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Abstract

Zn0 nanoparticles doped with Mn at different concentrations were successfully synthesizedvia solution
based approach. The structural, optical and magnetic properties were systematically investigated using
X-ray diffraction (XRD), UV-visible absorption spectroscopy, photoluminescence spectroscopy and
vibrating sample magnetometry (VSM). XRD analysis confirmed a pure wurtzite crystal structure without
any impurity phases and the average particle size ranged from 5.8 to 6 nm. Optical absorption studies
revealed a red shift in the absorption edge with increasing Mn concentration, attributed to strong
exchange interactions between Mn d-electrons and the host band electrons. Photoluminescence spectra
showed characteristic band edge emission and defect-related green emission, with the latter being
quenched upon Mn doping. All samples exhibited room temperature ferromagnetism, with saturation
magnetization increasing from 0.032 emu/cm? for undoped ZnO to 0.95 emu/cm? for 3% Mn-doped
samples. The observed ferromagnetism is discussed in terms of bound magnetic polarons mediated by
shallow donor electrons.

1. Introduction

Dilute magnetic semiconductors (DMS) have emerged as a promising class of materials, combining the
functionality of semiconductors with mild magnetic properties, making them ideal for spintronic
technology development [1]. These DMS materials offer a unique blend of benefits: magnetism enables
data storage, while their semiconducting nature facilitates rapid processing and sensor applications [2].
Among DMS materials, ZnO-based systems have shown exceptional potential in spintronics due to their
non-volatility, faster operation, low power consumption and high integration density [3]. ZnO, a
luminescent semiconductor with a wide band gap at room temperature and high exciton binding energy,
stands out for its distinctive piezoelectric, electrical and optical attributes [4]. Its nanomaterials have
multifunctional applications, making it an attractive host material for DMS. The incorporation of
transition metals like manganese (Mn) can further enhance ZnQO's magnetic and optical properties,
making it suitable for advanced spintronic devices [5].

Fabricating ZnO nanostructures in reduced dimensions, especially nanoparticles incorporating 3d
transition metal dopants, carries substantial value for advancing spintronic applications at the nanoscale
[6]. The doping of transition metal into wide band gap oxides has been shown to propagate carrier-
induced ferromagnetism [7-9]. Luo et al. produced Mn-doped ZnO (ZnMnO) nanoparticles averaging
around 40 nm in size via a combustion synthesis technique; however, magnetic analysis revealed
antiferromagnetic behavior in these particles [10]. Coey et al. suggested a donor impurity band exchange
mechanism in oxide DMS, wherein shallow donor electrons mediate ferromagnetic coupling by forming
overlapping bound magnetic polarons that generate a spin-split impurity band [11, 12]. The efficiency of
Mn doping in ZnO nanocrystals depends on several factors, including the surfactant in the growth
solution and nanocrystal shape [13, 14]. The maximum magnetic moment is observed when the Mn
concentration is less than 3 weight% in the ZnO sample matrix [15].
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Few studies have explored the magnetic characteristics of organic-capped oxide nanocrystals, leaving
the true source of ferromagnetism poorly understood [16—-19]. Although recent literature frequently
describes transition metal-doped ZnO DMS thin films, high-quality nanoscale powders displaying room-
temperature ferromagnetism (RT-FM) remain scarce [20—22].

This research details the preparation and magnetic behavior of Mn-doped ZnO nanoparticles
synthesized via simple solution-phase route [23]. Various dopant levels were examined through X-ray
diffraction (XRD), vibrating sample magnetometry (VSM), UV-visible absorption and photoluminescence
analyses to characterize their structural, magnetic and optical traits.

2. Materials and methods

For ZnO nanoparticle synthesis, the precursors consisted of 0.05 M zinc acetate (ZnAc, analytical
reagent grade) and 0.1 M sodium hydroxide dissolved in anhydrous ethanol. Particle dimensions were
tuned by adding a specific quantity of dodecylamine (DDA) in absolute ethanol as part of the preparation
process [24]. The concentrations of ZnAc:DDA was kept at molar ratio 1:1 and the sample name denoted
as MO. For Mn doping, manganese acetate supplemented to provide Mn?* ions in ZnO nanoparticles
[25]. A series of samples were prepared with controlled Mn content (in molar %) of 0.5, 1.0, 2.0 and 3%
and the sample were designated as M1, M2, M3 and M4. The excess zinc acetate and sodium ions were
removed through multiple washes with ethanol and acetone.

3. Results and discussion

3.1 Structural properties

The XRD patterns for undoped ZnO nanoparticles (M0) and Zn1-xMnxO nanoparticles (M1, M2, M3 and
M4) are shown in Fig. 1. The diffraction peaks for the undoped sample match well with the wurtzite
structure of ZnO (space group P63mc, JCPDS File No. 186) [26, 27]. The Miller plane assignments for the
peaks have also been shown in the Fig. 1. No peaks corresponds to any extra phase was observed in any
sample, which indicates that phase-pure doped nanocrystals were obtained by this synthetic scheme
[28, 29].

XRD shows a systematic XRD peak shift towards lower angle side is observed with increasing the
dopant concentration indicates increases in the average inter planar distance in the corresponding
planes [28]. No changes in the broadening in the XRD peaks with the increase in the dopant
concentration, which may due to decrease in the particle size. The average crystallite sizes, calculated
using Scherrer's formula from the three strongest peaks, were found to be 5.8 nm, 5.8 nm, 6.0 nm, 6.0
nm for samples M0, M1, M2, M3 and M4, respectively, consistent with previous reports [30].

The shift in XRD peaks towards lower angles with increasing Mn concentration suggests that Mn ions
are successfully substituting Zn ions in the ZnO lattice, leading to lattice expansion. This expansion can
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be attributed to the larger ionic radius of Mn?* (0.80 A) compared to Zn?* (0.74 A) [31]. The absence of
any impurity peaks and the systematic peak shift indicate that the Mn doping does not introduce any
significant lattice distortion or phase separation, resulting in high-quality doped nanocrystals [32]. These
results are crucial for understanding the structural properties of Mn-doped ZnO nanoparticles and their
potential applications in spintronic devices [33].
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XRD indexed results from sample M0, M1, M3 and M4

Table 1

Sample

MO

M1

M3

M4

31.73
34.57
36.16
47.55
56.5

62.72
67.8

31.05
33.81
35.5

46.8

55.8

62.22
67.41
30.46
33.16
34.87
46.25
55.22
61.54
66.92
30.35
33.16
34.87
46.28
55.29

d value (A%

Obsd
2.81
2.59
2.48
191
1.62
1.48
1.38
2.87
2.65
2.52
1.93
1.64
1.49
1.38
2.93
2.69
2.57
1.96
1.66
1.50
1.40
2.94
2.70
2.57
1.96
1.66

Std

2.81
2.60
2.47
1.91
1.62
1.47
1.37

Miller palne  Component

(100)
(002)
(101)
(102)
(110)
(103)
(112)
(100)
(002)
(101)
(102)
(110)
(103)
(112)
(100)
(002)
(101)
(102)
(110)
(103)
(112)
(100)
(002)
(101)
(102)
(110)

Zn0

Zn0

Zn0

Zn0
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Phase

Wurtzite

Wurtzite

Waurtzite

Wurtzite

Crystallite size(nm)

5.8

5.8

5.9

5.9




61.54 1.54 (103)
66.8  1.34 (112)

3.2 Optical properties

The optical absorption spectra of Mn-doped ZnO nanocrystals at room temperature are shown in Fig. 2.
All spectra exhibit a sharp absorption onset in the ultraviolet region, accompanied by well-defined
exciton peaks. The absorption onset of undoped ZnO nanoparticles was observed at 366 nm, which
progressively blue-shifted with increasing Mn concentration in the ZnO matrix. This blue shift can be
attributed to the modification of the electronic structure of ZnO due to Mn doping [32]. The absorption
onsets for samples M0, M1, M2, M3 and M4 were observed at 366 nm, 356 nm, 350 nm, 345 nm and 339
nm, respectively, corresponding to band gap energies of 3.39 eV, 3.48 eV, 3.54 eV, 3.59 eV and 3.66 eV.
The increase in band gap energy with increasing Mn concentration suggests a modification of the
electronic structure of ZnO due to Mn doping [34]. The observed blueshift in the absorption onset with
increasing Mn concentration, corresponding to an increase in band gap energy, suggests that Mn doping
is modifying the electronic structure of ZnO. This increase in band gap energy can be attributed to
several factors. One possible explanation is the Burstein-Moss effect, where the Fermi level shifts into
the conduction band as the doping concentration increases, leading to an increase in the band gap
energy [35]. Another factor to consider is the strong exchange interactions between the d electrons of
Mn and the s and p electrons of the host band [36]. These interactions can lead to a modification of the
band structure, resulting in an increase in band gap energy. The fact that the particle size is not
significantly changing, as indicated by XRD results, suggests that quantum confinement effects may not
be the primary reason for the observed blue shift [37]. The contrast between these results and previous
reports on Mn-doped ZnO nanorods, where different observations were made, highlights the complexity
of doping-induced modifications in nanocrystals. The differences could be due to variations in synthesis
methods, particle size, shape, or doping concentrations [38].

The electronic transitions in undoped and Mn-doped ZnO nanoparticles were investigated using
photoluminescence (PL) spectroscopy, with results shown in Fig. 3. The emission spectra of undoped
ZnO nanoparticles exhibited two bands: a weak UV emission peak (E1) and a strong green emission
peak (E2). The UV emission peak (E1) arises from band-edge emission, as its position aligns closely with
the absorption onset. The green emission peak (E2) likely originates from localized deep trap states,
such as singly ionized oxygen vacancies [39].

Table 2 summarizes the experimentally determined emission peak positions and corresponding
absorption onsets for samples M0—M4. Earlier studies have explored the blue-green emission and
associated trap states in ZnO [40, 41]. The widely accepted mechanism for green emission involves
electron transitions from the conduction band minimum to the valence band maximum, mediated
oxygen vacancies [42].
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It is instructive to compare the normalized peak intensity ratios E,/E; for samples M0 to M4. The results
have been shown in Fig. 4. Upon the inclusion of Mn2 + ions, the green emission band of ZnO
nanoparticles diminished. The disappearance of green emission band in Mn-doped ZnO nanorods is
because Mn is a strong quencher of the luminescence of ZnO. It is also noticed that a new peak centered
at 670 nm appeared for higher doped samples M3 and M4. This red emission in Mn-doped ZnO
nanoparticles can be assigned tothe T, -°A, transition in Mn?* ions [43].

The observed absorption edges, UV emission peaks (E1) and trap emission peaks (E2) for all samples
are summarized in Table 2. These data reveal a consistent blueshift in both the absorption onset and UV
emission peak (E1) with increasing Mn concentration, while the green emission peak (E2) position
remains relatively stable [44]. These findings highlight how Mn doping tunes the optical properties of
Zn0 nanoparticles.

Table 2

The observed absorption edge, UV emission peak
(Eq) and trap emission peak (E,) for ZnO nano

particles samples MO to M4.

Sample Absorption onset PL peak position
E1 E2

MO 343 350 529

M1 347 351 523

M2 349 358 532

M3 353 359 537

M4 356 359 -

3.2 Magnetic properties

Magnetic properties of the as-prepared ZnO nanoparticles were characterized using a superconducting
quantum interference device (SQUID-VSM) magnetometer in thin-film attachment mode. Figure 5
displays the magnetization versus applied magnetic field for the undoped ZnO sample (M0) and Mn-
doped samples (M1-M4) measured at 300 K. After subtracting the diamagnetic background, all samples
(M0—-M4) showed clear ferromagnetic behavior, as indicated by the presence of hysteresis loops [45].
The coercive field (Hc), remanent magnetization (Mr) and saturation magnetization (Ms) values
extracted from these hysteresis loops are listed in Table 3. These parameters increase progressively with
rising Mn dopant concentration, signaling enhanced ferromagnetic ordering in samples with higher
doping levels [46]. For instance, the saturation magnetization (Ms) of the undoped sample (M0)
measures 1.18 emu/cm?, rising notably in the doped samples.

Figure 6 illustrates the size dependence of the hysteresis loop area for the undoped sample and doped
samples M1-M4. As anticipated, the loop area expands substantially with doping, further confirming
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strengthened magnetism [47].

Table 3
Saturation magnetization (Msg, Remnant magnetization (Mr)
and Coercivity (Hc) for samples

Sample name g (emu/cm3)  Mr (emu/cm3)  He (Oe)
MO 0.03 0.001 20.9
M1 0.37 0.003 5.0

M2 0.52 0.012 12.4
M3 0.68 0.039 21.8
M4 0.95 0.041 25.2

Notably, the undoped sample displays a measurable hysteresis loop area that expands dramatically in
heavily Mn-doped samples. The origin of room-temperature ferromagnetism in undoped ZnO
nanoparticles remains unclear. In undoped ZnO nanocrystals, possible ferromagnetic ordering has been
linked to positional defects or direct interactions among bound magnetic polarons (BMPs) [48].

In wide-band-gap materials like ZnO nanoparticles, long-range ferromagnetic ordering may arise from
indirect BMP interactions mediated by magnetic impurities. However, this requires a high density of spin-
polarized impurities within the host lattice. The observed results align with a novel form of defect-
induced ferromagnetism driven by abundant oxygen vacancies [49]. This ferromagnetism is facilitated by
shallow donor electrons that form overlapping BMPs, creating a spin impurity band. While Mn doping
alone typically produces n-type ZnO0, intrinsic defects such as oxygen vacancies and Zn interstitials also
serve as shallow donors. In ZnMnO nanoparticles, room-temperature ferromagnetism emerges from
long-range ferromagnetic coupling between Mn2 + ions, mediated by these shallow donor electrons [50].

4. Conclusion

Mn-doped Zn0 nanoparticles with varying dopant concentrations (0—3 mol%) were successfully
synthesized using a simple solution phase method. Structural analysis confirmed phase-pure wurtzite
ZnO with systematic lattice expansion upon Mn incorporation. The average particle size ranged from 5.8
to 6.0 nm. Optical absorption studies revealed red shifts in the absorption edge with increasing Mn
concentration, attributed to sp-d exchange interactions. Photoluminescence measurements showed
characteristic band edge and defect-related emissions, with Mn2* ions acting as efficient quenchers of
green emission.

All samples exhibited room temperature ferromagnetism, with saturation magnetization increasing
systematically from 0.032 emu/cm? for undoped ZnO to 0.945 emu/cm? for 3% Mn-doped samples. The
observed ferromagnetism is attributed to bound magnetic polarons mediated by shallow donor electrons
from oxygen vacancies. These results demonstrate that Mn-doped ZnO nanoparticles are promising
candidates for spintronic applications.
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XRD patterns of pure ZnO and Mn doped ZnO nanoparticles.
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Figure 2

Optical absorption spectra of as synthesized undoped (M0) and doped ZnO nanoparticles(M1-M4).
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Figure 3

The room temperature photoluminescence spectra of undoped (M0) and Mn doped ZnO nanoparticles
(M1 to M4).
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Figure 4

The normalized emission peak intensity (E1/E2) v/s Dopant concentration.
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Figure 5

M-H loop generated by SQUID-VSM magnetometer forun-doped (M0) and Mn doped samples (M1toM4).
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Figure 6

The plot of loop area calculated from the hysteresisloop for samples M0, M1, M2, M3 and M4 as
function of dopant concentration.
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