinear behavior that shows that
the crystalline system is a mixture of paramagnetic and
ferromagnetic states.

The temperature dependence of magnetization, under
field cooling (FC) with an applied magnetic field of 50 Oe
and zero field cooling (ZFC) of ZnO:Mn (3 wt%) nanorods
is shown in Fig. 8. The FC and ZFC curves overlap above
47K and separate from each other below this temperature.
Under FC conditions, the magnetization increases slowly
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Figure 8 M-T plot (FC and ZFC) of hydrothermally grown ZnO:
Mn (3 wt%) nanorods at an applied field of 50 Oe. The inset shows
the enlarged portion in the low-temperature region.

with decreasing temperature from 300 to 95K, and then
followed by a rapid increase up to 10K. ZFC is also
gradually increased with respect to the decrease of the
sample temperature. The FC and ZFC curves overlap in
the measuring range of temperatures from 15 to 300 K.
The magnitude of the ZFC and FC condition continues to
increase without saturation while lowering the temperature,
which indicates the presence of diamagnetic ordering in
the sample. The magnetization increases slowly with
decreasing temperature from 300 to 100 K, followed by a
steep increase up to 10K in the plot of ZnO:Mn (5 wt%)
sample (Fig. 9). The figure shows the bifurcation of FC
and ZFC at 34 K.

There are different possibilities for the occurrence
of ferromagnetism in transition-metal-doped ZnO. Dietl

T T 7 T 1 v 1
0.0030F _ 500 0.0030 .
\ G
0.0025 | o\ -:E-, 0.0025 i
_ K 2 5.0020
< 0.0020 | A8 E .
£ [=Y @
= g 0.0015
:-E- 0.0015 = b
= 0.0010L—. . - ]
g 10 20 30 a0
g 0.0010 |- Temperature (K) b
0.0005 | N
0.0000 1 1 = =

L 1 i 1 " 1 1 1
100 150 200 250 300
Temperature (K)

0 50

Figure 9 M-T plot (FC and ZFC) of hydrothermally grown ZnO:
Mn (5 wt%) nanorods at an applied field of 50 Oe. The inset shows
the enlarged portion in the low-temperature region.
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et al. [11] theoretically explained that the room-temperature
ferromagnetism in transition-metal-doped ZnO is on the
basis of hole doping contributed to the substitution of
transition metal in Zn?' sites. The above theoretical
explanation is not vivid, because the substitution of the
equal valence ions (anJr instead of Zn2+) will not create
holes. Another model suggests the formation of nanosized
Mn;0,4 with a Curie temperature of 44 K could be a reason
for the origin of ferromagnetism in ZnO:Mn [31].

As described previously, there is no MnO, Mn;0,, etc.
detected in the ZnO:Mn nanorods synthesized by the
hydrothermal process. The observed increase in lattice
constants suggest that the substitution of Mn*" ions instead
of Zn*" sites rather than the oxide phase of Mn. There will be
the possibility to have different types of defects in
hydrothermally grown ZnO:Mn nanorods. The native crystal
defects like vacancies of O, and Zn interstitials on the ZnO
host lattice may also generate ferromagnetism in the ZnO
nanorods. However, our studies on photoluminescence
spectrum of ZnO nanorods even with Mn doping reveal
the absence of defect level emission. So there is no
possibility for defect-level-activated ferromagnetism to
occur in hydrothermally grown ZnO nanorods (Fig. 4).
ZnO and transition-metal-doped ZnO samples exhibit
ferromagnetic behavior only when the specific area of grain
boundaries exceeds a certain threshold value [32]. Straumal
et al. [32] reported that a threshold value of specific area of
grain boundaries in ZnO is 5.3 x 10’ and ZnO:Mn is
24x10°m*m™>. In the case of the present sample,
these values are found to be 6.7 x 10°, 1.7 x 10°, and
10x 10°m?>m™ in ZnO and ZnO:Mn 3 and 5wt%,
respectively. The Mn dopant promotes formation of grain
boundaries and the ferromagnetic transition [33]. Further,
the solubility of Mn increases with the size of grains and
ferromagnetic properties of doped structures are nonmono-
tonic [32]. The observance of room-temperature ferromag-
netism in ZnO:Mn (5 wt%) is attributed to the presence of
the increased specific area of grain boundaries and higher
solubility of Mn ions in its grains as evidenced by the
reduction in diameter of ZnO:Mn (5 wt%) (Fig. 3). From
these results, it is inferred that the paramagnetic behavior
observed from ZnO:Mn (3 wt%) at 300 K probably due to
the reduction of the specific area of grain boundaries as
compared to that of ZnO:Mn (5 wt%). Also, an increase in
bandgap is observed with the increase in content of Mn into
ZnO, the origin of ferromagnetism is also due to Mn doping
in the ZnO lattice, which is closely related to the change in
bandgap energy of nanorods by the substitution of Mn*"
in Zn?" sites [34].

A nonzero difference between the FC and ZFC curves
of ZnO:Mn (3wt%) and ZnO:Mn (5 wt%) indicates the
short-range ferromagnetic ordering while decreasing the
temperature of the sample, as usually observed in spin-
glass systems [35]. This ferromagnetic ordering is further
confirmed by the presence of the hysteresis loop at 10 K. The
FC and ZFC curves bifurcate each other from a temperature
below T, indicating the influence of the aging on the spin-
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glass state, as was previously reported in Lag 9551y 0sC0oO3
and Ag(Mn) spin-glass systems [36, 37].

In the FC—ZFC curve of the ZnO:Mn (5 wt%) sample,
the magnetization increases with the decrease in the
temperature range of 300—100 K and a rapid increase occurs
below 100 K. This behavior is similar to the paramagnetic
one. However, this sample shows remanent magnetization
and coercivity at room temperature as well. The rapid
increase of magnetization at low temperature in ZnO:Mn
(5 wt%) can be related to the ferromagnetic properties. Our
ZnO sample (Fig. 4) exhibits only diamagnetic behavior at
room temperature as well as at 10K. So, the magnetic
properties detected in ZnO:Mn nanorods are due to the
interaction between the manganese in the ZnO host lattice,
and the detected magnetism point to a superexchange
interaction between Mn”" ions and Zn>" ions as well as an
increase in specific area of the grain boundaries [38, 32].

One can clearly observe that the ZFC magnetization of
both samples does not saturate in the entire measurement
range. This is due to the glassy state; the moments are
randomly frozen such that it will take a longer time for the
field to turn those spins along the field direction [39]. In
addition, the FC magnetization is not saturating at low
temperature, which indicates the short-range spin ordering
in the material [40]. In order to understand the spin-glass
ordering, the magnetization irreversibility (M;,) vs. the
temperature is plotted. The irreversible magnetization,
My = Mrc — Mzpc as a function of temperature for ZnO:
Mn (3wt%) and ZnO:Mn (5 wt%) nanorods is shown in
Fig. 10.

From the graph, one can see that M;,. become nonzero at
a temperature of 150 K (7;) for Mn (3 wt%) doped ZnO and
that of Mn (S wt%) doped ZnO is at 140K (). This
temperature is termed as the spin-glass transition tempera-
ture (T,). The spin-glass transition temperature Tg; and T
corresponds to Mn 3 and 5 wt%-doped ZnO, respectively.
The M, is found to rapidly increase and shows a linear
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Figure 10 Temperature-dependent irreversibility magnetization
M. = Mgc — Mzpc of ZnO:Mn (3 wt%) and ZnO:Mn (5 wt%)
nanorods.
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behavior from a temperature of about 88 K (7,.,1) in Mn
(3 wt%)-doped ZnO and 82 K (T¢,s) in Mn (5 wt%)-doped
ZnO. This temperature is termed as the crossover tempera-
ture, as reported by Svedberg et al. [41]. The temperature
dependence of M, in Mn 3 and 5 wt%-doped ZnO is an
indication of spin glass ordering attributed to the competing
interaction of frozen disorders and magnetic frustrations [42].
However, there are two regimes that can be observed in the
graph representing the temperature-dependent irreversibility
of magnetization for the spin-glass ordering of the present
sample (Fig. 10). The first one is between the T, and T, of
each sample for which the rate of variation remains small. But
below T, a rapid, roughly linear increase is determined in
both the samples. The linear upward curve seen in the low
temperature region suggests that the spin-glass transition
observed in the present sample is similar to that of the Ising
model predicted by De Almeida-Thouless [43, 44].

4 Summary and conclusions Hydrothermally
grown ZnO retains the rod-like morphology with low
percentage of Mn doping. The magnetic behavior of
ZnO:Mn nanorods depends on the doping percentage of
Mn into the ZnO lattice. Hydrothermally grown ZnO
nanorods exhibit a diamagnetic nature at 10 and 300 K. At
room temperature (300 K), ferromagnetism is observed in
ZnO:Mn (5 wt%) nanorods, while ZnO:Mn (3 wt%) nano-
rods show paramagnetism. The ZnO:Mn (3 wt%) and ZnO:
Mn (5 wt%) nanorods exhibit spin-glass behavior below 150
and 140K, respectively. The variation of magnetic behavior
with respect to the level of Mn doping can be attributed to the
population of Mn?" ions in the ZnO crystalline lattice. The
interaction between doped Mn”" ions and the substitution of
Mn?*" ions into Zn*" sites and the increase in specific area of
the grain boundaries are a contributing factor for the origin
of the magnetic behavior. ZnO:Mn nanorods synthesized
by a low-temperature hydrothermal process at a reduced
reaction time could be used as a potential material for the
fabrication of versatile functional spintronic devices.
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