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KIATTISAK NOIPA : STRUCTURE, OPTICAL AND MAGNETIC
ROPERTIES OF DILUTE MAGNETIC OXIDE ZnO-BASED
NANOSTRUCTURES PREPARED BY A DIRECT THERMAL
DECOMPOSITION METHOD. THESIS ADVISOR : PROF. SANTI

MAENSIRI, Ph.D. 203 pp.

MAGNETIC PROPERTIES/DILUTE MAGNETIC OXIDE/ ZnO-BASED

NANOSTRUCTURES/ DIRECT THERMAL DECOMPOSITION

In this dissertation, TM-doped ZnO (TM = Co, Mn, Ni and Cu) and RE-doped
ZnO (RE = Tb and Er) were successfully synthesized by a direct thermal
decomposition method. The structures and the morphology of the prepared samples
were investigated by XRD, TEM, HRTEM and SAED. The doping of TM and RE
ions lead to the decreasing of prepared temperature for a formation of highly
crystalline ZnO wurtzite structure. An average crystallites sized and lattice parameter
of a and ¢ were slightly changed by doping of TM and RE atoms. XPS analysis found
that the samples were slightly decreased zinc and oxygen atoms by doping, expected
that Zn atoms were substituted by TM?* and RE** ions. These phenomena induced
oxygen vacancy form on surface of the samples. XANES spectra of Co, Mn, and Ni
K-edges reveal that the Co, Mn, and Ni oxidation states are mainly +2, +3 and +2,
respectively. In contrast, Cu valence states in the samples are mixed state of Cu®/Cu'*
and Cu?". Moreover, XANES spectra of Tb and Er L3-edges show that the valence
state of Tb and Er ions in the samples is +3. The UV-visible optical absorption spectra

and PL presented a band gaps of all the samples were changed by doping of TM and



v

RE ions. The nanocrystalline of undoped ZnO sample exhibits diamagnetic behavior
at room temperature, whereas the TM- and RE-doped ZnO samples exhibit
paramagnetism and ferromagnetism at room and below room temperature.
The highest saturation magnetizations (Ms) for Zno.925C00.0750, Zno.92sMno.0750,
Zn0.975N10.0250 and  Zno.950Cu0.0500 samples are 0.072 emu/g, 0.055 emu/g, 0.388
emu/g and 0.0109 emu/g, respectively. The fitting of modified Curie-Weiss law for
Co- and Mn-doped ZnO nanorods (x = 0.075) show the negative Curie-Weiss
temperature (6). This analysis suggests that only ion show paramagnetic behavior and
the paired ions become antiferromagnetic coupled, probably through superexchange
mechanism. The ferromagnetism in this system can be explained by F-center
exchange. In the case of RE-doped ZnO, revealing the paramagnetism increase with
increasing Tb and Er concentrations, whereas the Tb-doped ZnO nanorods of
x = 0.025, the ferromagnetic interaction are dominant. The fitting of modified Curie-
Weiss law shows the negative @ values, indicating para/antiferromagnetic interactions
among magnetic ions. The RKKY exchange interaction couple is an indirect exchange
interaction by the S conduction electrons, have been considerable attention for

explanation of ferromagnetism in RE-doped ZnO system.
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CHAPTER

INTRODUCTION

1.1 Background and significance of the study

Diluted magnetic semiconductors (DMSs), or sometimes referred to as
semimagnetic semiconductors, are semiconducting materials in which a fraction of
the host cations can be substitutionally replaced by magnetic ions or appropriate rare
earths. Much of the attention on DMS materials is due to its potential application in
what are now called “spintronics” devices which exploit spin in magnetic materials
along with charge of electrons in semiconductors. Transition metals that have partially
filled d states (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and Cu) and rare earth elements that
have partially filled f states (e.g. Eu, Tb, Er) have been used as magnetic atoms in
DMS. The partially filled d states or f states contain unpaired electrons, in terms of
their spin, which are responsible for their exhibiting magnetic behavior. For
developing applicable spintronic devices, the ferromagnetic Curie temperature (Tc) of
DMSs should be above room temperature. Dietl et al. (2000) predicted that 5%
Mn-doped ZnO should exhibit room-temperature ferromagnetism (RT-FM) mediated
by additional holes. This theoretical work stimulated a large number of experimental
investigations searching for RT-FM in oxide-based diluted magnetic semiconductors
(O-DMSs). Many oxide semiconductors, including In203, TiO2, ZnO, SnO2 and CeO2
doped with various transition metal ions have been shown to exhibit RT-FM (Coey,

2006). Among them, ZnO-based DMSs have been extensively studied as they hold



great potential for the applications in magneto electronics, photo-electronics,
spin-electronics and microwave devices due to their wide band gap (~3.37 eV) and
high exciton binding energy (60 meV) (Partha et al., 2013). For the practical
applications in magneto electronic devices, spin electronic devices and so on, a DMS
should be ferromagnetic above room temperature. Theoretical work predicted that
transition metal (TM) doped ZnO would show ferromagnetic behavior above 300 K.
The ferromagnetism measured at various temperatures was reported in Co, Ni, Mn,
and Fe-doped ZnO (Pivin et al., 2008). However, there are still controversies on
the results of ZnO-based DMSs studies. According to the Zener model,
ferromagnetism is mediated by holes in the valence band, and the concentration of
such holes should be above 10%° per cm?® in order to get a Tc higher than RT. Coey et
al. (2005) proposed an impurity band exchange model to explain RT-FM in O-DMSs.
In this model magnetic interaction is mediated by impurity band donors and the
ferromagnetic transition occurs when the number of bound magnetic polarons reaches
the percolation threshold. For enhancing Tc, effective hybridization at the Fermi level
between the donor states and the 3d states of the magnetic dopant is required.
Recently, the mechanism of carrier-mediated FM has also been proposed to explain
the FM in Co-doped TiO2 (Akdogan et al., 2007), Co-doped ZnO (Xu et al., 2011)
and Fe-doped SnO2 (Coey, 2004). In addition, rare earth atoms have partially filled f-
orbitals, which carry magnetic moments and may take part in magnetic coupling as in
the case of TMs with partially filled d-orbitals. Actually, recent experiments showed
that rare earth metals such as Gd and Eu doped GaN exhibited ferromagnetic coupling
(Zhou et al., 2008). On the other hand, rare earth ions are good luminescence centers

due to their narrow and intense emission lines originated from 4f intrashell



transitions, and many investigations on the pure optical properties of Eu-doped ZnO
(Tan et al., 2011), Tb-doped ZnO (Sharma et al., 2011) and Er-doped ZnO
(Chen et al., 2011) have been carried out. Compared with TM doped ZnO, little
attention has been paid to the ferromagnetic properties of rare earth metal doped ZnO.
Therefore, it is of great importance to explore the magnetic properties of rare earth
metal-doped ZnO and promote its applications such as in magneto electronic optical
electronic and spin electronic devices.

Recently, many studies on TM-doped ZnO and RE-doped ZnO have been
reported. For example, Zhang et al. (2008) reported RT-FM in Mn-doped ZnO hollow
spheres using colloidal carbon spheres as template. These results revealed that
hysteresis curve was clearly observed when the calcination temperature was lower
than 900 °C. The values of saturation magnetization (Ms) of 0.030, 0.022 and 0.013
emu/g, and the coercive field (Hc) of 105, 95 and 88 Oe were obtained for samples
calcined at 550, 650 and 900 °C samples, respectively. Ms and Hc decrease slightly
with increasing calcination temperature. However, the ferromagnetic behavior
disappeared when the temperature was increased to 1200 °C. The value of Ms in Mn-
doped ZnO varied widely. In experimental findings, no secondary phases like
ZnMn204 or Mn3O4 were observed, which indicated that the carrier-induced and
double-exchange mechanisms could explain the origin of the ferromagnetism. Xu et
al. (2009) also reported RT-FM in single-phase Zni-xCoxO (x = 0.02, 0.04) powders
synthesized by a co-precipitation process. These results showed the coercive fields
(Hc) and saturation magnetization (Ms) were 79 Oe and 0.017 emu/g for x = 0.02,
respectively. These values increased to 131 Oe and 0.048 emu/g for x = 0.04.

The expansion of Ms was possibly caused by increasing in electrons which induced



more effective ferromagnetic couplings during doped Co®* ions (the carrier-induced
ferromagnetism). Zhao et al. (2010) also reported the RT-FM in Ni-doped ZnO
(Zn1xNixO; x = 0.001 to x = 0.01) powders that were prepared by the sol-gel route.
The photoluminescence (PL) spectra of products are constituted of a near-band-edge
emission peak in ultraviolet region at 390 nm and defect-related deep-level emission
peak in the visible region at 476 nm and exhibited a ferromagnetic behavior with
small coercive field and small remanence. The maximum saturation magnetization
was 0.076 us/Ni at x = 1.0%. Collectively, these results strongly indicated that
ferromagnetism was induced by doping with Ni ions and was an intrinsic property of
powder. Qi et al. (2010) also reported RT-FM in transparent ZnixErxO (x = 0.04, 0.05
and 0.17) films which were grown on glass substrates by radio-frequency (RF)
reactive magnetron sputtering. The magnetic moment per erbium ion decreased from
0.60 us/Er (x = 0.04) to 0.20 us/Er (x = 0.17) with increasing Er concentration.
The consistent drop in moment per Er ion at higher Er concentration could be due to
an increasing occurring of antiferromagnetic coupling between Er pairs occurring at
shorter separation distance, which was similar to the system of Cu-doped ZnO.
Wu et al. (2012) also found RT-FM in nanocrystalline Tb-doped ZnO films with
a thickness of 67 nm prepared by ion beam sputtering with a base pressure of
1.9x10° Torr on Al203 (1120) at room temperature by using multilayer §-doping
technique. They found that the sample showed the saturation magnetization of
the films (0.38 pp/Tb) is much lower than that of free Tb*" ion (9 ps/Tb). It is
commonly believed that the natural defects in ZnO films are donors.

At present, most studies reported on TM-doped ZnO and RE-doped ZnO

have been synthesized by several methods. Especially, RE-doped ZnO has been made



on films by sputtering technique, which is much more complex and is much higher
cost. Little research has focused on the synthesis and magnetic properties of
nanocrystalline ZnO-based DMOs prepared by a simple and cost effective method.
Therefore, this research investigates the synthesis, structure, and magnetic properties
of ZnO-based nanostructures, which are synthesized by a simple direct thermal
decomposition method. The present synthesis method has several advantages such as
being cost effective, requiring less synthesis time, requiring low temperature for
processing and the amount of final product one compared with other methods. The
prepared samples are characterized by thermo gravimetric analysis (TGA), X-ray

diffraction (XRD), transmission electron microscopy (TEM), UV-Vis spectroscopy

(UV-vis), photoluminescence (PL) and vibrating sample magnetometry (VSM). The
oxidation states of various transition metal and rare earth metal ions are also
investigated by X-ray photoelectron spectroscopy (XPS) and X-ray absorption near

edge structures (XANES).

1.2 Objectives of the dissertation

The objectives of this research are as follows:

1.2.1 To study the synthesis of dilute magnetic oxide ZnO-based
nanostructures by a simple direct thermal decomposition method.

1.2.2 To characterize the synthesized dilute magnetic oxide ZnO-based
nanostructures by TG-DTA, XRD, TEM, UV-Vis, PL, VSM, XPS and XANES.

1.2.3 To study the origin of ferromagnetism in dilute magnetic oxide

ZnO-based nanostructures for further study on spintronic devices.



1.3 Limitations of study

1.3.1 This study focuses on the synthesis of dilute magnetic oxide ZnO-
based nanostructures in the form of nanoparticles and nanorods by a simple direct
thermal decomposition method.

1.3.2  Synthesis of Zn1.xMxO2 nanostructures with M are TM (Co, Mn, Ni
and Cu) and RE (Tb and Er) metal ions for x = 0.025, 0.05, 0.075, and 0.10 is
conducted.

1.3.3 The synthesis is carried out only at 300 °C for 6 h in air, and
the concentration of dopant is varied from x = 0.025 to 0.10.

1.3.4 Study of the effect of transition metal concentration on magnetic
properties of dilute magnetic oxide ZnO-based systems is included.

1.3.5 The morphology, structure, and magnetic properties of the ZnixMxO

nanostructures are compared with those of the pure ZnO.

1.4 Location of research

Advanced Materials Physics (Amp.) Laboratory, School of Physics, Institute

of Science, Suranaree University of Technology, Nakhon Ratchasima, Thailand.

1.5 Anticipated outcome

1.5.1 Skill and expertise on synthesis and characterization techniques of the
dilute magnetic oxide ZnO-based nanostructures.
1.5.2 Understanding of the physical properties of dilute magnetic oxide

materials both TM-doped ZnO and RE-doped ZnO systems.



1.5.3 Opening the door to dilute magnetic oxide materials at the nano-scale
which can be developed for future technology.

1.5.4 Publication of research articles in ISI journals.

1.6 Dissertation structure

The thesis is divided into five chapters. Review of literature which is relevant
to this research, including some mechanisms operating in DMS and DMO materials
and potential device applications are present in Chapter II. Chapter III presents
the preparation and characterization of undoped ZnO and M (TM and RE)-doped ZnO
samples. Then, the results obtained in this research and discussions of the results are
given in Chapter IV. Finally, conclusions and suggestion are described and future

works are proposed in Chapter V.



CHAPTER 11

LITERATURE REVIEWS

This chapter presents a review of the background of dilute magnetic
semiconductors (DMSs) and diluted magnetic oxides (DMOs) in the varieties form
including nanoparticles, thin films and so on. The potential of magnetic impurity
phase in dilute magnetic semiconductors and dilute magnetic oxide were included in
this chapter. Furthermore, this chapter reviews the mechanisms operative and

potential applications in DMS and DMO materials.

2.1 Dilute magnetic semiconductors

With respect to magnetic properties, semiconductors can be classified in
terms of the amount and distribution of magnetic dopants as magnetic
semiconductors, dilute magnetic semiconductors, and non-magnetic semiconductors.
Magnetic semiconductors such as magnetite, europium and chromium chalcogenides
have a periodic array of magnetically ordered spins in their crystal structure. These
materials received intensive attention in the late 1960s since the exchange interaction
between the electrons in the semiconductor bands and the localized d electrons at
the magnetic sites give rise to a number of intriguing phenomena, but were abandoned
later since they are difficult to grow and have a low Curie temperature, well below

100 K (Ohmo, 1998).



Diluted magnetic semiconductors (DMSs) are doped with a small amount of
magnetic ions, i.e. ions carrying unpaired spins, making nonmagnetic and
semiconductors magnetic. They are one of the most promising candidates for
spintronic applications, which take advantage of the charge and spin of electrons in a
single material system. A DMS is a nonmagnetic semiconductor (or alloy of
nonmagnetic semiconductors) (see Figure 2.1(a)) that is doped with a magnetic
element which is usually 3d transition metal (TM) ions such as V, Mn, Fe, Co or Ni,
which induce ferromagnetism in the semiconductor host (see Figure 2.1(b)).
Therefore, a number of different semiconductor hosts have been investigated to test
their magnetic properties. In the past most attention has been paid to Mn-doped GaAs
(Nagai et al., 2001) and Mn-doped InAs systems (Munekata et al., 1989). However,
due to their reported low Curie temperatures (Tc) which are around 170 K for Mn-
doped GaAs (Ohno, 1998) and 35 K for Mn-doped InAs (Ohno et al., 2002), they are
not suitable for practical applications as their Tc are quite low. Therefore, there is a
large incentive for developing new DMS materials which are ferromagnetic above
room temperature. Some = theoretical = works predicted room temperature
ferromagnetism in TM doped oxide semiconductors.

Furthermore, the calculations of Dietl, Matsukura, and Ohno (2000) showed
that Mn-doped ZnO would exhibit ferromagnetism above room temperature and
predicted the values of Tc for 5% of Mn-doped ZnO as shown in Figure 2.2. The
data (Figure 2.2) demonstrate that the Tc for II-VI compound semiconductors other
than ZnO is below room temperature, whereas for semiconductor spintronics it is

necessary to design and grow ferromagnetic semiconductor materials with high Tc



10

above room temperature and high thermal equilibrium stability during the device

fabrication process (Pearton et al., 2005).

(a) (b)
Figure 2.1 Two types of semiconductors: (a) a nonmagnetic semiconductor (b)
a dilute magnetic semiconductor: a nonmagnetic semiconductor to which a dilute

concentration of ions carrying an unpaired spin has been added. (Ohmo, 1998).

T el
Si | vV
Ge |
Zno || 11-vI
ZnS
| s E058,
ZnTe
|C£|§_|
CdSe
10 100 1000
Te (K)

Figure 2.2 Computed values of the Curie temperature Tc for various p-type
semiconductors containing 5% of Mn and 3.5%10% holes per cm?® (Dietl, Matsukura,

and Ohno, 2000).

2.2 Dilute magnetic oxides

Dilute magnetic oxides (DMOs) are transparent, wide-bandgap materials

that behave ferromagnetically when doped with a few percent of a magnetic 3d
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cation. The magnetism, which appears well below the cation percolation threshold,
cannot be understood in terms of the conventional theory of magnetism in insulators;
nor can a carrier-mediated ferromagnetic exchange mechanism account for
the magnitude of the Curie temperatures, which are well in excess of 400 K.
The phenomenon is observed in thin films and nanocrystals, but not in well-
crystallized bulk material. In particular, the calculations of Dietl et al. (2000) showed
that Mn-doped ZnO would exhibit ferromagnetism above room temperature. Sato et
al. (2000) have also investigated ferromagnetism of ZnO-based DMS by ab initio
electronic structure calculations based on the local spin density approximation and
they reported ferromagnetic ordering of 3d transition metal ions in ZnO. These
theoretical predictions initiated a number of experimental studies of TM-doped ZnO
(Dai, Meng, and Li, 2013) In addition, the discovery of room temperature
ferromagnetism in Co-doped anatase TiO: thin films has also generated much interest
in the Co-doped TiO2 system as a potential oxide-based DMS (Matsumoto et al.,
2001).

While some of these works reported the observation of ferromagnetism
above room temperature, the origin of ferromagnetism in these systems is not well
understood yet. The early studies on a variety of oxides, with data on Tc and moment
per dopant cation are summarized in Table 2.1. Thus, several models of FM have
been proposed for these DMOs, including a new exchange mechanism involving
donor electrons in an impurity (Coey, Venkateshan, and Fitzgerald, 2005), the carrier
(electron) mediated exchange mechanism (Ueda, Tabata, and Kawai, 2001),
superexchange or double exchange interaction and a defect mediated mechanism like

Bound Magnetic Polaron model (BMP) (Coey et al., 2005). In addition to
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the magnetic doping effect, oxygen vacancies have been proposed to play an
important role in the magnetic origin for DMOs, leading to be the exchange
interactions between localized electron spin moments. Nevertheless, the main
unresolved question is whether the observed ferromagnetism originates from
uniformly distributed TM ions in the host matrix or whether it is due to the
precipitation of secondary phases such as metallic clusters. If a DMS contains TM
ions below their equilibrium solubility limit no secondary phases are expected. In this
case, since the strength of magnetism is proportional to the number of TM ions
substituted on the cation cites in a DMS, the realization of high Tc ferromagnetism is
difficult. On the other hand, at higher TM dopant concentrations doped transition
metals start to form unwanted metallic clusters. For this reason, to achieve a high Tc
ferromagnetism in a single phase DMS, non-equilibrium sample preparation
techniques such as low temperature thermal cleaning method for Si molecular beam
epitaxy (MBE) and ion implantation are required. Ion implantation is widely used in
silicon technology for integrated circuits due to its reliability, precision and
reproducibility. It has also proven to be a reliable method for injecting transition
metals into a host semiconductor material beyond their solubility limits (Zhou et al.,

2008).



Table 2.1 Lists of some dilute magnetic oxides.

13

Material Band gap, Doping Moment  Tc (K) Reference
E, (eV) (uB)
V-5% 42 >400 Hong et al., 2004
Co—1-2% 0.3 >300 Matsumoto et al., 2001
TiO, 32
Co—-7% 1.4 >650 Shinde et al., 2003
Fe-2% 2.4 300 Wang et al., 2003
Fe-5% 1.8 610 Coey et al., 2004
SnO, 3.5
Co—5% 7.5 650 Ogale et al., 2003
V-15% 0.5 >350 Saeki et al., 2001
Mn —2.2% 0.16 >300 Sharma et al., 2003
ZnO 33 Fe—5% 0.75 550 Han et al., 2002
Co—10% 2.0 280-300  Uedaetal., 2001
Ni—0.9% 0.06 >300 Radovanovic and Gamelin, 2003
Co—5% 0.2 >300 Kale et al., 2003
Cu,0 2.0
Mn - 0.3% 0.6 >300 Yu, Y. L. etal., 2005
Fe—5% 1.4 >600 He et al., 2005
In203 37
Cr—2% 1.5 900 Ohno, 1998
(In1xSny),03 3.5 Mn - 5% 0.8 >400 Philip et al., 2004
CeO, 34 Co—-3% 6.0 ~800 Tiwari et al., 2006
Co—-2% 3.0 >400 Herranz et al., 2006
(La,Sr)TiOs - Fe-1.5% - - Maensiri et al., 2007
Co—-1.5% 0.10-0.25 - Wongsaprom et al., 2007
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2.3 Theoretical models for explaining ferromagnetism in DMSs

and DMOs

In a nutshell, the mechanisms pertinent to magnetism are direct super-
exchange (anti-ferromagnetic), indirect super-exchange (could be ferromagnetic),
carrier-mediated exchange (ferromagnetic) including the much celebrated double
exchange mechanism, and magnetic polarons, to cite a few.

2.3.1 Zener model

In the Zener model, the direct interaction between d shells of the adjacent TM
atoms (super-exchange) lead to an anti-ferromagnetic configuration of the d shell
spins because the Mn-d shell is half-filled. The zener model as shown in Figure 2.3,
the direct super-exchange interaction (Anderson et al., 1950) between half filled d-
shell electrons of TM cations and completely filled p-orbitals of anion is anti-
ferromagnetic. Since the d-shell electrons from both adjacent TM atoms occupy
the same p-level, their spins must be opposite according to Pauli Exclusion Principle.
This leads to an anti-ferromagnetic coupling of nearest-neighbor TM cations through

a shared anion.
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Figure 2.3 Direct super-exchange interaction: Anti-ferromagnetic coupling of

adjacent TM cations through a shared anion (Zener et al., 1951).
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On the other hand, the indirect coupling (see Figure 2.4) of spins through
the conduction electrons tends to align the spins of the incomplete d shells in a
ferromagnetic manner. It is only when this dominates over the direct super-exchange

coupling between adjacent d-shells that ferromagnetism is possible.

Figure 2.4 Indirect super-exchange interaction: Ferromagnetic coupling of localized

spins through the conduction electrons (Zener et al., 1951).

2.3.2 The RKKY model

Early attempts to understand the magnetic behavior of DMS systems are
based on models in which the local magnetic moments are assumed to interact with
each other via Ruderman-Kittel-Kasuya-Yoshida type (RKKY) interactions. The
basic idea behind the RKKY interaction is based on the exchange coupling between
the magnetic ion and the conduction band electrons. It should be mentioned that s and
d wave functions are orthogonal and would not lead to any interaction in perfect one
electron system. The conduction electron is magnetized in the vicinity of the magnetic
ion, with the polarization decaying with distance from the magnetic ion in an
oscillatory fashion. This oscillation causes an indirect super-exchange interaction

(RKKY) between two magnetic ions on the nearest or next nearest magnetic
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neighbors. This coupling may result in a parallel (ferromagnetic) or an anti-parallel
(anti-ferromagnetic) setting of the moments dependent on the separation of the
interacting atoms. The RKKY interaction between Mn spins via delocalized carriers
has been used to explain the ferromagnetism observed in PbSnMnTe (Story et al.,
1986). However, if the carriers come from Mn-d states and are localized, which are
far from being free electron like the RKKY interaction may not be realistic.

2.3.3 The double-exchange model

In some oxide compound, ferromagnetic exchange interaction is due to
mixed valence number of magnetic ions. The basis has been proposed by Zener
(1951) for ferromagnetic compounds of manganese with perrovskite structure such as
LaixCaxMnO3 (Roy et al., 1998) and LaixSrxMnOs (Anane et al., 1995).
The oxidation of La is +3 but that of dopant ions, Ca and Sr are +2 which imply
mixed valance number of Mn*" (d*) and Mn*" (d*) at faction of 1-x and x respectively.
Both Sr?* and Ca?" doping introduce holes in part of Mn 3d state. The d electron
is hopping from Mn*" to the adjacent Mn*" via central O%* is considered as Mn?**
electron transferring to central O% simultaneously with O  electron transferring to
Mn*". The mechanism is called “double exchange” as shown in Figure 2.5. Combined
with the onsite Hund’s coupling, the double exchange interaction leads to
a ferromagnetic alignment of the local magnetic moments (Gennes de, 1960). Parallel
spin alignment is favored because it increases the hopping probability and therefore
decreases the kinetic energy of spin-polarized electrons. The double exchange
interaction gains energy through a d-electron hopping and occurs when Er crosses d
band. It is likely that double exchange interaction is short ranged because carriers

have d-band character.
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Figure 2.5 Double-exchange mechanisms in mixed-valence manganites (Bettina,

2010).

In contrast, with super-exchange, (1) the electrons do move between two
cations ion via the intermediate ligand (e.g. oxygen) in double exchange but they do
not in super-exchange (2). In super-exchange, the ferromagnetic or anti-ferromagnetic
alignment occur between two cations with same valence state while double-exchange
interaction occurs only when valence state of cation atom is different to that of

another mixed valence compound. The magnetic interaction as shown in Table 2.2.
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Table 2.2 A comparison of magnetic interaction.

Interaction

Definition

RKKY

Indirect exchange coupling of magnetic
moments over relatively large distance via band
electrons due to the Coulomb exchange. It becomes
efficient when a high concentration of free carriers is

present such as in metals for which it was developed.

Direct super-exchange

Direct coupling of magnetic ions through

overlap of magnetic orbitals.

Indirect super-exchange

Spins of two magnetic ions are correlated due to
the exchange interaction between each of the two ions

and the valence p-band.

Double-exchange

Couples magnetic ions in different charge state
by virtual hopping of the “extra” electron from one ion

to the other through interaction with p-orbitals.

2.3.4 The bound magnetic polaron model

In addition to the models mentioned above, an alternative model considers

whether ferromagnetic ordering of the Mn moments could originate from carriers

(holes) that are present in the material, but localized at the transition-metal impurity

(Berciu and Bhatt, 2001). Furthermore, ferromagnetism in DMS has been accounted

for by the formation of bound magnetic polaron (Dietl, Matsukura, and Ohno, 2002)

The bound magnetic polarons are formed by the alignment of the spins of many

transition-metal ions with that of much lower number of weakly bound carriers such
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as excitons within a polaron radius. The basic idea is schematically illustrated in
Figure 2.6. The localized holes of the polarons act on the transition-metal impurities
surrounding them, thus producing an effective magnetic field and aligning all spins.
As temperature decreases the interaction distance (boundary) grows. Neighboring
magnetic polarons overlap and interact via magnetic impurities forming correlated
clusters of polarons. One observes a ferromagnetic transition when the size of such
clusters is equal to the size of the sample. This model is inherently attractive for low
carrier density systems such as many of the electronic oxides. The polaron model is
applicable to both p- type and n-type host materials (Sarma, Hwang, and Kaminski,
2003). Even though the direct exchange interaction of the localized holes is anti-
ferromagnetic, the interaction between bound magnetic polarons may be
ferromagnetic for sufficiently large concentrations of magnetic impurities. This
enables ferromagnetic ordering of the Mn ions in an otherwise insulating or semi-
insulating material. Recently, Coey et al. (2005) applied this model to diluted
magnetic oxides. They proposed that the ferromagnetic exchange coupling of TM ions
in n-type diluted magnetic oxides is mediated by the shallow donor electrons trapped
by the oxygen vacancy that tend to form bound magnetic polarons within their
hydrogenic orbits (see Figure 2.6). This direct ferromagnetic coupling is called
F-center exchange (FCE), where the F-center resembles Kasuya’s bound magnetic

polaron (Kasuya, 1970).
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Figure 2.6 Representation of magnetic polarons. Adonor electron couples its spin
antiparallel to impurities with a half-full or more than half-full 3d shell. The figure is
drawn for magnetic cation concentration x = 0.1 and when the orbital radius of
the magnetic cation is sufficiently large. Cation sites are represented by small circles.
Oxygen is not shown; the unoccupied oxygen sites are represented by squares (Coey

et al., 2005).

After all this discussion of the BMP model, the knowledge on defects in
diluted magnetic oxides become very important. The oxygen defects in BMP model
are responsible for the shallow donors and strongly stabilize the ferromagnetic ground
state. The oxygen vacancies at the percent level are documented for TiO2 (Yabhia,
1963) and ZnO (Kohan, Ceder, Morgan, and Walle, 2000). For ZnO, Zn interstitials
(Zni) are also reported as a shallow donor (Lee, Jeong, Cho, and Park, 2002).

Recently, the electronic structure calculations of Patterson (2005) reported that the
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oxygen vacancy with a spin half strongly promote ferromagnetic coupling of Co ions
in Co doped ZnO, as schematically presented in Figure 2.7.

S
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Figure 2.7 A schematic energy level diagram for a ferromagnetic coupling between

two Co ions via a donor electron trapped in the oxygen vacancy (Patterson, 2005).

2.3.5 Transition metal clustering model

Another theoretical model to explain the origin of observed ferromagnetism
in a DMS 1is proposed by Schilfgaarde and Mryasov (2001) using local density
functional calculations. They reported that the TM impurities in a DMS may form
very small ferromagnetic clusters (just a few atoms in dimension) which are difficult
to detect by most structural characterization techniques. The detection of small

magnetic clusters in the oxide matrix is one important experimental challenge.
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2.3.6 Other Mechanisms

The magnetic behavior which is normally expected from dilute magnetic
oxides was proposed by Coey and Rode (2007), If the magnetic dopants were
distributed at random on the cation sites in the oxide materials, isolated ions, pairs and
small clusters will form at dopant concentration X below the percolation threshold.
The coupling among cations which share an oxygen ligand is

superexchange, which is usually antiferromagnetic. Curie weiss susceptibility is

defined by:

M _ Nag?pis(s+1) _ C

x= H 3kg(T—-0) T-0 (21

where ¢ = Nyg?u2s(s + 1)/3kp. In addition, effective moment ( p, £f ) in materials

was calculated by using expression of Equation 2.2.

[3ksCM,,
terr = g-JS(s + Dug = L;V—A (2.2)

where kg, C,M,, and N, are Boltzmann constant (1.38 x 10°'® erg/k), Curie constant,
molecular weight of Zni.MxO (M = dopants) and Avogado number (6.02 x 10?).
Moreover, the susceptibility is included by a temperature-dependent term x,
(sum Pauli, Landau and core susceptibilities) in Equation 2.1 for fitting to calculate of
those values at high temperature which is closed to room temperature and is called

“modified Curie-weiss law” ( Peleckis et al. (2006); Duan et al. (2011)).
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Isolated ions and small clusters give curie-like contribution to susceptibility as:

M _ Nag?ugs(s+1) _C
H 3kgT T

X = (2.3)

There is no long-range magnetic order. The anticipated paramagnetic behavior is what

actually observed in well-crystallized diluted magnetic oxide.

2.4 Properties of ZnO

Like most of the group II-VI binary compound semiconductor, ZnO crystallize
in either cubic zinc-blende or hexagonal wurzite structure (see Figure 2.8) where each
ion is surround by four counter-ions at the corner of a tetrahedron (Ozgiir et al., 2005).
At ambient conditions the thermodynamically stable phase is wurzite while
zinc-blende structure can be stable only when growth on cubic substrate. However,

ZnO also can exist in rocksalt (NaCl) structure under high pressure.

\ = Oxygen

w= Zine

Figure 2.8 Stick and ball representation of ZnO-hexagonal wurtzite structures

(Fierro, 2006).
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The wurzite structure has a hexagonal unit cell belonging to space group
Cg,with ideal arrangement of c/a = (8/3)"? anand u = 3/8. For stable ZnO wurzite
structure, the lattice parameter deviates from ideal arrangement. The lattice constants
mostly range from 3.2475 to 3.2501 A for a, from 5.2042 to 5.2075 A for ¢, and from
0.3817 to 0.3856 A for u. Most important, Zn- and O- plane stack alternatively along
c-axis which gives the crystal a defined polarity, i.e. the basal planes are polar;
whereas the side panels of the hexagonal unit cell contains both Zn and O atoms
hence they are electrically neutral. Electrically, ZnO occurs naturally as an n-type
semiconductor due to the presence of defects (Shen et al., 2008). It is a direct band
gap material (Eg = 3.5 eV) and can be increased to ~4.0 eV by substituting Zn sites
with Mg. It also has a very large exciton binding energy of ~ 60 MeV (compared with
GaN, which is an indirect band gap material with lower exciton binding energy of ~25
MeV). This makes ZnO ideal for small wavelength optical electronic applications;
especially where it is readily available in bulk single crystal form; and improved
epitaxial growth techniques can grow thin transparent film of ZnO. Hence ZnO has
attracted vast amount of interests for its applications to UV light emitter, varisistor,
transparent high power electronics, surface acoustic devices, piezoelectric transducers
and gas sensors apart from its potential applications in DMS.
ZnO-based materials have attracted intense attention in the searching for high
Tc ferromagnetic DMS materials since Dietl et al. (2002) predicted that ZnO-based
DMSs could exhibit ferromagnetism above room temperature upon doping with
transition elements such as Mn (on the order of 5% or more) in p-type (on the order of
10%° per ¢cm?) materials. This in simple terms is in part due to the strong p-d

hybridization, which involves the valence band in the host, owing to small nearest
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neighbor distance and small spin rephrasing spin- orbit interaction. Even though the
common wisdom indicates hole exchange to be dominant, Sato, and Katayama-
Yoshida (2000) predicted that the ferromagnetic state Co?>*(d7) in Co-doped ZnO
could be stabilized by sd hybridization, pointing to the possibility that high
Curie-temperature ferromagnetic materials could be realized in n-type ZnO as well.
These types of predictions, in addition to that by Dietl et al. (2000), set off a flurry of
intensive experimental activity for transition metal doped ZnO as potential DMS
materials with applications in spintronics. Various types of nanoparticles can be
synthesized by many methods such as gas evaporation, laser vaporization, ionized
beam deposition, sol—gel processing, freeze drying, etc. So far, various types of ZnO
nanoparticles can be synthesized by many methods. The general formula for

the diluted magnetic oxides is (Coey, Venkateshan, and Fitzgerald, 2005)

Al-xMxOB-n (24)

where A is a nonmagnetic cation, M is a magnetic TM cation. O is the oxygen,
O represents a donor defect and n =1 or 2. An electron associated with a donor defect

will be confined in a hydrogenic orbital (Coey et al., 2004).

2.5 ZnO-based dilute magnetic semiconductors

Zinc oxide diluted with transition metals has attracted much attention recently,
especially since the emergence of spintronics, the field of semiconductor spin
electronics that seeks to exploit the spin degree of freedom of charge carriers in
semiconductors (Peng et al., 2005). It is widely expected that new and novel

functionalities for electronics and photonics can be derived from the injection, transfer
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and detection of carrier spin at room temperature. DMSs are considered as ideal
systems for spintronics. DMSs based on ZnO doped with TM and/or RE metals like
Co, Cu, Mn, Ni, Tb and Er for example, has been predicted theoretically to be very
good candidates for room temperature ferromagnetism (Dietl et al., 2000). Many
methods exist for the synthesis of ZnO nanostructures which are summarized as
follows.

Yen et al. (2007) reported the preparation of Co-doped ZnO nanoparticles by
thermal  hydrolysis method synthesized by mixing of zinc acetate
(CH3(CO0)2Zn.2H20) and 1% weight of cobalt acetate (CH3(COO)2CO.4H20)
dissolved in diehylene glycol solution and heat at 230 °C. The ferromagnetism of
the sample was observed at room temperature. The measured magnetization
corresponds to net ferromagnetic moment of 0.023 us/Co®*. The result may be
attributed mainly to the cobalt atoms to replace the interstitial sites of the ZnO matrix
surrounding the oxygen vacancies, in which the Co?" ion coordinated with the oxygen
site tetrahedrally in the ZnO metrix.

Zhang et al. (2008) summarized the Mn-doped ZnO hollow nanospheres
prepared by hydrothermal method using 5.5 g Zn(CH3COO)2.2H20 that was first
dissolved in 50 ml deionized water to form a solution of concentration 0.5 M. Then
0.61 g Mn (CH3COO)2.4H20 was dissolved in the above solution, the molar ratio of
Mn?*:Zn*"cation was 1:0. The solution was sealed in Teflon lined autoclave and
hydrothermally treated at 170 °C for 8§ h. The products were centrifuged, washed,
dried at 90 °C for 10 h, and calcined at different temperature (550, 650, 900 and
1200 °C) for 30 min in air. The samples exhibit different magnetic behaviors. The Ms

values are 0.030, 0.022 and 0.013 emu/g, and the Hc are 105, 95 and 88 Oe for 550,
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650 and 900 °C samples, respectively. Ms and Hc decrease slightly with increasing
calcination temperature. Coey et al. (2006) proposed the isolated Mn ions,
antiferromagnetic pairs and ferromagnetic polarons coexisted in the Mn-doped ZnO
system. The isolated Mn ions and antiferromagnetic pairs do not contribute to the
measured Ms. Only partial Mn ions were induced to ferromagnetic coupling. This was
the reason why a small value of Ms was usually obtained. In addition, Tb implanted
ZnO single crystals by hydrothermal method grown on ZnO(0001) (Zhou et al.,
2008). For an atomic concentration of 1.5%, annealing at 823 K leads to an increase
of the saturation magnetization per implanted Tb ion up to 1.8 us at room
temperature. However, the ferromagnetic properties disappear completely upon
annealing at 1023 K. This behavior is related to the formation of oxide complexes or
nanoparticles.

Qi et al. (2009) reported the fabrication of the Er-doped ZnO (x = 0, 0.04,
0.05 and 0.17) thin films were grown by radiofrequency (RF) reactive magnetron
sputtering using Zn (99.99%, purity) and Er (99.996%, purity) together as targets on
glass substrates. The sputtering chamber was evacuated by a molecular pump to a
base pressure below 2x10° Pa. During sputtering, the substrate temperature was kept
at RT. Oxygen was introduced into the chamber as the reactive gas and the flow rate
was controlled at 20 sccm. All the films were ferromagnetic at RT except for x = 0
(pure ZnO). As the Er concentration increased, the magnetic moment per erbium ion,
which was obtained from the saturation magnetization divided by the total number of
Er, decreased from 0.60 ps/Er (x = 0.04) to 0.20 us/Er (x = 0.17). The consistent drop

in estimated moment per Er ion at higher Er concentration could be due to an
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increasing occurrence of antiferromagnetic coupling between Er pairs occurring at
shorter separation distances, which was similar to the system of Cu-doped ZnO.

The synthesis of Ni-doped ZnO powder (ZnixNixO; e.g. x = 0.043, 0.074 and
0.224) by thermal co-decomposition of a mixture of bis (acetyl acetonato)
zinc(Il)hydrate and bis (dimethyl glyoximato) nickel(Il)complexes was studied by
Hilo, Dakhel, and Mohamed (2009). The sample preparation technique is easy;
appropriate amounts of fine powders of the two complexes were totally mixed
together in methanol until total dissolving. The methanol was then evaporated and the
mixture was placed in a closed aluminum crucible for sintering at 400 °C for 4 h in its
dissolving vapor atmosphere in order to provide partial oxygen deficit. After that, the
yield was well mixed by an agate mortar and pestle, cold pressed (at about 750 MPa)
into a tablet and annealed in the same crucible for crystallization at 600 °C for 8 h.
The measured magnetization curves have been corrected for the paramagnetic
component and the saturation magnetization of the ferromagnetic component is
obtained. The saturation magnetization for samples with Ni% less than 8% are almost
the same Ms= 0.005 emu/g. They believe that the FM in the Ni-doped ZnO could be
dued to the exchange coupling between localized d-spins on the Ni ions mediated by
free delocalized carriers.

Daniel et al. (2012) reported the synthesis of ZnixMxO powders (where
x=00x=0.01, and M = Mn, Fe or Co) by the sol-gel process. It is observed of the
M(H) measured at 2 K that the Co- and Mn-doped ZnO displayed saturation
magnetizations (Ms) of approximately 2 and 3.2 emu/g, respectively. No remanence
(Mr) was observed, indicating that a superparamagnetic behavior in these samples.

However, the Fe-doped sample showed a ferromagnetic behavior with
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Ms ~ 0.34 emu/g, Mr ~ 0.05 emu/g and coercivity (Hc) ~1090 Oe. Already at room
temperature, the M(H) measurements reveal a purely paramagnetic behavior for Mn-
and Fe-doped ZnO, indicating that the Curie temperature (Tc) is below 300 K.
However, a weak superparamagnetic behavior was observed in the Co-doped sample,
indicating that Tc > 300 K. A detailed magnetic analysis suggests the presence of
small spurious anti-ferromagnetic phase in the Zno9oFeo.010 sample, which was not
observed via XRD.

ZnO nanowires prepared by heating the Zn powders in a vertical tubular
furnace (thermal evaporation method) were also studied by Yang et al. (2012).
In this work the Zn powders and Au-coated Si substrates were placed on the lower
and upper holders in the center of the quartz tube, respectively. The gas flow rate of
nitrogen (N2) was 1.5 standard liters per min (slm), with the substrate temperature
being maintained at 900 °C for 1 h. The core ZnO nanowires in the present study
exhibited a weak ferromagnetism at 300 K (coercivity = 136 Oe; retentivity

= 2.52x107% emu), as well as at 10 K (coercivity = 348 Oe; retentivity

4.12x107° emu). Although the existence of ferromagnetism in transition-metal-
doped think films remains controversial, they reveal that the diamagnetic behavior
and saturation magnetization are enhanced and reduced, respectively, not only by
the Cu-sputtering but also by the subsequent thermal annealing, which is attributed to
the increased number of adjacent Cu atoms.

Other techniques of synthesis and reported observed magnetizations of

ZnO-based DMSs reported in the literature are also summarized in Table 2.3.
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Table 2.3 Some nanostructures of ZnO-based dilute magnetic oxides reported in

literature.
Synthesis
Doping Morphologies ~ Magnetization References
methods
Co-3% hydrothermal flakes 0.0118 emu/g Xuetal., 2010)
Co- 3% hydrothermal nanorods 0.012 emu/g (Wang et al., 2009)
Co- 3% chemical co- nanorods 0.00036 emu/g (Hao, H. etal., 2012)
Co-5% precipitation nanorods 0.0048 emu/g Xuetal., 2011)
Co-4% co-precipitation  nanopowders 0.048 emu/g (Xu et al., 2009)
Co-5% solid state nanopparticals  0.66 emu/g (Pal et al. 2010)
Cu-2% sputtering films ~0.15 pp/Cu (Ran et al., 2009)
Cu-2% chemical nanopowders 0.66 pp/Cu (Liu et al., 2009)
Mn-1% chemical nanospheres 0.030 emu/g (Zhang et al., 2008)
Mn-2% CVD nanoparticles 0.295 emu/g (Sharma et al., 2012)
Mn-2.2% Solid state nanoparticles 0.008 emu/g (Jayakumar et al., 2006)
Ni-5% hydrothermal nanorods 0.40 emu/g (Cheng et al., 2008 )
Ni-5% direct thermal- nanorods ~0.35 emu/g (Saravanan et al., 2012)
decomposition
Ni-7.4% co-precipitation  nanopowders 0.005emu/g (El-Hilo et al., 2009)
Tb sputtering films 0.38 us/Tb (Wua et al., 2012)
Tb-1.5% hydrothermal Single crystals 1.8 us/Thb (Zhou et al., 2008)
Er-4% sputtering films ~0.6up/Er (Qi et al., 2009)
Er-1.7% sputtering films 0.20 ps/Er (Qietal., 2010)
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2.6  Potential spintronic devices based on DMS materials

There are two different approaches for realizing spintronic devices. One is
metal-based spintronics which uses ferromagnetic metals and the second one is
semiconductor-based spintronics consisting of ferromagnetic semiconductors.
Conventional electronics has developed with the exploitation of the electronic
chargeproperties of carriers in semiconductor materials, as can be seen in present
electronic and optoelectronic semiconductor devices. For example, various types of
memory chips, information processors, and light emitting devices utilize the charge
properties of carriers through materials by electrical control. However, the electron
has another degree of freedom that can be used, namely spin, which is an intrinsic
angular momentum of the electron. The spin state of an electron is represented by
the spin quantum number, which can assume the values +1/2 (spin-up) and -1/2
(spin-down) with respect to a reference magnetic field. Spintronics or spin electronics
refers to an emerging research area that focuses on employing spin in charge based
electronics (Zutic et al., 2004). Spin dependent effects controlled by electrical and
optical tools can render new functionalities into existing electronic devices or create
new devices. Spintronics has already shown its success by using ferromagnetic metals
in the computer industry, in the form of hard disk drive (HDD) read heads which use
the giant magneto-resistance (GMR) effect. GMR is the effect that the resistance
depends on the relative magnetic orientation (parallel or anti-parallel) of neighboring
magnetic layers in multilayer structures in which two (or more) ferromagnetic layers
are separated by a nonmagnetic metal spacer (Binasch et al., 1989). GMR-based
technology formed the main contribution to the enormous increase of the storage

density in hard disks during the last decade. Nowadays, the tunneling magneto-
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resistance (TMR) effect is employed in HDD read heads and magnetic random access
memory (MRAM), which are the most successful examples of spintronics in terms of

applications (see Figure 2.9).
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Figure 2.9 Illustration of various structures used for magnetic random access memory
(MRAM) and hard disk drive (HDD) storage applications (Stohr and Siegmann,

2006).

Considering that the spin dependent effects in HDD and MRAM are present in
metal only or metal-oxide structures, however, semiconductor spintronics has much
more progress than metal/oxide spintronics, since most electronic devices used in
information processing are based on semiconductors. Among the most promising
prospects of semiconductor spintronics are combined memory and logic at the single
device level, enabling reprogrammable logic circuits, and the development of building
blocks for solid state quantum computation. For successful spintronic applications

comprising non-magnetic semiconductors (Awschalom et al., 2007), spin injection,
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spin manipulation, and spin detection should be demonstrated. Alternatively, intrinsic
spin-ordering can be realized, since semiconductors can be made magnetic by doping
magnetic elements (Ohno, 1998).

In dilute magnetic semiconductors, ferromagnetism is mediated by carriers
that in turn can be controlled by doping, light, and electric fields, as has been well
established in conventional charge-based semiconductor technology. Therefore dilute
magnetic semiconductors are ideal candidates for semiconductor spintronic

applications.



CHAPTER III

EXPERIMENTAL PROCEDURE

This chapter describes the preparation of the undoped ZnO and ZnO doped
with 3d- and 4f-cations by a simple direct thermal decomposition method.
The prepared samples were characterized by TGA, XRD, TEM, XPS, UV-visible,
XANES, PL and VSM. In this research, NiO and Fe-doped NiO system were also
studied. Note that, the results and discussion on NiO system are not included in this
chapter because it is not the main theme of the work. Therefore, it is only presented in

the appendix I as addition information.

3.1 Sample preparation

At present, most studies reported on TM-doped ZnO and RE-doped ZnO
have been synthesized by several methods. Especially, RE-doped ZnO has been made
on films by sputtering technique, which are much more complex and are much higher
cost. Little research has focused on the synthesis and magnetic properties of
nanocrystalline ZnO-based DMOs by a simple and cost effective method. Therefore,
this research investigates the synthesis, structure, and magnetic properties of ZnO-
based nanostructures, which are synthesized by a simple direct thermal decomposition
method. The present synthesis method has several advantages such as being cost
effective, requiring less synthesis time, requiring low temperature for processing and

the amount of final product one compared with other methods.
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In the work of 3d-cation (Co, Mn, Ni and Cu)-doped ZnO and 4f-cation (Tb
and Er)-doped ZnO samples were prepared using the direct decomposition route
(Saravanan et al., 2012; Noipa et al., 2014). High purity Zn(CH3CO2)2 (99.99%
Purity, Aldich), (CH3COO)2C0.4H20 (99.999%, Purity, Aldich), C4aHsMnO4.4H20
(99.99%, Purity, Aldrich), CsHe¢NiOs.4H20  (99.99+%,  Purity, Aldrich),
Cu(CO2CH3)2.H20 ( 99.99+ % Purity, Aldich), (C2H302)3Tb. xH20 (99.9%, Purity,
Aldrich) and (C2H302)3Er. xH20 (99.9%, Purity, Aldrich) were selected as starting
materials. They were mixed using a mortar and pestle for several minutes until
homogeneous mixture powder was obtained. For each sample, the mole ratio of M:Zn
(where M is TM and RE) was kept corresponding to the nominal composition of
Zn1xMxO (i.e. M =0, 0.025, 0.050, 0.075 and 0.100) and then the mixed powder was
placed in an alumina crucible that was covered by alumina lid before loading it into
the furnace, and was thermally decomposed in air at 300 °C for 6 h. It is worth noting
that the thermal decomposition in air at 300 °C for 6 h could not provide a phase
formation of a pure phase with the ZnO waurtzite structure for undoped ZnO sample.
Thus, the thermal decomposition in air at 400 °C for 6 h was also carried for undoped
ZnO sample. The sample preparation using direct thermal decomposition method and

characterization are schematically shown in Figure 3.1 and Figure 3.2, respectively.
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The sample was calcined
\_.> L_> at 300°C .
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Figure 3.1 A schematic view of the preparation of ZnixMxO samples by direct

thermal decomposition method.
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Figure 3.2 A schematic view of the characterization and data analysis.
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Table 3.1 List of the materials used for ZnO nanorods preparation, quoting their

source and purity.

Materials source purity

Zinc acetate (C4aHsO4Zn), Mw= 183.48 Sigma-Aldrich ~ 99.99%
Cobalt (I) acetatetetrahydrate(CH3COO)2Co.4H-0,

Sigma-Aldrich ~ 99.999%
Mw=249.08
Manganese (II) acetate tetrahydrate(C4aHsMnO4.4H20),

Sigma-Aldrich  99.99%
Muyw=245.09
Nickel (IT) acetate tetrahydrate (C4HsNi104.4H20) ,

Sigma-Aldrich  99.99+%
Myw=248. 84
Copper (II) acetate monohydrate(C2H302)2Cu.H20)

Sigma-Aldrich  99.99+%
Mw=199.65
Terbium (III) acetate hydrate(C2H302)3Tb. xH20,

Sigma-Aldrich  99.9%
Muw=336.06
Erbium (III) acetate hydrate (C2H302)3Er. xH20,

Sigma-Aldrich  99.9%

Mw=329.40




39

3.2 Thermogravimetric and differential thermal analysis

Considering that the thermal analysis (TGA) were conducted to understand
the thermal behavior of the samples. To determine the temperature of possible
decomposition and crystallization of the powder, the precursors were subjected to
thermogravimetric and differential thermal analysis. The schematic of TGA
equipment is shown in Figure 3.3. The TG and DTA are the techniques used to
measure the change in mass of the sample when it is subjected to a heating rate (5 °C/
min) and under flowing gas (e.g., dried air, Ar or N2) in controlled atmosphere.
The measurement of changes in the mass of the sample as a function of temperature
shows in purity, crystallization, and decomposition behavior. The temperature
difference between the sample and the reference (e.g. Al2O3 or SiC) was recorded
using thermocouple, as both are subjected to the same temperature program. During a
temperature program, the temperature of the samples will differ from that of the

reference due to the difference in heat capacity between the sample and reference.

Detection signal

Detector
Data processing Samples

temperature
Samples
Temp. control >

~
Computer Unit Detection Unit

pd
~

Control signal

Figure 3.3 Diagram of thermogravimetric and differential thermal analysis (Adapted

from Baik et al., 2005)
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3.3 Phase Identification, structure, characterization and

morphology

3.3.1 X-Ray diffraction (XRD)

The structure of prepared products was characterized by X-ray diffraction
(XRD) using CuKe radiation with A = 0.15418 nm (Phillips X’Pert MPD) and
optimum scan rate for 20 was 20-80 degree. The Bragg’s Law condition is satisfied by
different d-spacings in polycrystalline materials. Plotting the angular position and
intensities of the resultant diffraction peaks of the radiation produces a pattern, which
is characteristic of the sample. Where a mixture of different phases is present,
the resultant diffractogram is formed by addition of the individual patterns. Bragg’s

Law, the condition for constructive interference, is given in Equation 3.1

nA = 2dsiné 3.1

where n is an integer, A is the wavelength (4 = 0.15418 nm) of the X-ray radiation
and 6 is angle of incident, and d is the distance between lattice planes. X-ray
diffraction pattern can be analyzed to reveal a sample’s crystal structure and
orientation, as well as d, the distance between lattice planes and lattice parameters

a, b and c (see Figure 3.4).
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Figure 3.4 (a) The Bragg reflection from a particular set of the lattice planes
separated by a distance d and (b) 0 is a half of the total angle by which the incident

beams is detected (Bouloudenine et al., 2005).

The average crystallite size of materials was calculated by Scherrer’s equaton

(Koseoglu, 2013) (Equation 3.2) from the reflection of the plane.
D = 094/Fcosb (3.2)

where A is the incident wavelength of CuK, radiation, 8 is the diffraction angle, and
B is the FWHM in radians. In the case of ZnO, the lattice parameter of hexagonal

crystal should be calculated using the following formula (Nam et al., 2013):

. 5 _ A4 (R2+hk+kP | 12
sin? == (—az )+ (3.3)

where 6 is the diffraction angle, A4 is the incident wavelength of CuK, radiation

(A=0.15418 nm) and h, k and [ are all Miller’s indices.
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3.3.2 Transmission electron microscopy (TEM), High-resolution
transmission electron microscopy (HRTEM) and Selected area electron
diffraction (SAED)

The morphologies of dilute magnetic oxide ZnO-based samples are examined
by transmission electron microscopy (TEM; FEI, TECNAI G2 20). TEM is a
microscopy technique whereby a beam of electrons is transmitted through and ultra
thin specimen, interacting with the specimen as it passes through it. An image is
formed from the electron transmitted through the specimen, magnified and focused by
an objective lens and appearing on an imaging screen. High-resolution transmission
electron microscopy (HRTEM) is also used to determine the d- spacing of lattice
fringe in the samples at an atomic scale. In addition, selected area electron diffraction
(SAED) used to determine the spotty ring patterns of electron diffraction which can

be identified the types of material structures.

3.4 X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) also known as electron spectroscopy
for Chemical Analysis (ESCA) is the most widely used surface analysis technique
because it can be applied to a broad range of materials and provides valuable
quantitative and chemical state information from the surface of the material being
studied (Chen et al., 2005). The average depth of analysis for an XPS measurement is
approximately 5 nm. PHI XPS instruments provide the ability to obtain spectra with a
lateral spatial resolution as small as 7.5 um. Spatial distribution information can be
obtained by scanning the micro focused x-ray beam across the sample surface. Depth

distribution information can be obtained by combining XPS measurements with ion
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milling (sputtering) to characterize thin film structures. The information XPS provides
about surface layers or thin film structures is important for many industrial and
research applications where surface or thin film composition plays a critical role in
performance including: nanomaterials, photovoltaics, catalysis, corrosion, adhesion,
electronic devices and packaging, magnetic media, display technology, surface
treatments, and thin film coatings used for numerous applications. XPS is typically
accomplished by exciting a samples surface with mono-energetic Al Ko X-rays
causing photoelectrons to be emitted from the sample surface. An electron energy
analyzer is used to measure the energy of the emitted photoelectrons. From the
binding energy and intensity of a photoelectron peak, the elemental identity, chemical
state, and quantity of a detected element can be determined. Physical Electronics XPS
instruments function in a manner analogous to SEM/EDS instruments that use a finely
focused electron beam to create SEM images for sample viewing and point spectra or
images for compositional analysis. With the PHI XPS instruments, a finely focused x-
ray beam is scanned to create secondary electron images for sample viewing and point
spectra or images for compositional analysis. The size of the x-ray beam can be
increased to support the efficient analysis of larger samples with homogeneous
composition. In contrast to SEM/EDS which has a typical analysis depth of 1-3 um,
XPS is a surface analysis technique with a typical analysis depth of less than 5 nm and
is therefore better suited for the compositional analysis of ultra-thin layers. Hence, our

samples were made on flat bulk for measurement, with X-ray photo electronic

spectroscopy (XPS: AXIS ULTRAPP, Kratos analytical, Manchester UK.).
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Figure 3.5 Schematic diagram of the XPS (Siegbahn and Edvarson, 1956).

3.5 Optical properties and valence state determination

3.5.1 UV-visible spectroscopy (UV-Vis)

Room temperature absorption spectra of dilute magnetic oxide ZnO-based
samples were recorded using an UV-VIS-NIR scanning spectroscopy (UV-3101PC;
Shimadzu, Japan) with the range of 200-800 nm. Ultraviolet-visible spectroscopy or
ultraviolet-visible spectrophotometry (UV-Vis or UV/Vis) refers to absorption
spectroscopy or reflectance spectroscopy in the ultraviolet-visible spectral region
(Caglar et al., 2012). This means it uses light in the visible and adjacent (near-UV and
near-infrared (NIR)) ranges. The absorption or reflectance in the visible range directly
affects the perceived color of the chemicals involved. In this region of
the electromagnetic spectrum, molecules undergo -electronic transitions. This
technique is complementary to fluorescence spectroscopy, in that fluorescence deals
with transitions from the excited state to the ground state, while absorption measures

transitions from the ground state to the excited state. UV-Vis spectroscopy is
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routinely used in analytical chemistry for the quantitative determination of different
analysis, such as transition metal ions, highly conjugated organic compounds, and
biological macromolecules. Spectroscopic analysis is commonly carried out
in solutions but solids and gases may also be studied.

3.5.2 X-ray absorption near-edge structure (XANES)

The Tb and Er L3 edge and Zn, Co, Mn, Ni and Cu K edge were studied using
XANES in fluorescence mode at the BL5.2 Station at Siam Photon Laboratory
(Synchrotron Light Research Institute (Public Organization), SLRI) in Nakhon
Ratchasima, Thailand. X-ray absorption spectroscopy (XAS) is an element specific
technique and is broken into 2 regimes consisting of x-ray absorption near-edge
structure (XANES) and extended x-ray absorption fine-structure (EXAFS)( as shown
in Figure 3.6), which contain related but slightly different information about an
element’s local coordination and chemical state. An x-ray is absorbed by an atom
when the energy of the x-ray is transferred to a core-level electron (K, L, or M shell)
which is ejected from the atom. The atom is left in an excited state with an empty
electronic level (a core hole). Any excess energy from the x-ray is given to the ejected
photo-electron (see Figure 3.7(a)). XAS measures the energy dependence of the x-ray
absorption coefficient u(E) at and above the absorption edge of a selected element.
WE) can be measured two ways. First way is Transmission mode as shown in
Equation 3.4. The absorption is measured directly by measuring what is transmitted
through the sample. Second way 1is fluorescence mode (see Equation 3.5).
The re-filling of the deep core hole is detected. Typically the fluorescent x-ray is
measured (see Figure 3.7(b)).

w(Ex=—1In(l/1o) (3.4)
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p(E)a It/ lo (3.5
where lo is the x-ray intensity hitting, | is the intensity transmitted, u(E) is absorption

coefficient, t is a material of thickness, and If is the fluorescence intensity.
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Figure 3.6 XANES and EXAFS regions of X-ray absorption spectrum (Adapted

from xafs.org, 2008).
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3.5.3 Photoluminescence (PL)

Photoluminescence (abbreviated as PL) is light emission from any form of
matter after the absorption of photons (electromagnetic radiation). It is one of many
forms of luminescence (light emission) and is initiated by photoexcitation (excitation
by photons), hence the prefix photo. Following excitation various relaxation processes
typically occur in which other photons are re-radiated. Time periods between
absorption and emission may vary: ranging from short femtosecond-regime for
emission involving free-carrier plasma in inorganic semiconductors (Hayes and
Deveaud, 2002) up to milliseconds for phosphorescent processes in molecular
systems; and under special circumstances delay of emission may even span to minutes
or hours. Observation of photoluminescence at a certain energy can be viewed as
indication that excitation populated an excited state associated with this transition
energy. While this is generally true in atoms and similar systems, correlations and
other more complex phenomena also act as sources for photoluminescence in many-
body systems such as semiconductors. PL depend on the nature of the optical
excitation. The excitation energy selects the initial photoexcited state and grovern the
penetration depth of the incident light. The PL signal often depends on the density of
photoexcited electrons and the intensity of the incident beam can be adjusted to
control this parameter. When the type or quality of material under investigation varies
spatially, the PL signal will change with excitation position. In addition, pulses optical
excitation provides a powerful means for studying transient phenomena. Short laser
pulses produce virtually instantaneous excited populations, after which the PL signal
can be monitored to determine recombination rates. In this work, photoluminescence

spectra (PL: PerkinElmer LS-55B, PerkinElmer Instrument, Waltham, MA, USA)
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were obtained at room temperature using a Xenon lamp as an excitation wavelength
of 325 nm. A typical PL set-up is shown in Figure 3.8. Generally, the densities of

defects and oxygen vacancies affect significantly the optical properties.

N

/- Spectrometer % / Sample
/

PL

Laser

Photo- Lens
detector

Figure 3.8 Typical experimental set up for PL measurements (Adapted from

Timothy, 2000).

3.6 Magnetic measurement

The magnetic properties of the samples are investigated at RT and below RT
by using a vibrating sample magnetometer (VSM; VersaLab™, PPMS®). A Vibrating
sample magnetometer (VSM) measures the magnetic properties of a large variety of
materials such as diamagnetic, paramagnetic, ferromagnetic and antiferromagnetic.
For the measurement, powder were weighed, then place in a small sample holder
located at the end of a sample rod mounted in an electromechanical transducer for
measurement. The sample is vibrated parallel to the field direction; an electro magnet
provides the magnetizing field, a vibrator mechanism to vibrate the sample in the

magnetic field, and detection coils which generate signal voltage due to the changing
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flux emanating from the vibrating sample. The output measurement displays the
magnetic moment as function of a magnetic field or the temperature dependent of
magnetization. The measurement can be made at RT and below RT (293 K to 50K)

in field rang of 10000 Oe to 30000 Oe. The VSM is shown schematically in

Figure 3.9.
— Sample
holder
\\
Vibration [ )
Electromagnetic along $ Electromagnetic
Z-Axis

Sample
< 1

D —

Uniform magnetic field

Figure 3.9 Schematic diagram of the VSM (Adapted from Smith, 1956).



CHAPTER IV

RESULTES AND DISCUSSION

In this chapter, the experimental results and discussion for undoped and
M-doped-ZnO samples are discussed. It is divided into three pats. The first part is
TGA analysis for a phase formation and composition of the TM- and RE-doped ZnO
samples, The second part is the characterization of direct thermal decomposed TM-
doped ZnO samples (where TM = Co, Mn and Ni, respectively.) using XRD, TEM,
HRTEM, XPS, XANES, UV-Vis, PL and VSM. In addition, the magnetic properties
of nonmagnetic ion in Cu-doped ZnO nanorods are included in this part. The third
part is the characterization of RE-doped ZnO samples (where RE = Tb and Er ) using
XRD, TEM, HRTEM, XPS, XANES, UV-Vis, PL and VSM. Detail of these results
and discussion are presented. The origin of ferromagnetism in the prepared samples

1s also discussed.

4.1 Phase formation and composition

Typical TG and DTA curves of the powder precursor calcination for undoped,
Co-, Mn-, Ni-, Cu-, Tb- and Er-doped ZnO samples from 25 °C up to 1000 °C with
heating rate of 5 °C/min are shown in Figure 4.1(a) and Figure 4.1(b). The thermo
gravimetric (TG ) curves show a major weight loss at ~100 °C and from ~ 150 °C up
to ~ 334 °C for the undoped ZnO samples (as shown in Figure 4.1(a)). The clear

plateau formed between 334 °C to 1000 °C on TG curve revealing the formation of
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ZnO as a decomposition product. The DTA curve shows both physical conditions
happened as endothermic reaction since the maxima of the temperature are ~100 °C

and ~250 °C, respectively.
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Figure 4.1 (a) TG-DTA of undoped ZnO sample and (b) DTA data for TM- and RE-

doped ZnO samples with x = 0.025.
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Moreover, on the DTA a curve not only shows the endothermic reaction but also
shows the exothermic effect. The peaks observed at ~ 334 °C indicates that
the thermal events can be associated with the burnout of organic species involved in
the precursor powder (e.g. organic mass remained from acetate materials), of the
residual carbon or due to direct crystallization of ZnO from the amorphous
component. No change in the mass or any thermal activity was observed over 400 °C.
Attractively, the TG curves in Figure 4.1(b) show the maximum weight loss close to
71.4% with step from ~ 47 °C up to ~300 °C for Mn-, Tb- and Er-doped ZnO samples
and ~63 °C up to ~ 300 °C for Co-, Ni- and Cu-doped ZnO sample, respectively. No
further weight loss and no thermal effect were observed around ~300 °C, indicating
that no decomposition occured around this temperature. This phenomenon suggests
that TM- and RE-doping can be reduced preparation temperature for a formation of
hexagonal ZnO, in comparison with undope ZnO. Hence, the doped samples were

thermally decomposed in air at 300 °C and were kept at this temperature for 6 h.

4.2 TM-doped ZnO nanorods

This part we will discuss on structural characterization, morphology, chemical
composition, absorption, photoluminescence and magnetic properties of Co-, Mn-,
Ni- and Cu-doped ZnO nanorods.

4.2.1 Structural characterization, morphology and chemical
compositions of TM-doped ZnO (i.e. TM = Co, Mn, Ni and Cu)

The XRD patterns of the thermally decomposed undoped ZnO at 300 °C,

a relative weak peak of ZnO and some other peaks of zinc acetate materials were
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observed while the thermal decomposition increased above 400 °C, all of
the diffraction peaks show the ZnO wurtzite structure which is corresponding to
the standard data (JCPDS, 36-1451) for undoped ZnO sample as shown in Figure 4.2.
XRD patterns of Co- and Mn-doped ZnO nanorods in Figure 4.3 and Figure 4.4
exactly show the same peak patterns which can be indexed as the ZnO wurtzite
structure in the standard data (JCPDS, 36-1451). This indicates that the wurtzite
structure is not affected by Co and Mn substitution. Moreover, the XRD patterns of
Ni-doped ZnO nanorods in Figure 4.5 present a peak pattern, which is confirmed a
formation of the ZnO wurtzite structure for Znoo975Nio.02sO sample while the
nanocrystalline Ni-doped ZnO samples with concentration of x > 0.025 presented
impurity phases of Ni metal and NiO. Figure 4.6 illustrates the XRD patterns of the
nanocrystalline Cu-doped ZnO with different doping concentrations. For comparison,
the XRD pattern for undoped ZnO (calcined at 400 °C) is also shown in Figure 4.6(a).
The diffraction peaks correspond to (100), (002), (101), (102), (110), (103), (200),
(112) and (201) planes of the standard data (JCPDS, 36-1451), whereas the precursor
calcined at 300 °C presents impurity phase in XRD patterns (as shown inset).
Figures 4.6(b) - 4.6(¢) are XRD patterns of Cu-doped ZnO (i.e., ZnixCuxO)
nanocrystals with x=0.025, 0.050, 0.075 and 0.100, respectively. Impurity phases of
CuO, Cu20, and Cu are also detected showing the peaks at 38.95, 42.29 and 43.29 of
the 28 which were consistent with those of the CuO (200) (JCPDS, 45-0937), Cu20O
(200) (JCPDS, 05-0667) and Cu (111) (JCPDS, 04-0836) metal diffractions,
respectively. All the samples have impurity phases except the Zno.975Cu0.0250 sample
showing only pure phase of ZnO. Therefore, the secondary phases of those peaks can

be attributed to the low Ni and Cu solubility in ZnO structure. In addition, the doping
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of TM ions (i.e. TM= Co, Mn, Ni and Cu) leads to the decrease of prepared
temperature for a formation of wurtzite ZnO structure. This mechanism under our

study is not well understood and future study is needed.
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Figure 4.2 XRD patterns of thermally decomposed undoped ZnO sample in air

at 400 °C for 6 h and undoped ZnO prepared in air at 300 for 6 h.
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Figure 4.3 XRD patterns of thermally decomposed undoped ZnO sample in air at

400 °C for 6 h (a) and (b) Co-doped ZnO samples prepared in air at 300 °C for 6 h.
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Figure 4.4 (a) XRD patterns of undoped ZnO sample thermally decomposed in air at
400 °C for 6 h and undoped ZnO sample prepared in air at 300 °C for 6 h and (b)
the XRD patterns of Mn-doped ZnO samples prepared in air at 300 °C for 6 h with

x =0.025, 0.050, 0.075 and 0.100, respectively.
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Figure 4.5 (a) XRD patterns of undoped ZnO sample thermally decomposed ZnO in
air at 400 °C for 6 h and undoped ZnO sample prepared in air at 300 °C for 6 h and
(b) the XRD patterns of Ni-doped ZnO samples prepared in air at 300 °C for 6 h with

x =0.025, 0.050, 0.075 and 0.100, respectively.



57

ZnO =
. Cu0(200) 8 300 °C/ 6 hrs.
o Cu,0(200) >
« Cu(111) a u
- 8|1l L L]
. i =
=S 720 30 40 50 60 70 89
5': x=0.100 | JA - oo | Jfl L=\ e
& [x=0075 | |} o, | L_J I (d)
2 [x=00s0 | |} | '| Ay (c)
g x=0.025 | T (b)
= e @
36-‘!4515'1'— i | =l | E.l : .5_5311_ |
20 30 40 50 60 70 80

20

Figure 4.6 XRD patterns of undope ZnO (calcined at 400 °C) (a) and Cu-doped
ZnO in air at 300 °C for 6 h for x = 0.025 (b), x = 0.050 (¢) , x = 0.075 (d) and

x =0.100 (e), respectively. The inset shows XRD patterns precursor calcined in air at

300 °C for 6 h.

The average crystallite sizes (D) of ZnO nanorods are calculated by

the Debye-Scherrer formula as follows:

D =0.94/fcosb 4.1

where A is the wavelength of X-ray (0.154 nm), 6 is the Bragge angle of X-ray
diffractions, # is the FWHM (full width at half maximum) for the corresponding
peak. The average crystallite sizes and the lattice parameters (a and c¢) were calculated

from (100), (002), (101), (102), (110) and (103) peaks and the results are summarized
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in Table 4.1 and Table 4.2. For comparison, average crystallite sizes and lattice
parameters of Co-, Mn- and Ni-doped ZnO are also shown in Figure 4.7(a), Figure
4.8(a) and 4.8(b). As a result, average crystallite sizes and lattice parameters a and ¢
of the Co-doped ZnO samples with x varying from 0.025 to 0.075 decrease with
increasing the Co concentration. These values are smaller than those of lattice
a = 0.32488 nm and ¢ = 0.52066 nm in the standard data (JCPDS, 36-1451).
This phenomenon is a proof of the incorporation of Co ions inside the ZnO crystal
lattice due to the smaller ionic radius of Co*" (0.65A) replaced larger ionic radius of
Zn*" (0.74 A) (Bouloudenine et al., 2005). Hence, Co incorporation will lead to
shrink of the ZnO lattice and decreases crystallite size. Furthermore, an average
crystallites size of the Mn-doped ZnO does not changed, then the values of @ and ¢
increase with the value of x increasing. This variation indicates that the lattice of ZnO
begins expending with increasing the Mn content. There was an effect of doping on
the values of lattice parameters but on crystallite size. It means that the dopants inhibit
the growth of nanocrystals, indicating the dopants may distribute in the surface of
ZnO nanorods. These results are consistent with previous report and are not in a good
agreement with earlier reports for Mn-doped ZnO nanowires by Baik et al. (2005) and
Mn-doped ZnO thin films by Xu et al. (2006). The wurtzite lattice parameters and
average crystallite sizes decrease with doping the Ni atoms where x = 0.025; this
phenomenon is a proof of the incorporation of Ni ions inside the ZnO crystal lattice
due to the smaller ionic radius of Ni*" (0.69 A) replaced larger ionic radius of Zn?*
(0.74 A). Hence, Ni incorporation will lead to the decrease in crystallite size. And
then the values increase with increasing the value of x and these values are almost

unchanged when x > 0.025, indicating that the high dopants may distribute in
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the surface of ZnO nanorods and the second phases were formed. Ordinarily,
the valence state of Cu could be assumed to be +1 or/and + 2 in the Cu-doped ZnO.
The radius of Cu'" and Cu®' ions are 0.96 A and 0.72 A, respectively. From our
results, the crystallites size (Figure 4.7(b)) and lattice parameter of ¢ in Cu-doped
ZnO samples (see Figure 4.9(a)) are smaller than those of the undoped sample, with
increase of Cu contents of x =0.025 to 0.050, whereas parameter of a increases (see
Figure 4.9(b)) with increasing the Cu content. This is possibly due to the substitution
of Cu?* ion into the Zn site. A similar observation was also reported for in ZnO:Cu
films (Yang et al., 2012). However, Ligang et al. (2006) reported that when Cu'* ions
substituted Zn?" ions, the lattice constant increased. The Cu!*, Cu®' substituted and the
Cu?" interstitial might be the main impurities in Cu-doped ZnO samples. Both Cu'*
substitute and Cu?" interstitial would affect the concentration of the interstitial ZnO,

oxygen vacancies, and Zn vacancies.

Table 4.1 Summary of crystallite size of undoped ZnO and TM-doped ZnO nanorods

thermally decomposed at 300 °C at for 6 h.

Crystallite size (nm)

Doping level
Co Mn Ni Cu
x=0.000 36.90 = 0.8500 36.90 £ 0.8500 36.90 £ 0.8500 36.90 £ 0.8500
x =0.025 33.20 £ 0.9600 37.80 £ 0.9700 33.20 £ 0.8700 32.80 £ 0.9500
x =0.050 29.90 £ 0.8700 38.10 £ 0.9500 36.80 £ 0.8600 36.50 £ 0.8800
x=10.075 28.30 £ 0.9800 37.92 £ 0.8600 37.30 £ 0.9800 35.70 £ 0.9700
x=10.100 32.80 £ 0.8500 38.05 £ 0.7800 37.80 £ 0.9500 35.80 £ 0.8600
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Table 4.2 Summary of lattice constant (¢ and ¢) of undoped ZnO and TM-doped ZnO

nanorods thermally decomposed at 300 °C at for 6 h.

lattice constant, ¢ = b and ¢ (nm)

Doping level Co Mn Ni Cu
a c a c a c a c
X =0.000 032477 052041 032477 052041 032477 052041 032477 052041
x=0.025 032448 051970 032478 052044 032454 051980  0.32487  0.52038
< =0.050 032436 051920 032482 052048 032472 0.52038 032488  0.52034
<= 0.075 032427 051906 032486 052052 032474 0.52040 032486  0.52035
<= 0.100 032419 051880 032494 052053 032471 0.52043 032487  0.52034
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The morphology and structure of the ZnO and Co-, Mn-, Ni-, Cu-doped ZnO
nanorods were investigated by TEM. Figure 4.10 shows the TEM bright field images
of undoped ZnO sample consisting of both nanoparticles with particle size of about 21
nm and nanorods of 46 nm in diameter with 105 to 275 nm in length. Figures 4.11 -
4.14 show TEM images of Co, Mn-, Cu- (with x varies from 0,025 to 0.100) and Ni-
doped ZnO nanorods samples (with x = 0.025), revealing a mixture of nanorods with
various in diameters and in length; most of nanorods are straight in morphology and
smooth in surface as shown in the inset of Figure 4.14. And also high resolution TEM
(HRTEM) micrographs show the interplanar distance of fringes of ~ 0.26 nm
corresponding to the (002) plane of wurtzite ZnO. The selected-area electron
diffractions (SAED) show spotty ring patterns, revealing their highly crystalline ZnO
wurtzite structure (JCPDS, 36-1451). These are consistent with those of (100), (101),

(102) and (110) planes of the XRD results.

Undoped ZnO

Figure 4.10 TEM bright field and high-resolution TEM (HRTEM) images with

corresponding SEAD patterns of undoped ZnO sample prepared in air at 400 °C for 6 h.
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Figure 4.11 TEM bright field and high-resolution TEM (HRTEM) images with
corresponding SEAD patterns of undoped ZnO sample prepared in air at 400 °C for 6 h
(a) and Co-doped ZnO samples prepared in air at 300 °C for 6 h with x = 0.025 (b),

x = 0.050 (c), x = 0.075 (d), and x = 0.100 ().
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Figure 4.12 TEM bright field and high-resolution TEM (HRTEM) images with

corresponding SEAD patterns of undoped ZnO sample prepared in air at 400 °C for 6 h

(a) and Mn-doped ZnO samples prepared in air at 300 °C for 6 h with x = 0.025 (b),

x = 0.050 (c), x = 0.075 (d), and x = 0.100 ().
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Figure 4.13 TEM bright field and high-resolution TEM (HRTEM) images with
corresponding SEAD patterns of undoped ZnO sample prepared in air at 400 °C for 6 h

(a) and (b) Ni-doped ZnO samples prepared in air at 300 °C for 6 h with x = 0.025.
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Figure 4.14 TEM bright field and high-resolution TEM (HRTEM) images with
corresponding SEAD patterns of undoped ZnO sample prepared in air at 400 °C for 6 h
(a) and Cu-doped ZnO samples prepared in air at 300 °C for 6 h with x = 0.025 (b),

x = 0.050 (c), x = 0.075 (d), and x = 0.100 ().
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The chemical compositions of undoped and TM-doped ZnO nanorods were
investigated by XPS analysis. All binding energies have been corrected for
the charging effect with reference to the C ls line at 284.6 eV. The survey scans
(as shown in Figure 4.14) show peaks corresponding to Zn, Co, Mn, Ni, Cu and O.

This indicates that there are no other magnetic impurities for each prepared sample.
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Figure 4.15 XPS spectra of TM-doped ZnO nanorods with the survey scan mode.
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Table 4.3, indicates that all the samples are composed of Zn, Co, Mn, Ni, Cu
and O, demonstrating an increase in actual atomic concentrations with the increase of
nominal TM-doping in ZnO nanorods (doping level). And also shows that atomic
percentage ratio of TM is less than the nominal composition in the precursor.
The difference between the actual and the nominal TM concentration is probably due
to the dilution of TM ions in the ZnO systems. In addition, compared to undoped
Zn0O, it was found that the TM-doped ZnO nanorods were slightly decrease zinc and
oxygen atoms, beyond that expected for Zn replacement by TM ions.
These phenomena induced oxygen vacancy in the ZnO host matrix. Moreover,
the X-ray photoelectron spectroscopy (XPS) was also performed to determine
the percentage of oxygen-deficient regions and valence state of TM in the ZnO

matrix.

Table 4.3 Actual atomic concentrations of Zn, Co, Mn, Ni, Cu and O in undoped

Zn0O with nominally TM-doped ZnO nanorods calculated by XPS analysis.

Atomic percentages (at%) of dopants in TM-doped ZnO samples

Dopin, .
ping Co Mn Ni Cu
level
Zn Co (6] Zn Mn (0] Zn Ni (6] Zn Cu
2p 2p s 2p 2p s 2p 2p 1s 2p 2p s
x=0 49.93 - 50.07 4993 - 50.07 49.93 - 50.07 49.93 - 50.07

x=0.025 49.91 2.02 48.07  49.57 141 49.02 49.32 1.60 49.08 49.62 1.75 48.63

x=0.050 49.73 4.83 4544 4811 340 48.49 - - - 49.30 3.55 47.15

x=0.075 46.19 5.47 4834  47.16  6.18 46.66 - - - 48.56 5.17 46.27

x=0.100 44.50 9.37 46.13 4524 828 46.48 - - - 48.48 6.39 45.13
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Table 4.4 Results of Co 2p32, O1 and O2 XPS spectra for Co-doped ZnO nanorods

with x = 0.025, 0.050, 0.075 and 0.100.

Doping level BuI:: ;;f (3:7; pel?ctgri?ai;es BE of Ols (eV) (at.[‘;t)()mélfc(}))le z:if; t(gzg?ZV)
(eV) (at.%) of Co** 01 (o)) 01 (o))
x=0 - - 530.35 531.48 40.83 9.24
x =0.025 780.91 2.02 529.53 531.06 33.31 14.76
x =0.050 780.82 4.83 529.86 531.39 32.76 12.68
x=0.075 780.38 5.47 530.72 531.36 30.60 17.74
x=0.100 780.22 9.37 530.41 531.48 31.60 14.53

Table 4.5 Fitting results of Mn 2p32, O1, O2 and O3 XPS spectra for Mn-doped ZnO

nanorods with x = 0.025, 0.050, 0.075 and 0.100.

Atomic percentages (at.%) of Mn 2p3/2

Atomic percentages (at.%) of Oy, Oz and

0s(eV)
Dlzggig 641 ~642  ~643 ~5303  ~531.6 ~5324
Mazp V) @) (V) \ M V) (V) (V)
Mn?' Mn?* Mn* 0O, 0 O3
x=0 - - ; . 50.07 40.83 9.24 ;
x=0025 141 041 060 040  49.02 36.02 1015 2.84
x=0050 340 098 137 1.05 4849 22.50 1804  7.95
x=0075 618 209 264 145  46.66 20.02 1932 7.32
x=0.100 828 215 384 229 4648 2524 1580 544

Figures 4.16 - 4.18 shows the Zn 2p core level peaks in the XPS spectra of

the undoped ZnO and TM-doped ZnO samples. These peaks correspond to

the position of Zn 2p in the undoped ZnO and this confirms the existence of Zn**

oxidation state with a binding energy of about 1021.45 eV in all the samples except
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the Gaussian resolving is performed on Mn-doped ZnO samples, two peaks centered
at 1020.40 eV and 1021.23 eV were obtained as shown in Figure 4.17. The peak
center centered at 1021.23 eV corresponds to the binding energy of Zn 2p3/2 of
undoped ZnO, whereas the peak centered at 1020.40 eV corresponds to for the Zn
2p3/2 of Mn-doped ZnO. This shift of binding energy is due to the substitution of part
of lattice Zn in ZnO by Mn?* ions and a formation of Zn-Mn bonding structure (Duan
et al., 2011). The typical O 1s spectra in Figures 4.19 - 4.21 were consistently fitted
by two nearly Gaussian curve centered at ~ 530.3 eV and ~ 531.5 eV with respective
notice as O1, and Oz respectively for atomic percentages of oxygen in each region on
the surface of undoped ZnO and TM-doped ZnO samples (Li et al., 2008; Ghajari et
al., 2013). The atomic percentages of Oi, and Oz can be calculated by using XPS
analyses and the results are shown in Table 4.4 and Table 4.5. The low binding energy
centered at ~ 530.3 eV(O1) is corresponded to O> ions on wurtzite structure of
hexagonal ZnO. The high binding energy located at ~ 531.5 eV(O2) is attributed to
O? ions in the oxygen deficient regions with in a matrix of ZnO. These results suggest
that there are some oxygen vacancies in the samples. In additional peak, we observed
the binding energy centered at ~ 532.4 eV(0O3) for Mn-dope ZnO samples as shown in
Figure 4.20, which is associated to the presence of loosely bound oxygen on the
surface such as chemisorbed and dissociated oxygen species or hydroxyl group

(Xia et al., 2011).
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Figure 4.16 Zn2p X-ray photoelectron spectra (XPS) of Co-doped ZnO samples
prepared in air at 300 °C for 6 h with x = 0.025, 0.050, 0.075 and 0.100 compared

with undoped ZnO.
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Figure 4.17 Zn2p X-ray photoelectron spectra (XPS) of Mn-doped ZnO samples
prepared in air at 300 °C for 6 h with x = 0.025, 0.050, 0.075 and 0.100 compared

with undoped ZnO.
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Figure 4.18 Zn2p X-ray photoelectron spectra (XPS) of Ni-doped ZnO samples

prepared in air at 300 °C for 6 h with x = 0.025 compared with undoped ZnO.
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Figure 4.19 High-resolution scan of Ols for Co-doped ZnO with x = 0.025(a),

0.050(b), x = 0.075(c) and x = 0.100(d) compared with undoped ZnO(e).
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Figure 4.20 High-resolution scan of Ols for Mn-doped ZnO with x = 0.025(a),

0.050(b), x =0.075(c) and x = 0.100(d) compared with undoped ZnO(e).
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Figure 4.21 High-resolution scan of Ols for undoped ZnO (a) and Ni-doped ZnO for

x = 0.025 (b).

The oxidation states of TM ions were investigated by measuring the Co 2p3s2,
Mn 2p32, Ni 2p32 and Cu 2p32 XPS spectra, as shown in Figures 4.22 - 4.24. Figure
4.22 shows the high-resolution scan of Co 2p3/2, identifying the exact peak location of

Co 2p32 at 780 eV and of Co2pi2 at 795.6 eV (as listed is Table 4.4) with relative two
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shake-up satellites of the main peaks presenting at slightly higher energies.
The satellite at about 786 eV is considered a feature of Co?" ions, which confirms
the 2+ oxidation state of the incorporated dopant. Therefore, we conclude that
the dopant atoms are well-incorporated in the host lattice as Co** on Zn-lattice site.
Figure 4.23 shows the high-resolution scan of Mn 2p3», three Gaussian curves
located at ~ 641, ~ 642 and ~643 eV could be attributed to Mn?*, Mn*" and Mn**
valence states, respectively, The presence of Mn?" is expected in Mn-doped ZnO
samples due to the replacement of Zn?* at the lattice site while Mn** and Mn*" might
be assigned to the plausible ZnMn204/Mn203 and ZnMnO3/MnO2 impurity phases,
which often appeared in other Mn-doped ZnO (Chen et al., 2005; Duan et al., 2011),
although they were not detected by our XRD and HRTEM studies. To make a
quantitative atomic percentage of O1, Oz, O3 and the three valence states of Mn are
summarized in Table 4.5. It was found that the Mn?*, Mn*" and Mn*' increases with
increasing Mn content and also we observed the oxygen deficient regions (O2)
increasing that reveal that a formation of oxygen vacancy and are confirmed by Mn-
doping. Figure 4.24 represents the biding energy of Ni; the result revels 855.5 eV for
2p3n2 state and 873.5 eV for 2pin state. Their satellite peaks were observed at
861.2 eV and 880.1 €V. This confirms the presence of Ni in form of Ni** and it is

neither bonded with oxygen in the form of Ni2O4 nor presented in the metallic form.
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Figure 4.22 High-resolution scans of Co2p for Co-doped ZnO samples prepared in air

at 300 °C for 6 h with x = 0.025, 0.050, 0.075 and 0.100.
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Figure 4.23 High-resolution scans of Mn2p for Mn-doped ZnO samples prepared in

air at 300 °C for 6 h with x = 0.025, 0.050, 0.075 and 0.100.
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Figure 4.24 High-resolution scans of Ni2p for Ni-doped ZnO samples prepared in air

at 300 °C for 6 h with x = 0.025.

In the case of nonmagnetic materials, the surface profile of Cu-doped ZnO
nanorods was also examined by using XPS analysis. The high resolution spectra
shown in Figure 4.25 specifies the binding energy 1021.3 eV and 1044.4 eV for 2p3»2
and 2pi2 of Zn?>" state in ZnO (Cagla et al., 2012; Ghajari et al., 2013).
Figure 4.26 represents the binding energy of Ols, where the two peaks indicate two
different kinds of O elements in the sample. The low binding energy peak at ~ 530.3
eV is corresponded to O* ions on wurtzite structure of hexagonal ZnO. The high
binding energy peak at ~ 531.5 €V is attributed to O ions in the oxygen deficient
regions with in a matrix of ZnO (Wang et al., 2012; Yang et al., 2013). Furthermore,
the percentages of O1, Oz and Cu in Cu-doped ZnO samples are summarized in Table

4.6. It can be seen that the percentages of Oz for Cu-doped ZnO nanorods are higher
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than that of the undoped ZnO sample. Especially, a nominal Cu-doped ZnO sample
(x = 0.050) has the highest percentages of Oz. This is probably related to the
substitution of ZnO lattice with Cu ions or / and the reduction of oxygen from ZnO
lattice with the impurity phases. Moreover, the XPS results can clearly distinguish
Cu?* from metallic copper (Cu’) and Cu'*. In general, Cu2ps. peaks of Cu®and Cu'*
in Cu20 appear at approximately 932.5 eV and that Cu?>" in CuO at around 933.6 eV
- 934 eV (Xia et al., 2011; Xu et al., 2012). Actually, the Cu?>" has higher binding
energy and weak satellite at around 941-946 eV appeared in the Cu2p spectrum, while
Cu'* has not. Since the copper electronic configuration of Cu?* (d?) is unsaturated, p-d
hybridization and then the degeneration can be occurred. When copper reaches the
electronic configuration d’’ (Cu'™), the satellite band disappears and only two peaks
are visible in the copper spectrum and also the peak position of Cu'*/ Cu® was shifted

by approximately 1.1 eV to higher binding energy (Xu et al., 2012).

Table 4.6 The binding energy and atomic percentages of Cu2ps., energy shift and
atomic percentages of O1 and O calculated by XPS spectra of undoped ZnO and

Cu-doped ZnO nanorods.

E Atomi
Binding energy Atomic percentages ;l}irt% Y Binding energy perc::)ri?;;es
. 0 Cylt 2>
Doping of Cu 2P32 (eV) of Cu’, Cu'* and Cu AE (eV) of Ols (eV) of O1 and O
level
Cu** Cu*,Cu® (Cu™+Cu')y/  Cu*/ 0, 0 01/01s  02/0ls
Cu2p Cu2p
x=0 - - - - - 53035 531.48 4083 9.24

x=0025 93397 93284 141 034 113 53033 53145 39.76 887
x=0050 93386 93280 283 067 106 53033 53145 37.89 9.26
x=0075 93406 93295 400 115 111 53031 53148 37.50 8.77

x=0.100 933.81 932.71 5.58 0.81 1.10 530.34 531.46 36.69 8.44
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Figure 4.25 Zn2p X-ray photoelectron spectra (XPS) of Cu-doped ZnO samples
prepared in air at 300 °C for 6 h with x = 0.025, 0.050, 0.075 and 0.100 compared

with undoped ZnO.
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Figure 4.26 High-resolution scans of Ols for Cu-doped ZnO with x = 0.025(a),

0.050(b), x =0.075(c) and x = 0.100(d) compared with undoped ZnO.
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Figures 4.27(a) - 4.27(d) show the Cu 2p core-level XPS spectra. The Cu2ps.
and Cu2pi core-levels of all samples are located at ~ 932.82 and ~ 952.21 eV,
respectively. Also, it can be seen that the binding energy of Cu2ps» was shifted by
~ 1.1 eV to higher energy (as shown in Table 4.6). These results indicate that all
of the samples are associated with these two peaks of the mixture of Cu ions state
(Cu?* and Cu'") which is in good agreement with earlier reports on the Cu-doped ZnO
films (Caglar et al., 2012; Ghajari et al., 2013). The Cu2ps.2 peak evidently shows the
peak located at ~ 932.82 eV revealing the Cu-related phases of Cu, CuO and Cu20.
After Gaussian fitting, the results of best peak fit to the experimental data gives
(Cu'™+ Cu®)/Cu2p and Cu*"/Cu2p showing components of major Cu'*/Cu’ and miner
Cu?". Hence, the valence state of Cu in the samples is mainly Cu'*/Cu’, which is
consistent with the XRD results. However, the Cu'* has fully filled 3d orbitals
(3d"%4s%) and hence it does not make any contribution to ferromagnetism in the Cu-
doped ZnO samples (Jin et al., 2001; Xia et al., 2011). In contrast, the valence band
configuration of CuO (Cu?*) has a 3d°4s” and may therefore trap electron with the Cu
3d hole state so the Cu?*ion substitution and oxygen vacancies are the main cause that
leads to the ferromagnetism in the Cu-doped ZnO samples. The magnetic properties

of the prepared Cu-doped ZnO samples are present in details in Section 4.2.4.
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Figure 4.27 High-resolution scans of Cu2p for Cu-doped ZnO samples prepared in

air at 300 °C for 6 h with x = 0.025, 0.050, 0.075 and 0.100, respectively.
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From the data in Tables 4.3, 4.4 and 4.5 calculated by XPS analysis, the
formation of TM-doped ZnO nanorods can be explained by the following reactions
(Noipa et al., 2014) as given in Equations (4.2) - (4.18), respectively,

For the samples of Co-doped ZnO with Co = 0, (x = 0), 0.0202 (x = 0.025),

0.0483 (x = 0.05), 0.0547 (x = 0.075) and 0.0937 (x = 0.100):

A(heat)
(0.4993)Zn(CH3COO)2

710.499300.5007-5 + (0.4993)CH3COCH: T + (0.4993)CO-T ; §=0.0924  (4.2)
A(heat)
(0.4991)Zn(CH3COO0): + (0.0202) Co(CH3COO): - 4H,0 ——>

Z10.4991C00.020200.4507-5 + (0.0808)H20T + (0.4993)CH3;COCH; T

+(0.4993)CO.T; 8 = 0.147 4.3)
A(heat)
(0.4973)Zn(CH3COO)2 + (0.0483)Co(CO2CH3)2 - 4H20 ———>
Z10.4493C00.048300.4544-5 + (0.1932) H2OT
+(0.4993)CH3COCH; T + (0.4993)CO-T ; 6 = 0.1268 (4.4)
A(heat)
(0.4619)Zn(CH3COO)2 + (0.0547) Co(CO2CH3)2 - 4H20 ———>

Z10.4856C00.054700.4834-5 + (0.2188)H20T

+(0.4993)CH3COCH:T + (0.4993)CO.T ; § = 0.01774 4.5)
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A(heat)
(0.4450)Zn(CH3COO)2 + (0.0937)Co(CO2CH3)2 -4 H2 O ——>

Z10.4848C00.093700.4613-5 +(0.3748) H20T+ (0.4993)CH3COCH: T

+(0.4993)CO2T; & = 0.01457 (4.6)

For the samples of Mn-doped ZnO with Mn = 0 (x = 0), 0.0141 (x = 0.025),

0. 0.0340 (x = 0.050), 0.0618 (x = 0.075) and 0.0828 (x = 0.100):
(0.4993)Zn(CH3CO0)>
710.499300.5007-5 + (0.4993)CH3COCH3 T
+(0.4993)CO-T ; & = 0.0924 4.7)
A(heat)
(0.4957)Zn(CH3COO): + (0.0141) Mn(CO>CH3)2 -4 H20 ——>
Z10.4957Mn0.004100.4732:5 + (0.003)Mn203 + (0.004) MnO:2 + (0.0564)H.0T
+(0.4993)CH;COCH;T + (0.4993)C0-T: 6 = 0.0284 (4.8)
A(heat)
(0.4811)Zn(CH3COO): + (0.0340)Mn(CO2CH3)2 - 4H20 ——>

Z10.4811Mn0.0098 O0.4459-5 + (0.006)Mn203 + (0.0105)MnO: + (0.136) H20T

+(0.4993)CH3COCH: T + (0.4993)CO2T ; § = 0.0795 (4.9)
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A(heat)
(0.4716)Zn(CH3COO)2 + (0.0618) Mn(CO2CH3)2 - 4H20 ———>
Z10.4716Mn0.020900.399-5 + (0.0132)Mn203 + (0.0145)MnO: + (0.2472)H.07T
+ (0.4993)CH3COCH3T + (0.4993)C02T ; § =0.0732 (4.10)
A(heat)
(0.4534)Zn(CH3COO)2 + (0.0828)Mn(CO2CH3)2 - 4H20

710.4534Mn0.0215003614-5 + (0.0192)Mn203 + (0.0229)MnO2 +(0.3312) H.OT

+(0.4993)CH:COCH; T + (0.4993)CO:T; § = 0.0544 4.11)

For the samples of Ni-doped ZnO with Ni= 0, (x =0) and 0.0160 (x = 0.025)
1t
(0.4993)Zn(CH3COO):
710.499300.5007-5 + (0.4993)CH3;COCH3 T
+(0.4993)CO:T ; 8 = 0.0924 (4.12)
) A(heat)
(0.4932)Zn(CH3COO)2 + (0.0160) Ni(CH3COO)2 - 4H20 ——>

Z10.4932Ni0.016000.4807-5 + (0.064)H207T

+(0.4993)CH3COCH; T + (0.4993)CO2T; § = 0.1563 (4.13)
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For the samples of Cu-doped ZnO with Cu = 0 (x = 0), 0.0175 (x = 0.025),

0. 0.0355 (x = 0.050), 0.0517 (x = 0.075) and 0.0639 (x = 0.100):
(0.4993)Zn(CH;CO0), 20

Z10.499300.5007-5 + (0.4993)CH3COCH:T + (0.4993)CO:T ; § = 0.0924  (4.14)

A(heat)
(0.4962)Zn(CH3COO)2 + (0.0175) Cu(CO2CH3)2 - H20
Z10.4962C10.017500.48635 + (0.0175)H20T
+(0.4993)CHs;COCH:™ + (0.4993)CO,T; & = 0.0887 (4.15)
A(heat)

(0.4930)Zn(CH3COO0O)2 + (0.0355)Cu(CO2CH3)2 - HO  ———>
Z10.4930C10.006700.4715-5 + (0.0096)Cu + (0.019)Cu20 + (0.0355) H.0T
+(0.4993)CH3COCH;T + (0.4993)CO>T ; § = 0.0926 (4.16)

A(heat)

(0.4856)Zn(CH3COO)2 + (0.0517) Cu(CO2CH3)2 - H2O0 —>
710.4856Cu0.014400.4627-5 + (0.02)Cu + (0.02)Cu20 + (0.0006)CuO
+(0.0517)H20T + (0.4993)CH3COCH3 T

+(0.4993)C0:T ; § = 0.0877 (4.17)
A(heat)

(0.4848)Zn(CH;COO): + (0.0639)Cu(CO:CHs): - HO ~ ——>

710.4848C10.015200.4513-5 + (0.019)Cu + (0.019)Cu20+ (0.0071)CuO
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+(0.0639) H20™T + (0.4993)CH3COCH: T
+(0.4993)CO-T; & = 0.0844 (4.18)

All the process reactions suggest that the thermal events are related to
the combustion of acetone (CH3COCH3), water (H20), carbon dioxide (CO2) in
the precursors and oxygen vacancy concentration () formed on the prepared

products.

4.2.2 The absorption and photoluminescence of TM-doped ZnO
nanorods (i.e. TM = Co, Mn, Ni and Cu)

The UV-visible optical absorption spectra of the undoped and TM-doped ZnO
samples have been carried out at room temperature using UV- visible spectrometer
from 200 nm to 800 nm and are shown in Figure 4.28. The absorption edge of
undoped ZnO sample is observed around 380 nm and the band edge is found to with
increasing TM-content which may be due to the formation of narrow band gap by
doping. The optical absorption spectra of the TM-doped ZnO samples show just
negative trend of the optical band gap for all TM-doped ZnO samples. Especially, it
well known that the sample containing transition metals will have bands from crystal-
field transition of ions in tetrahedral coordination. In case of Co-doped ZnO,
absorption peak are expected to arise due to electronic transitions from the “A2 ground
state to the *T1(P) state for the tetrahedral Co(II) (Bylsma et al., 1986; Bouloudenine
et al., 2004). In the present Co-dope ZnO nanorods, additional absorption peaks in
the visible region are observed. As cobalt concentration increased, the absorbance
intensity of the combined peak between 525 nm and 725 nm were strengthened

regularly as shown in Figure 4.28(a).
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Figure 4.28 Room-temperature optical absorbance spectra of undoped ZnO nanorods
calcined at 400 °C for 6 h and TM-doped ZnO nanorods prepared in air at 300 °C for

6 h. (a) Co-doped ZnO, (b) Mn-doped ZnO and (c) Ni-doped ZnO nanorods,

respectively.
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Figure 4.29 Room-temperature optical absorbance spectra of undoped ZnO nanorods

calcined at 400 °C for 6 h and Cu-doped ZnO nanorods prepared in air at 300 °C

for 6 h.
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Compared with the absorption spectra of undoped ZnO sample, it could be easily
confirmed that the introduction of Co?* ions into the ZnO leads to the appearance of
additional absorption peaks due to the transition involving crystal field levels in the
Co?" ions. These transitions were observed in all Co- doped ZnO nanorods as well as
defined peaks at 565, 610 and 652 nm indicating that Co?" ions were substituted for
Zn*" ions in ZnO. The three absorption peaks at 565 nm (2.19 €V), 610 nm (2.03 eV)
and 652 (1.90 nm) are well separated from absorption band edge and are attributed to
the presence of Co?" ions in ZnO lattice. The three sharp absorption peaks of Co-
doped ZnO samples are due to the d-d crystal field transitions (for the tetrahedral
Co?") 2A1(F) — 2A1(G), *Ax(F) — *T1 (P) and 2A2(F) — 2E1(G), respectively, where
A, E and T are generally designations of intermediate energy band (Kwon et al., 2002;
Ramachandran et al., 2004). The appearance of these d-d transitions and their growing
sharpness with increasing Co content indicate that Co is in the divalent state at the Zn
site and supports the inference that the doped Co?* ions are in the high spin (S=3/2;
T11) state in tetrahedral crystal field symmetry (Elilarased and Chandrasekaram et
al., 2013). These electronic transitions suggest that Co?" ions are substituting Zn?*
ions in the tetrahedral ZnO. We further observed that with increasing Co content there
is trend of increasing absorption in the visible region of the spectrum consistent with
higher absorption by the Co ions due to the above mentioned transitions in tetrahedral
symmetry. Ordinary, the energy band gaps of TM-doped ZnO nanomaterials were

evaluated using the equation relation (Lui et al., 2009; Phokha et al., 2012)
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ahv=A(hv- Eg)" (4.19)

where A is a constant, 2V is revealed that photon energy, a is the optical absorption
coefficient near the fundamental absorption edge, Eg is the energy band gap of the
material. m is either 1/2 for a direct or 2 for an indirect dipole-allowed transition.
The absorption coefficient was calculated from the optical absorption spectra. The
direct energy band gap can be obtained by plotting (a4 1)? versus v and extrapolating
the linear portion of the absorption edge to find the intercept with energy axis (y = 0)
as shown in Figure 4.30 and Figure 4.31. The direct energy band gap of the TM-
doped ZnO nanorods are also summarized in Table 4.7. Figure 4.30 and Figure 4.31
show the plots of energy gaps versus the doping level (x) of TM-ions in ZnO samples.
The band gaps of all the TM-doped ZnO samples slightly decrease with increasing
TM atom concentrations except the Cu-doped ZnO sample with x = 0.100. These
results are very similar to those of TM-doped ZnO nanoparticles reported in
literatures (Muthukumaran et al., 2012). Two primary causes may be contributed to
variations in energy gap that consist of quantum size effect and electronic structure
modifications. Considering the fact that quantum size effect leads to a blue shift of Eg,
with decreasing particle size down to less than a few nanometers and hence the
decreased band gaps in Figure 4.32 (Co-, Mn-, and Ni-doping) and Figure 4.33
(Cu-doping) are probable not due to this effect because the diameters of the TM-
doped ZnO samples are larger than 48 nm and the another one, several author
reported that the noticed slight red shift in band gap (Ey) is possibly due to TM doping

induced band edge binding (electronic structure modifications). The change in the
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energy band gaps of the samples is possible due to the sp—d exchange interactions
between the band electrons and the localized d electrons of the TM ions substituting
Zn ions. The s—d and p—d exchange interactions give rise to negative correction and
positive correction to the conduction-band and the valence-band edges, resulting in a
band gap narrowing (Caglar et al., 2012; Muthukumaran et al., 2012). This result
confirmed that the ZnO structure was not distorted by the addition of TM, which is in

consistent with the XRD results.

Table 4.7 Summary of band gap energy (E£g) of undoped ZnO and TM-doped ZnO

nanorods prepared at 300 °C for 6 h.

Eg (eV) of TM-doped ZnO

Doping Level

Co Mn Ni Cu
x=0 3.18 3.18 3.18 3.18
x=0.025 2.78 3.12 3.11 3.17
x =0.050 2.68 3.08 - 3.12
x=0.075 2.55 3.05 - 3.11

x=10.100 2.57 3.03 - 3.14
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The electronic structures of TM dopants have been characterized by X-ray
absorption near-edge structure (XANES) in fluorescence mode. XANES is fingerprint
of the empty electronic state for the purpose of probing elements and is extremely
sensitive in determining the possible presence of TM clusters in host oxide. Figure
4.34 presents Co K-edge XANES spectra obtained for our Co-doped ZnO samples at
the room temperature, compared with the standard samples of Co metal, Co(I1)O and
CO304 spectra. All spectra have similar features between the XANES of the Co (1)
oxide and that of the Co in ZnO. Moreover, the integral amplitude of the pre-edge
peak, which is a sign of dipole forbidden transitions (Hsu et al., 2008; de Carvalho et
al., 2010) 1s — 3d is quite similar at future around 7709 eV. Assuming that the
integral amplitude of this peak is proportional to the number of 3d holes, one could
infer the ionization state of Co in the Co-doped ZnO samples. We remark here that the
Zn K-edge spectrum (Figure 4. 34(a)) is not similar to the Co K-edge XANES spectra
of Co-doped ZnO from Figure 4.34(b). In the XANES spectrum, the pre-edge peak is
missing, which is a sign of 45°3d'% configuration of Zn>*. Also, the XANES spectrum
is different. In conclusion, it seems that most of Co atoms are placed in environments
which are quite similar to that of cobalt (II) oxide and the pre-edge feature is
characteristic of substitute Co in the ZnO structure. Hence, the spectra from our
samples indicated that Co assumes predominantly the 2+ oxidation state and Co-
cluster-free structure, which consistent with the XRD results. Figure 4.35(a)
shows the Mn K-edge XANES spectra of Mn-doped ZnO samples, with the reference
samples of MnO, MnO: and Mn20s, respectively. For comparison, the Zn K-edge
XANES spectrum of ZnO is shifted to the position of Mn-Kedge spectrum as shown

in Figure 4.35(b). The main peak energy shifts toward high energy and is similar to
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Mn2Os reference which reveals that the Mn oxidation state is mainly +3 (Cheng et al.,
2013; Han et al., 2012). Furthermore, we observed that an obvious difference between
Mn K-edge of Mn-doped ZnO and Zn K-edge of ZnO in the post-edge region.
The difference shows that the chemical environment of Mn in Mn-doped ZnO
samples is different from that of Zn in ZnO, which indicates that the Mn** ions do not
substitute for Zn ions in Mn-doped ZnO samples. The normalized XANES spectra for
the Ni K-edge of Ni in Ni-doped ZnO system are presented in Figure 4.36(a).
The data for NiO reference and Ni foil are also shown, being used for energy
calibration. From the obtain data, we observed that Ni-doped ZnO samples are close
to the NiO curves. In addition, the similarity of feature at the post-edge region
between Ni K-edge and Zn K-edge in ZnO ( as shown in Figure 4.36(b) ) indicates
the chemical environment of Ni is the same as that of Zn in ZnO in the sample with
low Ni content (x = 0.025), which suggest that a Ni valence state in our sample is 2+
with Ni substitutes at the octahedral sites (Igbal et al., 2009; Sodatov et al., 2004),
Note that we do not observe any variation in the XANES spectra of these edges.
The Cu K-edge XANES spectra of Cu-doped ZnO and the reference samples are
shown in Figure 4.37. The XANES spectrum of Cu foil exhibits the edge absorption
at 8979 eV together with a well-resolved doublet in the post edge region. In the case
of CuO, where in Cu?" exists in octahedral coordination, the edge transition is
observed around 8984 eV. These values for Cu foil, CuzO and CuO references in
the study are in good agreement with those reports in literature. The Cu in Cu-doped
ZnO exhibit XANES spectra similar to that of CuO for Cu-doping with x = 0.025.
However, the slope of the edge absorption around 8984 eV is relatively more and

it increase with increasing Cu content which is similar to that of Cu20 and Cu
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reference raveling that a Cu valence state in our samples are mixed state of Cu®Cu'*
and Cu?' ions do not substitute Zn in Cu-doped ZnO samples for high doping level.
However, there is a feather in the pre-edge region around 8978 eV, which is observed
in some of Cu in Cu-doped ZnO system (Vackar et al., 2013). Moreover,
the incorporation of Cu ions in Cu-doped ZnO samples can be confirmed by studying

on its optical and magnetic properties.
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Figure 4.34 (a) Co-K-edge X-ray absorption near-edge structure (XANES) for
Co-doped ZnO (x = 0.025, 0.015, 0.075 and 0.100) samples, CoO and Co3Os are
reference materials for Co** and Co*', compared with the Zn K-edge XANES

spectrum in ZnO (b).



105

)

Mn K-edge (a)

- -
N a
[ S

e
©
1

Normalized Absorption (a.u.

Mn metal”

. MnO
0.6 MnO,

. Mn203
0.3 = X=0.025

—— X=0.050

] X=0.075

0.0 e X=0.100
6520 6540 6560 6580 6600 6620

Energy (eV)

-
(=]

Zn K-edge (b)

-
N
1

o
(o]
1

o
s

o
o
1

Normalized Absorption (a.u.)

9640 9660 9680 9700 9720
Energy (eV)
Figure 4.35 (a) Mn-K-edge X-ray absorption near-edge structure (XANES) for Mn-
doped ZnO (x = 0.025, 0.015, 0.075 and 0.100) samples, MnO, Mn203 and MnO> are
reference materials for Mn?*, Mn*" and Mn*', compared with the Zn K-edge XANES

spectrum in ZnO (b).



106

—~ 2.0

S — Ni metal Ni K-edge a

L"‘; T NiO g (a)

c 1.64——x=0.025

)

°

s 1.2

(72] _—]

@ /\

<{ 0.8

©

()

N

T 0.44

S

o

z°'°'....----""
8320 8340 8360 8380 8400 8420

Energy (eV)

—~ 1.6

S Zn K-edge

H %*  (b)

c

o 1.2-

)

o

S

8 0.8

o 7

<

S

N 0.4

©

£

S 0.0-

3 0

9640 9660 9680 9700 9720
Energy (eV)
Figure 4.36 (a) Ni-K-edge X-ray absorption near-edge structure (XANES) for Ni-
doped ZnO (x = 0.025) samples, NiO is reference materials for Ni**, compared with

the Zn K-edge XANES spectrum in ZnO (b).



107

—~ 4.0
g 3.5 8979 eV mfv\/\_/\——cufo“_
z J ,—/\/\/ Cu20__
o 3.04
'.g- __J/- CuO
5 2-5'_ / x=0.100 .
é 2.0 x = 0.075
8 1.5 / x=0.050 .
N 1,04 x=0.025 .
g ' /
sS4
] 05- / Cu K-edge
Z 0.04 v T v T v T v T d
8960 8980 9000 9020 9040 9060
Energy (eV)
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respectively.

Photoluminescence spectroscopy is an important tool to study presence of
effects and understand the mechanism behind the electronic transitions in materials
(Xia et al., 2011; Caglar et al., 2012). The room temperature PL results of the undoped
Zn0O and TM-doped ZnO samples are shown in Figure 4.38 and Figure 4.39. It is seen
that the spectra of all the samples mainly consist of four emission bands including
a strong UV emission band at ~ 396 nm (3.11 eV), a weak blue band at ~ 421 nm
(2.93 eV), a week blue-green band at ~ 485 nm (2.54 eV), and a weak green band at
~ 528 nm (2.34 eV) (Ghajari et al., 2013). The UV emission peak shifts a little to
lower energy with decreased intensity; the further evidently increase shifts the near

band-edge (NBE) to higher wavelength of 421 nm (2.93 eV). This phenomenon is
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probably due to the s-p and p-d exchange interaction between the band electrons and
the localized ‘d’ electron of TM?" ions substituting Zn>* ions. This causes negative
and positive correction to the conduction and valence band, and hence leads to band
gap narrowing. The additional emission peaks were also observed at around 485 nm
(2.54 eV) and 528 nm (2.34 eV). These results are similar to those of V-doped ZnO
powders reported by Maensiri et al. (2006). The wavelength centered at 485 nm
corresponds to blue emission that might come from the intrinsic defects or extrinsic
impurities that from deep levels in the band gap. It may be ascribed to the electron
transition from the Zn interstitial level to Zn vacancies level (2.6 eV) according to
results in literatures (Zhong et al., 2008). The green-light emissions centered at
528 nm are possibly due to the transition between photo-excited holes and singly
ionized oxygen vacancies (Jin-Bock et al., 2001). Moreover, the emission peak
intensity decreased by doping TM ions content is probably due to non-radiative
recombination processes (Eliarassi and Chandrasekaran, 2013). The weak intensity
UV bands at 528 nm observed in the TM-doped ZnO samples are agreed with several
reports (Sharma et al., 2009; Yang et al., 2012). This result is due to low density of
the oxygen vacancy in these samples. In addition, the broad emission peaks of
Co-doped ZnO samples observed in the PL spectra (as show in Figure 4.38(a))
indicate that the wide size distribution of nanoparticles or nanorods. From
the variation of UV band gap with the doping concentration of TM-doped ZnO
nanorods and photoluminescence results, we conclude that the direct band gap
decreases with increasing TM concentration, showing the red-shift of band gap with
TM-doping. Such a red shift may be attributed mainly due to the sp-d exchange

interaction between the band electrons and the localized d electron of TM ions
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substituting ZnO ions in the ZnO lattice. Hence, TM can effectively adjust the band
gap of ZnO nannocrystal. Such energy level transition mechanism leads to decrease in
intensity of UV emission with TM-doping. A weak blue emission and weak green
emission peaks decrease with increasing TM content in ZnO. In general, ZnO has
wide band gap between conduction band and valence band. TM-doping in ZnO causes
more defect states to occur below the conduction band relax to the defect state results
in the energy levels of surface states under conduction band and the gap level in band
gap. Therefore the electronic transition from surface state levels, deep levels to
conduction band turn activity due to TM-doping in nanocrystal lattice such as oxygen
vacancies (Vo), Zinc vacancies (Vzn), oxygen interstitial (Zni) and extrinsic impurities.
Such variation in electronic transition with varying TM-doping in ZnO may result in

the shrinkage in the emission intensity (Xu et al., 2009; Eliarassi et al., 2013).
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Figure 4.38 Room temperature photoluminescence spectra of undoped ZnO and

TM-doped ZnO nanorods, (a) Co-doped ZnO (b) Mn-doped ZnO and (¢) Ni-doped

ZnO samples, under 325 nm light excitation.
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Cu-doped ZnO nanorods, under 325 nm light excitation.
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4.2.3 The magnetic properties of magnetic ions in Co-, Mn- and Ni-doped

ZnO nanorods.

The magnetization magnetic measurement (M) versus applied magnetic field
(H) were performed on undoped ZnO, Co-doped and Mn-doped nanorods with
different the transition metal content obtained at 293 K from VSM measurements are
shown in Figure 4.40. The specific magnetization curve presents a diamagnetic
behavior for undoped ZnO thermally decomposed in air at 400 °C for 6 h, whereas all
samples thermally decomposed in air at 300 °C for 6 h of Co-doped,Mn-doped and
Ni-doped ZnO showed a weak ferromagnetic (FM) component in the field range of
+ 2000 kOe. Figure 4.40(a), shows the specific saturation magnetization (M) value of
0.022 emu/g, 0.034 emu/g and 0.072 emu/g for the ZnixCoxO samples with
x = 0.025, 0.050 and 0.075, respectively. Beside, The magnetization of the Co-doped
ZnO sample for x = 0.100 having with both ferromagnetism (FM) and paramagnetism
(PM) increased with increasing magnetic field in the field of + 10 kOe. The specific
saturation magnetization (Ms) value of 0.018 emu/g, 0.032 emu/g and 0.055 emu/g are
observed in Zni1xMnxO samples for x = 0.025, 0.050 and 0.075, respectively (Figure
4.40(b)). Furthermore, we found that the magnetization of the ZnixMnxO sample for
x = 0.100 showed both FM and PM increased with increasing magnetic field. In the
case of Ni-doped ZnO, we focus on the magnetic properties of pure phase for Ni-
doped ZnO sample. It can be clearly seen that the Zni-xNixO nanorod for x = 0.025
has a saturation magnetization (Ms) value of 0.388 emu/g and coercivity value (Hc)
amounts to about 418 Oe as shown in Figure 4.41, which are higher than

Zn0.975Ni0.0250 nanorods (Ms: 0.4 emu/g, Hc: 72 Oe) (Zhao et al.,, 2010)
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The magnetization (M) and coercivity (Hc) values of all the samples are summarized

in Table 4.8.
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Figure 4.40 The magnetization magnetic measurement (M) versus applied magnetic
field (H) were performed on undoped ZnO, (a) Co-doped and (b) Mn-doped ZnO
Nanorods with different the transition metal content obtained at 293 K from VSM

measurement.
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Figure 4.41 The magnetization magnetic measurement (M) versus applied magnetic

field (H) was performed on Zno.975Ni.0250 at 293 K from VSM measurement.

Table 4.8 summary of magnetization of Co-, Mn- and Ni-doped ZnO at room

temperature.
Doping Co-doped ZnO Mn-doped ZnO Ni-doped ZnO
level M(emu/g) H¢(Oe) M(emu/g) Hc(Oe) M(emu/g) H(Oe)
x=0.025 0.022 74.67 0.018 41.72 0.388 418
x=0.050 0.034 77.26 0.032 43.26 - -
x=0.075 0.072 77.74 0.055 46.33 - -
x=0.100 0.090 72.84 0.082 55.29 - -

The magnetization of TM-doped ZnO nanorods are summarized in Table 4.8.

The possible origins of the ferromagnetism observed in our sample might be assessed

by considering the results from XRD, XPS, XANES and optical measurement.

The fist possibility is the formation of the secondary phase such as CoO, MnO, MnO2
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and Mn203 are well known to be antiferromagnetic below their Neel temperature of
293 K, 116 K, 92 K and 76 K, respectively (Yang et al., 2006; Chu et al., 2007).
Furthermore, it is also well known that Mn is a paramagnetic material, and cannot
contribute to ferromagnetic behavior itself. According to the XRD, XPS, XANES and
absorption spectra results clearly showed that there were no Co- and Mn-clusters.
Thus, the ferromagnetic behavior of Co-and Mn-doped ZnO nanorods might not be
explained in term of the formation of the secondary phases. In addition, the origin of
ferromagnetic behavior observed in Zno975Nio.0250 nanorods, there are a few of
controversial explanations, one of which is the formation of some nanoscale
Ni-related secondary phase, such as metallic Ni precipitation and NiO. In fact, NiO
phase can be easily ruled out, since bulk NiO is antiferromagnetism with a Neel
temperature of 520 K (Schwartz et al., 2012). Secondly, based on our experimental
conditions, metallic Ni is also an unlikely source of this ferromagnetism because the
synthesis of low Ni diffusion-doped ZnO nanorods is performed in air which can
prevent the formation of metallic Ni nanoclusters to some extent. Especially, XRD
and HRTEM results clearly show no metallic Ni clusters in the ZnO nanorods.
According to the optical and magnetic data, one can see that it is apparent that
the ferromagnetic properties of Zno.975Ni0.0250 nanorods have a strong correlation with
oxygen vacancies, which is compatible with earlier literatures (Yilmaz et al., 2012).
Another probable mechanism, the exact mechanism of intrinsic ferromagnetism in
TM-doped oxides is still under debate. A diversity of theories has been proposed,
such as super-exchange, double-exchange between the d states of TMs, free-carrier-
mediated exchange and sp—d exchange mechanism, etc (Coey et al., 2005). All these

proposed theories cannot well agree with the experimental results in DMSs.
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In addition to the magnetic doping effect, oxygen vacancy (Vo) defects have been
suggested to play an important role in the magnetic origin for oxide DMSs (Coey et
al.,, 2004). The theoretical studies suggest that Vo can cause an obvious change of
the band structure of host oxides and makes a significant contribution to
the ferromagnetism (Coey et al., 2005). The formation of bound magnetic polarons
(BMPs), which include electrons locally trapped by oxygen vacancy, with the trapped
electron occupying an orbital overlapping with the d shells of TM neighbors, has also
been proposed to explain the origin of ferromagnetism (Liu et al.,, 2015).
Experimentally, oxygen vacancy might easily be generated during various growth
processes of the TM-doped ZnO system. On the basis of XPS and experimental
results, and the observed green emission centered at 528 nm, the oxygen-vacancy
defects lay in the deep levels with localized carriers. Our systematic study shows that
oxygen-vacancy defect constituted BMPs are a promising candidate for the origin of
room-temperature ferromagnetism in this system. Within the BMP model, the greater
density of oxygen vacancy (Vo) yields a greater overall volume occupied by BMPs,
thus increasing their probability of overlapping more TM ions into ferromagnetic
domains and enhancing ferromagnetism as shown in Figure 4.42. Hence, we expect
that Co?—[- Co* and Ni**-[— Ni** groups will be common in the structure, where
[ denotes an oxygen vacancy. An electron trapped in the oxygen vacancy constitutes
an F-center (the F-center resembles BMP), where the electron occupies an orbital
which overlaps the d shells of both cobalt and nickel neighbors. The radius of the
electron orbital is of the order aog, where ao is the Bohr radius and ¢ is the dielectric
constant of ZnO. Since Co?"(3d”) and Ni**(34®) only has unoccupied minority spin

orbitals, the trapped electron will be ¥ and the two ions neighbors T (Figure
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4.42).This direct ferromagnetic coupling we call F-center exchange (FCE). Further
reduction of the average ferromagnetic moment will result from both any
antiferromagnetic Co**~0*-Co?" superexchange (SE) bonds. According to
the superexchange interaction (Lotey et al., 2013), one p electron of O would couple
with the eg orbital electron of Co?*. In addition, this electron in the p orbital of O must
be antiparallel to the eg orbital electron, which makes the two neighboring Co?" ions
antiparallel. Thus, the system exhibits antiferromagnetic behavior. On the other hand,
the small observed net magnetism of Co-doped ZnO nanorods can be explained as
there are also some isolated Co?" ions outside polarons (as shown in Figure 4.43),
which may reduce the net magnetic moment due to their random distribution (Zhao et
al., 2010). We expect FCE to be the dominant exchange mechanism in the Co-doped
ZnO systems. Our results also give a possible reason why the ferromagnetism and
antiferromagnetism can be observed in most Co-doped ZnO DMS nanocrystals.
For the Mn-doped ZnO system, the XRD patterns of Mn diffusion-doped ZnO
nanorods conserved their hexagonal structure and no other secondary phases related
to Mn metal cluster or Mn compounds such as MnO, MnO2, Mn203, were detected in
these samples. In addition, the XPS presence of Mn** and Mn*" may be assigned to
the plausible ZnMn204/Mn203 and ZnMnO3/MnO2 impurity phases, which often
appeared in other Mn-doped ZnO (Yang et al., 2013), although they were not
detected by XRD measurement. However, XPS spectrum of Zn 2p32 of Mn-doped
ZnO is also shift of binding energy from 1021.23 eV to 1020.40 eV. This shift of
biding energy is due to the formation of the substitution of part of lattice Zn in ZnO
by Mn?* ions and the formation of Zn-Mn bonding structure. The main edge energy

shifts toward high energy of the Mn k-edge XANES spectrum which is similar to
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Mn203, indicating that the valence of Mn is mainly +3. As a result, Mn ions are first
to dissolve into the substitutional sites in ZnO to form Mn?'O4 tetrahedral
coordination and the solubility of substitutional Mn is very low. Then Mn ions enter
into the interstitial sites to form Mn*'Os octahedral coordination as shown in Figure
4.44. Hence, it is possible that the weak ferromagnetic behavior arises from FCE
coupling (Mn?**—1-Mn?*). However, we suppose that it is the result of competing
effect between the ferromagnetic and antiferromagnetic phase below which indicates
that the magnetic interactions between Mn ions are antiferromagnetic. As discussed
above, most Mn ions in our nanocrystals enter into the interstitial sites in the ZnO
lattice and form Mn**Os groups with octahedral coordination. The neighboring Mn
ions in the Mn3"Os octahedron would be connected by O* between them and form of
Mn**—0%-Mn?*" complex with the bond angle of 180° and then the antiferromagnetic
coupling was observed. The observed intrinsic ferromagnetism makes these DMSs

nanorods potential for future spintronics devices.

Mn2t/Ni%t/Co?* ‘ @ 6 Co%"/Ni*"/Mn?*

Figure 4.42 Schematic diagrams showing the F-center exchange mechanism in

TM-doped ZnO nanorods (adopted from Coey et al., 2004).
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Figure 4.44 Schematic diagrams of the interstitial site and the substitution site Mn in

a ZnO lattice after doping. (Yan et al., 2013).
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Magnetization magnetic measurements (M) versus applied magnetic field (H)
were performed on Zno.925C00.0750, Zno.92sMno.07s0 and Zno.975Nio.02s0 at 50K and
293K, as shown in Figure 4.45. For Zn0.925C00.0750 and Zno.92sMno.0750 samples, the
magnetization showed a slight increase with decreasing temperature, a coercive field
(Hc) of 42.24 Oe was observed for Zno.925C00.0750, whereas the Zno.925Mno.0750
sample was obtained a coercive field (Hc) of 46.33 Oe at 293 K. At 50K for the
710.925C00.0750 and Zno.925sMno.0750 samples, a coercive field (Hc) of 52.22 and 73.46,
respectively, were obtained as shown in Figure 4.45(a) and Figure 4.45(b). Figure
4.45(c) shows the magnetic properties of Zno.975sNi0.0250 samples, where the maximum
applied field at 10 kOe. Figure 6(a) shows the magnetization versus magnetic field
(M-H) curves. It can be seen that the Zno.975Ni0.0250 nanorods exhibit a ferromagnetic
behavior. The saturation magnetization (Ms) for Zno.975Nio.0250 sample is 0.415emu/g
at 50 K with a coercive field (Hc) of 720 Oe. When the temperature was increased to
293 K, the M-H curve still exhibits hysteresis loop with the M is 0.375 emu/g with a
coercive field (Hc) of 418 Oe were obtained, respectively. These values are higher
than previous report on nanocrystalline Zni1xNixO (Huang et al., 2007; Zhao et al.,

2010) and lower than reported on Ni-doped ZnO nanorods (Cheng et al., 2008).
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Figure 4.45 M x H curves for (a) Zno925C00.0750, (b) Zno.92sMno.o7s0 and

(c) Zno.y75Nio0250 samples taken at 7=50K and 293K, showing the existence of

ferromagnetism.
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Figure 4.46(a) and Figure 4.46(b) display the temperature-dependent
magnetization (M-T) curves of Co - and Mn- doped ZnO samples, respectively. Data
were record on warming in an applied fied (H) of 1 k Oe, after cooling in a zero field
(ZFC). These plots show characteristic behaviors observed in other ZnO-based DMSs,
i.e. a magnetization decrease with increasing temperature up to 293 K and
Curie temperature are lower than RT, which indicates that no bulk ferromagnetism
exists in these samples. Moreover, the field cooling and zero field cooling curves are
well in superposition, further supporting the absence of ferromagnetic impurities.
The inverse magnetic susceptibility versus temperature (y (7)) curves in

temperature range of 50 K - 293 K as illustration in the inset of Figure 4.46.
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The para/antiferromagnetic behavior and the magnetic susceptibility can be simply
fitted to the modified Curie — Weiss law (Peleckis, Wang and Duo, 2006) quite well

in high temperature region (150 K — 293 K).

==+ (4.20)

Where y, o0, € and C are the susceptibility, temperature independent susceptibility
(sum of Pauli, Landau and core susceptibilies), the Curie — Weiss temperature and
Curie constant, respectively. Using C = NuZ;r/3ky = Ng®12s(s + 1)/ 3kg , with
N = number of magnetic ions/g, ks = Boltzmann constant, gefr = effective magnetic

moment; f,.. = gug+/S(s +1). As a result of Co-doped ZnO, o, ¢ and C are

eff

estimated to be 1.28 x 107> emu/g.Oe, -165.46 K, 0.00316 emu.K/g.Oe,
respectively. The obtained y0, € and C values are 1.49 X 10~ emu/g.Oe, -220.46 K,
0.00912 emu.K/g.Oe for Mn-doped ZnO. From Curie constant we obtain the effective
magnetic moment feff ~ 2.30 s, ~ 2.43 s for Co and Mn ions, respectively.
In principle, a Co?*(d’) ion at a tetrahedral coordination site may assume the high-spin
(HS) configuration (egtgg,Ti«Ti«TTT; s = 3/2) or Low-spin (LS) (Can et al., 2011)
configuration (tfge;,TiTiTiT; s = 1/2). A number of studies suggest that the Co**
ions of Co-doped ZnO adopt the HS configuration. On the other hand, the electron
configuration (ej tgg,TTTT; s = 2) of a HS Mn3"(d*) is the different as the electron
configuration (té‘g,'N«TT; s =2/2) of a LS Mn3*" ions in Mn-doped ZnO (Peleckis,
Wang and Duo., 2006). Our results are close to the values of HS Co*" (s = 3/2,

et~ 3.87 113 ) and LS Mn* (s = 2/2, perr~ 2.83 113). All the samples magnetization
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are much smaller than theoretic value suggests that there are competitions of
antiferromagnetic and ferromagnetic interaction between Co ions in Co-doped ZnO
and Mn ions in Mn-doped ZnO nanorods, respectively. Due to antiferromagnetic
competitions, ferromagnetic interactions are suppressed resulting to magnetization of
Co and Mn ions are much smaller than theoretic value. Moreover, we obtain € values
for our samples were negative, indicating antiferromagnetic interactions among
magnetic ions. Figure 4.47 shows the temperature dependent magnetization (M-T)
curve of Znoo75Nio02s0 sample was recorded using VSM magnetometer in
temperature range of 50 to 293K with a magnetic field at 1000 Oe, it is clear that the
curie temperature (Tc) is well above room-temperature (RT) since the zero-field-
cooled (ZFC) and field-cooled (FC) did not converge at RT (Jayakumar et al., 2006).
The ZFC and FC curve did not show any blocking nature. Thus, the second phases of
NiO can be ruled out as NiO is antiferromagnetic (7 520 K). The absence of any
other magnetic nano-particle existed in the sample as revealed by XRD, HRTEM and
XANES. it is possible that the observed ferromagnetic behavior are possibly due to
the intrinsic behavior from some defect structures created because of the particular

synthesis conditions.
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Figure 4.46 (a) and (b) display the temperature-dependent magnetization (M-T)
curves of Co- and Mn- doped ZnO samples, respectively. Inset (a) and (b):
the modified curie-weiss fitting to the data between 150 K and 300 K under 1 kOe as

a function of temperature and fitting result using the modified Curei-weiss law.
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Figure 4.47 shows the temperature dependent magnetization (M-T) curve of
Z10.975N10.0250 sample was recorded using VSM magnetometer in temperature range

of 50 to 293 K with a magnetic field at 1000 Oe.

4.2.4 The magnetic properties of nonmagnetic ions in Cu-doped ZnO

There are many reports suggesting that the ferromagnetic ordering arises from
the magnetic ions actually substituting in lattice or from either the clustering or
impurities. However, the origin of ferromagnetism in DMOs is not yet well
understood. Hence, nonmagnetic element of Cu is a perfect choice to avoid
controversies regarding the ferromagnetic ordering for the antiferromagnetic
Cu-related secondary phases such as CuO and Cu20 which may make the
interpretation of ferromagnetic in Cu-doped ZnO system easier (Zhong et al., 2008;
Lui et al., 2009) Recently, very few studies on the synthesis and magnetic properties

of nanocrystalline ZnixCuxO DMSs have been reported. Sharma et al. (2009)
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investigated the room-temperature ferromagnetic properties of dilute magnetic
semiconductor ZnO:Cu?" nanorods synthesized by hydrothermal method. They found
that these nanorods showed strong ferromagnetic behavior and then the ferromagnetic
behavior was suppressed and paramagnetic nature was enhanced at higher doping
percentage of Cu atoms. This phenomenon is attributed to the enhanced
antiferromagnetic interaction between neighboring Cu-Cu ions suppressed the
ferromagnetism. Jin et al. (2011) reported that the enhancement of saturation
magnetization and coercivity were simultaneously observed in ZnO:Cu ceramics
prepared by high pressure and high temperature (HPHT) method. These results
suggested that the magnetic properties of those ceramics can be largely improved by
the dense microstructure and various defect states and vibrational modes of lattices
are tuned by HPHT. Yang et al. (2012) reported the microstructure and room
temperature ferromagnetism of Cu-doped ZnO films synthesized by radio frequency
(RF) magnetron sputtering method. They found that oxygen vacancy (Vo)
concentration increased with increasing Cu content of x = 5.7 to 18 at.%.
The V, concentration depended on the ratio of Raman spectra peaks (Vo~ Areaaiwoy
(Areaai(Loyt Areagznigh))). This result implies that the room temperature
ferromagnetism has strong correlation not only with Cu ions but also with V.. From
our results, the PL and UV-Vis spectrum showed that there are some oxygen
vacancies forms on the samples which are also confirmed by XPS investigation.
Furthermore, the XPS and XANES results demonstrated that of all samples are
associated with these of the divalent state (Cu?>" and Cu'*) and the Cu-related phase of
Cu, CuO and Cu20. The doping Cu content of x = 0.025 would possibly increase the

density of oxygen vacancies which activate more coupling between Cu ions, leading
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to an increase in saturation magnetization. The magnetization curves and their H. field
were obtained by VSM measurements as shown in inset of Figure 4.48 The undoped
ZnO sample calcined at 400 °C (as shown in the inset of Figure 4.48(a)) exhibits
a diamagnetic behavior. After the diamagnetic background of ZnO and sample holder
were subtracted, the hysteresis loops show clear ferromagnetic behavior of those
Cu-doped ZnO samples at 293 K (see Figure 4.48(a)). The saturation magnetizations
of 0.00876, 0.0109, 0.0100 and 0.00985 emu/g at 10 kOe were observed for the Cu-
doped ZnO samples with x = 0.025, 0.050, 0.075 and 0.100, respectively. These
values are higher than those reported on Cu-doped ZnO nanostructures (Yang et al.,
2012). The second phases and metal clusters do not contribute to the ferromagnetism.
This is because the 3d orbitals in Cu'* (3d'%4s°) are fully filled while the existence of
impurity phases in the samples results in antiferromagnetism (Xu et al., 2012).
Therefore, it is possible that the exchange interactions between the localized d spins
on the Cu?" (d°) ions and oxygen vacancy are the cause of room-temperature
ferromagnetism in our Cu-doped samples. The doping Cu contents of x = 0.025 and
0.050 would possibly increase the amount of oxygen vacancies which activate more
coupling between Cu ions, leading to an increase in saturation magnetization (Mj).
According to F-center exchange interaction (Cu?*-[1-Cu?"). Although the My decreases
with increasing Cu ion into the samples with x = 0.075 and 0.100, an increased
number of Cu atoms occupying adjacent cation positions would result
in antiferromagnetic alignment with superexchange interaction (Cu?*-O*-Cu?") or
arise from impurity phase. Figure 4.48(b) shows the magnetization versus magnetic
field (M-H) curve of the Cu-doped ZnO with x = 0.050. The M-H curve shows

obvious hysteresis loop with the coercive field Hc of 90 Oe at 50K. When
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the temperature was increased to 293K, the M-H curve still exhibits hysteresis loop

with the He of 75 Oe as show in inset of Figure 4.47(b).
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Figure 4.48 (a) the magnetization magnetic measurement (M) versus applied
magnetic field (H) were performed on undoped ZnO and Cu-doped with different
Cu ions content obtained at 293 K from VSM measurement and (b) M x H curves for

Cu-doped ZnO (x = 0.025) sample taken at 7= 50 K and 293 K.
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4.3 RE-doped ZnOnanorods

This part we will discuss on structural characterization, morphology, chemical
composition, absorption, photoluminescence and magnetic properties of Tb- and Er-
doped ZnO nanorods.

4.3.1 Structural characterization, morphology and chemical
compositions of RE-doped ZnO (i.e. RE =Tb and Er)

Figure 4.49 illustrates the XRD patterns of the nanocrystalline Tb-and
Er-doped ZnO with different doping concentrations. For comparison, the XRD pattern
for undoped ZnO is shown in Figure 4.49(a), The diffraction peaks of undoped ZnO
was thermal decomposition in air at 400 °C for 6 h corresponding to (100), (002),
(101), (102), (110), (103), (200), (112) and (201) with the standard data (JCPDS,
36-1451). Contradictory, the precursor prepared in air at 300 °C for 6 h shows
a relatively weak peak of ZnO and some other peaks of zinc acetate materials. After
the thermal decomposition at 300 °C in air, the XRD patterns of all the samples
having peaks that correspond to the wurtzite structure of ZnO with the standard data
(JCPDS, 36-1451) for Tb- and Er-doped ZnO nanorods with x = 0.025, 0.050, 0.075
and 0.100 as shows in Figure 4.49(b) and Figure 4.50(b). And no diffraction peaks of
Tb and Er metals and other impurities such as Tb4O7, Tb7012, Er203 phases (Wu et
al., 2012). This indicates that the wurtzite structure is not affected by Tb and Er
substitutions. It is believed that the absence of Tb203and Er203 related peaks are may
be due to the complete substitution of Tb’" and Er** ions into the Zn?>* site or the
interstitial site of ZnO revealing not only TM-dope ZnO but also RE-doped ZnO can
be reduced the preparation temperature for a formation of wurtzite ZnO structure. The

crystallite sizes of all samples were also calculated from x-ray line broadening of
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the reflections of (100), (002), (101), (102), (110) and (103) peaks using Scherrer’s
equation. The lattice parameters of all samples are also calculated from the XRD

patterns and the calculated values are summarized in Table 4.9.

Table 4.9 Summary of crystallite size and lattice constant (¢ and ¢) of undoped ZnO

and RE-doped ZnO nanorods thermally decomposed at 300 °C at for 6 h.

crystallite size (nm) lattice constant, @ = b and ¢ (nm)
Tb Er

a C a C

x= 0.000 36.90+0.8500  36.90£0.8500  0.32477  0.52041  0.32477 0.52041

Doping
level Tb Er

<0025  58.90£0.9500 54.80:0.9600 032489  0.52138 032488  0.52126
<= 0.050  5640£09200 52.90+0.9500 032492  0.52065 032491  0.52078
0075  5550+0.8600 48.70+0.8800 032491  0.52057 032486  0.52064

<0100  5500+0.8700 46.600.8600 032489  0.52056 032488  0.52056

The crystallite sizes of the samples whose Tb and Er concentration of x varies
from 0 to 0.025 have a dramatically increase and then slightly decrease with
increasing the Tb and Er concentrations that varies from 0.050 to 0.100 (as shown in
Figure 4.51). These results suggest that the effective Tb and Er ions disturb the ZnO
crystal structure. Moreover, we observed that the lattice constant “a” and “c” in Tb3*
doped ZnO and Er*" doped ZnO nanorod samples are similar trend, the wurtzite
structure lattice parameters a and ¢ of the samples increased when x= 0.025, then
the values decrease with the value of x increasing as show in Figure 4.52. However,

these above value are larger than those of lattice a = 0.32477 nm and ¢ = 0.52041 nm
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in the undoped ZnO sample. This phenomenon is a proof of the incorporation of Tb
and Er ions inside the ZnO crystal lattice due to the higher radius of Tb*" (~ 0.92 A)
andEr** (~ 0.88 A) than the Zn?>" (~ 0.74 A) ions (Singh et al., 2014). Hence,
the expansion of lattice will lead to Tb incorporation of the ZnO lattice or interspatial

oxygen revealing the increases crystallites size and expand lattice parameters.

JCPDS: 36-1451 (a)
s Undoped ZnO
400 °C/6 h.
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Figure 4.49 XRD patterns of undoped ZnO sample thermally decomposed in air at
400 °C for 6 h and undoped ZnO prepared in air at 300 °C for 6 h (a) and (a) the XRD

patterns of Tb-doped ZnO samples prepared in air at 300 °C for 6 h with x = 0.025,

0.050, 0.075 and 0.100, respectively.
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Figure 4.50 XRD patterns of undoped ZnO sample thermally decomposed in air at
400 °C for 6 h and undoped ZnO prepared in air at 300 for 6 h (a) and (b) the XRD

patterns of Er-doped ZnO samples prepared in air at 300 °C for 6 h with x = 0.025,

0.050, 0.075 and 0.100, respectively.

The morphology and structure of the Tb- and Er-doped ZnO nanorods were
investigated by TEM and HRTEM. Figure 4.53 and Figure 4.54 show TEM images of
Tb-doped ZnO and Er-doped ZnO nanorods (i.e. x = 0.025, 0.050, 0.075 and 0.100).

It can be seen that the synthesized material have a mixture of nanorods with different
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diameters ranging from 64 nm to 96 nm and length of several um, and also most of
nanorods are straight in morphology and smooth in surface. High-resolution TEM
images show that the samples have uniform structure, and no clusters are found on
surface layer with lattice spacing of ~ 0.26 nm. The selected-area electron diffractions
(SAED) show spotty ring patterns, consistent with those of (100), (101), (102) and
(110) planes of the XRD results (JCPDS, 36-1451).These results confirm a formation

of ZnO wurtzite structure.

45 4

35 - ™ Tbh-doped ZnO
—&— Er-doped ZnO

30 ———————7—r—7—
0.00 002 0.04 0.06 0.08 0.10

Doping level (x)

Crystallites size (nm)

Figure 4.51 An average crystallite size of undoped ZnO prepared at 400 °C for 6 h,

Tb- and Er-doped ZnO nanorods prepared at 300 °C for 6 h.
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Figure 4.52 Lattice constant of undoped ZnO prepared at 400 °C for 6 h,
(a) a parameter and (b) ¢ parameter of Tb- and Er-doped ZnO nanorods prepared at

300 °C for 6 h, respectively.
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Figure 4.53 TEM bright field, High-resolution TEM (HRTEM) images with
corresponding SEAD patterns of undoped ZnO sample prepared in air at 400 °C for 6 h
(a) and Tb-doped ZnO samples prepared in air at 300 °C for 6 h with x = 0.025 (b),

x = 0.050 (c), x = 0.075 (d), and x = 0.100 ().
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Figure 4.54 TEM bright field, High-resolution TEM (HRTEM) images with
corresponding SEAD patterns of undoped ZnO sample prepared in air at 400 °C for 6 h
(a) and Er-doped ZnO samples prepared in air at 300 °C for 6 h with x = 0.025 (b),

x =0.050 (c), x =0.075 (d), and x = 0.100 (e).
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The chemical compositions of the RE-doped ZnOsamples were analyzed by
XPS analysis. They are show that all the samples composed with Zn, Tb, Er and O,
were confirmed by core-revel XPS spectrum as shown in Figure 4.55, demonstrating
an increase in actual Tb and Er concentrations with the increase of nominal Tb- and

Er-doping in ZnO nanorods that are listed in the Table 4.10.

Table 4.10 Actual atomic concentrations of Zn, Tb, Er and O in undoped ZnO and

nominally RE-doped ZnO nanorods calculated by XPS analysis.

Atomic percentages (at%) of dopants in RE-doped ZnO samples

Doping level Tb Er

Zn2p Tbad O ls Zn2p Er4d Ols
x=0 49.93 - 50.07 49.93 - 50.07
x =0.025 48.30 1.86 49.84 49.48 1.34 47.18
x=0.050 49.27 2.45 48.28 48.81 3.80 47.38
x=0.075 48.24 4.02 47.74 47.21 6.01 46.55
x=0.100 48.03 6.12 45.85 45.24 8.28 46.48

Furthermore, the atomic percentage ratios of Tb and are also observed. These
values are less than the nominal composition in the precursor, evidencing
the difference between the actual and the nominal Tb concentration is probably due to
the hindering of the dopant incorporation ions in the ZnO systems. Firstly, this may
happen because of the difficulties associated with the doping of RE ions into the ZnO
host. Firstly, the ionic radii of Tb*" (~ 0.92 A) and Er*"(~ 0.80 A) are much larger

than that of Zn?'ion (~ 0.74 A) and secondly, the substitution creates a charge



139

imbalance, as Tb 3" ions (charge: +3) and Er** ions (charge: +3) substitute the Zn>*
site (charge: +2) in the ZnO host matrix. The charge compensation from the local

defect site results in a lattice deformation, which is not desired.
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Figure 4.55 (a) XPS spectra of undoped ZnO, (b) Tb-doped ZnO nanorods and (c)

Er-doped ZnO nanorods with the survey scan mode.
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On the other hand, it was found that the Tb- and Er-doped ZnO nanorods were
slightly decrease zinc and oxygen atoms that compared with undoped ZnO, beyond
that expected for Zn replacement by Tb and Er. These phenomena induced oxygen
vacancy in the ZnO host matrix. The X-ray photoelectron spectroscopy (XPS) was
also used to determine the surface composition of Tb-doped ZnO nanorods. All
binding energies have been corrected for the charging effect with reference to the C 1s
line at 284.6 eV. Figure 4.56 and Figure 4.57 show the Zn 2p core level peaks in the
XPS spectrum of the undoped ZnO and Tb- and Er-doped ZnO nanorods. These peaks
correspond with the position of Zn 2p in pure ZnO, and it clearly prove that zinc
exists the Zn?" oxidation state with a binding energy of about 1021.45 eV is observed.
The typical O 1s in Figure 4.58 and Figure 4.59 can be consistently fitted by two
nearly Gaussian curve centers at ~ 530 eV(O1) and ~ 531.5 eV (Oz2). The low binding
energy centered at ~ 530.14 eV is corresponding to the coordination of oxygen in Tb-
O-Tb and Er-O-Er. The high binding energy located at ~ 531.5 eV is attributed to the
coordination of oxygen in Tb-O-Zn and Er-O-Zn (Yang et al., 2005; Jia et al., 2009)
which is reduced oxygen vacancy in oxygen deficient region. Moreover, the Core-
revel XPS result (as shows in Table 4.11 and Table 4.12) can clearly high-resolution
spectrum of Tb 4d and Er 4d peaks evidently shows the peak located at ~ 154eV and
~ 169¢V revealing a formation of Tb and Er ions in Tb- and Er-doped ZnO nanorods
were incorporated as Tb’" and Er’', respectively . These results are in agreement
with the Tb- and Er-doped ZnO nanocrystals reported by previous literature(Fang et
al., 2005). The defects of structures affect significantly the magnetic properties by

XPS. Further detailed work is required to understand this. Moreover, we found that
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the O: increases with increasing Tb and Er contents reveals that a number of their

oxygen deficient region is very high.
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Figure 4.56 Zn2p X-ray photoelectron spectra (XPS) of Tb-doped ZnO samples
prepared in air at 300 °C for 6 h with x = 0.025, 0.050, 0.075 and 0.100 compared

with undoped ZnO.
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Figure 4.57 Zn2p X-ray photoelectron spectra (XPS) of Er-doped ZnO samples
prepared in air at 300 °C for 6 h with x = 0.025, 0.050, 0.075 and 0.100 compared

with undoped ZnO.
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Figure 4.58 High-resolution scan of Ols for Tb-doped ZnO with x = 0.025(a),

0.050(b), x = 0.075(c) and x = 0.100(d).
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Table4.11 The binding energy and atomic percentages of Tb 4d, O1 and Oz calculated

by XPS spectra of undoped ZnO and Tb-doped ZnO nanorods.

BE of Atomic Atomic percentages
Doping Tb;i percentages BE of Ols (at.%) of O1 and O2
level (V) (at.%) of (eV)
Tb3* O1 02 01 02

x=0 - - 530.35 531.48 40.83 9.24
x =0.025 154.97 1.86 530.15 531.52 28.21 21.63
x =0.050 152.45 2.45 529.97 531.40 28.24 20.04
x =0.075 153.40 4.02 530.05 531.48 26.59 21.15
x=0.100 154.84 6.12 530.22 531.58 24.85 21.00

Table 4.12 The binding energy and atomic percentages of Er 4d, O1 and Oz calculated

by XPS spectra of undoped ZnO and Er-doped ZnO nanorods.

i Atomic percentages
Atomic P £

Doping BE of Er** ! BE of Ols (at.%) of O1 and O2
level (eV) (pfﬁ/cf‘; faﬁfg‘ﬁ (eV)
/ O 0> O 0>
x=0 ; ] 530.35 53148  40.83 9.24
x = 0.025 169.21 1.34 530.12 53174  25.48 21.70
x = 0.050 169.32 3.80 529.97 53140  22.70 24.68
x =0.075 169.62 6.01 530.02 531.63  21.27 25.28
x =0.100 169.68 8.28 530.16  531.75  19.80 26.68

From the data in Tables 4.10, 4.11 and 4.12, which is calculated by XPS
analysis, the formations of RE-doped ZnO nanorods can be explained by

the following reactions as given in Equations (4.21) - (4.30), respectively,
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For the samples of Tb-doped ZnO with Tb = 0, (x = 0), 0.0186 (x = 0.025),
0.0245 (x = 0.05), 0.0402 (x = 0.075) and 0.0612 (x = 0.100):
A(heat)
(0.4993)Zn(CH3CO0O)2 ——>
Z10.499300.5007-5 + (0.4993)CH3COCH; T
+(0.4993)CO:T ; § = 0.0924 (4.21)
A(heat)

(0.4830)Zn(CH;COO): + (0.0186) Th(C2H302)3:H:0 ——>

Z10.4830Tbo.0186004984-5 + 2(0.0186 )H0T+ 0.0186 (OH)T

+(0.4993)CH;COCH;T + (1+0.0186)CO-T; 8 = 0.2163 (4.22)
A(heat)
(0.4927)Zn(CH3CO0): + (0.0245)Tb(C2H302)3-H20 —_—

Z104927Tbo.024500.4828-5 + 2(0.0245)H.0T+ 0.0245 (OH)T

+(0.4993)CH3;COCH3T + (1+0.0245)CO-T; & = 0.2004 (4.23)

A(heat)
(0.4824)Zn(CH3COO):2 + (0.0402)Tb(C2H302)3-H20 —_—
Z10.4824Tb0.040200.4774-5 + 2(0.0402)H20T+ 0.0402 (OH)T
+(0.4993)CH3COCHsT + (1+0.0402)CO-T; 8 = 0.2115 (4.24)
A(heat)

(0.4803)Zn(CH3COO0): + (0.0612)Tb(C2H302)3-H20 —_—

Zn0.4803Tbo.0612004s85-5 + 2(0.0612)H0T+ 0.0612 (OH)T

+(0.4993)CH3;COCH:T + (1+0.0612)CO-T; 8 = 0.2100 (4.25)
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For the samples of Er-doped ZnO with Er = 0, (x = 0), 0.0134 (x = 0.025),
0.0380 (x = 0.05), 0.0601 (x = 0.075) and 0.0828 (x = 0.100):
A(heat)
(0.4993)Zn(CH3CO0); ——>
Z10.499300.5007-5 + (0.4993)CH3COCH; T
+(0.4993)CO2T ; 8 =0.0924 (4.26)
A(heat)
(0.4948)Zn(CH3COO): + (0.0134)Er(C2H302)3-H20 —_—
Z10.4943Er0.013400.4718:5 + 2(0.0134)H.0T+ 0.0134 (OH)T
+(0.4993)CH;COCH;T + (1+0.0134)C0O-T; 8 = 0.2170 4.27)
(0.4881)Zn(CH3COO): + (0.0380)Er(C2H302)3-H20 —_
A(heat)
Zno.4ss1Er0.03s00047385 + 2(0.0380)H0T+ 0.0380 (OH)T
+(0.4993)CH3;COCH5T + (1+0.0380)CO-T; & = 0.2468 (4.28)
A(heat)
(0.4721)Zn(CH3CO0):2 + (0.0601)Er(C2H302)3-H20 —
Zn0.4721E10.06010046555 + 2(0.0601)H20T+ 0.0601 (OH")T
+(0.4993)CH3COCHsT + (1+0.0601)CO-T; 8 = 0.2528 (4.29)
A(heat)
(0.4524)Zn(CH3CO0): + (0.0828)Er(C2H302)3H2 0 —nus

Zn0.4524Er0.082800.4648-5 + 2(0.0828)H0T+ 0.0828 (OH)T

+(0.4993)CH3COCH: ™ + (1+0.0828)C0O2T; § = 0.2668 (4.30)
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All the process reactions suggest that the thermal events are related to
the combustion of acetone (CH3COCHs), water (H20), Hydroxyl (OH"), carbon
dioxide (CO2) in the precursors and oxygen vacancy concentration (5) form on

the prepared products.

4.3.2 The absorption and photoluminescence of RE-doped ZnO
nanorods (i.e. RE =Tb and Er)

In order to determine the valences of Tb in a direct approach, we performed
X-ray absorption near edge spectroscopy (XANES) of Tb Ls-edge study of our
samples. Figure 4.60(a) show XAS curves for Tb-doped ZnO with included reference
materials for Tb** ions, which was Tb(C2H302)3. xH20. The position of the color line
peak of our sample are close to Tb(C2H302)3. xH20 curves, it can be considered that
Tb ions in all the ZnO nanorods were incorporated as Tb**. In addition, XAS were
assigned as 8365 eV for the Er Li-edge by using the reference (C2H302)3Er. xH20
powder sample. Figure 4.60(b) shows the XANES at the Er Ls;-edge for the Er-doped
ZnO samples and reference (C2H302)3Er. xH20 powder. In Figure 4.60(b), the
principal x-ray absorption peak appearing at the lower energy side of the Er L;-edge
absorption is assigned as the “white line” with a pronounced peak at the threshold.
The position and intensity of the white line is governed by the electron transition from
erbium 2p2s3 to the erbium 4f5d final state and is sensitive to the valence state of the
absorbing erbium ions as well as their chemical environment (Mao et al., 2008; Wu et
al., 2012). These peaks from all of the Er-doped ZnO and reference
(C2H302)3Er.xH20 powder samples have the same shape and position. Therefore,

the valence state of Er ions in the doped ZnO nanorods is +3.
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Figure 4.60 (a) Tb L3-edge XANES spectra of the Tb-doped ZnO and (b) Er L3-edge
XANES spectra of Er-doped ZnO as well as of those standard Tb and Er acetates,

respectively.
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To analyses the optical properties, the UV-visible optical absorption spectrum
of the undoped ZnO, Tb- and Er-doped ZnO have been carried out at room
temperature using UV- visible spectrometer from 200 nm to 800 nm. The absorption
spectra indicate that picture of absorption change and exhibit a continuous blue shift
as shown in Figure 4.61, which may be due to the formation of wide band gap by
doping. In addition, the optical absorption spectra of the RE-doped ZnO nanorods
show just positive trend of the optical band gap for all Tb- and Er-doped ZnO samples
except at x = 0.100 sample. Moreover, the wide energy band gap was evaluated using
the Equation 4.19 (Polat et al., 2011). The direct energy band gap of the Tb- and Er-
doped ZnO nanorods can be obtained by plotting (a/11)? versus hv and extrapolating
the linear portion of the absorption edge to find the intercept with energy axis as
shows in Figure 4.62. The energy band gaps of all the Tb- and Er-doped ZnO samples
are slightly increases, and then decreases with increasing Tb and Er atom
concentrations which are show in Table 4.13 and Figure 4.63. These results are very
similar to those of RE-doped nanoparticles reported in literatures (Dai et al., 2013).
The variations in energy band gap (E¢) may be described by quantum size effect and
electronic structure modifications. Considering the fact that quantum size effect lead
to a blue shift of energy band gap, with decreasing particle size down to less than a
few nanometers and hence our results are not probable due to this effect, revealing a
diameter of ZnO nanostructures are several nanometers. In this case, the energy band
gap of all Tb- and Er-doped ZnO samples are found to be higher than the energy
band gap (3.180 eV) of undoped ZnO, the most interesting observation here is blue
shift of energy band gap of RE-doped ZnO nanorods with increasing the RE atom

concentrations. Thus, the noticed slightly blue shift in energy band gap with electronic
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structure modifications may be explained by the Burstein—Moss effect. This effect is
the phenomenon of which the apparent band gap of a semiconductor is increased as
the absorption edge is pushed to higher energies as a result of all states close to
the conduction band being populated. This is observed for a degenerate electron
distribution and is known as a Burstein—Moss shift (Fang et al., 2005). This effect
occurs when the electron carrier concentration exceeds the conduction band edge
density of states, which corresponds to degenerate doping in semiconductors. In
the doping semiconductors with TM or RE metal ions, the Fermi level lies between
the conduction and valence bands. As the doping concentration is increased, electrons
populate states within the conduction band which pushes the Fermi level higher in
energy and in the case of degenerate level of doping, the Fermi level lies inside
the conduction band. In the case of a degenerate semiconductor, an electron from the
top of the valence band can only be excited into conduction band above the Fermi
level (which now lies in conduction band) since all the states below the Fermi level
are occupied states. Pauli's exclusion principle forbids excitation into these occupied
states as a result of observation with increasing in the apparent band gap. Apparent

band gap = Actual band gap + Moss-Burstein shift (as shown inset of Figure 4.62(a)).
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Figure 4.61 Room-temperature optical absorbance spectra of undoped ZnO
nanorods calcined at 400 °C for 6 h and RE-doped ZnO nanorods prepared in air at

300 °C for 6 h, (a) Tb-doped ZnO and (b) Er-doped ZnO nanorods, respectively.
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Table 4.13 Summary of band gap energy (Eg) of undoped ZnO nanorods and

RE-doped ZnO nanorods prepared at 300 °C for 6 h.

Eg (eV) of RE-doped ZnO

Doping Level
Tb Er
x=0 3.18 3.18
x=0.025 3.19 3.20
x=0.050 3.20 3.21
x=0.075 3.21 3.22
x=0.100 3.20 3.22

3.224 4
| = Tb-doped ZnO
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o o
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Figure 4.63 Band gap versus doping concentration of undoped ZnO calcined at
400 °C for 6 h of Tb-doped ZnO and Er-doped ZnO nanorods prepared in air at

300 °C for 6 h, respectively.
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Generally, the densities of defects and oxygen vacancies affect significantly
the optical properties. The room temperature PL results of the undoped ZnO, Tb-and
Er-doped ZnO samples are shown in Figure 4.64(a) and Figure 4.64(b) show the PL
spectrum of Tb- and Er-doped ZnO with excitation wavelength 328 nm, respectively.
It is seen that the band-edge emission spectra of the prepared products sequentially
increased with increasing Tb and Er concentrations leveling the band edge intensity
depend on the implanted Tb**and Er**into Zn site. These results are similar to those of
RE-doped ZnO films reported by Masamoto et al. (2011). In addition, the spectra of
all the samples mainly consist of four emission bands including a strong UV emission
band at~396 nm, corresponding to the near band edge emission, which is attributed to
the recombination of free excited ions, a weak blue band at ~ 431 nm are caused by
the transition between the vacancy of oxygen and interstitial oxygen. Normally, the
additional emission peaks at about 488 nm correspond to transition of Tb3" from D4
to 'Fs and the weak peak around 544 nm which is associated with the Ds4—’Fs
transitions, respectively. The PL part of the diagram ZnO host to rare earth ion energy
transfer can be seen inset the Figure 4.64(a). When ZnO was excited, electron jumps
from the valence band to the conduction band. Since the *D3 and D4 energy level of
Tb3* ion are just below the conduction band of ZnO, energy transfer takes place
between ZnO and Tb*', and excitation of ZnO results in the co-luminescence of ZnO
and Tb**(Cetin et al., 2007; Masumoto et al., 2011). In the case of Er-doped ZnO, the
PL spectrum exhibits strong near-band-edge emission at 381 nm- 394 nm and also
broad emission peak at 381 nm, 394 nm and 478 nm are observed. However, Er-
doping are not show peak related to Er emissions on our samples. There is no shifting

in the defects related peaks observed in PL spectra and the intensity of the emission



156

peaks gets quenched with Er-doping, which are consistent with earlier report (Lotey et
al., 2013). The mismatch between the ionic radii of Zn and Er results in more number
of oxygen vacancy defects in the host ZnO. Depending upon the number of trapped
electron, these oxygen vacancy act radiative (F-center) which may trap the photo-
excited electrons which get strongly localized in oxygen vacancy, thereby decreasing
the availability of electrons for recombination with the hole, and consequently the
emission intensity decrease with increasing Er content (Zou et al., 2012) as shown in

Figure 4.64(b).
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Figure 4.64 Room temperature photoluminescence spectra of undoped ZnO and RE-
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emission process) and (b) Er-doped ZnO nanorods under 325 nm light excitation.
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4.3.3 The magnetic properties of magnetic ions in Th-and Er-doped ZnO
nanorods.

In this section, the magnetic properties have been interpreted in the ZnO
nanorods through Tb-and Er-doping. The magnetization magnetic measurement (M)
versus applied magnetic field (H) were performed on undoped ZnO and Tb-doped
ZnO nanorods at 293 K, Figure 4.65 shows magnetization versus magnetic field
(M-H) curves of thermally decomposed at 400 °C for 6 h for undoped ZnO sample
and at 300 °C for 6 h of Er- and Tb-doped ZnO nannorods (i.e. x = 0.025, 0.050,
0.075 and 0.100). The specific magnetization curves showed a diamagnetic behavior
for undoped ZnO. All samples observed that the increasing of x value enhanced the
para/antiferromagnetic contribution, whereas ferromagnetic ordering for Tb-doped
ZnO nanorods of x = 0.025 was clearly observed at room temperature (as shown in
inset of Figure 4.65(a)). These results are in agreement with the previous reports in
which they are increased the x values in Eu’'-doped ZnO films and Tb-doped ZnO
nanoparticles (Zhong et al., 2007; Bandyopadhyay et al., 2012)

In order to emphasize the magnetic contribution on Tb-doped ZnO nanorods
with x = 0.025 at 50 K and 293 K, the experimental M X H curve were performed as
shown in Figure 4.66(a). The magnetization slight increase with decreasing
temperature revealing Tb-doped ZnO nanorods exhibit RT-FM with a Tc at below
room temperature. Calculated values of the coercive field (H;) and the remanent
magnetization (M,.) for Tb-doped ZnO nanorods (x = 0.025) at 50 K and 293 K (inset
of Figure 4.66(a)) found to be 56.42 (Oe¢), 0.0036 (emu/g) and 44.68 (Oe), 0.0025
(emu/g) respectively. These results are in agreement with the previous reports in Tb-

doped ZnO nanocrystalline films (Bandyopadhyay et al., 2012), whereas Er-doped
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ZnO nanorods presented paramagnetism both at 293 K and 50 K for the sample of

x =0.100 as shown in Figure 4.66(b).
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Figure 4.65 The magnetization magnetic measurements (M) versus applied
magnetic field (H) were performed on undoped ZnO, (a) Tb-doped and (b) Er-doped
ZnO nanorods with different the rare-earth metal content obtained at 293 K from

VSM measurement.
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Figure 4.66 MxH curves for Zno975Tbo.o2s0 and Zno.vooEro.1000 samples taken at

T =50 K and 293 K, showing the existence of ferromagnetism and paramagnetism

respectively.
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There are several groups in literature reported that the doping with a few
percent of a magnetic 3d cation (Co, Mn, etc.), the magnetism appears well below
the solubility limit of cations, cannot be understood in terms of the conventional
theory of magnetism in insulators; nor can a carrier-mediated ferromagnetic exchange
mechanism account for the magnitude of the Curie temperatures, which are well in
excess of 400 K (Wu et al., 2013). The phenomenon is observed in thin films and
nanocrystals, but not in well-crystallized bulk material. In particular, the calculations
of Dietl et al. (2000) showed that Mn-doped ZnO would exhibit ferromagnetism
above room temperature (Dietl et al., 2000). Sato et al. (2000) have also investigated
ferromagnetism of ZnO-based DMS by ab initio electronic structure calculations
based on the local spin density approximation and they reported ferromagnetic
ordering of 3d transition metal ions in ZnO. These theoretical predictions initiated
a number of experimental studies of TM-doped ZnO (Sato et al., 2000; Dai et al.,
2013). In addition, the discovery of room temperature ferromagnetism in Co-doped
anatase TiO2 has also generated much interest in the Co-doped TiO2 system as a
potential oxide-based DMSs (Matsumoto et al., 2001). However, the origin of
ferromagnetism in DMOs systems is not well understood yet. Thus, several models of
FM have been proposed for these DMOs, including a new exchange mechanism
involving donor electrons in an impurity (Coey et al., 2005), the carrier (electron)
mediated exchange mechanism (Ueda et al., 2001), superexchange or double
exchange interaction and a defect mediated mechanism like Bound Magnetic Polaron
model (BMP) (Coey, 2006). In addition to the magnetic doping effect, oxygen
vacancies have been proposed to play an important role in the magnetic origin for

DMOs (F-center exchange interaction), leading to be the exchange interactions
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between localized electron spin moments. Nevertheless, the main unresolved question
is whether the observed ferromagnetism originates from uniformly distributed TM
ions in the host matrix or whether it is due to the precipitation of secondary phases
such as metallic clusters. If a DMS contains TM ions below their equilibrium
solubility limit no secondary phases are expected. In this case, since the strength of
magnetism is proportional to the number of TM ions substituted on the cation cites in
a DMS, the realization of high Tc¢ ferromagnetism is difficult. On the other hand, at
higher TM dopant concentrations doped transition metals start to form unwanted
metallic clusters. For this reason, to achieve a high Tc¢ ferromagnetism in a single
phase DMS, non-equilibrium sample preparation techniques such as low temperature
thermal cleaning method for Si molecular beam epitaxy (MBE) and ion implantation
are required. Ion implantation is widely used in silicon technology for integrated
circuits due to its reliability, precision and reproducibility. It has also proven to be a
reliable method for injecting transition metals into a host semiconductor material
beyond their solubility limits (Zhou et al., 2008). In the present case, since the XRD
studies did not show any evidence for the presence of secondary phases, the origin of
ferromagnetism can be intrinsic or because of defects. However, the presence of
secondary phases in very small quantities cannot be ruled out if the amount present is
less than the detection limit of XRD. In case of R-ion, the 4f shell is well protecting
by 5d and 4s shell, whereas the 3d electrons are exposed to free neighboring ions in
the lattice. Xiying et al. (2012) report that the moment of the rare earth metals
originates from the 4f electrons and screened by the outer shell 5s°p°d’%6s? electrons
(for the case of Gd ions). Two neighboring rare earth metals ions are unable to

exchange couple directly or interact via superexchange interaction because the space
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between two neighboring Gd-ions is too large (up to 3 x 101 m). Such a colossal
moment may result from a very effective Runderman-Kittel-Yosida (RKKY)
exchange interaction. The RKKY couple is an indirect exchange interaction via the s
conduction electrons, which results in high total magnetic moments per Gd. Since
the 4f electrons in the Gd-ion are completely localized and the 6s electrons can move
feely as conduction electrons. The f and s electrons can give rise to an exchange
couple, which leads to a polarization of the s electron. The spin of the polarized s
electrons can influence the spin direction of the felectrons. As a result, the electrons
play a role in which the localized 4f of the neighboring Gd-ions. These differences
between 3d and 4f electrons may facilitate in the onset of exchange interactions
among the electrons in the 3d ion-doped system compared to that of R** -doped ZnO.
In the case of Tb- and Er-doped ZnO nanorods, it has been shown that both
ferromagnetism and para/antiferromagnetism at room temperature can be obtained by
slightly modifying the synthesis conditions where ferromagnetism was found to be
due to the absence of impurity phases (Duan et al., 2011). It is possible that
the observed ferromagnetic and para/antimagnetic behavior are possibly due to
the exchange interaction between local spin-polarized electrons (such as the electrons
of Tb* and Er*" ions) and conduction electrons. The conduction electrons are
regarded as a media to interact among the Tb*" and Er3" ions. This interaction leads to
the spin polarization of conduction electrons. Subsequently, the spin-polarized
conduction electrons perform an exchange interaction is short range and oscillating
nature based on the concentration of Tb, Er and its nearest neighbor distance. This
may be the plausible explanation of the observed para/antiferromagnetic interaction.

Similar phenomena have been observed and reported in previous studies for Er and
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Tb-doped ZnO nanocrystalline sample (Deka et al., 2007; Yang et al., 2007).
However, very few studies on the synthesis and magnetic properties of

nanocrystalline Tb- and Er- doped ZnO DMSs have been reported.
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Figure 4.67 display the temperature-dependent magnetization (M-T) curves of

Tb-doped ZnO nanorods with x = 0.025 was studied in field of 1 kOe. Inset:

the modified curie - weiss fitting to the data between 150 K and 293 K under 1 kOe as

a function of temperature and fitting result using the modified Curei-weiss law.

Figure 4.67 display the temperature-dependent magnetization (M-T) curves of
Tb-doped ZnO nanorods with x = 0.025 was studied in field of 1 kOe. The result
shows a similar nature in the zero field cooled (ZFC) and field cooled (FC)
measurement. The ZFC and FC curves did not show any blocking temperature, which
indicates that no bulk ferromagnetism exists in this sample. Moreover, it is no obvious

differences in 7-M curves between it and also the samples doped with x = 0.050,
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0.075 and 0.100 consistent with Tb-doped ZnO of x = 0.025 sample but are not show
here. The effect of antiferromagnetic behavior could be described using the modified
Curie-weiss equation (Peleckis, Wang and Duo., 2006) ! = (C/(T-0) + y0)! where C
is Curie constant, € is Curie temperature and yo is the temperature independent part.
The linear fits were done in temperature range of 150 — 293 K by solid line as shown
in the inset of Figure 4.67. As a result, the value of C, 8 and yo are 0.098
emu.K.g"'.0e!, -35.46 K and 2.26 x 10 emu.g'.O¢!, respectively. From the Curie
constant we calculated the effective magnetic moment pesr = 8.11 us, These values are
smaller than the free ion of Tb ** (9.72 ug)leveling few amount of Tb ions coupled as
ferromagnetically and the others coupled as para/antiferromagneticaly due to RKKY

exchange interaction (Deka et al., 2007; Yang et al., 2007).
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APPENDIX A
RESULTS AND DISSCUSSION ON NiO AND

Fe-DOPED NiO SYSTEM

1. Introduction

In recent years, diluted magnetic semiconductors (DMSs) produced by doping a
small amount of magnetic impurities in semiconductors have attracted much attention
due to their potential application in spintronics!!=l. Early and ongoing efforts
ondiluted magnetic impurity in III-V or II-VI compound were intensively studied
even though they show ferromagnetism only atlow temperatures!® 7. Recently,
transition metal (3d) ion doped oxide semiconductors (O-DMSs) such as ZnO, TiOz,
Sn02, In203, and CeOzhave been investigated extensively 5!l These O-DMSs
exhibit ferromagnetism (FM) at room temperature (RT) and even at well above RT.
They are also optically transparent enabling them to be promising candidates for
magneto-opto-electronic applications. So far, most of the RT O-DMSs reported in
literatures have n-type DMS and non-cubic crystal structure. It is anticipated that if
one can introduce RT ferromagnetism in p-type DMS andcubic systems, it will
facilitate the integration of spintronic devices with advanced silicon microelectronic
devices.

Nickel Oxide (NiO) has a cubic structurewith lattice parameter a = 0.41771
nm!'2l. Tt can become a p-type semiconductorafter introduction of Ni** vacancies or

doping with monovalent cation!'3]. Magnetic properties of bulk NiO reveals
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4] The size to the nanometer scale was

antiferromagnetic behavior (Tn = 523 K)
affected with magnetic properties of NiOand this has been reported in literaturest!>: 16],
Wang et al. ['] first reported the RT-FMobserved in Fe-doped NiO nanoparticles of
size 30-60 nm synthesized by a chemical coprecipitation method and post-thermal
decomposition processing.A maximum magnetization of about 0.575 emu/g has been
measured at 10 kOe in Nio.9gFeo.020. The authors concluded that the observed RT-FM
and the large loop shift at low temperature could be associated with ferromagnetic
clusters and ferromagnetic/antiferromagnetic coupling due to the composition
inhomogeneity. Since then, more studies on Fe-doped NiO system have been
reported. Lin et al.l'® reported that Fe-doped NiO nanopowders exhibit RT-FM
mainly arising from the double exchange mechanism through the doped Fe ions and

19201 studied the magnetic properties of Fe-doped NiO

free charge carriers. He et al.l
synthesized by co-precipitation. The samples exhibited large RT-FM behavior
ascribed to a ferromagnetic impurity phase. Simultaneously, an exchange bias and
training effect were also observed in all the samples, indicating the possibility of
the existence of a strong ferromagnetic/antiferromagnetic exchange coupling in
the samples. Recently, Manna et al.?!! reported RT-FM in Fe-doped NiO nanorods
synthesized by the hydrothermal method. They found that incorporation of Fe into
NiO induces ferromagnetism with high coercivity, and ferromagnetic properties
significantly improved with increase of Fe concentration. The authors proposed that
the surface spins and shape anisothropyalso play important roles in the magnetic
properties of Fe-doped NiO nanorods. Most recently, Khemprasit et al.l*?!

investigated the effect of calcining temperature on structural and magnetic properties

of Fe-doped NiO nanoparticles prepared by diol-based sol-gel process. RT-FM for all
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calcined samples was observed and the origin of ferromagnetism could be caused by
the double exchange interaction between the induced magnetic Fe ions and
the defects. When the calcining temperature was increased, the saturation
magnetizatuion decreased whereas the coercivity increased, corresponding to the less
dense and larger particles. It is seen from the above that synthesis route plays
important roles in magnetic properties of Fe-doped NiO system. In addition, most of
these synthesis conditions involve a strictly controlled synthesis environment,
expensive reagent,and complicated procedures. Therefore, alternative simple and
cost-effective routes to synthesize NiO-based magnetic oxides are needed.

In the present work, we report RT-FM innanocrystalline Fe-doped NiO powders
(i.e., Ni1xFexO; x = 0, 0.005, 0.01, 0.015, 0.02, and 0.025) synthesized by a simple
direct thermal decomposition of high purity Ni and Fe acetates in air at 600 °C for
6 h. This direct thermal decomposition method is fast, simple, and cost-effective for
synthesis of nanocrystalline Fe-doped NiO powders. The structure and morphology of
synthesized Fe-doped NiO samples were characterized by X-ray diffraction (XRD),
energy-dispersive x-ray spectroscopy (EDS), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). The RT magnetic properties of the Fe-
doped NiO samples were also investigated, and the origin of ferromagnetism observed

in the prepared samples is discussed.

2. Experimental

For the synthesis of Fe-doped NiO nanoparticles, nickel (III) acetate tetrahydrate
(99.998% Purity, Aldrich), and iron (III) acetate (99.995% Purity, Aldrich) were

mixed using a mortar and pestle until a homogeneous mixture powder was obtained.
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For each sample, the mole ratio of Fe:Ni was kept corresponding to the nominal
composition of NiixFexO (x = 0, 0.005, 0.01, 0.015, 0.02, and 0.025). The mixed
powder was then placed in an alumina crucible covered by alumina lid before loading
it into the oven, and was thermally decomposed in air at 600 °C for 6 h. The formation
of pure NiO and NiixFexO (x = 0.005, 0.01, 0.015, 0.02, and 0.025) can be explained

by the following reactions:

For pure NiO,

heat
2Ni(CH;COO0); . 4H,0 — 2NiO + 4H,0T + 3CH;COCH;T + 2CO,T + COT + O, T............ (1)

heat
2(1-x)Ni(CH3COO); . 4H,0 + 2(x)Fe(CH;CO0); —

2Nii4FeO + 4H,0T + 3CH;COCH;T + 2C0,T +COT + 0. 1. )

All the process reactions suggest that the thermal events are related to the
combustion of acetone (CH3COCH3), water (H20), carbon dioxide (COz2), carbon
monoxide (CO), and oxygen (Oz) in the precursor. A similar process is applied for the

preparation of Fe-doped NiO.

The prepared samples were analyzed by means of X-ray diffraction (XRD)
using CuKa radiation with A = 0.15418 nm (Phillips PW3040, The Netherlands),
The particle size and external morphology of the nanocrystalline samples were
characterized by SEM attached with EDS (LEO SEM 1450VP, UK) and TEM (JEOL
TEM 2010). The magnetic properties were examined at RT (293K) using a vibrating

sample magnetometer (Lake Shore VSM 7403, USA).
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3. Results and discussion

Fig. 1 shows XRD patterns of all the samples having peaks that correspond to
the (111), (200), (220), (311), and (222) planes for a cubic structure of NiO in
the standard datal'!l. This indicates that the cubic structure is not affected by Fe
substitution. No diffraction peaks of Ni and other impurities such as Fe, Fe203, Fe3Oa,
and NiFe3O4 were observed. The crystallite sizes of all samples were calculated from

X-ray line broadening of the reflections of (200) using Scherrer’s equation

(ie,D=KA/ ( Bcos6)), where 1 is the wavelength of the X-ray radiation, K is a

constant taken as 0.89, @ is the diffraction angle, and £ is the full width at half
maximum (FWHM)?3], and were obtained to be34 nm, 31 nm, 29 nm, 28 nm, 29 nm,
and 26 nm for the samples with x = 0, 0.005, 0.01, 0.015, 0.02, and 0.025,
respectively. The crystallite sizes of the samples whose Fe concentration x varies
from 0 to 0.025 have a little decrease on increasing the Fe concentration, in agreement
with the results reported previously by Wang et al.l'®l These results indicate that
the effective Fe ions disturb the NiO crystal structure. The values of lattice parameter
a of all the samples calculated from the XRD spectra are close to that reported for
NiO (a = 0.41771 nm) in the standard datal''l. The lattice parameters are also

summarized in Table 1.



(200)

(111)

(311)
(222)

Intensity (a.u.)

lccee

20 30 40 295(0deg?.0ee) 70 80

192

x =0.025
x =0.02
x=0.015
x=0.01
x = 0.005

x=0

Fig. 1 XRD patterns of nanocrystalline Fe-doped NiO powders thermally decomposed

in air at 600°C for 6 h.
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Table 1. Average particle sizes from XRD line broadening, cubic lattice parameter a
calculated from XRD patterns of nanocrystallineFe-doped NiOsamples thermally

decomposed in air at600 °C for 6h.

Particle size (nm) Cubic lattice parameter a Ms at 10 Hc
samples kOe
From XRD (nm) (Oe)
(emu/g)

NiO 34.13 £0.99 0.4176 £ 0.000196 - -
Nio.995Fe0.00s0 30.73 £ 1.07 0.4175 £0.000132 0.033 155.5
Nio.990Fe0.0100 28.95 £ 0.21 0.4172 £0.000122 0.044 219.9
Nio.9s5Fe0.0150 28.17 £ 0.15 0.4174 £ 0.000146 0.074 2234
Nio.980Fe0.0200 28.80 £ 1.13 0.4173 £ 0.000123 0.099 357.1
Nio.975F€0.0250 26.30 £ 0.42 0.4171 £ 0.000107 0.102 371.2

The morphology of the Fe-doped NiO samples was investigated by SEM. It is
clearly seen from the SEM micrographs (Figs. 2(a)-(f)) that the morphology of all the
materials are agglomerated particles with sizes of ~50-300 nm. It is known from
XRD results that the crystal sizes are34.13 £ 0.99 nm, 30.73 £ 1.07 nm, 28.95 + 0.21
nm, 28.17 £ 0.15 nm, 28.80 = 1.13 nm, and 26.3 £+ 0.42 nm for the samples of x = 0,
0.005, 0.01, 0.015, 0.02, and 0.025, respectively. These were larger than those

obtained from X-ray line broadening due to agglomeration.
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Fig. 2 SEM micrographs of the Fe-doped NiO nanoparticles thermally decomposed in
airat 600 °C for 6 h. (a) x =0, (b) x =0.005, (¢) x =0.01, (d) x =0.015, (¢) x =0.02,

and (f) x = 0.025

The morphology, structure, and elemental composition of NiO and Nio.9sFe0.020
samples were further investigated by TEM. TEM bright field images (Figs. 3(a) and
3(b)) show nanoparticles with sizes of~ 30-50 nm for the NiO and of~ 20-40 nm for
the NioosFe0020. The corresponding selected-area electron diffraction (SAED)
patterns (inset in Fig. 3) of both samples show spotty ring patterns of cubic structure

without any contribution from Fe, Fe:O3, and FesOasphases, which is in agreement
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with the XRD results. Fig. 3(c) shows the elemental composition of Nio.osFeo.020
samples revealed by EDS. We observed peaks of Ni and O without Fe. The Au came
from gold contamination. Our results indicate that either Fe does not form metallic or
stoichiometric compound of secondary phases or the concentration is below
the detection limit. It may also be suggested that Fe ions were substituted into Ni in
Fe-doped NiO structure. Therefore, the ferromagnetism of our nanocrystalline

Fe-doped NiO powders should not come from secondary phases of Fe.

200 run

Fig. 3 (a) and (b) are TEM bright field images with corresponding selected-area
electron diffraction (SAED) patterns (insets) of NiO and NiogssFeo.020 samples
thermally decomposed in air at 600 °C for 6 h, respectively. (¢) EDS spectrum of

Nio.9sFeo.020 sample thermally decomposed in air at 600 °C for 6 h.
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Fig. 4 shows the field dependence of specific magnetization (M-H curve) of
the NiO and Fe-doped NiOsamples obtained from RT VSM measurement.
The undoped NiO sample exhibits antiferromagnetic behavior, whereas all samples
with nominal Fe concentration exhibit ferromagnetic behavior. Hysteresis loops can
be observed at 300 K showing obvious ferromagnetic characteristics. The saturation
magnetization increased from ~ 0.033 emu/g to 0.102 emu/g at 10 kOe by increasing
the Fe-doped concentration.These values are lower thanthose of previous reports on
Fe-doped NiO system!!”- 1821l From Fig.4, the coercive force (HC) was obtained to be
155.50e, 219.90e, 223.40e¢, 357.10¢, and371.20¢ for the samples of x = 0, 0.005,
0.01, 0.015, 0.02, and 0.025, respectively. These values are lower than ~614 Oe for
Nio.008F€0.020 nanorods reported by Manna et al®!l. The lower Hc in our case is
possibly due to their lower crystal sizes that can be explained on the basis of domain

structure, critical diameter, and the anisotropy of the crystal 4],

0.10 Ni, Fe O
=1V —a— tif(x = 0) P
—e— (x=0.005) VS
{x =0.010)
—v— (x=0.015)
0.05 - {x = 0.020)
—<— (x=0.025)

0.00

-0.05 4

-0.10 -

Magnetization (emu/g)

10000  -5000 O 5000 10000
Applied field (Oe)

Fig. 4 Magnetization of nanocrystalline Fe-doped NiO samples as a function of field

measured at RT.
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From our results, we exclude Fe segregation as the origin of the ferromagnetism
in our Fe-doped NiO samples, and thus, their ferromagnetisms are intrinsic. In case of
the undoped NiO sample, its antiferromagnetic behavior below Neel temperature
(573 K) can be understood through the ordinary two sublattice model, while as doped
by magnetic Fe ions, some defects could be introduced into NiO as follows [17):

NiO

Fe,0,—y2Fey; +V,; +30,

Fey; <> Fey +h

This would interrupt the magnetic order in NiO grains and cause relatively weak
coupling between the sublattices giving rise to ferromagnetism by double exchange
through the introduced magnetic Fe ions and free charge carriers [2°].Therefore,
the increase of Fe-doped concentration enhances the double exchange interaction in
Fe-doped NiO samples, which leads to higher magnetic moment, as previously

(21l However, further work is needed to achieve a thorough

reported by Manna et al
understanding, and this will be of great interest to researchers in the field of diluted

magnetic oxides.

4. Conclusions

In summary, nanocrystalline Fe-doped NiO powders with ~26-34 nm in size were
successfully synthesized by a simple direct thermal decomposition method, and their
structures, morphology, and magnetic properties were investigated. XRD and SAED

analyses of the samples showed that they are single phase without the presence of any
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Fe-related impurity phases such as Fe, Fe203, Fe3O4, or NiFe3O4. The NiO sample
exhibits antiferromagnetic behavior, whereas all the Fe-doped samples are
ferromagnetic at RT. The saturation magnetization increased from ~0.033emu/g to
0.102 emu/g at 10 kOe by increasing the Fe-doped concentration. The increase of
Fe-doped concentration enhances the double exchange interaction in Fe-doped NiO
samples, which leads to higher magnetic moment. This work demonstrates that
a simple method can be used to incorporate Fe into NiO for making diluted magnetic

oxides, which may potentially be useful for many nanotechnology applications.
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