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Abstract

As a consequence of the general miniaturization of devices, nanocrystalline materials
have attracted a great deal of attention from researchers in various areas to study finite-
size and surface effects. These effects yield new physical phenomena and enhanced
properties with respect to their bulk counterpart. Among these materials, Zinc Oxide
(ZnO) nanocrystals (NCs) have been one of the most intensively studied owing to the
low processing temperature and full compatibility with the large scale integrated cir-
cuit fabrication. ZnO NCs are recognized as a promising material for applications in
spintronics and to improving nanoscale optoelectronic devices, such as bandgap engi-
neered solar cells, organic light emitting diodes, ultraviolet laser diodes, etc. From the
fundamental point of view, the involvement of nanoscale effects has allowed further
understanding and improvement of the properties of advanced magnetic and optical
materials. Because of the intense focus on this material, the ZnO literature is vast
and often contradictory; nevertheless, nowadays, the X-ray absorption techniques (i.e.,
XANES and EXAFS) available around the world are being used to decipher the real
origin of the different structural properties; and optical and magnetic interactions in
ZnO-based compounds. Due to the high selectivity on the absorber atom and their de-
pendence on the local structure of the studied ions these techniques can offer valuable
information.
In the present doctoral thesis, we have synthesized and performed a detailed study of
Ni-, Co-, and Tb-doped ZnO NCs obtained via the sol-gel method. The NCs were char-
acterized by conventional macroscopic techniques, such as X-ray diffraction (XRD),
high-resolution transmission microscopy (HRTEM), X-ray photoelectron spectroscopy
(XPS), photoluminescence (PL), electronic paramagnetic resonance (EPR), SQUID-
based magnetometry; and element-specific advanced tools, such as X-ray absorption
near-edge spectroscopy (XANES) and X-ray absorption fine structure (XAFS). De-
tailed analysis of the XRD patterns and HRTEM images indicate the formation of
pure and doped ZnO NCs in the wurtzite structure, with circular- and elliptical-like
shapes, and changes in the structural parameters with the dopant content—in consis-
tency with the EXAFS data analysis. The experimental EXAFS signal measured at the
Co K-edge showed features consistent with those displayed by the Zn K-edge of pure
ZnO NCs providing clear evidence that Co ions are present in tetrahedral coordina-
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tion. The EXAFS results at the Ni K- and Tb L3-edge suggest the modification of the
Ni and Tb local environment in comparison to that observed for Zn and Co sites. Be-
sides, XPS and XANES results indicated that Co and Ni ions assume predominantly
the 2+ valence state and are mostly located in tetrahedral and octahedral sites, respec-
tively. These results are in agreement with the analysis of EPR spectra and—in the
case of Co—with the PL measurements, which exhibit a red emission band related to
the internal transition of Co2+ ions in a tetrahedral crystal field. For Tb-doping was
determined a mixed-valence state (3+/4+) and the PL measurements provided addi-
tional well-resolve narrow emissions characteristic of intra-ionic transitions of Tb3+

ions. The correlation of PL and EPR techniques permitted us to suggest that the elec-
tron trapped in an oxygen vacancy participate in the green emission of Co-doped ZnO
samples. Finally, the magnetic measurements confirm the results obtained from the
other techniques indicating that the magnetic moments are consistent with the pres-
ence of Co2+, Ni2+, and Tb3+/Tb4+ ions in the Co-, Ni-, and Tb-doped ZnO NCs,
respectively. Moreover, the negative values of the Curie temperature (θ) determined
for samples doped with Co and Tb indicate the occurrence of local antiferromagnetic
interactions and the positive θ values in the Ni-doped samples suggests the occurrence
of local ferromagnetic interactions.

Keywords: Zinc oxide, sol-gel, nanocrystals, intrinsic defects, magnetic properties,
XPS, XANES, EXAFS.



Resumo

Como conseqüência da miniaturização geral dos dispositivos, os materiais nanocristal-
inos atraíram muita atenção de pesquisadores em várias áreas para estudar o tamanho
finito e os efeitos de superfície. Estes efeitos geram novos fenômenos físicos e pro-
priedades aprimoradas em relação à sua forma em "bulk". Entre esses materiais, os
nanocristais (NCs) de óxido de zinco (ZnO) têm sido um dos mais intensamente es-
tudados devido à baixa temperatura de processamento e total compatibilidade com a
fabricação de circuitos integrados de larga escala. Os NCs de ZnO são reconhecidos
como um material promissor para aplicações em spintrônica e para melhorar os dis-
positivos optoeletrônicos em nanoescala, tais como células solares, diodos emissores
de luz orgânicos, diodos laser ultravioleta, etc. Desde o ponto de vista fundamental, o
envolvimento dos efeitos em nanoescala permitiu maior compreensão e melhoria das
propriedades dos materiais magnéticos e ópticos avançados. Devido ao intenso foco
neste material, a literatura do ZnO é vasta e muitas vezes contraditória; no entanto,
hoje em dia, as técnicas de absorção de raios-X (i.e., XANES e EXAFS) disponíveis
em todo o mundo são usadas para decifrar a verdadeira origem das diferentes pro-
priedades estruturais; e interações ópticas e magnéticas em compostos a base de ZnO.
Devido à alta seletividade no átomo absorvedor e sua dependência da estrutura local
dos íons estudados, essas técnicas podem oferecer informações valiosas.
Na presente tese de doutorado, foram sintetizados NCs de ZnO dopado com Ni, Co,
e Tb, obtidos através do método sol-gel e caracterizados por técnicas convencionais,
tais como difração de raios-X (XRD), microscopia de transmissão de alta resolução
(HRTEM), espectroscopia fotoeletrônica de raios-X (XPS), fotoluminescência (PL),
ressonância paramagnética eletrônica (EPR) e magnetometria baseada em SQUID; e
técnicas avançadas com seletividade atômica, tais como espectroscopia de estrutura
de absorção de raios-X próxima à borda (XANES) e espectroscopia da estrutura fina
de absorção de raios-X estendida (XAFS). Análise detalhada dos padrões de XRD e
imagens HRTEM indicam a formação de NCs de ZnO puro e dopado na estrutura
wurtzita, com formas circulares e elípticas, e mudanças nos parâmetros de rede con-
forme o teor de dopante—em consistência com a análise de dados EXAFS. O sinal
EXAFS medido na borda K do Co mostrou características consistentes com aquelas
mostradas pela borda K do Zn nos NCs puros de ZnO, fornecendo evidência clara de
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que o Co apresenta uma coordenação tetraédrica. Os resultados do EXAFS na borda
K do Ni e na borda L3 do Tb sugerem a modificação do ambiente local do Ni e Tb
em comparação àquele observado para os sítios de Zn e Co. Além disso, os resultados
de XPS e XANES indicaram que o Co e Ni assumem predominantemente o estado
de valência 2+ e estão localizados principalmente em sítios tetraédricos e octaédricos,
respectivamente. Estes resultados estão de acordo com a análise dos espectros de EPR
e—no caso do Co—com as medições de PL que exibem uma banda de emissão no
vermelho relacionada com a transição interna dos íons Co2+ em um campo de cristal
tetraédrico. Para a dopagem com Tb foi determinado um estado de valência mista
(3+/4+) e as medições de PL forneceram emissões estreitas de resolução bem definida
características de transições intra-iônicas dos íons Tb3+. A correlação das técnicas
de PL e EPR nos permitiu sugerir que o elétron preso em uma vacância de oxigênio
participa na emissão no verde de amostras de ZnO dopadas com Co. Finalmente, as
medições magnéticas confirmam os resultados obtidos com as outras técnicas, indi-
cando que os momentos magnéticos são consistentes com a presença de íons Co2+,
Ni2+ e Tb3+/Tb4+ nos NCs de ZnO dopados com Co, Ni e Tb, respectivamente. Além
disso, os valores negativos da temperatura de Curie (θ) determinados para as amostras
dopadas com Co e Tb indicaram a ocorrência de interações locais antiferromagneticas
e os valores positivos de θ nas amostras dopadas com Ni indicaram a ocorrência de
interações locais ferromagneticas.

Palavras-chave: Óxido de zinco, sol-gel, nanocristais, defeitos intrínsecos, pro-
priedades magnéticas, XPS, XANES, EXAFS.
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Chapter 1
Introduction

1.1 What We Cover in this Thesis

The research on optical and magnetic nanocrystals involves several aspects to consider,
from the preparation procedures to the comprehension of the desired properties. Dif-
ferent experimental approaches for a complete characterization of the nanocrystals are
fundamental to attain this purpose. Then, in this Ph.D. thesis, we face the study per-
formed on various doped nanocrystals systems where a correlation of the structural,
electronic and magnetic characterization methods leads to a better understanding of
the nanocrystals properties. In this way, the aim of this Thesis was first to determine
the structure and local crystalline structure of the nanocrystals. Then, to determine the
oxidation states and coordination numbers and, once that matter is clarified, the exper-
imental study of the modifications on the optical and magnetical properties induced
by the doping. To this end, spectroscopic methods such as X-ray photoelectron (XPS),
photoluminescence (PL) and electron paramagnetic resonance (EPR); and element-
specific advanced tools, i.e., X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS), have been applied in addition to
standard characterization tools. EXAFS experiments have been performed at the Zn
K-edge in the XAFS1 beamline and XANES experiments have been performed at the
Ni K-, Co K-, and Tb L3-edge in the XAFS2 beamline at the Brazilian Synchrotron
Light Laboratory (LNLS). These techniques are very useful to provide an atomic and
shell-specific description and to examine the electronic state and local structure of the
atoms composing the nanocrystals. Moreover, oxidation state, coordination number
and some local parameters, which are also key parameters that control the optical and
magnetic behavior in materials, may be directly determined by XANES and EXAFS.
We intend to use the capabilities of the experimental X-ray absorption techniques for
electronic and structural characterization of pure and doped ZnO nanocrystals systems,
along with other complementary methods to obtain a well-detailed characterization of
the different properties of the nanocrystals.

The fulfillment of the proposed objectives in the project implied, however, the
synthesis and characterization of samples by using different experimental techniques.
This study was done partially in collaboration with different researchers: Dr. Marcelo
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Sousa (Faculty of Ceilândia, University of Brasilia); Dr. Marcio Daldin (Department
of Physics, Federal University of São Carlos); Dr. Bożena Sikora (Institute of Physics,
Polish Academy of Sciences); Dr. Pedro Rodriguez, Dr. Geraldo Magela, Dr. Letícia
Nunes Coelho (Institute of Physics, University of Brasilia); and Dr. Santiago Figueroa
(Brazilian Synchrotron Light Laboratory, LNLS) that also participated in some of the
synchrotron radiation experiments.

1.2 Thesis Structure

This Thesis is organized as follows: In Chap. 1, an overall introduction and the ob-
jectives of the Thesis are included. In Chap. 2, a general background is presented,
covering all essential aspects of zinc oxide properties and its applications when doped
with Transition Metal and Rare Earth ions. Chap. 3 is devoted to describing the synthe-
sis of the nanocrystals and the experimental techniques used in the present work and
the analysis processes performed to study the structural, electronic, optical and mag-
netic properties of pure and Ni-, Co-, and Tb-doped ZnO nanocrystals (NCs) systems.
In particular, we focus on the X-ray absorption spectroscopies that make use of syn-
chrotron radiation. Hence, in Chap. 4, we describe the main structural results obtained
from the analysis of X-ray diffraction (XRD), high-resolution transmission electron
microscopy (HRTEM) and extended X-ray absorption fine structure (EXAFS) mea-
surements. We demonstrate the formation of ZnO NCs and the evolution of the struc-
tural properties with the increase of dopant content. To continue this study, the XPS
and XANES experimental results are described together in Chap. 5, in order to have an
overall and accurate description of the oxidation states and local environment of the ab-
sorbers atoms. There, we analyzed the Ni K-, Co K-, and Tb L3-edge XANES results.
Then, via measurements using electron paramagnetic resonance (EPR) and photolumi-
nescence (PL) spectroscopies, we presented in Chap. 6 the study of the point defects
and emission properties. Chap. 7 is dedicated to studying the magnetic response of the
synthesized nanocrystals. Firstly, EPR measurements are presented and, then, we show
the SQUID-based magnetometry results in order to determine the magnetic properties
of the samples. Finally, in Chap. 8, we summarized the conclusions and future works
related to this research.



Chapter 2
General Background

The purpose of this chapter is to summarize the properties, applications, point defects
and some reasonably well-established results on ZnO compounds.

2.1 Properties of Zinc Oxide and its Applications

Zinc oxide (ZnO) is an II-VI inorganic compound semiconductor with a wide bandgap
and large exciton binding energy of 60 meV. ZnO crystallizes in three forms (see
Fig. 2.1): hexagonal wurtzite (space group: P63mc; lattice parameters a = 3.249 Å and
c = 5.206 Å), cubic zinc-blende (space group: F4̄3m; lattice parameter a = 4.47 Å),
and the rarely observed cubic rock salt (Fm3m; a = 4.28 Å). The wurtzite structure
is the most stable at ambient conditions whereas the zinc-blende form can be stabi-
lized only by growing ZnO on cubic substrates. In both cases, the zinc and oxygen are
tetrahedrally coordinated. Finally, the rocksalt (NaCl-type) structure is only observed
at relatively high pressures of about 10 GPa. In the wurtzite structure, each anion is
surrounded by four cations at the corners of a tetrahedron and vice versa. A schematic
representation of the wurtzite ZnO structure is shown in Fig. 2.2. This tetrahedral co-
ordination is typical of sp3 covalent bonding nature, but these materials also have a
substantial ionic character that tends to increase the bandgap beyond the one expected
from the covalent bonding.

As mentioned above, the wurtzite structure has a hexagonal unit cell with lattice pa-
rameters a = 3.296 Å and c = 5.206 Å in the ratio of c/a =

√
8/3 = 1.633 (in an ideal

wurtzite structure) and belongs to the space group P63mc in the Hermann–Mauguin
notation. The structure is composed of two interpenetrating hexagonal close-packed
(hcp) sublattices, each of which consists of one type of atom displaced with respect to
each other along the threefold c-axis by the amount of u = 3/8 = 0.375 (in an ideal
wurtzite structure) in fractional coordinates. The internal parameter u is defined as
the length of the bond parallel to the c-axis (anion-cation bond length or the nearest-
neighbor distance) divided by the c lattice parameter. The basal plane lattice parameter
(the edge length of the basal plane hexagon) is universally depicted by a. The axial
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lattice parameter (unit cell height), perpendicular to the basal plane, is universally de-
scribed by c. Each sublattice includes four atoms per unit cell, and every atom of one
kind (an atom of group II) is surrounded by four atoms of the other kind (an atom of
group VI), or vice versa, which are coordinated at the edges of a tetrahedron. Because
of the tetrahedral coordination of wurtzite and zinc-blende structures, the 4 nearest
neighbors and 12 next-nearest neighbors have the same bond distance in both struc-
tures [1]. Besides, each ion has twelve next-nearest neighbors of the same type of ions.
The Zn–O distance of the nearest neighbors is 1.992 Å in the direction parallel to the
c-axis of the hexagonal unit cell and 1.973 Å in the other three directions of the tetrahe-
dral arrangement. The tetrahedral arrangement between the nearest neighbors indicates
the covalent bond between the zinc and oxygen atoms. The covalent radii of zinc and
oxygen are reported to be 1.31 and 0.66 Å, respectively.

Fig. 2.1 Representation of the ZnO crystal structures: cubic rocksalt (RS), cubic zinc-blende (ZB),
and hexagonal wurtzite (W). The yellow and blue spheres indicate the Zn and O ions, respectively.

Another way to describe the structure of ZnO is considering alternating planes com-
posed of tetrahedrally coordinated O2− and Zn2+ ions, stacked along the c-axis. In this
structure, the oxygen forms a compact hexagonal stacking and zinc occupies half of the
tetrahedral sites so that the resulting structure is not very compact; all the octahedral
and half of the tetrahedral sites are not occupied which results in an easy incorporation
of impurities or dopants in the crystalline lattice of this oxide [2]. The two interstitial
sites—the tetrahedrally and the octahedrally coordinated—that exist in the hexagonal
(wurtzite) ZnO structure are presented in Fig. 2.2.

The tetrahedral coordination in ZnO results in a noncentrosymmetric structure so
that the center of gravity of the positive charges does not coincide with that of the
negative charges which give rise to a polar axis and, consequently, to piezoelectric
properties. In addition, the change in stoichiometry with the partial pressure of oxygen
causes a change in the usual network parameters; at low oxygen pressures, the zinc
atoms exceed the stoichiometric value, resulting in the formation of interstitial cations
or oxygen vacancies [3]. In this semiconductor the n-type conductivity is a result of
the excess of cations in interstitial positions. These characteristics may explain certain



2.1 Properties of Zinc Oxide and its Applications 5

particular ZnO properties, such as the semiconducting phenomena, photoconductivity,
luminescence, catalytic and chemical properties.

Fig. 2.2 (Left) The tetrahedral coordination of Zn2+ and O2− ions in the wurtzite structure of ZnO
and, (right) the tetrahedral and octahedral sites in hexagonal wurtzite structure of ZnO [4]

The high exciton binding energy (60 meV) of ZnO makes it a highly efficient pho-
tonic material, operable at room temperature [5]. It can also be used in the elaboration
of advanced devices due to its high direct band gap (3.37 eV at 300 K [1]) which is
much advantageous over indirect bandgap semiconductors as they do not involve a
phonon transition to warrant conservation issues and has a major influence on physical
properties of the material such as optical absorption, index of refraction, band struc-
ture, electrical conductivity and also makes ZnO an efficient emitter. It shows a high
transparency for short wavelength applications from blue to UV spectral range and has
been widely used in the manufacture of transparent thin film transistors, where a layer
of light exposure protection is unnecessary since ZnO-based transistors are insensitive
to visible light. The low absorbance of visible light and improved conductivity after
doping puts ZnO in the category of the best transparent conducting materials and of
great applicability for solar cells, transistors, nanogenerators, diodes, LED’s of various
colors (green, blue, red and white), UV photodetectors, UV blue laser diodes, flat panel
displays, optical waveguides, transparent electrodes, and many more [5]. In addition,
the larger surface to volume ratio of nanocrystalline ZnO makes it a good candidate
for gas sensing as well as heterogeneous catalysis [6]. 1-D ZnO nanostructures (rods,
fibers, tubes, wires, ribbons) are of special interest due to their unique catalytic, elec-
tronic, optical, thermal, and photonic properties intrinsically associated with their low
dimensionality and quantum confinement effects [7]. Finally, ZnO doped with tran-
sition metals and rare earth ions has found applications in spintronics, non-volatile
memory devices, optoelectronics, spin light-emitting diodes, sensors and photocata-
lysts [8].
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2.2 Transition Metal and Rare Earth Dopant Ions

The transition metal (TM) elements belong to d-block, sorted under 3-12 of the peri-
odic table with an incomplete d orbital. The exceptions are zinc, cadmium, and mer-
cury, as they have a filled d shell with the electronic configuration of d10s2. Typically
3d electrons have small total magnetic moments per atom due to quenched orbital mo-
mentum. These elements behave as paramagnetic (PM) since their filled d sub-shells
prevent the d–d bonding [9]. However, their substitution or alloying with other transi-
tion metals with incomplete d shell in a crystalline compound may result in different
magnetic and optical properties. Thus, intentional transition-metal doping of ZnO with
Fe, Co, Ni or other TM was motivated by the possibility of obtaining ferromagnetism
at room temperature which finds a wide application in spintronics, magnetic switches,
magnetic sensors, and many others. The results are very controversial and depend
very much on the synthesis conditions. Numerous publications report that Zn1−xMxO
(where M = transition metal ion and x = dopant concentration) is indeed a ferromag-
net at room temperature. At the same time, other publications deny the existence of
any long-range ferromagnetic order with increasing frequency. The confusing situa-
tion calls for a critical and detailed analysis. Then, the research work on the transition
metal ion doped to obtain magnetic properties and understand the spin exchange con-
cept is under developing [7]. Different reports have been presented to study the effects
of the TM doping in the ZnO matrix, and thus different magnetic responses have been
reported. Anghel et al., correlates the saturation magnetization, bandgap, and lattice
volume of Zn1−xMxO (M = Cr, Mn, Fe, Co, and Ni) nanoparticles synthesized by a
chemical process [10]. Balti et al. [11] studied the effect of substitution of Zn2+ ions
in Ni- and Co-doped ZnO in order to understand correlations between the structural,
optical, and magnetic proprieties. In 2006, Benjamin et al. reported the production
of anisotropic Zn1−xMxO nanowires (average nanowire diameter about 35 nm and a
length ranging from 80–160 nm) by the thermal decomposition of zinc acetate and
dopant acetate in refluxing trioctylamine [12]. The substitution of Co for Zn cations
results in complex magnetic behavior that cannot be modeled by a simple coexistence
of paramagnetism and ferromagnetism. In 2017, Kumar et al. [13] reported the study
of the ferromagnetism in Ni-doped ZnO nanostructures by a systematic correlation
among the structural, optical and magnetic properties. Using X-ray absorption spec-
troscopy they proposed that Ni incorporate into the ZnO wurtzite matrix and shows
2+ oxidation state. Recently, different behaviors have been obtained for Co-doped
ZnO samples; Buchner et al. [14] have found pinned antiferromagnetic (AFM) mo-
ments giving rise to the magnetization and; Henne et al. [15] and Ney et al., [16] have
reported exchange-bias-like effect and coalescence-driven magnetic order of the un-
compensated antiferromagnetism in Co-doped ZnO. Careful studies showed that sec-
ondary phases were often present in transition-metal-doped ZnO. For example, Kaspar
et al. [17] used X-ray absorption fine structure to identify ferromagnetic CoZn phases
in ZnO:Co thin films. Techniques such as transmission electron microscopy and syn-
chrotron X-ray spectroscopies have identified secondary phases in transition-metal-
doped ZnO and other semiconductors [18]. In summary, it has become clear that the
reported ferromagnetism can be caused by a phase-segregated material rather than the
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dopant ions immersed in the ZnO structure. Other interesting behaviors that have been
explored: catalytic and photocatalytic activities due to the addition of Cu and Mn on
ZnO influenced by admixtures on the electronic band structure parameters and also by
the alteration of the adsorption ability on the semiconductor surface [19]. Hydrogen
sensing applications using Ni-doped ZnO [20] and Pd-doped ZnO nanofibers which
exhibit considerable sensitivity, rapid response and good selectivity to a low concen-
tration of carbon monoxide [21] were also reported.

Rare earth (RE) atoms have partially filled f-orbitals which carry high magnetic
moments that can be born on a single ion and may take part in the magnetic coupling as
in the case of TM with partially filled d-orbitals [22]. Although 4f electrons of RE ions
are localized with indirect exchange interactions via 5d or 6s conduction electrons, the
high orbital momentum of 4f electrons leads to high total magnetic moments per atom
(e.g., 7.94 µB for Gd and 9.72 µB for Tb). The colossal magnetic moment reported for
Gd in GaN [23, 24], which can be explained in terms of a long-range spin polarization
of Gd ions in the GaN matrix, have also evoked a great interest in the study of Gd-
doped compounds [25–28] and other RE ions used as the dopants. Furthermore, Qi
et al. [29] studied the magnetic properties of Er-doped ZnO thin films, prepared by
reactive magnetron sputtering, and they reported that Er-doped ZnO thin films are a
mixture of ferromagnetic and paramagnetic phases at room temperature. Er ions are
in trivalent state and the ferromagnetism in the films is caused by the substitution of
Zn2+ ions by Er3+ ions into ZnO lattice, due to an increase in the number of erbium
ions occupying adjacent cation lattice positions, which are antiferromagnetic coupled
with each other.

In relation to the optical properties, semiconducting materials doped with RE ele-
ments such as La, Nd, Sm, Eu, Er, Tb, and Gd have received great research interest
because of their important applications in optoelectronics as emitters in the visible
wavelength region [30]. RE doped ZnO is a significant material in optoelectronic de-
vices for an efficient energy transfer from ZnO host to RE ions. There are two main
factors leading to the stable and sharp luminescence in RE elements in a semicon-
ductor host: one is that the 4f orbital of RE ions is shielded by the outer 6s, 5p and
5d orbitals, which weakens its coupling with the surrounding ligands yielding a num-
ber of discrete energy levels that are only slightly perturbed by the crystal field when
compared to the free-ion energy levels [8]; the other is that the f-f transitions are parity
forbidden; thus, resulting in small absorption cross-sections, but the initial efforts of in-
corporating RE ions into Si and other narrow bandgap semiconductors suffered severe
limitations due to the solubility constraints and the thermal quenching. On the other
hand, RE-doped ZnO compounds have been investigated most intensely because of the
unique luminescent properties resulting from its stability and high emission quantum
yields [8, 31–34]. According to Yogamalar et al., [7] the doping of ZnO with RE ions
is difficult due to large differences in ionic size and charge between the RE dopant
ion and Zn2+ and; an inappropriate energy level position of RE ion relative to the va-
lence band (VB) and conduction band (CB) of ZnO. However, the growth mechanisms
are systematically studied to obtain RE doped ZnO with specific properties using dif-
ferent physical and chemical methods. There are some pioneering works, such as Tb
nanoclusters in Tb implanted ZnO single crystals [35], ZnO:Tb nanorod bundles [36]
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with superparamagnetism behaviour and Tb doped ZnO nanostructures studied for a
new type of green phosphor with interesting photoluminescence properties [36, 37].
In 2014, Kumar et al. [8] studied the effect of the incorporation of Tb3+ ions on some
properties of ZnO nanophosphors in terms of luminescence and band gap energy. To
the best of our knowledge, it is one of the few reports based on ZnO NCs doped with Tb
ions, especially, for the study of the optical properties. However, a systematic and well-
detailed study of the overall properties using XAFS technique has not been reported
for Tb-doped ZnO NCs yet. RE-doped semiconductors are technologically important
materials in optoelectric devices [38, 39] and; therefore, it is interesting to investigate
the local structure, electronic structure and magnetic properties of Tb-doped ZnO NCs.

2.3 Intrinsic Defects of Zinc Oxide

The intrinsic or native point defects commonly formed in ZnO are zinc interstitials Zni,
oxygen interstitials Oi, zinc vacancies VZn, oxygen vacancies VO, zinc antisites ZnO
and oxygen antisites OZn. In the hexagonal (wurtzite) ZnO structure exists two differ-
ent interstitial sites: the tetrahedrally and the octahedrally coordinated sites. In ZnO,
the octahedrally coordinated interstitials (i.e., Zni and Oi) have lower defect formation
energies than the tetrahedrally coordinated interstitials [40].

The dominant native donors are the VO and Zni. The ZnO defect in ZnO can also
be a relevant donor, although its formation energy is always higher than that of Zni.
However, it is thermally more stable than Zni. So if ZnO is once created by a non-
equilibrium process (e.g., irradiation), it is expected to be a donor type. The formation
of these donor levels is especially probable if the Fermi energy (FE) is equal to the VB
maximum, EV . The VO is a deep donor defect (predicted to be 0.5–1 eV below the CB
minimum, EC) and; therefore, do not contribute to the free electron concentration. The
main native acceptor in ZnO is the VZn. Its transition level energy is with 0.11 eV above
EV or 0.8 eV above EV depending on its transition state. The Oi is a deep acceptor
defect and its formation energy is higher than that of VZn. Among the native point
defects of ZnO, OZn has the highest defect formation energy even for oxygen-rich
conditions and it is considered as a deep acceptor [7].

Photoluminescence (PL) spectroscopy has been used for many years to study
the emission bands of semiconductors. Undoped ZnO usually presents two emission
bands: a short-wavelength band near the fundamental absorption edge and broad long-
wavelength band—the maximum of which usually lies in the green spectral range. Red
emission bands can be observed when doped ZnO with TM and RE ions [33, 41].

Some authors have suggested that the Zn vacancy can give rise to green lumines-
cence which is one of the ZnO emissions widely debated in the literature. They have
calculated the transition level between the -1 and -2 charge states which occurs at
0.9 eV above the VB maximum [42–44], and hence a transition between the CB (or
a shallow donor) and the VZn acceptor level would give rise to luminescence around
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2.5 eV. A strong evidence in favor of zinc vacancies being the source of green lu-
minescence has been provided by some experiments [45, 46], which have reported
strong passivation of the green luminescence by hydrogen plasma treatment. This ob-
servation is consistent with the green luminescence being caused by zinc vacancies,
which act as acceptors; these acceptors can be passivated by hydrogen, which acts as
a donor [44, 47]. The Zn vacancy is also a likely candidate because it is an acceptor-
type defect: acceptor defects are more likely to occur in n-type material, and most ZnO
materials to date have exhibited unintentional n-type conductivity [48].

Using electron paramagnetic resonance (EPR) measurements, the four possible cen-
ters can be distinguished as follows: (i) Zni as an interstitial has the electron configura-
tion ending with 4s2, and hence it is diamagnetic. Therefore, it is impossible to detect
Zni defect centers by EPR. External effects (light, thermal) are required to transfer an
electron into the CB of ZnO (Zn+i + e). A so-generated paramagnetic Zn+i state can
only be detected by EPR when the electronic wave functions of various Zn+i centers
do not overlap. (ii) Oxygen on interstitial sites (Oi) has possible electron configura-
tions ending with 2p4, 2p5 and 2p6, giving Oi, O−i and O2−

i , respectively. The O2−
i

state is diamagnetic and; therefore, cannot be observed by EPR. The Oi state with the
2p4 configuration assumes a triplet multiplicity. The O−i state with the 2p5 electron
configuration is a paramagnetic center, which can be easily detected by EPR. On the
other hand, the interaction of this paramagnetic defect with other diamagnetic defects
of ZnO has to be taken into account [49]. (iii) Oxygen vacancies are intrinsic donors
in ZnO and occur in three different charge states: (1) The diamagnetic oxygen vacancy
that does not trap any electron with respect to the lattice results in a doubly positively
charged vacancy and can be assigned as VO. It has Zn2+ ions in its neighborhood, and
there are no unpaired electrons left so that it is diamagnetic. (2) The oxygen vacancy
with a trapped electron is designated V •O (also referred to as F-centers, such a vacancy
tends to absorb light in the visible region, because of that a material that is usually
transparent becomes colored). This vacancy results from the reduction by one electron
from the CB, so that it is positively charged with respect to the lattice, paramagnetic,
and consequently observable by EPR. Because VO is a very shallow donor [50], it is
expected that most oxygen vacancies will be in their paramagnetic V •O state under flat
band conditions between 294 and 4.3 K [51]. (3) Finally, the vacancy-designed V ••O
is neutral with respect to the lattice and captures two electrons. The V ••O defect center
is diamagnetic if the spins of both electrons captured in the vacancy somehow com-
pensate each other. If they do not, then one may expect the existence of a triplet state,
which is EPR active as well but shows significantly broadened signals [51].
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Chapter 3
Synthesis and Experimental Techniques

In this section, we describe the synthesis and experimental techniques used in this
thesis to study the structural, electronic, optical and magnetic properties of the mag-
netic ions-doped ZnO NCs. We first explain, briefly, the sol-gel syntheses process to
obtain the samples. Then, we introduce the structural, morphological and electronic
structure characterization techniques: X-ray diffraction (XRD), high-resolution trans-
mission electron microscopy (HRTEM) and X-ray photoelectron spectroscopy (XPS).
An overall description of the mean features of the synchrotron radiation, beamline
facilities and, especially, on the X-ray absorption mechanisms: X-ray absorption near
edge spectroscopy (XANES) and extended X-ray absorption spectroscopy (EXAFS)—
to study the local and electronic structure of the nanocrystals, is included. Finally, the
experimental techniques used to study the optical and the magnetic properties i.e.,
photoluminescence, electron paramagnetic resonance (EPR) and SQUID-based mag-
netometry are presented.

3.1 Synthesis of ZnO Nanocrystals

3.1.1 Synthesis—The Sol-Gel Process

The sol-gel method is a versatile method useful for preparing metal oxides. Stoichio-
metric and homogeneous control of the doping is easily achieved. Since liquid pre-
cursors are used, it is possible to obtain a range of shapes (e.g., thin film, fibers and
monoliths, etc.) without the need for machining or melting. The precursors such as
metal alkoxides, with very high purity, make it easy to fabricate materials with high
quality and cost-effective and the temperature required during the process is low and
no vacuum facilities are needed.

The sol-gel process means the synthesis of an inorganic network by a chemical re-
action in solution at low temperature. Starting from molecular precursors, an oxide
network is obtained via inorganic polymerization reactions [1]. The most obvious fea-
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tures of this reaction, the transition from a liquid (solution or colloidal solution) into
a solid (di- or multiphasic gel) led to the expression "sol-gel process". This type of
reaction, of course, is not necessarily restricted to an aqueous system, but aqueous
reactions like these have been known for a very long time. These reactions mainly
occur in solutions and the term "sol-gel processing" is often broadly used to describe
the synthesis of inorganic oxides by wet chemical methods. It offers many advantages
compared to the conventional "powder" route, such as lower temperature processing
or better homogeneity for multi-component materials [2].

The sol-gel chemistry is based on inorganic polymerization reactions. Two routes
are usually described in the literature depending on whether the precursor is an aqueous
solution of an inorganic salt or an alkoxide in an organic solvent [3]. In both cases, the
reaction can be described as follows:

(i) Hydroxylation of the precursor leading to the formation of M–OH bonds: the
hydroxylation of inorganic precursor is performed via a pH modification of the aqueous
solution leading to the protonation of anionic oxo-ions:

MOx−
n +H+ � HMO(x−1)−

n

or the deprotonation of cationic aquo-ions:

M(OH2)
z+
n � [M(OH)(OH2)n−1]

(z−1)++H+

The hydroxylation of alkoxides is simply performed via hydrolysis by adding water:

M(OR)n +H2O � [M(OH)(OR)]n−1 +ROH

(ii) Condensation: a polycondensation process follows the hydroxylation reaction
leading to the departure of a water molecule:

H
OH H2O O

/ \ / \
M + M → M M Olation

\ / \ /
OH2 HO O

H

M−OH +M−OH→M−O−M+H2O Oxolation
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or an alcohol molecule:

M−OH +M−OR→M−O−M+ROH

In both cases hydroxy or oxygen bridges are formed leading to condensed species.
At the end of the process, all oxygen atoms are bridging oxygen and a hydrated oxide
network is obtained [4]. Inorganic networks can also be built up by other chemical
reactions—from the vapor phase or by high-temperature processes like melting.

For the synthesis of our NCs, absolute ethanol (CH3CH2OH, 99.95%, Vetec) was
used as synthesis and washing solvent; zinc acetate dihydrate (Zn(CH3CO2)2*2H2O,
99.999%, Sigma-Aldrich) as Zn precursor; Sodium hydroxide (NaOH, ACS reagent,
≥97.0%, Sigma-Aldrich) to perform the hydrolysis and Nickel(II) acetate tetrahydrate
(Sigma-Aldrich), Cobalt(II) acetate tetrahydrate (99.999%, Sigma-Aldrich) and Ter-
bium (III) acetate hydrate (Sigma-Aldrich) as doping precursors.

3.1.2 Preparation of the Precursor and Ethanolic Base

The ZnO precursor was prepared from an ethanolic solution (0.101 M) of zinc acetate
(Zn(CH3CO2)2*2H2O)—kept under a thermal bath at 60 ◦C for 30 min, with continu-
ous stirring. The base used in the hydrolyzing and condensation reaction of the derived
precursor for ZnO formation were prepared from an ethanolic solution of (0.552 M)
NaOH under a thermal bath at 60 ◦C for approximately 30 min to solubilize the base.
These solutions were then cooled to room temperature and stored in a freezer at -10 ◦C,
before use.

3.1.3 Samples Preparation

Nanocrystalline ZnO was synthesized at 45 ◦C by the addition of an ethanolic solu-
tion of sodium hydroxide (NaOH) to zinc acetate dihydrate (Zn(CH3CO2)2*2H2O)
dissolved in ethanol. In a typical preparation, 50 mL of 0.552 M NaOH in ethanol was
added to a 50-mL solution of 0.101 M Zn(CH3CO2)2*2H2O in ethanol under constant
stirring. The addition was done at 10 ◦C and kept for 15 min at this temperature to
avoid sudden reaction and growth of the nanocrystals [5].

Then, the temperature was increased to 45 ◦C which was kept constant for 2 hours.
The doping was achieved by adding the Ni, Co or Tb precursor to the ZnO precursor
solution. In our doping experiments, the concentration of zinc ions was reduced to keep
the total initial concentration of metal ions constant. In this way, nanocrystals may be
precipitated by centrifugation at 3000 rpm during 10 min, subsequent washing process
with ethanol and resuspension in ethanol. Aggregates of Ni-, Co-, and Tb-doped ZnO
NCs were obtained by simply allowing the solvent to evaporate from a concentrated
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ethanol solution at 60 ◦C in a furnace and further thermal treatment at 250 ◦C during
2 hours.

Samples with different compositions were finally synthesized and used to obtain the
different measurements presented in this thesis. The samples were named depending
on the dopant and concentration, see Table 3.1.

Table 3.1 Synthesized samples

Dopant Concentration
(mol%)

Sample name

— 0 ZnO

Ni 1 ZnO:Ni1
3 ZnO:Ni3
5 ZnO:Ni5
10 ZnO:Ni10

Co 1 ZnO:Co1
3 ZnO:Co3
5 ZnO:Co5
10 ZnO:Co10

Tb 1 ZnO:Tb1
3 ZnO:Tb3
5 ZnO:Tb5
10 ZnO:Tb10

3.2 Structural Characterization

3.2.1 X-ray Diffraction

The X-ray diffraction measurements were made in collaboration with Dr. Marcelo
Sousa at the Faculty of Ceilândia - University of Brasilia, using a Rigaku Miniflex 600
X-ray diffractometer with CuKα radiation. The data were collected from 10 to 90 ◦,
with a step size fixed at 0.05 ◦ and a rate scan of 1.5 ◦/min—at room temperature.
The NIST SRM640d standard Si were used to determine the instrumental linewidth.
The profile peak shape was described using a Thompson-Cox-Hastings (TCH) pseudo-
Voigt function: convolution of a Gaussian (HG) and a Lorentzian (HL) shapes [6], with
an additional term which accounts for anisotropic particle size broadening effects. The
Full width at half maximum - FWHM (H) was easily obtained using the numerical
approximation provided by TCH relation (Eq. 3.1) and the integral breath (β ) of the
Voigt function is then calculated using the Eq. 3.3 of the pseudo-Voigt approximation,
through the previous calculation of (H) and η using the Eq. 3.1 and 3.2.
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H5 = (H5
G +2.69269H4

GHL +2.42843H3
GH2

L +4.47163H2
GH3

L +0.07842HGH4
L +H5

L)
(3.1)

η = 1.36603
HL

H
−0.47719

(
HL

H

)2

+0.11116
(

HL

H

)3

(3.2)

β =
πH/2

η +(1−η)
√

πln2
(3.3)

The volume of the unit cell for the hexagonal system has been calculated using the
following relation [7]:

V = 0.866a2c (3.4)

The Rietveld refinement was performed using the fourth function of GSAS pack-
age [8, 9] and, to deal with preferred orientation, the 8th order for the spherical har-
monic correction (Orientational Distribution Function) was used. The crystallite size
was estimated using the Scherrer’s relation: Dp = kλ/βcosθ , where Dp is the aver-
age crystallite size in Å, λ is the wavelength of CuKα radiation (1.5418 Å), k is the
Scherrer’s constant (∼ 1), β is the integral breadth of the peak, and θ is the diffraction
angle.

3.2.2 Transmission Electron Microscopy

The transmission electron microscopy (TEM) is a technique whereby an electron beam
is transmitted through an ultra-thin specimen to form an image. As a consequence of
the small de Broglie wavelength of electrons, TEMs are capable of imaging at a signif-
icantly higher resolution than light microscopes. This enables to examine structures as
small as a single column of atoms. This technique usually combines the high resolu-
tion imaging with elemental microanalysis and electron diffraction, so that a complete
characterization of the shape, size, chemical composition and crystalline structure of
nanoparticulate materials is achieved. In a TEM microscope, an electron gun located at
the top of it emits the electrons by thermionic or field emission. These electrons travel
through the vacuum in the column of the microscope where electromagnetic lenses fo-
cus them into a very thin beam. The electron beam then travels through the specimen
to study. At the bottom of the microscope, the image is formed on the image plane
of the objective lens from the unscattered electrons. Then, projector lenses form the
images on a screen or charged coupled device (CCD) camera [10].

The interaction between electrons and matter is much stronger than that with visible
light; then, one of the main requirements for applying this technique is that the sam-
ple must be thin enough—thickness below 100 nm—for electrons to pass through. It
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exists a variety of procedures to prepare samples for TEM observation, depending on
the kind of materials and their nature. In this case, the samples were quickly prepared
by the deposition of a diluted sample containing the specimen onto Cu support grids.
Individual particle size for the pure ZnO NCs was obtained by digital processing the
taken images using the ImageJ software and they were used to mount the histogram of
the particle size distribution according to the Sturges method. A log-normal distribu-
tion function was used to fit the histogram. The probability density of a log-normally
distributed variable D is given by:

y =
1√

2πσD
exp
{
− ln2(D/D0)

2σ2

}
(3.5)

where σ is the standard deviation of the log of the distribution, D0 is the median
and < D > (= D0 exp

(
σ2/2

)
) the mean value [11].

The interplanar distances were measured from the Fourier transform of the high-
resolution TEM images with the help of the ImageJ software.

3.2.2.1 JEOL JEM 2100 TEM

The JEOL JEM 2100 field emission microscope of the ”Laboratório Multiusuário de
Microscopia de Alta Resolução (LabMic)” at the Federal University of Goiás, was used
to obtain the images of the nanocrystals that we show in this thesis. This microscope
operates at acceleration voltage up to 200 kV and it is implemented with a Thermo-
Noran energy dispersive X-ray spectrometer (EDS). Ultrahigh TEM resolution as high
as 0.19 nm enables to perform an observation at atomic resolution. Its high-resolution
performance is then complemented by the ability to perform chemical microanalysis
from sub-nanometre areas.

3.2.3 X-ray Photoelectron Spectroscopy

The XPS technique is very sensitive to chemical species; the peak positions depend
on the local structure of the atoms and provide the information about the chemical
state. The spectra shown in this thesis were obtained at the Brazilian Nanotechnology
National Laboratory (LNNano), using a multiuser purpose XPS spectrometer (XPS,
Thermo ScientificTM K-AlphaTM) equipped with AlKα (1486.71 eV) X-ray monochro-
matic source. Before to analyze the data all the binding energies were corrected us-
ing the hydrocarbon component set at 284.8 eV and the inelastic noise of the O1s,
Zn2p, Ni2p, and Tb3d spectra were subtracted using the Shirley method. Then, the
spectra were deconvoluted with Voigtian-type functions, which combine Gaussian and
Lorentzian profiles.
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3.3 X-ray Absorption Spectroscopy Using Synchrotron Radiation

Elemental selectivity is one of the main features of X-ray absorption spectroscopy
(XAS), which makes it suitable to analyze problems of different nature. XAS spec-
troscopy using a synchrotron radiation source is a powerful tool to determine the local
structure of a specific atom and the electronic structure, regardless of the physical state
of the sample. X-rays are ionizing radiation with sufficient energy to eject (or remove)
a core electron (tightly bound) from an atom during an interaction. Each core-shell
has a specific binding energy, and thus if one plots X-ray absorption as a function of
energy, the spectrum for any atom resembles the X-ray absorption spectrum shown in
Fig. 3.1. When the X-ray energy is scanned through the binding energy of a core shell,
there is an abrupt increase in the absorption cross section. This gives rise to a so-called
absorption edge, with each edge representing a different core-electron binding energy.
The absorption edges are named according to the principal quantum number of the
electron that is excited: K for n = 1, L for n = 2, M for n = 3, etc. The core-electron
binding energy increases with increasing atomic number, ranging from 284 eV for the
C K edge to 115606 eV for the U K edge, with the L edges at significantly lower en-
ergies than the corresponding K edge (e.g., 270 eV for the Cl L1 edge, 20948 eV and
17166 eV for the U L2 and L3 edges, respectively. The L edge is composed in fact by
three distinct L edges, named L1, L2, and L3 according to the decreasing energy. L1
corresponds to the excitation of a 2s electron. The 2p excitation is split into two edges,
L2 and L3, as a consequence of the spin-orbit coupling energy of the 2p5 configura-
tion that is created when a 2p electron is excited. The higher energy of the 2p5 excited
states is the 2P1/2 term. It gives rise to the L2 edge. At lower energy is the L3 edge,
corresponding to the 2P3/2 excited state. Due to degeneracy, the L3 edge has twice the
edge jump of the L2 and L1 edges [12, 13].

The X-ray absorption spectrum is typically divided into two regions: X-ray absorp-
tion near-edge spectroscopy (XANES)—typically within 30 eV of the main absorp-
tion edge, and extended X-ray absorption fine-structure spectroscopy (EXAFS) which
spans the 30–2000 eV above the edge, as shown in Fig. 3.1. Though the two have
the same physical origin, this distinction is convenient for the interpretation. EXAFS
results from the interference in the single scattering process of the photoelectron scat-
tered by surrounding atoms and provides information about the coordination number,
the nature of the scattering atoms surrounding the absorbing atom, the interatomic dis-
tance between absorbing and backscattering atoms, and the Debye-Waller factor which
accounts for the disorders due to the static displacements and thermal vibrations. The
XANES region provides information about oxidation states, vacant orbitals, electronic
configuration, and site symmetry of the absorbing atom (e.g., octahedral or tetrahe-
dral coordination geometry). The XANES spectra may have pre-edge peaks related
to the electronic transitions taking place between the different shells. The strength of
such pre-edge peaks strongly depends on the coordination geometry around the ab-
sorbing atom and can, therefore, be used as an indication of geometrical changes. As
we mention, the basic physical description of these two regimes is the same, but some
important approximations and limits allow us to interpret the extended spectra in a
more quantitative way than is currently possible for the near-edge spectra.
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Fig. 3.1 X-ray absorption spectrum: XANES and EXAFS regions

For the EXAFS, we are interested in the oscillations well above the absorption edge,
and we define the EXAFS fine-structure function χ(E) as:

χ(E) =
µ(E)−µ0(E)

∆ µ0(E)
(3.6)

Where µ(E) is the measured absorption coefficient, µ0(E) is a smooth background
function representing the absorption of an isolated atom, and ∆ µ0(E) is the measured
jump in the absorption µ(E) at the threshold energy E0.

EXAFS is best understood in terms of the wave behavior of the photoelectron cre-
ated in the absorption process. Because of this, it is common to convert the X-ray en-
ergy to k, the wave number of the photoelectron, which has dimensions of 1/distance
and is defined as:

k2 = 2m(E−E0)/h̄2 (3.7)

Where E0 is the absorption edge energy and m is the electron mass. The primary
quantity for EXAFS is then χ(k), the oscillations as a function of photoelectron wave
number, and χ(k) is often referred to simply as “the EXAFS”. The different frequen-
cies apparent in the oscillations in χ(k) correspond to different near-neighbor coordi-
nation shells which can be described and modeled according to the EXAFS Equation,
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χ(k) = S2
0 ∑

i
Ni

fi(k)
kR2

i
e−2Ri/λ (k)e−2k2σ2

i sin(2kRi +ϕi j(k)) (3.8)

where fi(k) and ϕi j(k) are scattering properties of the atoms neighboring the excited
atom, Ni is the number of neighboring atoms, Ri is the distance to the neighboring
atom, σ2

j is the disorder in the neighbor distance known as Debye-Waller factor, and
S2

0 is the amplitude reduction due to many-body effects. The term exp(−2Ri/λ (k)) is
due to inelastic losses in the scattering process, with λ (k) being the electron mean free
path. Though somewhat complicated, the EXAFS equation allows us to determine N,
R, and σ2 knowing the scattering amplitude f (k) and effective scattering phase shift
ϕ(k) for each path [13, 14] (see Appendix A for further details).

3.3.1 XAFS1 and XAFS2 Beamlines at the LNLS

The XAFS experiments on the samples studied here were performed in collabora-
tion with Dr. Santiago Figueroa at the general purpose X-ray absorption spectroscopy
XAFS1 (D08B (15◦)) and XAFS2 beamlines at the LNLS. Those beamlines are dedi-
cated to XAFS experiments in the hard X-rays energy range (3.5 to 17.0 keV), coming
from a bending magnet. A schematic diagram of a conventional XAFS beamline, as
D08B (15◦), is shown in Fig. 3.2. The white beam delivered by the bending magnet
source was monochromatized by using a fixed-exit double-crystal Si(111) monochro-
mator operated in flat crystal mode. Two Rh-coated cylindrical mirrors were used for
harmonics rejection. The first Rh-coated cylindrical mirror which sends a parallel syn-
chrotron beam onto the two flat Si(111) double crystal monochromator and the second
Rh coated toroidal bendable mirror refocuses the monochromatic beam, in the sam-
ple position, to a low eccentricity ellipse of approximately 450 µm in diameter. The
typical photon flux, in the sample position, for standard beam size and the current
ring is around the 109 photon/s. The details of the beamline have been described else-
where [15]. For the present work, each sample in powder state was dissolved in iso-
propyl alcohol and embedded in a cellulose matrix. The concentration was adjusted to
yield an extinction of 1.5. The prepared pellets were encapsulated by Kapton tape and
mounted on to sample holders for the EXAFS measurements. Zn K-edge XANES and
EXAFS measurements were done in the XAFS1 beamline in transmission mode and
the energy was calibrated using standard Zn foil. Ni, Co, and Tb atoms were measured
at the Ni K-, Co K-, and Tb L3-edge in fluorescence mode in the XAFS2 beamline
and calibrated using standard Ni and Co. XAFS spectra were measured at room tem-
perature up to 1000 eV above the edge with a constant energy step of 0.3 eV in the
XANES region, energy steps increasing from 2 to 5 eV in the EXAFS region, and an
integration time of 3 s/point. For each sample, two spectra were averaged—four in the
case of the Ni K-, Co K-, and Tb K-edge, in order to improve the signal-to-noise ratio.
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The data were handled using the Athena interface of the Demeter package. For
the analysis of the EXAFS data, the energy-dependent absorption coefficient µ(E)
has been converted to the energy-dependent absorption function χ(E), and then to
the wavenumber-dependent absorption coefficient χ(k). Finally, the k2-weighted χ(k)
spectra were Fourier-transformed in R space to generate the χ(R) versus R spectra in
terms of the real distance from the center of the absorbing atoms. The analysis of the
EXAFS data has been carried out following the standard procedures using the Artemis
and IFEFFIT software package (see Appendix A).

3.4 Photoluminescence Measurements

Photoluminescence measurements were performed in collaboration with Dr. Marcio
Daldin at the experimental facilities of the Semiconductor Nanostructures Group - De-
partment of Physics at the University of São Carlos 1. The photoluminescence system
is composed by the excitation of a Helium-Cadmium laser (Kimmon-Koha company),
with emission lines at 325 and 442 nm. This laser is coupled in multi-mode optical
fibers with 105 µm core diameter and 0.22 numerical aperture (Thorlabs M111L02)
through high precision optomechanical couplers. These fibers are of the solarization
resistant type, chosen to be able to guide light in the ultraviolet region without degra-
dation and emission of fluorescence by the materials that compose them. They are
also customized with FC/APC type connectors to eliminate back-reflection effects of
the beam within the laser itself. For these measurements, a sample-holder with small
holes of 1 mm in diameter and depth was used. The samples were placed and lightly
pressed on the holes to obtain a good mechanical adhesion and consequent heat ex-
change. Then, the sample-holder was placed inside a helium closed cycle cryostat im-
plemented with a temperature controller (Lakeshore 335) that allows variation from
10 to 300 K. An optics specially designed for these types of measurements was de-
signed to operate with the use of optical fibers. The fiber-guided laser is collimated by
a quartz lens with a focal length of 50 mm and a diameter of 25.4 mm, and focused on
the sample by another lens of the same diameter and focus of 100 mm, both positioned
at a 45-degree angle in relation to the sample. We have a sample focused laser spot of
approximately 200 µm in diameter. The luminescence collection optics are positioned
in front of the cryostat window, where a 25.4 mm diameter 50 mm focus lens colli-
mates the light emitted by the sample, and focused on a second optical fiber (identical
to that of excitation) by a second lens with 25.4 mm of focus, demagnifying the im-
age produced by the sample to the same value of the fiber core, thus ensuring that the
whole cone of light is projected within this fiber. Between the lenses, a bandpass filter
(Semrock LP03-325RE-25) was positioned to absorb the laser scattered and allow only
the passage of luminescence. The luminescence, in turn, was guided by the fiber to the
entrance of a detection system (manufactured by the company Andor), composed by
a spectrometer of 75 cm, a diffraction grating with 150 lines/mm (blaze in 500 nm)
and detected by a CCD silicon detector. At the entrance of the spectrometer, two other

1 http://nanostructures.df.ufscar.br/index.php/en/
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quartz lenses were positioned, one in front of the fiber with a focus of 25.4 mm for
light collimation and a second with a focus of 50 mm for focusing on the spectrome-
ter entrance. Taking the ratio between the foci and the diameter of the fiber, the light
beam is incident on the 200 µm spectrometer slot, which is chosen by opening the
slit. The values of the lens parameters when conjugated are also compatible with the
numerical aperture of the spectrometer so that the CCD chip is completely illuminated
by the light emitted by the sample. Finally, a software in Labview was used to control
the instruments and carry out the measurements. In a simple way, all the necessary
parameters are chosen, and the measurements are performed between the previously
selected temperature range (10 to 300 K in this case), with the chosen step and time of
stabilization between one measurement and other. In this way, a complete temperature
variation for each sample was made with an average time of two and a half hours.

3.5 Electron Paramagnetic Resonance

Among several spectroscopic experiments, the advantage of the electron paramagnetic
resonance (EPR) is its extreme sensitivity to the microscopic environment of the para-
magnetic center. EPR offers an incomparable way to investigate ground states of lo-
calized magnetic impurities and defect centers in the NCs; and, in turn, to deduce
many structural, electronic and magnetic information on these impurities, defects and
the NCs themselves. When the EPR signal is detected it can give precious informa-
tion on the magnetic impurities and their local environment at the atomic scale. If
the nanocrystals are single crystalline and possess a coherent orientation the obtained
information is maximal [16]. Although this technique can distinguish effectively para-
magnetic species of metal particles, it has a special interest when these particles are
diminished to nanoscale such as in the case where nanosized particles exist [17]. Cor-
relation of EPR and optical spectroscopies hence allows one to yield a more complete
insight into defect structures in general and into ZnO in particular [18].

Electron paramagnetic resonance (EPR) measurements have been performed on a
conventional Bruker EMX Plus X-band spectrometer operating at X-band (ν ∼ 9.50
GHz) and using a standard TE102 mode cavity. To perform the measurement, a sample
was hold in a quartz tube. The modulation of the static field (5 and 1G) at a frequency
of 100 kHz was used with a lock-in amplifier to increase sensitivity and record the
derivative of the EPR signal. The measurements have been performed at a temperature
of 100 K with a nitrogen gas flow cryostat.

3.6 SQUID-Based Magnetometry

A magnetometer is an instrument used for the magnetic characterization of materi-
als by measuring the strength and/or direction of magnetic fields. A superconducting
quantum interference device (SQUID) is the most sensitive device available for such
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purposes. It works as an extremely sensitive current-to-voltage converter, so that, when
integrated to a Quantum Design magnetic property measurement system (MPMS), the
complete system is a magnetic flux to voltage transducer. The fact of directly measur-
ing magnetic flux is one of the main advantages of SQUID magnetometry, allowing
to measure moments on the order of 10−7 emu [19]. A picture of the MPMS of the
Magnetic Characterization Laboratory of the Institute of Physics at the University of
Brasilia, which have been used for the magnetic characterization described in this the-
sis, is shown in Fig. 3.3. Schematic of the measurement process of a magnetic sample
in this equipment is displayed in Fig. 3.3. In a MPMS, the SQUID does not detect
directly the magnetic field from the sample since it may be interfered by any flux from
nearby magnetic systems or even the earth’s magnetic field. Instead, a measurement
is performed by moving a sample through a system of superconducting pick-up coils,
two of them with the same sense very closely spaced, and the other two of the op-
posite sense, spaced symmetrically outside. This system is located outside the sample
chamber at the center of the superconducting magnet. As the sample moves through
the coils, the magnetic moment of the sample induces an electric current in the detec-
tion coils. Because of the detection coils, the connecting wires, and the SQUID input
coil form a closed superconducting loop, any change of magnetic flux in the detec-
tion coils produces a change in the persistent current in the detection circuit, which
is proportional to the change in magnetic flux. Since the SQUID is a highly linear
current-to-voltage converter, the variation in the current in the detection coils produces
corresponding variations in the SQUID output voltage. Based on this profile of volt-
age versus position of the sample, given the assumption that the signal is from a point
dipole, the magnetic moment can be determined [20].

Fig. 3.3 (Left) MPMS magnetometer of the Magnetic Characterization Laboratory of the Institute
of Physics at the University of Brasilia and, (right) Schematics of the SQUID-based measurement
system [21].

Magnetic measurements were obtained as a function of the temperature (5–300 K)
and magnetic field (0 to ± 70 kOe) using a commercial magnetometer previously de-
scribed (Quantum Design, MPMS) equipped with a superconducting magnet. Mea-
surements were carried out on tightly packed powder samples placed in a special non-
magnetic sample holder. The data reported here were corrected for the background
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signal from the sample holder which shown a diamagnetic susceptibility. Data analy-
ses were carried out using Python utilities.
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Chapter 4
Structural and Local Structural Properties of
doped ZnO Nanocrystals

In this section, we present a systematic study of the structural and local structural
properties of the pure and doped ZnO NCs systems. The size and composition of the
NCs were changed by varying the concentration of dopant. The effects of the dopants
on the local structure of the particles were studied via X-ray diffraction (XRD), high-
resolution transmission electron microscopy (HRTEM) and extended X-ray absorption
fine structure (EXAFS) measurements.

4.1 X-ray Diffraction Analysis

X-ray diffraction was used to obtain detailed information about the crystalline structure
of the pure and doped ZnO NCs. It is worth to mention that the GSAS-EXPGUI [1, 2]
package was used to refine the diffractograms with the Rietveld method. The fourth
function of the GSAS package and, to deal with a preferred orientation, the 8th order
for the spherical harmonic correction (Orientational Distribution Function) was used.
The lattice parameters and the full width at half maximum (FWHM) of the diffraction
peaks were used to determine the cell volume and the crystallite size (see Chap. 2 for
further details). The Rietveld-refined XRD patterns of the doped ZnO NCs are pre-
sented along with the graphical description of the structural parameters in Fig. 4.1, 4.2
and 4.3. The results of the refined parameters are also provided in Table 4.1. As can
be observed—for nickel, cobalt, and terbium at different concentrations—all the de-
tected peaks resemble the standard Bragg positions of the hexagonal wurtzite structure
(space group P63mc, JCPDS: 36-1451), which have been indicated by the red lines
at the top and bottom of the XRD patterns. This result confirms the formation of the
hexagonal ZnO wurtzite crystal structure. No additional reflections due to secondary
phases such as NiO, CoO, Co2O3, Co3O4, TbO, Tb2O3, Tb3O4, Tb4O7 or Zn–(OH)2
are present. However, within the detection limit of the XRD technique, the existence
of phases containing nickel, cobalt, and terbium in small quantities or small clusters
cannot be completely ruled out.

28
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Fig. 4.1 (Left) Rietveld refinement of the Ni-doped ZnO NCs and, (right) graphical behaviour of the
structural parameters.
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Fig. 4.2 (Left) Rietveld refinement of the Co-doped ZnO NCs and, (right) graphical behaviour of the
structural parameters.
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Fig. 4.3 (Left) Rietveld refinement of the Tb-doped ZnO NCs and, (right) graphical behaviour of the
structural parameters.
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Table 4.1 List of structural parameters of pure and doped ZnO NCs obtained from the XRD patterns
refined with the Rietveld method.

Sample a-parameter
(Å)

c-parameter
(Å)

Cell volume
(Å

3
)

Crystallite size
(nm)

ZnO 3.2506 (2) 5.2109(4) 47.683 (8) 8.5 (2)

ZnO:Co1 3.2507 (2) 5.2104 (3) 47.681 (6) 8.9 (1)
ZnO:Co3 3.2509 (2) 5.2109 (4) 47.691 (8) 7.4 (1)
ZnO:Co5 3.2501 (2) 5.2110 (4) 47.670 (8) 8.1 (1)
ZnO:Co10 3.2490 (4) 5.2136 (7) 47.662 (13) 4.9 (1)

ZnO:Ni1 3.2502 (4) 5.2099 (4) 47.662 (8) 9.6 (1)
ZnO:Ni3 3.2503 (4) 5.2097 (4) 47.663 (8) 8.0 (1)
ZnO:Ni5 3.2494 (4) 5.2139 (4) 47.676 (8) 5.2 (1)
ZnO:Ni10 3.2492 (4) 5.2125 (4) 47.657 (14) 6.4 (2)

ZnO:Tb1 3.2503 (3) 5.2106 (5) 47.67 (1) 6.9 (1)
ZnO:Tb3 3.2496 (4) 5.2089 (6) 47.637 (13) 6.3 (1)
ZnO:Tb5 3.2499 (5) 5.2082 (8) 47.64 (2) 5.7 (2)
ZnO:Tb10 3.2491 (5) 5.2032 (8) 47.57 (2) 7.1 (2)

A more detailed analysis of the X-ray spectra shows that as the dopant concen-
tration increases, the FWHM has an increasing tendency, which, in turn, decreases
slightly the crystallite size—this decreasing trend does not show a monotonic behavior
(see Fig. 4.1, 4.2, 4.3 and Table 4.1). The reduction in the crystallite size is mainly due
to the distortion in the host ZnO lattice by foreign impurities that acts as grain growth
inhibitors; they decrease the nucleation and subsequent growth rate of ZnO NCs [3],
which is in accordance with previous works [4]. In addition, it is established that, as the
particle size decreases, the increasing number of surface and interface atoms generates
stress/strain and concomitant structural perturbations [5]. The substitution of Zn2+ by
other ions produces defects around the dopant due to the difference in size between the
ions so that these defects lead to changes in the stoichiometry of the material [6]. In-
terstitial doping can also cause distortion of the ZnO structure. This is also frequently
associated with an increased concentration of defects [7], especially holes introduced
by the larger ionic radii of rare earth dopant ions. The lattice constants and unit cell
volumes have been calculated using the equations provided in the Chap. 3. Changes in
these parameters were observed due to the incorporation of dopant ions. In Fig. 4.1,
4.2 and Table 4.1 is shown the dependence of the lattice constants on the dopant con-
centration. As observed, the lattice constant “a” shows a decreasing tendency for Ni
and Co and an increasing in c-lattice parameter because of doping. As a result, a de-
creasing tendency of the unit cell volume is determined. The difference in the lattice
constants must be related to the fact that the ionic radii for tetrahedral coordination of
Ni2+ (0.55Å) and Co2+ (0.58Å) are smaller than the ionic radius of Zn2+ (0.6Å) [8].
The cell volume decrease with the increasing of Ni and Co concentration; it suggests
that Zn2+ ions were substituted by dopant ions in the ZnO structure. This trend is ex-
pected for a solid solution regime following the Vegard’s law [9]. M. Arshad et al. [10]
reported similar results in the study of the influence of cobalt dopant in the ZnO matrix
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obtained via sol-gel and, usually, it is considered as an evidence of successful incorpo-
ration of Ni2+ and Co2+ in sites occupied by Zn2+ sites in the ZnO lattice. Here, we
will be a little more cautious about it, before analyzing the other techniques used to
study our samples.

In the case of terbium, the lattice constants and the volume show a decreasing ten-
dency (see Fig. 4.3 and Table 4.1). The structural analysis indicates the shift of the
diffraction peaks to higher angles by increasing the Tb doping. At first, these results
are contrary to what is expected for a substitutional doping. The ionic radius of Tb3+

(0.93 Å) and Tb4+ (0.76 Å) are very different from that of Zn2+ ions. Then, for a sim-
ple substitution of Tb on Zn sites, an increase in the lattice parameters and cell volume
would be expected due to the larger difference. Though the precise mechanism of rare
earth (RE) doping is not well known, the incorporation mechanisms of such elements
in the wurtzite structure appear limited. Another option consists of the insertion of RE
ions in the interstitials sites or non-occupied positions of the ZnO structure: four oc-
tahedral sites with six-fold coordination per unit cell are possible and the maximum
radius of these unoccupied crystallographic positions is 0.88 Å, which is the theoreti-
cal ion size upper limit allowed. Nevertheless, it has never been demonstrated that ions
with larger sizes such as rare earths follow this insertion pathway. Then, the reduction
of the value of parameter “c” with the Tb concentration, despite the substitution of Tb
on Zn sites, can only be explained by the formation of Tb-defect complexes [11].

Flemban et al., [11] have reported these features in Gd-doped ZnO films, which was
corroborated with density functional theory calculations. They have confirmed that Gd-
oxygen vacancy (VO) complexes cause the contraction of lattice constant “c”; whereas
the isolated Zn vacancy (VZn) enlarge “c”. In some vacancy configurations, the pa-
rameter “c” contracts meanwhile the parameter “a” remains constant. Those results
are in line with our results obtained for Tb-doped ZnO NCs. Moreover, the authors
indicated that isolated Gd atoms in substitutional sites (Gdsubs) must enlarge both lat-
tice parameters as expected; therefore, it is expected also for Tbsubs ions. Minimizing
the total energy of a series of configurations constructed in a 72-atom supercell, the
authors showed the parameters of the energetically most favorable values; the VO de-
fects shrink the lattice, counteracting the expansion induced by Gdsubs impurities when
they form Gdsubs–VO and Gd–2VO complexes. Gd–2VO complexes do not modify the
parameter “a”. This result is in line with our XRD results and, furthermore, we be-
lieve that the induced cationic vacancies created by Tb3+ ions in the ZnO structure are
responsible for the shrinkage of the c-axis length. Similar c-axis variations were also
reported in Er-, Gd-, and Ce-doped ZnO systems [4, 12, 13].

4.2 Microscopy Measurements

High-resolution transmission electron microscopy (HRTEM) was used to further in-
vestigate the nanostructures of the samples. The Fig. 4.4 depicts HRTEM images of
the pure ZnO NCs prepared via sol-gel method. Individual particle sizes for the pure
ZnO NCs were obtained by processing the images using the ImageJ software. N = 220
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particles were accounted to mount the histogram distribution using the Sturges crite-
ria. Then, the histogram was fitted to a log-normal function to obtain the mean diam-
eter and standard deviation (see Chap. 3 for more details). The values obtained from
this analysis are shown in Fig. 4.4(d). As observed, the particles show circular- and
elliptical-like shapes with an average size of 8.1 nm and a standard deviation of 0.2
nm. The calculated particle size by this method is in agreement with the crystallite size
estimated from XRD measurements. In addition, the HRTEM images (Fig. 4.4(b) and
4.4(c)), show clear lattice fringes (interplanar distances) of d = 2.6 Å as illustrated
which corresponds well with the d-spacing of (002) planes of wurtzite ZnO. The in-
terplanar distances d = 2.46 and 2.7Å shown in Fig. 4.4(c) were associated with (100)
and (101) planes, respectively. These three different d-spacings are related to the main
Bragg reflections of Zn—as depicted in the XRD patterns showed in Fig. 4.1, 4.2 and
4.3, and they have been observed for all the studied samples.

It was not possible to obtain the particle size distribution of the doped samples due
to agglomeration of the particles. However, it is possible to judge the size of ZnO
NCs intuitionally by using the HRTEM images for Ni- and Co-doped ZnO samples,
Fig. 4.5 and Fig. 4.6, respectively. The results are in general in agreement with the data
calculated from XRD patterns.

In general, the spheroidal shape of NCs is maintained for the doped ZnO NCs re-
gardless of the doping amount. Exceptions are the samples doped with Tb where dif-
ferent shapes are found (see Fig. 4.7 and 4.8). Particles little more elongated than in
the previous cases are the predominant shape.
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Fig. 4.5 High-resolution TEM (scale bar: 5 nm) images: (a) ZnO:Ni3 and, (b) ZnO:Ni10 samples.

Fig. 4.6 High-resolution TEM (scale bar: 5 nm) images: (a) ZnO:Co3 and, (b) ZnO:Co10 samples.
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Fig. 4.7 (a) TEM (scale bar: 50 nm) and, (b) high-resolution TEM (scale bar: 5 nm) images of
ZnO:Tb3 sample.

(a)

Fig. 4.8 (a) TEM (scale bar: 50 nm) and, (b) high-resolution TEM (scale bar: 5 nm) images of
ZnO:Tb10 sample.
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4.3 EXAFS Measurements

X-ray absorption fine structure (EXAFS) spectra for Ni-, Co-, and Tb-doped ZnO sam-
ples series were measured at the Zn K-edge (9659 eV) using Si(111) and Si(220)
channel-cut crystal monochromators in the XAFS1 beamline at the Brazilian Syn-
chrotron Light Laboratory (LNLS). The measurements were performed at room tem-
perature in transmittance detection mode. ZnO standard was also measured as a refer-
ence at the Zn K-edge.

4.3.1 Zn K-edge Results

When the size of ZnO becomes nanometer scale, the local structures around Zn are ex-
pected to be different from those of the bulk counterpart because of the size effect,
structural distortion, and disorder. The local structural properties around the probe
atom can be obtained by looking at the oscillations (EXAFS) above the X-ray ab-
sorption edge of the probe atom [14]. The maximum and minimum of ZnO EXAFS
spectrum oscillations (see Fig. 4.9(a)) match well with those related to ZnO standard,
which indicates little structural differences between the pure ZnO NCs and ZnO stan-
dard. For doped ZnO samples (see Fig. 4.10, 4.11 and 4.12), it was observed the same
overall features in comparison to those spectra of ZnO standard and pure ZnO NCs.

For a detailed analysis of local structure, the k2χ(k) signals were Fourier trans-
formed to R-space with a Kaiser-Bessel window in the 3-13 Å

−1
k-range, as shown in

Fig. 4.9, 4.10, 4.11 and 4.12(c). The first (R = 1.6Å) and the second peak (R = 3Å) for
the undoped ZnO NCs can be attributed to 4 oxygen and 12 zinc atoms located around
a zinc atom, respectively. The intensity of the peaks is mainly related to the number of
neighbors. Considering the peak relative to Zn–O contributions, the first oxygen neigh-
bors remain almost unchanged, and both the distance and the intensity are compatible
with the presence of tetrahedrally coordinated oxygen atoms around Zn atoms when
compare with the ZnO standard (see Fig. 4.9(c)). The decrease in intensity observed
for the peak centered at 3 Å, which is related to the Zn–Zn neighbors, was assigned to
the decrease in the number of Zn neighbors around the absorber atom and, therefore, it
can be interpreted as the presence of zinc vacancies [15, 16]. A similar trend has been
observed in the Zn–Zn contributions for doped ZnO NCs. As previously pointed out,
it’s attributed to a change in the coordination number of Zn atoms.



4.3 EXAFS Measurements 39

9.7 9.8 9.9 10.0 10.1 10.2 10.3

Energy (keV)

N
o
rm

a
liz

e
d
 A

b
so

rp
ti

o
n
 (

a
. 
u
.) (a)

ZnO as-prepared

ZnO standard

0 2 4 6 8 10 12 14

Wavenumber (Å −1)

k
3
χ
(k

)(
A
−

3
)

(b)

0 1 2 3 4 5 6

Radial distance (Å)

|χ
(R

)|(
A
−

4
)

(c)

Zn-O

Zn-Zn

Fig. 4.9 (a) Zn K-edge EXAFS spectra of ZnO NCs and ZnO standard, (b) k3-weighted χ(k) signal
and, (c) their respective Fourier transform magnitude spectra.
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Fig. 4.10 (a) Zn K-edge EXAFS spectra of Ni-doped ZnO NCs, (b) k3-weighted χ(k) signal and, (c)
their respective Fourier transform magnitude spectra.
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Fig. 4.11 (a) Zn K-edge EXAFS spectra of Co-doped ZnO NCs, k3-weighted χ(k) signal and, (c)
their respective Fourier transform magnitude spectra.
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Fig. 4.12 (a) Zn K-edge EXAFS spectra of Tb-doped ZnO NCs, (b) k3-weighted χ(k) signal and, (c)
their respective Fourier transform magnitude spectra.

4.3.2 Ni K-, Co K-, and Tb L3-edge Results

For the fits of Zn K-edge EXAFS spectra, the structure is assumed as pure ZnO
wurtzite, where Zn is coordinated with four O atoms (Zn–O) at a distance of 1.965 Å
in the first shell and the second shell (next nearest-neighbors) of Zn atoms is sur-
rounded by 12 Zn atoms (Zn–Zn) at a distance of 3.208 Å. The fits were performed in
phase uncorrected R-space range of 1–3.6 Å. In the fit, the coordination numbers of
the different shells, the bonding length (R) and the Debye-Waller factor (σ2) (which
is related to thermal vibration and static disorder of each atomic shell) were fitted as
free parameters, whereas the nonstructural parameter E0 was kept constant for all the
paths. Fig. 4.13, 4.14, 4.15, and 4.16 show the best-fit curves for the pure and Ni, Co,
and Tb-doped ZnO NCs (with 1 mol% of concentration), respectively, and the best-fit
results are summarized in Table 4.2. The results obtained from the fits of Zn K-edge
EXAFS curves of the Ni- and Co-doped ZnO NCs reveal that the Zn–O bond distance
is slightly increased with the dopant, and the Zn–O bond distance of NCs containing
Tb shows a barely perceptible decrease, which agrees well with the results obtained
from XRD data analysis. As the ionic radii of Zn2+, Ni2+, and Co2+ are almost the
same (0.60, 0.55 and 0.58 Å, respectively), the change in bond lengths is insignificant
in this case. In addition, there is an increase in the Debye-Waller factor (σ2) for the
Zn–O bond for the Co-doped samples, which indicate an increase in the local disorder
in the ZnO lattice near the cation sites due to Co doping. The Debye-Waller factor
values of Zn–Zn path, however, do not show any change. There is a decrease in the
coordination numbers (CNs) of Zn–Zn shells for Co and Tb doped samples. This con-
firms that for Co and Tb doping, the number of Zn vacancies is increased around the
Zn atoms in the Co- and Tb-doped ZnO NCs.
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Fig. 4.13 k3-weighted χ(k) signal (top panel) and their Fourier-transformed spectrum (bottom panel)
including the real part of χ(R) for the pure ZnO NCs. Blue dots indicate experimental data and the
red solid line is the best-fit curve.
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Fig. 4.14 k3-weighted χ(k) signal (top panel) and their Fourier-transformed spectrum (bottom panel)
including the real part of χ(R) for the ZnO:Ni1 sample. Blue dots indicate experimental data and the
red solid line is the best-fit curve.
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Fig. 4.15 k3-weighted χ(k) signal (top panel) and their Fourier-transformed Spectrum (botton panel)
including the real part of χ(R) for the ZnO:Co1 sample. Blue dots indicate experimental data and the
red solid line is the best-fit curve.
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Fig. 4.16 k3-weighted χ(k) signal (top panel) and their Fourier-transformed spectrum (bottom panel)
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red solid line is the best-fit curve.
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Table 4.2 List of structural parameters obtained from the EXAFS data analysis for Ni-, Co-, and
Tb-doped ZnO NCs.

Sample A−Bs
(a) N (b) r (c)

(Å)
σ2 (d)

(Å)
E f

(e)

(eV )
k-range
(Å
−1

)

R-factor

ZnO Zn–O 4.0 (3) 1.949 (5) 0.0039 (8) 3.7 (6) 3-13 0.0030889
Zn–Zn 15 (2) 3.233 (5) 0.012 (1)

ZnO:Ni1 Zn–O 3.9 (3) 1.950 (6) 0.004 (1) 3.2 (6) 3-13 0.0038879
Zn–Zn 14 (2) 3.229 (6) 0.012 (1)

ZnO:Ni3 Zn–O 3.9 (2) 1.952 (5) 0.0039 (9) 4.0 (6) 3-13 0.0027575
Zn–Zn 15 (2) 3.233 (6) 0.012 (1)

ZnO:Co1 Zn–O 4.1 (3) 1.952 (5) 0.0045 (9) 2.5 (6) 3-13 0.0027177
Zn–Zn 13 (2) 3.227 (6) 0.012 (1)

ZnO:Co3 Zn–O 4.2 (2) 1.958 (5) 0.0051 (7) 3.0 (5) 3-13 0.0019436
Zn–Zn 11(2) 3.224 (5) 0.012 (1)

ZnO:Tb1 Zn–O 4.0 (3) 1.950 (5) 0.0040 (9) 4.0 (6) 3-13 0.0034292
Zn–Zn 15 (3) 3.232 (6) 0.012 (1)

ZnO:Tb3 Zn–O 3.9 (2) 1.949 (5) 0.0039 (8) 4.1 (5) 3-13 0.0031027
Zn–Zn 14 (2) 3.234 (6) 0.012 (1)

aA, absorber and bs, backscatterers; bN, coordination number; cr, interatomic distance;
dσ2, Debye-Waller factor; eEF , Fermi energy.

The experimental EXAFS signal measured at the Co K-edge (Fig. 4.17(b)) shows
features similar to those of the Zn K-edge. This provides further qualitative evidence
that Co substitutes Zn atoms in the tetrahedral sites of the host lattice and there is no
evidence of other Co phases or metallic Co present in interstitial sites, in agreement
with previous reports on Co-doped ZnO thin films [17], nanowires [18], and nanopow-
ders [19]. It’s worth mentioning that the Zn K-edge measurements were made in trans-
mittance detection mode. Meanwhile, the Co K-, Ni K-edge, and Tb L3-edge were
carried out in fluorescence detection mode and; therefore, the signal-to-noise ratio in-
crease [20].
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Fig. 4.17 k2-weighted χ(k) signals for the Ni-, Co-, and Tb-doped ZnO NCs at the (a) Ni K-edge, (b)
Co K-edge and, (c) Tb L3-edge, respectively. Zn K-edge of pure ZnO is included as a reference.
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The experimental EXAFS signals at the Ni K-edge and Tb L3-edge (Fig. 4.17(a)
and 4.17(c)) show different features compared to those at the Zn K-edge. This suggests
changes in the Ni and Tb local surrounding with respect to that determined for the Zn
and Co sites. Furthermore, the formation of metallic clusters can be excluded because
of the oscillations features differ from that determined for the Ni and Co foils in their
k2χ(k) spectra [20].
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Chapter 5
Electronic Structure—XPS and XANES Results

In this chapter, the results obtained by X-ray photoelectron spectroscopy (XPS) and
X-ray absorption near-edge structure (XANES) are described. The XPS and XANES
techniques are presented together as complementary methods in order to have an over-
all and accurate description of the oxidation states and local environment of the ab-
sorbers atoms. Although XPS spectra sometimes is enough to obtain a detailed infor-
mation of the oxidation states, XANES spectrum—which corresponds to the pre-edge
and absorption edge set—provides additional information about local symmetry and
oxidation state of the absorber atom. The binding energies related to Zn2p core-level
for all the samples are first presented and analyzed, and then the Ni2p, Co2p, and Tb3d
core-levels of the dopant ions. In addition, it is also given the results obtained for O1s
core-level in order to analyze the oxygen vacancies. Finally, the XANES results are
presented for Ni K, Co K, and Tb L3 absorption edges.

5.1 X-ray Photoelectron Spectroscopy

5.1.1 Survey Spectra

The low-resolution XPS survey spectra of the Ni-, Co-, and Tb-doped ZnO NCs are
shown in Fig. 5.1—at different concentrations (i.e., 0, 1 and 10 mol%). It is possible to
observe the peaks related to the core-levels Zn2p, O1s, C1s as well as Ni2p, Co2p and
Tb3d in the case of the samples containing nickel, cobalt, and terbium, respectively.
No additional peaks were detected.

46
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The binding energies were corrected for the charging effect with reference to the
C1s line located at 284.8 eV. Some authors usually use the position of the main peak
to describe the oxidation state of the samples and, an absolute value of binding energy
is meaningless without a proper calibration. The Zn2p, Ni2p, Co2p, Tb3d and O1s
core-levels peaks are marked with the colored boxes in Fig. 5.1. They are the most
important regions to analyze and offer fundamental information related to the chemical
composition and oxidation states of ions located at the NCs surface.

5.1.2 Zn2p Core-level

The high-resolution XPS spectra of the Zn2p core-level (blue box region in Fig. 5.1 of
undoped and doped ZnO samples are shown in Fig. 5.2. These spectra are characterized
by the presence of a doublet due to the spin-orbit coupling effect which splits the Zn2p
core-level into two new energy levels namely Zn 2p3/2 and Zn 2p1/2.
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Fig. 5.2 High-resolution XPS spectra of Zn2p core-level for pure and 10 mol% doped ZnO NCs
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It can be seen that the peaks are centered at around 1021 eV (Zn 2p3/2) and 1044 eV
(Zn 2p1/2) and the separation energy between the peaks is around 23 eV. These values
are in good agreement with the reported values for zinc oxide [1]. The Table 5.1.2
resume the position peaks of the doublets obtained through the deconvolution using
Gaussian-Lorentzian peak shape and after subtracting from the Shirley background.

5.1.3 Ni2p and Co2p Core-levels

The oxidation state of Ni and Co cations in ZnO NCs were examined by high-
resolution XPS spectra as shown in Fig. 5.3 and 5.5, respectively. The Co2p and Ni2p
levels show four peaks, a doublet—due to the spin-orbit coupling effect—and its cor-
responding satellites related to the “shake up” process, located at slightly higher ener-
gies. The nature of the electronic process responsible for the satellites corresponds to
O2p→ 3d charge transfer excitation and different transition-metal oxides may present
these satellite peaks as described elsewhere [2]. In addition, Ni2p and Co2p peaks shift
to higher binding energy, which is usually related to the doping effect. The dopant leads
to the change of electron cloud around Ni and Co atoms and the increase of 2p3/2 and
2p1/2 binding energies. Different binding energies are usually associated to the same
peak in the vast literature and, although our results were properly calibrated, we believe
that the energy difference between 2p3/2 and 2p1/2 levels is a better way to determine
changes in the oxidation state instead of only considering the energy value of a single
XPS peak.

The peaks related to Ni 2p3/2 and 2p1/2 core-levels are found to be centered at
855.3 eV and 873.0 eV, respectively, whereas the corresponding satellite peaks (sat1
and sat2) are observed at 861.3 and 879.1 eV (see Fig. 5.3), which are comparable to
the results reported in the literature [3, 4]. The Ni 2p3/2 core-level position (855.05–
855.57 eV) is different from that of metallic Ni (852.5–853.1 eV), NiO (854.0–
854.9 eV) and Ni2O3 (855.7–857.1 eV) [5–7]. The absence of Ni metallic clusters
can also be explained on the basis of the energy difference between Ni 2p3/2 and 2p1/2
core-levels. For the Ni-doped ZnO NCs we found a difference of 17.70 eV, which is
different from the value reported for metallic Ni (17.27 eV) [7] and Ni2O3 (18.39 eV)
([8]). In addition, the peaks shape for Ni metal with satellites structure is narrow and
different from that observed for the Ni-doped ZnO NCs in this work. The energy dif-
ference reported for NiO (17.49 eV) [7] is very close to the observed value (17.70 eV).
This result evidences that Ni ions are mostly in 2+ oxidation state in our samples. Con-
sidering the similar results of Ni-doped ZnO samples with other reported works, it is
probably that the Ni2+ ions are substituting at least partially the Zn2+ ions in the ZnO
NCs.

The peaks related to Co 2p3/2 and 2p1/2 core-levels are centered at 780.6 and
796.3 eV, respectively, whereas the corresponding satellite peaks (sat1 and sat2) are
observed at 785.6 and 801.8 eV (see Fig. 5.5 and Table 5.3). The spin-orbital splitting
energy of 15.7 eV between the transitions 2p3/2 and 2p1/2 is larger than that value
reported for Co metal (15.06 eV) [7]. Therefore, the formation of Co metal cluster in
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Fig. 5.3 High-resolution XPS spectra of Ni2p core-level of 1 and 10 mol% Ni-doped ZnO NCs.

our samples can be ruled out [9]. It is expected that if Co is surrounded by oxygen,
the difference should be around 15.5 eV [6]. Although, the valence of Co is not easily
determined by XPS measurements, the energy difference (15.7 eV) between the two
binding energies of Co 2p3/2 and 2p1/2 agrees with values reported in the literature
for Co:ZnO, Co3O4 (2+/3+ valence state) and CoO (2+ valence state) [10–12] and
sometimes is indicated as a characteristic of the Co2+ ions [13, 14].

Moreover, the similar values of binding energies for Co3O4 and CoO makes it diffi-
cult to identify the Co state via XPS experiments in the samples. According to Hao et.
al. [15], Co2+ and Co3+ oxides can be differentiated via XPS experiments using their
different magnetic properties. Compounds with Co2+ ions, which show a high-spin
configuration [16, 17], such as in CoO compound, are characterized by two shake-up
satellite peaks located at higher binding energies (787.0 and 804.0 eV), as shown in Ta-
ble 5.3. However, in compounds containing Co3+ ions, which show low-spin states, the
satellite structure is weak or missing [18, 19]. Co3O4, a mixed-valence oxide, shows
a weak satellite structure symptomatic of the shake-up from the Co2+ components.
The Co2O3 (3+ valence state) spectrum is practically identical to that of Co3O4 [5].
Therefore, the results revealed that Co2+ ions mainly substitute Zn ions in the ZnO.
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The formation of also the CoO phase is not excluded and the presence of Co ions in
interstitial sites is less probable since interstitial Co ions are expected to be in low-spin
states [20, 21].

Table 5.2 List of XPS peak positions (in eV) obtained for the Ni-doped ZnO NCs. Peak positions of
other nickel compounds reported in the literature are included.

Sample Ni 2p3/2
(eV)

sat 1
Ni 2p3/2

(eV)

Ni 2p1/2
(eV)

sat 2
Ni 2p1/2

(eV)

ZnO:Ni1 855.05 861.11 872.77 878.95
ZnO:Ni10 855.57 861.40 873.20 879.16

Ni metallic
Refs. [5, 7, 22, 23]

852.5, 852.9, 853.1, 852.7

NiO (2+)
Refs. [5, 8, 22–
26]

854, 854.5, 854.9 861.0

Ni2O3 (3+)
Refs. [8, 22–24, 26]

855.68, 855.9, 855.8, 857.1, 855.5 861.4 874.07

Ni(OH)2 (2+)
Refs. [5, 22, 26, 27]

856.9, 855.6, 856.6 862.5
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Fig. 5.4 Figure for better visualization of the Ni 2p3/2 XPS peak positions reported in the Table 5.2.
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Fig. 5.5 High-resolution XPS spectra of Co2p core-level of 1 and 10 mol% Co-doped ZnO NCs.
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5.1.4 Tb 3d and 4d Core-levels

To identify the oxidation state of Terbium ions, we studied the Tb3d core-levels (3d5/2
and 3d3/2 doublet) that appear at high binding energies (between 1230 and 1290 eV).
In Fig. 5.7 is shown the high-resolution spectrum of the Tb3d core-level. We observe
some differences between the samples at concentrations of 1 and 10 mol% Tb. For
the sample doped with 1 mol% Tb, the peak located at 1240.82 eV with a satellite
peak at 1249.33 eV was assigned to the 3d5/2 core-level of Tb3+ ions [34, 35]. The
additional peak located at 1275.49 eV was related to the 3d3/2 core-level of Tb3+

ions. The position of these peaks is shifted from those ones published for pure TbO1.5
(Tb3+) (see Table 5.4), where the Tb 3d5/2 and Tb 3d3/2 peaks are located at about
1239.1 and 1274 eV [36]. Moreover, in the sample doped with 10 mol% Tb, the
additional peak centered at 1243.71 eV suggests the presence of Tb4+ ions. Terbium
in the 3+ state shows relatively intense satellite peak near to the Tb 3d5/2 component
at 1249.33 eV [37, 38]. As shown in Fig. 5.7, the broad 3d5/2 peak observed in the
XPS spectrum of the sample ZnO:Tb10 can be deconvoluted into two peaks located
at 1239.85 and 1242.6 eV. Some authors have reported that the latter peak might be
caused by the oxidation of Tb3+ into Tb4+ when the sample is hit with high-energy
photoelectrons [39].

The next most intense core-level (Tb4d region) was also analyzed. The characteris-
tics of the XPS peaks of the Tb4d core-levels are important features to distinguish the
valence state condition of Tb ions [34]. The spin-orbit splitting of Tb4d is too small
to be resolved by a laboratory instrument; therefore, a single asymmetric line would
be expected if a single oxidation state was present. It is expected that Tb3+ ions ex-
hibit a single XPS line below 150 eV and Tb4+ ions show some features well above
150 eV. Generally, both Tb3+ and Tb4+ ions show two strong photoelectron peaks at
150 and 157 eV, respectively [40]. In Fig. 5.8 is shown the XPS spectrum of the Tb4d
core-level region. As observed, a pronounced shoulder located at 149.8 eV and a broad
peak near 155.8 eV is observed. The sharp peak located at 139.1 eV corresponds to
the Zn3s core-level and was used as a reference to improve the fit. The additional peak
positioned at 175.2 eV appears just in this sample and was not identified in the liter-
ature. We believe, according to the strong evidence of the presence of Tb4+ ions, that
this peak is also related to Tb4+ ions. Then, we can conclude that the surface of the
10 mol% Tb-doped ZnO NCs contains the Tb ions in both 3+ and the 4+ valence states.
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Fig. 5.7 High-resolution XPS spectra of Tb3d core-level of 1 and 10 mol% Tb-doped ZnO NCs
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Fig. 5.8 XPS spectrum of Tb4d core-level of ZnO:Tb10 sample.

5.1.5 O1s Core-level

To identify the point defects in Ni-, Co-, and Tb doped ZnO samples, the region of the
O1s core-level of all samples was also analyzed in a high resolution. The Fig. 5.9
shows the normalized high-resolution XPS spectra of O1s core-level fitted by two
Gaussian-Lorentzian components. The spectra suggest the presence of two oxygen
species [41, 42], named O1s(a) and O1s(b). Oxygen atoms attached to transition metals
have binding energy in the range 529–530 eV. Therefore, we can assign the compo-
nent O1s(a) centered at around 529.7 eV to the structural oxygens ions bound to metal
cations (i.e., Zn2+, or Co2+ or Ni2+) occupying substitutional sites in the wurtzite
structure of ZnO. On the other hand, the second component O1s(b) at higher binding
energy approximately at 531.2 eV has been associated with weak bonds of OH species
and carbonate species present on the surface of the material [43–46]. However, this
second peak can also be attributed to oxygen vacancies present on the surface of the
material or to oxygen-deficient regions within the ZnO matrix according to the litera-
ture [47, 48].
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Fig. 5.9 O1s core-level XPS spectra of pure and doped ZnO NCs.

5.1.6 XPS Concentrations

In order to assess the dopant content (Cx) of ZnxM1−xO (M: Ni, Co or Tb) NCs, the
spectral area of Zn and dopant ions were used according to the formula:

Cx = (Ix/Sx)/
(
∑ Ii/Si

)
(5.1)

here Ix and Sx represent the XPS spectral area and the sensitivity factor (RSF) of
the dopant element, respectively, and (∑ Ii)/Si denotes the sum of the ratios of the
XPS spectral area to the sensitivity factor considering all cations in the sample. In this
calculation, Zn and dopant ions are taken into account; meanwhile, the oxygen anion
is completely ignored. For example, in the Ni-doped ZnO sample with nominal Ni
concentration of 10 mol%, the spectral area and RSF for Ni2p (Zn2p) are 209289.6
(2244393.4) and 22.18 (28.72), respectively. Then, Ni concentration is determined to
be 9.5± 0.3 at%. This value is consistent with the nominal one and confirms the dopant
content in our samples. In Table 5.5 are listed the values used to calculate the dopant
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concentration via XPS experiments for all of the studied samples. The accordance
between the nominal and XPS dopant concentration means that low-temperature sol-
gel synthesis is an effective method to doped ZnO NCs [49].

Table 5.5 Comparison between the nominal and experimental concentrations obtained via XPS mea-
surements.

Sample Nominal
concentration

(mol%)

Experimental
concentration

(at%)

XPS Area
dopant

XPS Area
Zn2p

ZnO:Ni 1 1.0 (2) 17871.1 2196869.8
10 9.5 (3) 209289.6 2244393.4

ZnO:Co 1 1.1 (2) 13728.4 1820331.6
10 9.7 (3) 119227 1671079.8

ZnO:Tb 1 1.01(14) 28043.2 1597523.9
10 — — —

*Sensitivity factors (RSF); Ni: 22.18, Co: 19.16, Tb: 49.42 and Zn: 28.72

5.2 XANES Measurements

The XANES spectra at the Ni K (8333 eV), Co K (7709) and Tb L3-edge (7515 eV)
were performed at 300 K in fluorescence detection mode in backscattering geometry.
As described in detail in Chap. 3, the APPLE-II undulator and a double—Si-(111)—
crystal monochromator were used to collect the spectra. Reference samples were also
measured at different edges: Ni metallic foil, NiO, Ni(CH3CO2)2 and LaNiO3 mea-
sured at the Ni K-edge; Co metallic foil, CoO, Co2O3, Co3O4, and CoAl2O4 measured
at the Co K-edge; and, Tb2O3 and Tb4O7 measured at the Tb L3-edge.

5.2.1 Co K-edge Results

We have employed Co K-edge XANES to obtain the oxidation state and local geome-
try of Co dopant in the lattice. This is because Co K-edge XANES has the advantage of
good sensitivity and a large chemical shift between the onset of the absorption for Co0

and Co2+, so that the higher the oxidation state, the greater the energy from the absorp-
tion edge. Co K-edge XANES spectra of Co-doped ZnO NCs (with 1 and 3mol%) and
reference materials are shown in Fig. 5.10. In this case, the CoO, Co2O3, and Co3O4
compounds were used as references where Co atoms are present in different oxidation
states 2+, 3+ and 2+/3+, respectively. The plateau at E0 = 7708.8 eV in the Co metal
spectrum is characteristic of Co0 and can be effectively used to determine the presence
of Co metal. This plateau is different from the small feature observed in the spectrum
of ZnO:Co samples which will be discussed later. Therefore, it is clear that the plateau
near the threshold associated with Co0 is absent in the spectra of Co:ZnO samples,
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as well as in the reference compounds. On the other hand, the absorption edge of Co
metal poorly matches the absorption edge of Co:ZnO samples because of the much
lower threshold energy corresponding to the Co0. Thus, there is no detectable Co0 in
Co-doped ZnO NCs. The spectra presented in Fig. 5.10(b) shows that the absorption
edge of the Co-doped ZnO sample is strongly shifted from the absorption edge of
Co2O3, which exclude the presence of Co3+ oxidation state in our samples. The ab-
sorption edge of Co3O4 is slightly shifted from our sample and is superimposed to the
line of the standard CoO. The Co3O4 cubic-centered structure (space group Fd3m) has
the Co2+ and Co3+ ions distributed in the tetrahedral and octahedral sites and, in the
rock-salt CoO (space group Fm3m), the Co2+ ions occupy octahedral sites [50]. Then,
this result confirms that the Co atoms assume predominantly the 2+ valence state in
the Co-doped ZnO NCs, which is in agreement with the XPS spectra analysis.
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Fig. 5.10 (a) Co K-edge XANES spectra for Co-doped ZnO NCs and, (b) Co K-edge XANES spectra
of ZnO:Co1 sample and some reference compounds.

The obvious difference in the XANES spectra between Co:ZnO samples and CoO
indicates that the local geometry of Co ions is different. A crucial role for the analysis
of the absorption edge is played by the intensity of the pre-edge feature of the XANES
spectra, which is more pronounced for Co in its 2+ state, while its intensity is reduced
for Co3+ and turns into a shoulder for Co metal. This pre-edge peak is due to elec-
tron transitions from the occupied 1s to unoccupied 3d states that becomes partially
dipole allowed when Co is coordinated to O ligands and Co3d/O2p mixing occurs in
low-lying conduction-band states [51]. Its intensity depends on the local symmetry of
the Co ion. Compounds with cobalt ions in tetrahedral coordination will exhibit higher
intensity in the pre-edge region in comparison to cobalt ions in octahedral coordina-
tion where this transition is rarely observed due to its centrosymmetric position. In
Fig. 5.11 we show the pre-edge peak of the sample ZnO:Co1 along with the spectra of
two standard samples (i.e., CoO and CoAl2O4). In these compounds, the Co ions have
the same oxidation state (2+) but occupy different coordination sites: octahedral and
tetrahedral sites, respectively. The pre-edge peak in the CoAl2O4 compound wherein
Co occupies tetrahedral sites exhibits higher peak intensity than in CoO wherein Co
occupies octahedral sites. It can be seen from Fig. 5.11(c) that in the CoAl2O4 com-
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pound, where the Co2+ atoms are tetrahedrally coordinated by aluminum and oxygen
atoms the transition from the pre-edge is more pronounced when compared with the
transition in CoO compound as shown in Fig. 5.11(b), where Co atoms present the
same oxidation state (2+) but in octahedral coordination. This result suggests that the
cobalt ions in Co-doped ZnO NCs replace Zn2+ ions located in tetrahedrally coordi-
nated sites. Considering the EXAFS analysis of the previous chapter and the XANES
results here, we can clearly conclude that the Co2+ ions substitute Zn2+ ions.

Fig. 5.11 Pre-edge peak features of (a) 1 mol% Co doped ZnO, (b) CoO (Co2+, 6-fold coordination)
and, (c) CoAl2O4 (Co2+, 4-fold coordination)

5.2.2 Ni K-edge Results

Fig. 5.12 shows the XANES spectra at the Ni K-edge for the Ni-doped ZnO NCs and
some reference compounds. The main peak is assigned to the Ni1s→ 4p dipole transi-
tions. The absorption edge of Ni metal (E0 = 8332 eV) poorly matches the absorption
edge of Ni-doped ZnO NCs; thus, there is no detectable Ni0 in our Ni-doped ZnO NCs.
The referred plateau in the Ni foil is different from the small pre-edge peak attributed
to 1s → 3d photoexcitation which, while ideally forbidden, finds relaxed angular se-
lection rules due to O2p–Ni3d hybridization [52]. The spectra presented in Fig. 5.12(b)
shows that the absorption edge of the ZnO:Ni1 sample shows lower threshold energy
than the absorption edge of LaNiO3, and very close to those of NiO and Ni(CH3CO2)2
used as references. These results exclude the presence of Ni3+ ions in our samples and
suggest the presence of Ni2+ ions. The similarities and differences between the results
of Ni-doped ZnO NCs and the references do not permit to identify the presence of
secondary phases. The most interesting feature of the pre-edge peak could be the de-
pendence on the coordination symmetry as also indicated in the analysis of Co-doped
samples. Group theory predicts that the intensity of ions occupying sites with tetrahe-
dral symmetry is much greater than that expected for ions occupying octahedral sites.
The pre-edge feature of the Ni-doped samples shows a reduced intensity peak when
compared with compounds where Ni ions occupy tetrahedral coordination sites, but
the intensity is comparable with those compounds where Ni ions occupy octahedral
coordination sites. T. Yamamoto [53] made a detailed studied of this behavior with
nickel compounds. NiO and Ni(CH3CO2)2 are compounds in which the Ni atoms are
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in six-fold coordination. The comparable intensity of the pre-edge peak with those in-
tensities obtained for six-fold coordinated compounds and the nearby absorption edge
with some reference compounds (see inset Fig. 5.12(b)) suggest that in our samples
the Ni ions are positioned mostly in octahedral sites with 2+ oxidation state.
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Fig. 5.12 (a) Ni K-edge XANES spectra of Ni-doped ZnO NCs and, (b) Ni K-edge XANES spectra
of ZnO:Ni1 sample and some reference compounds.

5.2.3 Tb L3-edge Results

Fig. 5.13 shows the XANES spectra at the Tb L3-edge of the Tb-doped ZnO samples
and some reference compounds. In Fig. 5.13(a) one can note that there is a variation
in the absorption edge intensity (denoted as peak A) and intensity of peak B. There
is a huge drop in the intensity of peak A when compared with the Ni and Co XANES
spectra (see Fig. 5.10 and 5.12). The variation in the absorption edge intensity suggests
that there is an important change in the number of vacancies/holes around the dopant
ions due to the increasing content of terbium and this number must be larger than that
of samples containing Ni and Co. An important fact to determine the oxidation state of
the Tb ions in our samples is that the rare earths have a characteristic XANES spectra
for 3+ and 4+ oxidation states. In Fig. 5.13(b), we had shown two reference compounds
with different oxidation state. The Tb2O3 compound with the trivalent state shows only
a high absorption peak. The electronic configuration of Tb3+ is [Xe]4f8 and it changes
its valence state to tetravalent by losing one 4f electron. The binding energy of the
2p electrons in the trivalent state differs by 8–10 eV from the tetravalent state in rare
earth elements because of the difference in the number of 4f electrons. As a result, two
absorption peaks near the L3 edge of Tb appear for Tb4+ ions. The Tb4O7 XANES
spectrum show this behavior. The energy difference between the two absorption peaks
is about 8.4 eV which correspond to the transition from the 2p to the 5d level in the Tb
ion [54].

The XANES spectra for ZnO:Tb samples cannot be reproduced without considering
both characteristic peaks of Tb3+ and Tb4+ (features A and B, respectively). Then, the
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Fig. 5.13 (a) Tb L3-edge XANES spectra of Tb-doped ZnO NCs and, (b) Tb L3-edge XANES spectra
of ZnO:Tb1 sample and some reference compounds.

recorded XANES spectra for Tb L3-edge were modeled by the sum of two Lorentzian
functions [peak A: 7518.6 eV for Tb3+ (4f8) and peak B: 7531.9 eV for Tb4+ (4f7)]
and one arctangent function representing the step-like edge of continuum excitations,
see Fig. 5.14. For simplicity, the peak related to the ligand hole state (small hump close
to 7510 eV) was omitted because of its unresolved intensity. The curve fittings were
performed in the energy range from 7481 to 7554 eV using ATHENA software.

The spectrum at 300 K is characteristic for the Tb3+ (4f8) valence, contributing to
the main peak A. There is a small drop of the intensity of peak A barely perceptible,
which is a fingerprint of Tb3+, and at the same time, peak B increases slightly. The peak
B is a manifestation of Tb4+ states, namely, of the configuration 4f7. The observed
behavior thus suggests 3+/4+ mixed valence state in our samples without any tendency
as the dopant content is increased.
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Fig. 5.14 The fit of the Tb L3-edge XANES spectrum of the ZnO:Tb10 sample. For the fit, one
arctangent function and two Lorentzian functions (A and B) were used.
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Chapter 6
Point Defects and Emission Properties of Doped
ZnO Nanocrystals

Electron paramagnetic resonance (EPR) and photoluminescence (PL) spectroscopies
are two of the most powerful tools that can be used to study the point defects of
the materials. Correlation of results obtained from these techniques allows yielding
a more complete insight into defect structures in ZnO compounds. In this section, we
present the experimental results of pure and doped ZnO NCs. We consider the study
of mechanisms by which the different EPR oscillations and emission bands occur: a
short-wavelength band near the fundamental absorption edge (NBE), a broad long-
wavelength band—the maximum of which usually lies in the green spectral range, a
red emission and bands related to dopant ions.

6.1 EPR study of the defects-related region

In order to investigate the intrinsic defect centers and the effects of the doping—which
will be described in the next chapter, X-band EPR measurements were carried out.
Contaminations of the samples from either metal ions, such as Mn2+, Fe3+, or Cr3+

which can in principle be easily detected by EPR even at extremely low concentra-
tions, are not observed and can, therefore, be excluded. Fig. 6.1 shows the 100K X-
band EPR signal (9.45 GHz) of pure ZnO NCs. As observed, mainly two predominant
paramagnetic signals were observed. It is worth mentioning that these signals were
also observed for all doped samples. They are spectrally close to each other and cor-
respond to a strong broad resonance with g = 2.005 and one weaker and narrower
line with g = 1.961. The predominant paramagnetic band with a g-factor close to the
free-electron value (g ∼ 2.0023) is commonly observed in bulk ZnO and it is con-
troversially discussed in the literature. It could be assigned to a singly ionized Zn va-
cancy [1, 2], or to an unpaired electron trapped on an oxygen vacancy site (g = 1.9965,
1.9948 [3], 2.0190 [4], 2.0106) [5] (i.e., an F+ center) [3]. The former assignment was
only observed when ZnO was irradiated with UV light [6] and the authors related to
the resolved hyperfine interaction with the four neighboring Zn nuclei. This finding
is also consistent with results obtained from density functional theory calculations [7],

68
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which indicate that a certain excitation is required to generate the paramagnetic +1 state
Zn vacancy. On the other hand, the oxygen vacancies generated in the surface region
of ZnO nanostructures [8] are stable and could trap electrons to form paramagnetic
centers (F+ centers). This could also account for the stable EPR signal at g ∼ 2.005
detected in our samples. The spectrum of pure ZnO sample shows also an additional
EPR line at g = 1.961 that has already been reported in the literature [9–11]. How-
ever, the origin of this signal is controversial in the literature. Assignments to shallow
donors, singly ionized oxygen vacancies, Zn vacancies, or oxygen and zinc interstitials
are found in the literature [12, 13].
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Fig. 6.1 100 K EPR spectrum of pure ZnO NCs.

For the doped ZnO NCs, the region of nickel-related defects could not be well ana-
lyzed because of the overlapping with the mean signal of Ni oscillation, so the analysis
will be focused on the region of Co- and Tb-related defects. In Fig. 6.2(a) is shown
for comparison the X-band EPR signal of pure ZnO and; Co and Tb-doped ZnO NCs
with 1 and 10 mol% of concentration. As can be observed, the g = 2.005 signal is
the predominant one in all samples. This signal was assigned to the superficial defects
as proposed by Kaftelen et. al., [14] in the framework of the core-shell model where
the core-defects are related with the g = 1.961 signal and the shell with the g = 2.005
signal which contain high concentration of defect complexes, in particular positively
charged oxygen vacancies. It reveals that the superficial defects are present in all sam-
ples, as expected due to the NCs size. However, the g = 1.961 signal is presented in the
pure ZnO and Tb-doped ZnO and it does not appear (or is unresolved) in the Co-doped
ZnO samples. To get a better understanding of this signal, in Fig. 6.2(b) are shown the
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EPR spectra of 10 mol% Co and Tb-doped ZnO. The g= 2.005 decrease slightly in the
Tb-doped ZnO and decrease very much, almost to disappear in the Co-doped samples.
This g-factor is usually associated with oxygen vacancies located at the surface of the
ZnO NCs which could trap electrons to form F+ centers. In addition, the g = 1.961
signal becomes significantly stronger with the increase of Tb content, meanwhile, it
remains unresolved for the samples with 10 mol% Co. The g = 1.961 signal has been
attributed to core-related defects. Due to the differences between the oxidation states
and ionic sizes of Tb3+ and Zn2+ ions, the insertion of Tb in the ZnO matrix gives rise
to problems related to the miscibility of Tb in the oxide matrix, lattice distortion, and
disorder. Those contributions as expected to have major effects on the EPR signal and
optical emission of Tb as quoted in the literature [15].
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Fig. 6.2 100 K EPR spectra of the defects-related region of ZnO NCs: (a) Pure and 1 mol% Co and
Tb-doped samples and, (b) pure and 10 mol% Co and Tb-doped samples.

This finding is in accordance with the proposed model to explain the decrease of
lattice constant “c” value with dopant increase (see Chap. 4). The incorporation of
Tb ions in the ZnO matrix results in the formation of oxygen vacancies, which are
responsible for the decreasing trend of the c-lattice parameter. It must be pointed out



6.2 Photoluminescence Results 71

Table 6.1 List of g-factors determined from the EPR spectra in the defects-related region for pure and
doped ZnO NCs.

Sample ν (MHz) B (Gauss) g

ZnO 9441.767 3370 2.0046
3440 1.9612

ZnO:Co1 9448.475 3370 2.0030
ZnO:Co3 9442.356 3370 2.0039
ZnO:Co5 9440.516 3370 2.0036
ZnO:Co10 9437.226 3360 2.0051

ZnO:Tb1 9450.175 3370 2.0039
3440 1.9613

ZnO:Tb3 9451.665 3370 2.0037
3440 1.9607

ZnO:Tb5 9446.496 3370 2.0036
3450 1.9588

ZnO:Tb10 9444.744 3360 2.0059
3440 1.9607

that single oxygen vacancies are not EPR active, because they need to have trapped
electrons to be detected.

6.2 Photoluminescence Results

The photoluminescence (PL) measurements were carried out for pure and doped-ZnO
NCs covering the wavelength range from 330 nm to 900 nm. In Fig. 6.3(a) is presented
the PL spectrum of pure ZnO NCs at room temperature. The different peaks that ap-
peared in the PL spectrum were well-fitted with Gaussian functions. We identify four
PL emission bands which are centered at 353.9 nm (3.50 eV), 373.0 nm (3.33 eV),
525.3 nm (2.36 eV) and 730.3 nm (1.70 eV). The UV emission bands observed at 353.9
nm and 373.0 nm were assigned to the near-band emissions (NBE’s), attributed to the
photo-stimulated creation of excitons having energies just below the ZnO band-edge
and their subsequent recombination [16]. Generally, the NBE in ZnO is observed in the
range of 360 to 420 nm at room temperature [17]. However, the appearance of the NBE
at 353.9 nm is due to the fact that the optical band gap in the present samples is found
to be 3.50 eV (calculated using the E = hν relation), as compared to the bulk value
of around 3.37 eV [18]. The higher band gap value of our samples could be related
to the NCs size which leads to the appearance of quantum confinement effects. Native
defects have been suggested as potential sources of broadband emissions in the visible
region, which extends over the range of 420–680 nm. Those emissions are related to
Zn vacancies (VO), interstitial Zn (Zni), interstitial O (Oi), and substitution of O at a
Zn position (OZn) (see Chap. 2 for more details). We analyze the broad green band
emission further in this section. The origin of the well-defined red emission band cen-
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tered at 730.3 nm is more controversial. Some authors have attributed it to interstitial
Zn in the ZnO structure; meanwhile, some other authors have suggested that emission
as a second-order feature of the UV emission [19, 20]. Based on size considerations,
it is therefore expected that the Zn interstitial will be more stable at the octahedral site
where the geometrical constraints are less severe. Indeed, it has been found that the
octahedral site is the stable site for Zni, whereas the Zni at the tetrahedral site is 0.9 eV
higher in energy and unstable as it spontaneously relaxes to the octahedral site [12, 13].
In Fig. 6.3(b) are shown the temperature-dependent PL spectra of pure ZnO NCs in the
range of 140–300K. As observed, the 525.3 and 730.3 nm peaks become more intense
with the temperature decrease. This tendency is assigned to the freeze-out of phonons
and quenching of non-radiative recombination processes. A blue shift of the band-edge
emission over this temperature range is caused by the thermal contraction of the lattice
and the changing strength of the electron-phonon interactions [21].
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Fig. 6.3 (a) Room temperature PL spectra of pure ZnO NCs and, (b) PL spectra of pure ZnO NCs ob-
tained at different temperatures. The curves have been displaced on the y-axis for better visualization.

In Fig. 6.4 is shown the PL spectra of 1 and 10 mol% Ni-doped ZnO NCs. As ob-
served, the spectra basically exhibit similar emission features when compared to the
pure ZnO NCs. The deconvolution of the room temperature emission spectra is well
resolved by four peaks centered at 349.1 (349.0) nm, 365.1 (—) nm, 534.9 (543.0) nm
and 728.2 (722.4) nm for the 1 mol% (10 mol%) Ni-doped sample. The green emission
stays as the predominant contribution and; the NBE and red emission show notoriously
diminished intensity as the dopant concentration increases. The nickel cations can pro-
vide competitive pathways for recombination, which results in quenching of the broad
green emission. A similar fluorescent quenching behavior has also been previously
reported in ZnO NCs and it is commonly attributed to the non-radiative process or
charge transfer process [22, 23]. A well-defined red emission band centered at 728.2
nm in sample ZnO:Ni1 corresponds to the 730.3 nm emission band of pure ZnO NCs
and, it seems to involve interstitial Zn [12, 13].



6.2 Photoluminescence Results 73

400 500 600 700 800

Wavelength (nm)

0

50

100

150

200

250

Lu
m

in
e
sc

e
n
ce

 (
co

u
n
ts

/s
)

534.9 nm
(2.32 eV)

349.1 nm
(3.55 eV)

364.4 nm
(3.55 eV) 

728.2 nm 
(1.70 eV)

543.0 nm
(2.28 eV) 

 349.0 nm
(3.55 eV)

722.4 nm
(1.72 eV) 

     UV 
emission   Green

      Red 
  emission

λex = 325nm

ZnO:Ni1

ZnO:Ni10

Exp.

Fit

Fig. 6.4 Room temperature PL spectra of 1 and 10 mol% Ni-doped ZnO NCs.

In Fig. 6.5 is shown the room temperature photoluminescence spectra of Co-doped
ZnO NCs. The spectra show deconvoluted peaks which correspond to the NBE UV
emission band at 344.2 (346.6) nm and visible emission bands centered at 522.5
(533.6) nm, 661.9 (661.4) nm and 718.5 (720.9) nm for the 1 mol% (10 mol%) Co-
doped sample. The UV emission corresponds to the excitonic emission, that is to the
recombination of an electron in the conduction band and a hole in the valence band
across the gap of the sample [24]. While increasing the doping concentration, the UV
near band emission is blue-shifted—which was assigned to the quantum confinement
effects, and the visible emission peaks reduce considerably after the doping in com-
parison to the pure ZnO NCs (see Fig. 6.5(b)).

Recently, T. J. Penfold et. al., [25] attempted to fit time-resolved EXAFS spectrum
using the 2% V •O and 23% V ••O bond length elongations and the Zn vacancy (VZn) re-
ported by Janotti and de Walle [7, 12, 13] and they obtained unsatisfactory agreement
with the experimental data. The simulated EXAFS spectra considering the different
defects’ structure showed that the best results are achieved for the V ••O defect with a
15% outward distortion. Thus, they conclude that the long-lived trapped state and the
source of the green luminescence is the V ••O defect in agreement with Ref. [22, 26]
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Fig. 6.5 (a) Room temperature PL spectra of Co-doped ZnO NCs (1 and 10 mol%) and, (b) PL spectra
of the pure and Co-doped ZnO NCs—for comparison.

where the formation of V ••O was hypothesized as a result of the trapping of a photogen-
erated hole at a pre-existing V •O defect. According to our previous analysis, the EPR
spectra of Co-doped ZnO samples show a decreasing trend in the intensity of the band
corresponding to g = 2.005 as the Co content increase. We associated this g-factor to
oxygen vacancies located at the surface of the ZnO NCs which could trap electrons
to form F+ centers. If the green emission depends on the pre-existing V •O sites; then,
the absence or presence of this sites may result in the absence or presence of green
luminescence. When Co content reaches 10 mol% the green emission is suppressed,
as can be inferred from Fig. 6.5, in agreement with the absence of the EPR oscillation
at g = 2.005. We must remember that the V ••O sites cannot be detected directly by EPR
measurements (as indicated in Chap. 2), but the initial V •O site does. Then, we believe
that through a photogenerated process a surface-trapped hole could recombine with an
electron trapped in an oxygen vacancy (V •O) resulting in the creation of a V ••O center, the
recombination centers for green emission of ZnO as proposed by the Ref. [22, 25, 26].
In addition, the dopant cations can provide competitive pathways for recombination,
which results in quenching of the broad green emission. A similar fluorescent quench-
ing behavior has also been previously observed in doped ZnO NCs. That quenching
is also observed in Ni-doped samples as previously discussed, and it is commonly at-
tributed to the non-radiative process or charge transfer process [27]. Otherwise, the
dopant ions can decrease the concentration of surface defects in ZnO NCs, driving to
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the visible emissions become weak [24, 27]. It is worth to mention that in the EPR
analysis it was observed the decreasing of the g = 2.005 signal when increasing the Co
content. It suggests that the density of surface defects is reduced after doping, which
is in agreement with the PL results.

Some authors have reported UV-Vis absorption band edges at 565, 610, and 653
nm, which mainly arises from the spin-orbit splitting of the 4T1(P) state and to a mi-
nor extent from the mixing of this 4T1(P) state with nearby spin forbidden doublet
states (2E(G), 2T1(G), 2A1(G) and 2T2(G)), which correspond to the d− d transition
of high-spin state Co2+ (3d7) in the tetrahedral sites of ZnO [28–32]. We believe that
the three additional absorption peaks, in comparison with pure ZnO, located at ap-
proximately 553.0 (558.2) nm, 605.7 (601.0) nm and 661.9 (661.4) nm for the 1 mol%
(10 mol%) Co-doped ZnO sample, are related to those reported UV-Vis transitions.
However, the emission band at around 661 nm has been identified in PL measurements
and assigned to the characteristic 4T1(P)→ 4A2(F) d−d∗ internal transition between
localized Co2+ ions in a tetrahedral crystal field [32–34]. Generally, the red emission
(661 nm) for the Co-doped ZnO NCs is considered as a further support that Co2+ ions
are substituting the tetrahedrally coordinated Zn2+ ions in the ZnO matrix [25, 35–37].
Therefore, the red emission could involve Co-related impurities and intrinsic defect
levels inside the bandgap. Co centers can bind to electrons as an isoelectronic trap and
then trap holes in the valence band via the long-range Coulomb attractive potential.
It causes Co-doped ZnO NCs to have donor-type ionization states slightly below the
conduction band. When Co-doped ZnO NCs is excited by UV light, photogenerated
electrons and holes transfer non-radiatively into the manifold of the ligand field levels
of Co centers, producing efficient Co-related emissions. For excitation energies be-
low the bandgap, trapped electrons are transferred non-radiatively to extended defect
states, resulting in a red emission [28, 30, 38]. Finally, the red emission band centered
at 718.5 nm and 720.9 for ZnO:Co1 and ZnO:Co10 samples, respectively—only re-
solved through peak deconvolution—has been attributed to the same emission process
of the 730.3 nm band of pure ZnO NCs which is also resolved in Ni-doped samples.
This band was associated with Zn interstitial [18].

The PL emission spectra of Tb-doped ZnO NCs are shown in Fig. 6.6. The Tb3+

ions have an important effect on the UV emission of ZnO NCs when compared with
the cobalt and nickel doping. The spectrum obtained for sample ZnO:Tb1 (ZnO:Tb3)
show a high UV emission at 350.3 (350.6) nm related to excitonic recombination, an
emission at 364.0 (364.4) nm (blue), a broad deep-level-emission at 527.0 (535.3) nm
(green) and 727.5 (733.9) nm (red). The green emission was attributed to the forma-
tion of V••O as a result of the trapping of a photogenerated hole at a pre-existing V•O
site, similar to that discussed for the Co-doped ZnO samples. Well-defined peaks are
observed for all Tb-doped samples. The carrier relaxation from the excited states of
the ZnO hosts to the dopant, resulting in the characteristic emission peaks of Tb3+

ions. A major narrow band green emission at 516.1 (516.1) nm and minor emissions at
460.8 (461.0), 556.1 (556.6) and (592.1) 591.9 nm are determined for sample ZnO:Tb1
(ZnO:Tb3); and attributed to the Tb intraionic transitions 5D4 → 7F5, 5D4 → 7F6,
5D4→ 7F4, 5D4→ 7F3 of Tb3+ ions, respectively [39].
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Fig. 6.6 (a) Room temperature PL spectra of Tb-doped ZnO NCs (1 and 10 mol%) and, (b) PL spectra
of the pure and Co-doped ZnO NCs—for comparison.

Table 6.2 List of photoluminescence emissions determined from the deconvolution of PL spectra of
pure and doped ZnO NCs.

Sample NBE (nm) Blue emission
(nm)

Green
emission

(nm)

Yellow-
orange

emission
(nm)

Red emission
(nm)

ZnO 353.9/373.0 — 525.3 — 730.3
ZnO:Ni1 349.1/364.4 — 534.9 — 728.2
ZnO:Ni10 349.0 — 543.0 — 722.4
ZnO:Co1 346.6 — 522.5/553.0 605.7 661.9/718.5
ZnO:Co3 344.2 — 533.6/558.2 601.0 661.4/720.9
ZnO:Co10 —/392.2 — — — 662.6/—
ZnO:Tb1 350.3/364.0/382.9 460.8 516.1/556.1/527.0 592.1 —/727.5
ZnO:Tb10 350.6/365.4/388.9 461.0 516.1/535.3/556.6 591.9 —/733.9
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Chapter 7
Magnetic Properties of Doped ZnO Nanocrystals

This section is dedicated to studying the magnetic response of the synthesized nanocrys-
tals. Firstly, EPR measurements of ZnO NCs doped with Co and Ni are presented, and
then we show the SQUID-based magnetometry results in order to evidence the mag-
netic response of all samples.

7.1 Doping effects on EPR response

Fig. 7.1 shows the 100K X-band EPR signal of the Co-doped ZnO samples with dif-
ferent Co concentrations. As observed, a pattern typical of centers with g⊥ > g‖, re-
sulting in the first-derivative spectrum characterized by intense and broad g⊥ (gx = gy)
features with mainly positive signal intensity and weak and narrower g‖(gz) features
with negative signal intensity. The intense and broad resonance is located at around
g⊥ = 4.35 (H = 1550G) and the weaker band at g‖ = 2.29 (H = 3000G) (see Table 7.1
for details). A deep analysis of the EPR data relies on the assignment of each resonance
to the cobalt local environment. Firstly, the presence of molecular clusters was ruled
out. There are few examples in the literature on the use of EPR to fully characterize
cobalt based molecular clusters [1–3].

It is well established that the ground state of Co2+ at a tetrahedral site in the ZnO
host lattice is described by a S = 3/2 spin Hamiltonian containing the Zeeman and
zero-field splitting terms. As the latter term is stronger than the former (the zero-field
splitting constant D = 2.76 cm−1) [4, 5], there will be a splitting of the ground state
on two doublets. In consequence, a low-frequency EPR study (ν ∼ 9.45 GHz) will
only observe transitions in the low lying doublet: Sz = ±1/2. The extracted values,
g‖= 2.29 and g⊥= 4.35, as can be seen in Fig. 7.1 and Table 7.1, are very close to those
obtained for single crystals and thin films of ZnO:Co (g‖ = 2.24, g⊥ = 4.55 [4, 5]). For
nanoparticles, the value of g⊥ has been found in the range of 4.30 to 4.43 [6].

The presence of other phases such as metallic Co, CoO, or Co3O4, cannot be used to
explain this feature. Given the synthesis conditions, the XPS and XANES results (see
Chap. 5) the presence of metallic cobalt is very unlikely. Moreover, it should give an
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additional contribution to the XPS spectrum with a binding energy ∼ 2 eV lower than
that of Co2+ [6] and additional oscillations in the XAFS spectra (see Chap. 4). The
cobalt oxides CoO and Co3O4 have markedly different EPR spectra: Co3O4 has only a
broad signal at g∼ 2 [7], while CoO should yield an isotropic EPR signal at g∼ 4.33.
Therefore, the features of the EPR spectrum of Co-doped ZnO NCs are likely due to
the Co2+ ions substituting Zn2+ ions in the wurtzite structure in consistency with XPS
and XANES results. A more detailed inspection of Fig. 7.1 reveals that samples exhibit
a resonance at g = 2.005, which was previously analyzed in Chap. 5.
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Fig. 7.1 100K EPR spectra of Co-doped ZnO NCs.

In Fig. 7.2 is shown the EPR spectra obtained at 100 K for Ni-doped ZnO NCs.
It is observed a symmetric and broad resonance signals centered at around 3140 G
(g = 2.149) and 3250 G (g = 2.078) for the ZnO:Ni1 and ZnO:Ni10 samples, re-
spectively. It is clear that the amplitude of the EPR signals and the value of the res-
onant field increases while increasing the Ni concentration. When the nickel content
increases, the average distance between Ni-Ni ions decreases and the super-exchange
interactions between them change [4]. The EPR signal of the ZnO:Ni10 sample ex-
hibits an intense resonance with g = 2.078. A broad signal due to long-range exchange
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interactions of Ni2+ ions with g-values in the range of 2.2 to 2.57 were reported for
Ni-doped ZnO nanoparticles [8, 9]. Considering the XANES results and reports in
the literature [10–12], we suggest that the Ni2+ ions inside of the ZnO NCs occupy
octahedrally-coordinated sites. It is known that in octahedrally-coordinated sites, Ni2+

ions show a spin configuration of t(↑↑↑↓↓↓)2g e(↑↑)g . Assuming a low spin state, the spin

configurations of Ni3+ (3d7) and Ni4+ (3d6) are t(↑↑↑↓↓↓)2g e(↑)g and t(↑↑↑↓↓↓)2g , respectively.
Thus, Ni2+ and Ni3+ are magnetic but Ni4+ is a non-magnetic [13]. As the Ni2+ ions
belong to d8(t6

2ge2
g) configuration, the degenerate free ion ground state (3F) of Ni2+

splits as a consequence of the crystal field. In an octahedral environment, the orbital
singlet 3A2g has the lowest energy level. Using the spin-Hamiltonian: H = gβHS with
S = 1 and an isotropic g-factor, an isotropic line is obtained which corresponds to the
|0 >–|±1 > magnetic dipole transitions [11, 14].
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Fig. 7.2 100K EPR spectra of Ni-doped ZnO NCs.

It may be noted that EPR signal of most bulk antiferromagnetic materials disappears
below its transition temperature due to the effect of very strong exchange fields, which
require resonance frequencies higher than GHz region; then, the observed oscillations
are not likely to be related with antiferromagnetic compounds. The bulk NiO is antifer-
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romagnetic with a Néel temperature (TN) of 520K [15], and non-stoichiometric NiO
shows weak ferromagnetic [16] or super-paramagnetic (SPM) behavior at low temper-
atures due to the presence of Ni3+ ions in the sample [17, 18]. This could account for
the obtained EPR spectra but we must consider that in the XPS and XANES analysis
the main Ni oxidation state detected was the 2+. We will return to this discussion in
the next section.

Table 7.1 List of calculated g-factors of the different EPR lines in doped ZnO NCs.

Sample v(MHz) B (Gauss) g

ZnO:Ni1 9436.409 3140 2.1489
ZnO:Ni3 9436.026 3210 2.0973
ZnO:Ni10 9439.623 3250 2.0784

ZnO:Co1 9448.475 1550 4.3554 (g⊥)
2950 2.2864 (g‖)

ZnO:Co3 9442.356 1555 4.3386 (g⊥)
2950 2.2845 (g‖)

ZnO:Co5 9440.516 1550 4.3518 (g⊥)
2940 2.2929 (g‖)

ZnO:Co10 9437.226 1550 4.3503 (g⊥)
2950 2.2896 (g‖)

7.2 Magnetization as a Function of the Temperature

In Fig. 7.3, 7.4 and 7.5 are shown DC susceptibility (χDC) curves as a function of
temperature (T ) for the Co-, Ni-, and Tb-doped ZnO NCs, respectively. As observed,
the curves for all dopants show a paramagnetic behavior in agreement with results ob-
tained from other experimental techniques. It is known that the paramagnetic behavior
follows the Curie-Weiss law:

χ = χ0 +C/(T −θ), (7.1)

Where χ0 represents weak nonparamagnetic contributions, C is the Curie constant
defined as:

C = Nµ
2
e f f /3kB, (7.2)

N is the number of magnetic ions, µe f f is the effective magnetic moment of the ion
and θ is the Curie-Weiss temperature. The positive and negative values of θ correspond
to ferromagnetic (FM) and antiferromagnetic (AFM) interactions, respectively [19].
No features indicating a phase transition was determined in the entire temperature
range. All these parameters were determined by fitting the experimental data to the
paramagnetic Curie-Weiss model.
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Fig. 7.3 (Left) DC susceptibility (χDC) curves as a function of temperature (T ) obtained by applying
a constant magnetic field of H = 5 kOe for the Co-doped ZnO NCs and, (right) Graphical result of the
calculated effective magnetic moments.
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Fig. 7.5 (Left) DC susceptibility (χDC) curves as a function of temperature (T ) obtained by applying
a constant magnetic field of H = 5 kOe for the Tb-doped ZnO NCs and, (right) Graphical result of the
calculated effective magnetic moments.

It is determined that the fitted parameters (C, θ , and χ0) are very sensitive to the
temperature range considered for the fit. Then, the analysis was done by considering
different temperature ranges in order to establish acceptable criteria. The parameters’
values versus the number of data points were plotted to identify the most suitable
ranges with little variation of these parameters. Finally, the mean value and its standard
deviation were calculated for each parameter. The obtained results showed an increase
in C with the dopant content (x), as shown in Table 7.2, confirming the success in the
progressive doping with Co, Ni, and Tb ions.

The theoretical effective magnetic moment is calculated using the equation:

µe f f = g
√

J(J+1)µB, (7.3)

where g is the Landé factor (usually g = 2.0023 for transition metals) and J the
total magnetic moment (J = S for transition metals due to the quenching of the orbit
contribution [20]). Replacing the value of S = 3/2, the magnetic moment is 3.87µB for
a free Co2+ ion. On the other hand, we can estimate the isotropic value of g = (2g⊥+
g‖)/3 [5] using the g⊥ and g‖ values determined from EPR measurements (as shown
in Sec. 7.1), we obtained a g = 2.264 for Co2+ ions. g values in the range of 2.24–2.31
were reported for Co in different dilute magnetic semiconductors (DMSs) [21], which
is in accordance with our results.

In Table, 7.2 we show the experimentally determined effective magnetic moment
(µe f f ) calculated from the χ versus T curve shown in Fig. 7.3, 7.4 and 7.5. The experi-
mental effective magnetic moments obtained for the Co-doped ZnO NCs, µe f f , are 4.5,
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4.4, 4.2, 3.5 µB for x = 1, 3, 5 and 10 mol%, respectively. These values are in line with
the literature data of polycrystalline and single-crystal Co:ZnO [22]. Despite the val-
ues obtained in this work are slightly larger than the spin-only value of 3.87 µB/Co2+,
they are in agreement with the value estimated from EPR data (4.4 µB/Co2+). The
value of 3.5 µB/Co2+ for the sample with 10 mol% Co show an effective magnetic
moment lower than the expected one and it was related to the compensating effect of
the antiparallel alignment of spins which is enhanced due to the Co concentration in
Co-doped ZnO samples. The antiparallel alignment is evidenced by the negative values
of θ , which is driven by the super-exchange coupling between Co2+ ions occupying
tetrahedral sites as will be discussed below.

A similar analysis was carried out for the Ni-doped ZnO NCs. In this case, the
experiential magnetic moments were 2.9, 2.91, 2.89, 2.9 µB for Ni-doped samples
with 1, 3, 5, 10 mol%, respectively (see Fig. 7.4). These values are consistent with
the spin-only effective magnetic moment of free Ni2+ ions (2.83 µB). The positive
values of θ obtained for all Ni-doped samples indicate the occurrence of FM coupling
between Ni2+ ions, opposite to that observed in the Co-doped ZnO NCs, where AFM
coupling between Co2+ ions was determined. Considering the results presented so far,
our analyses confirm the presence of Ni2+ ions in the Ni-doped ZnO NCs and excludes
the presence of Ni3+ ions, which could account for the obtained EPR spectra of Ni-
doped ZnO samples. Then, the observed EPR oscillations presented in Sec. 7.1 for
Ni-doped ZnO samples could not be associated to the presence of Ni3+ ions on the
surface of the NCs.

Table 7.2 List of parameters obtained from the fits of the susceptibility (χDC) vs. temperature (T )
curves to the Curie–Weiss law. C is the Curie constant, µe f f is the effective magnetic moment per
dopant ion, θ is the Curie-Weiss temperature, and χ0 is the temperature-independent susceptibility.
The numbers in parentheses represent the estimated uncertainties.

Sample C
(x10−4emuK/gOe)

θ

(K)
χ0

(x10−7emu/gOe)
µe f f

(µB/Co)

ZnO:Co1 3.51(8) -24 (2) 4.3 (2) 4.5 (5)
ZnO:Co3 8.8 (2) -19 (2) 4.4 (3) 4.4 (2)
ZnO:Co5 13.6(3) -24 (3) 3.0 (7) 4.20(15)
ZnO:Co10 18.3(2) -22 (2) 6.6 (5) 3.50(9)

ZnO:Ni1 1.34(2) 2 (2) 8.9 (6) 2.9 (3)
ZnO:Ni3 3.92(6) 9.0(1.4) 1.3 (2) 2.91(2)
ZnO:Ni5 6.43(7) 8.3(9) 3.1 (2) 2.89(2)
ZnO:Ni10 12.2(4) 19 (2) 5 (1) 2.9 (1)

Sample C
(x10−4emuK/gOe)

θ

(K)
χ0

(x10−7emu/gOe)
µe f f

(µB/Co)
µe f f

(µB/T b)
(theoretical)

ZnO:Tb1 12.74(0.14) -12(3) 0 9.1 (7) 9.4
ZnO:Tb3 32.6 (5) -11(4) 0 8.55 (7) –
ZnO:Tb5 60.8 (6) -11(2) 0 9.15 (4) –
ZnO:Tb10 111.2(8) -10(2) 0 8.98 (3) 9.1
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The magnetic moments obtained for Tb ions were 9.1, 8.55, 9.15, 8.98 µB, which
are lower and higher than expected for Tb3+ ions (9.72 µB) and Tb4+ ions (7.94 µB),
respectively (see Fig. 7.5). This is due to the fact that not only Tb3+ ions were found in
Tb-doped ZnO NCs. In the XPS and XANES analysis, we concluded that the presence
of Tb4+ ions cannot be excluded. Then, we calculate the fraction of each Tb ions using
the XPS results to calculate the theoretical µe f f expected for mixed magnetic moments.
The experimental magnetic moments are compared in Table 7.2 to a theoretical value
obtained from the expression;

µ
2
theoret = xµ

2
1 +(1− x)µ2

2 , (7.4)

Here x refers to the fraction of Tb3+ and 1− x to that of Tb4+. µ1 (9.72 µB) and µ2
(7.94 µB) are the respective theoretical moments for these ions [23]. The experimental
magnetic moment values obtained from magnetic measurements are similar to those
expected theoretically—as depicted with the red data points observed in Fig. 7.5, which
reinforces our hypothesis of mixing valence states in Tb-doped ZnO NCs.

The negative values of Curie temperature (θ) in samples doped with Co and Tb
indicate local AFM interactions. In this scenario, we must consider the AFM behavior
of the spinel Co3O4 and cubic CoO which have a Néel temperature of 40 K and 294 K,
respectively [24, 25]. In the susceptibility versus temperature curves, we do not observe
any evidence of magnetic transitions near to those temperatures. Therefore, we believe
that the AFM behavior is not due to cobalt oxides but to the Co2+ ions dispersed
in the ZnO matrix. According to Duan et al. [26] the Co2+ ions in ZnO matrix can
be divided into three classes: (I) isolated Co2+ ions, which behave paramagnetically
and contribute with the full spin-only moment m to the magnetization at low enough
temperature and/or high enough applied field; (II) the Co2+ ions with at least one
nearest-neighboring Co2+, which couple locally with the nearest Co2+ ions via AFM
superexchange interaction. Pairs and most groups of four make no net contribution,
while triplets contribute m/3 and large AFM coupled clusters of N atoms will make
a contribution of m/N1/2 [27]; and (III) the Co 2+ ions within the bound magnetic
polarons (BMPs) model, which couple ferromagnetically within a BMP via the donor
electron associated with defects and they also make a contribution to the magnetization.
As we do not observe ferromagnetic coupling in our samples then BMP model does not
apply here. A fact that can be used in favor of AFM superexchange interaction is the
decreasing trend of the magnetic moment obtained for Co-doped samples (see Table
7.2 and Fig. 7.3). The µe f f value for ZnO:Co1 was 4.5 µB and 3.5 µB for ZnO:Co10
sample showing a significant decrease. Based on a statistical dopant distribution, such
a reduction stems from the antiferromagnetic coupling of Co–O–Co pairs in those
samples and it is known to depend on the Co concentration [28].

Assuming a statistical dopant distribution in the wurtzite structure, different ar-
rangements of the magnetic dopants are possible, some of which will be frustrated
because the antiferromagnetic coupling cannot be satisfied for all atoms in tetrahe-
drally coordinated systems. For example, one can find different types of configura-
tions; isolated Co dopant atoms (singles), Co–O–Co pairs, and open and closed Co–
O–Co–O–Co triples. An open Co–O–Co–O–Co triple has one uncompensated spin.
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It drives to a reduced effective magnetic moment of 1/3µ(Co), whereas frustrated
spins occur in closed triples or tetrahedral quadruples. While a closed triple also drives
to a reduced magnetic moment, the quadruple is magnetically fully compensated. At
higher dopant concentrations larger Co–O–Co–. . . configurations become increasingly
important [29]. However, with the increase of the doping level, larger configurations
cannot be neglected. The resulting total effective moment for low Co concentrations is
thus dominated by the contribution of singles, whereas with increasing Co content the
effective moment is strongly reduced due to the vanishing abundance of all small con-
figurations. Obviously, the more atoms we include in the possible configurations, the
lower the effective moment per Co will be [24]. By increasing the doping concentration
the probability of creating antiferromagnetic pairs increases as well; therefore, reduc-
ing the amount of isolated Co ions. For higher doping concentrations the agreement
becomes worse which is not surprising because the formation of antiferromagnetically
coupled clusters may become more probable [30]. The antiferromagnetic coupling be-
tween Co nearest-neighbor has already been reported for bulk Co:ZnO crystals as well
as for epitaxial films [9, 21, 24, 29–35]. We believe that this behavior also accounts for
the interaction between Tb–Tb ions in the Tb-doped ZnO samples.

As mentioned above, the positive Curie temperature (θ) obtained in the Curie-Weiss
analyses suggests that the interactions between Ni ions are of ferromagnetic nature in
Ni-doped ZnO samples; then, we need to use an alternative explanation as compare
with the Co-doped ZnO samples. The origin of the ferromagnetic interactions in ZnO-
based DMSs is still in debate and has a number of possibilities. First, the presence
of Ni metallic phase is an unlikely source of these ferromagnetic interactions because
the synthesis of Ni-doped ZnO NCs is performed in an oxygen atmosphere where
metallic Ni is unable to form [36]. Besides, the XPS, XANES and EPR analyses ex-
clude the presence of metallic Ni. According to early results not reported here when
metallic Ni was segregated and confirmed by XRD measurements, the ferromagnetism
related to metallic Ni was very strong. The possibility that ferromagnetic interactions
can originate from the NiO secondary phase formed in Ni-doped ZnO NCs have been
considered previously in this chapter due that bulk NiO exhibits antiferromagnetism
with a Néel temperature (TN) of 520K [15, 37] and, in the nanocrystalline form it
shows weak ferromagnetic [16] or super-paramagnetic (SPM) behavior at low temper-
ature [17]. Some authors evidently confirm the existence of AFM nature in the pure
NiO powder associated with Ni2+– O2−– Ni2+ super-exchange interactions [38]. Al-
though we do not observe a ferromagnetism or superparamagnetism indication in the
M vs. H and M vs. T curves, the origin of the ferromagnetic interactions owing to NiO
could not be excluded in our samples. However, an important aspect to be considered
in favor that the ferromagnetic interactions come from the structural results. XRD and
XAFS analyses showed a variation of the structural parameters when the dopant con-
centration was increased. As was suggested in the XANES and EPR analyses, the Ni2+

ions mainly occupy six-fold coordination octahedral sites. Taking a closer look at the
ZnO wurtzite crystal structure, one sees that it contains large octahedral holes enclosed
by oxygen atoms (see Fig. 2.2). The maximum radius of these unoccupied crystallo-
graphic positions is 0.88 Å, which is the theoretical upper limit size to accommodate
an ion. Considering the ionic radii of Ni2+ (0.55 Å) it seems easy its incorporation
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in the crystalline lattice. In addition, in ZnO the octahedrally coordinated interstitials
(i.e., Zni and Oi) have lower defect formation energies than the tetrahedrally coordi-
nated interstitials. Since these empty places can hold interstitial Zn ions—a widespread
defect in ZnO, it is not unlikely that the observed EPR spectra correspond to octahe-
drally coordinated interstitial Ni2+ ions and that the ferromagnetic interactions result
from the interaction of this Ni2+ ions. This type of defect has already been reported
for other transition metals [39, 40]. Of course, we can not ignore the possibility to
find Ni2+ ions in tetrahedral sites substituting Zn2+ ions. Furthermore, as the superex-
change interaction is sensitive to bond angles and bond lengths, the position of Ni2+

in octahedral coordination along with the possibility to find Ni2+ in tetrahedral co-
ordination, the ferromagnetic interaction can happen due to the different angles and
bond length possibilities. These possibilities include the competition between AFM
superexchange interaction (favored by 180◦ bond angles), FM superexchange inter-
action (favored by 90◦ Ni–O–Ni bond angles), and AFM direct exchange interaction
(favored by short Ni–Ni distances) [41, 42]. AFM direct exchange is more favorable
for configurations where Ni and Ni align directly with each other which not account
for the proposed configuration (see 2.2). We believe that the FM interactions between
Ni2+ ions determined for Ni-doped ZnO NCs are owing to the ∼ 90◦ Ni–O–Ni bond
angles.

7.3 Magnetization as a Function of the Applied Magnetic Field

The pure ZnO sample deserves more attention before to analyze the doped samples.
In Fig. 7.6 we show an enlargement of the M versus H curve in which it is possible
clearly observe an open hysteresis loop near the origin attributed to the uncompensated
spins which are present due to the finite size effect, exhibiting a weak FM component.
This experimental result is not surprising because we have obtained similar results in
a previous work for the ZnO nanoparticles synthesized via different methods [43]. It is
worth mentioning that we used high purity reagents and many precautions were taken
in order to avoid contamination. This FM behavior is lost when doping is achieved.
Some authors have attributed the ferromagnetism observed in ZnO NPs to oxygen-
related defects, as shown in experimental and theoretical investigations [43–45]. How-
ever, some controversies remain respect to the origin of the ferromagnetism in non-
doped ZnO, so some questions are opened and, therefore, more studies are needed.

In Fig. 7.7, 7.8, 7.9 and 7.10 the field-dependent magnetization curves are shown
for all the studied ZnO samples, measured at 300 K and 5 K. The magnetization curves
show no hysteresis, no remanence and no saturation up to 7 T, which is an indication
of a paramagnetic behavior [46].
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Fig. 7.6 Enlargement of magnetization (M) versus applied magnetic field (H) curve of pure ZnO NCs
obtained at 5K.
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Fig. 7.7 (Left) Magnetization (M) versus applied magnetic field (H) curve obtained at 300 K for the
Co-doped ZnO NCs and, (right) Graphical result of the calculated effective magnetic moments.
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From the experimental data at 300 K it is possible to observe a linear behavior,
which indicates a paramagnetic behavior. The magnetization at high temperatures is
then given by:

M =
Ng2J(J+1)µ2

BH
3kBT

=
C
T

H, (7.5)

where the curie constant, C is:

C =
Ng2J(J+1)µ2

B
3kB

=
µ2

e f f

3kB
, (7.6)

and the effective magnetic moment, µe f f :

µe f f = g
√

J(J+1)µB (7.7)

Then, from the slope of the M vs. H curves, one can determine the effective mag-
netic moment. The obtained values are reported in Table 7.3 and are consistent with
those ones obtained from the temperature dependence of the DC susceptibility.

Table 7.3 List of parameters obtained from the fits of the magnetization(M) vs. applied magnetic field
(H) measured at 300K. C is the Curie constant, µe f f is the effective magnetic moment per dopant ion.
The numbers in parentheses represent the uncertainties.

Sample C
(x10−4emuK/gOe)

µe f f
(µB/Co)

ZnO:Co1 4.4600 (5) 5.1 (5)
ZnO:Co3 9.5000 (7) 4.5 (2)
ZnO:Co5 13.4000(9) 4.2 (1)
ZnO:Co10 19.000 (1) 3.57(7)

ZnO:Ni1 1.480 (1) 3.0 (3)
ZnO:Ni3 4.4400(3) 3.1 (1)
ZnO:Ni5 7.5600(8) 3.13(7)
ZnO:Ni10 14.600(1) 3.15(6)

ZnO:Tb1 12.2000(8) 8.9 (7)
ZnO:Tb3 34.000 (2) 8.7 (2)
ZnO:Tb5 58.700 (4) 9.0 (2)
ZnO:Tb10 107.400(7) 8.83(8)

From curves shown in Fig. 7.10, it is possible to note that the slope of the curves,
as well as the respective saturation magnetization (Ms) values increase as the dopant
concentration is increased. As a result, the magnetization curves tend to a single curve
indicating the existence of a normal paramagnetism behavior in these NCs. Zero rema-
nent magnetization and zero coercive fields were observed here for all the doped ZnO
samples.
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Fig. 7.10 Magnetization (M) versus applied magnetic field (H) curves obtained at 5K for the doped
ZnO NCs.

M vs H curves at 5K (see Fig. 7.10) were fitted with the expression:

M = MsBs(gµBSH/kBT ), (7.8)

where Ms (Ms = NgµBS/V ) is the saturation magnetization, g = 2.0023 is the spec-
troscopic splitting factor, µB is the Bohr magneton, kB is the Boltzmann constant and
Bs is the Brillouin-function-based form for a paramagnetic system, given by [20]:

Bs(x) =
2S+1

2S
coth

{
(2S+1)x

2S

}
− 1

2S
coth

( x
2S

)
(7.9)

The experimental value of the spin obtained from the fit of data (see Fig. 7.11) for
the 1 mol% Co-doped sample was S = 1.88, which is very close to the spin of Co2+

ions (S = 1.5) and confirms that in the paramagnetic regime the magnetic moments of
the Co2+ ions behave as isolated. This result confirms the hypothesis that for low Co
concentrations the resulting total effective moment is dominated by the contribution
of singles, and thus Co2+ ions behave as isolated. Whereas with the increase of Co
content, the effective moment is strongly reduced due to the vanishing of the small
configurations. The same procedure using the Brillouin function was attempted for
the other samples obtained unsatisfactory results. It seems that the FM interactions
determined for the Ni-doped ZnO samples affect the ideal paramagnet behavior and
the mixed valence Tb3+/Tb4+ in the Tb doped samples drives to mixing paramagnetic
behavior.

It is clear that sample ZnO:Co3 do not show any evidence of ferromagnetic order
at room temperature and down to 5 K, as shown in Fig. 7.7 and 7.10(a), respectively.
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tion. Dots represent experimental data and straight line the fit result.

Surprisingly, after a thermal treatment of sample ZnO:Co3 at 400 ◦C during 4 hours
in a hydrogen atmosphere (sample ZnO:Co3H), it shows open hysteresis loop near the
origin indicating a weak FM contribution, which coexists with a non-saturated contri-
bution coming from the remaining paramagnetic behavior. That is, the mean contri-
bution continues to be due to the paramagnetic behavior. The XRD and HRTEM data
analyses for sample ZnO:Co3H indicated that not additional secondary phases are pre-
sented and that the wurtzite crystalline structure remains after the thermal treatment
in a hydrogen atmosphere. The d-spacing fingerprints were associated with the (002)
plane of the ZnO structure (see Fig. 7.12). Besides, the EPR data analysis indicates
that the spectrum is the same as that obtained for the not thermally-treated sample. We
can conclude that the Co2+ ions remain in the tetrahedral site of the ZnO matrix as
previously pointed out. It indicates the possibility to improve the magnetic response
by subjecting the doped ZnO NCs to thermal treatment under controlled atmosphere.
Some reports indicate that the ferromagnetic properties have a strong correlation with
oxygen vacancies [47]. Of course, convincing explanation for the origin of RTFM is
our further work.
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Chapter 8
Conclusions and Future Work

8.1 Conclusions

In this thesis, we have performed an extensive study of the structural, electronic, optical
and magnetic properties of pure and doped ZnO NCs that was elaborated by the corre-
lation of results obtained from diverse experimental techniques. Conventional macro-
scopic techniques, among those, XRD, HRTEM, XPS, PL, EPR and SQUID-based
magnetometry; and element-specific advanced tools (i.e. XANES and XAFS) were
used. The main findings for the pure and doped ZnO NCs studied here are summarized
as follows:

• We have synthesized successfully Ni-, Co-, and Tb-doped ZnO compounds with
nanocrystal sizes via a sol-gel method. The XRD and HRTEM measurements con-
firmed the formation of the wurtzite ZnO structure with mean sizes of 7.3, 7.3,
6.5 nm for Ni, Co, and Tb-doped ZnO NCs, showing mostly circular and elliptical
shapes. The no detection of secondary phases containing nickel, cobalt, and terbium
within the limit of the detection technique strongly shows that the synthesis method
is much efficient to obtain pure and doped ZnO NCs. Moreover, a decreasing ten-
dency in the a-lattice parameter and an increase in the c-lattice parameter for the
Ni- and Co-doping are found to be related to the incorporation of dopant ions into
the ZnO matrix. However, both a and c lattice parameters showed an unexpected
decreasing tendency for terbium doping, which was related to the formation of Tb-
related defect complexes in the ZnO matrix.

• The Zn K-edge EXAFS spectrum oscillations of pure ZnO matched-well with those
related to bulk ZnO, suggesting minor structural differences. The decrease in the
peak intensity related to Zn–Zn contributions evidences a decrease in the coordina-
tion number around the zinc ions when dopant content is increased and; therefore, it
was attributed to the arising of zinc vacancies. In addition, the EXAFS results at the
Co K-edge showed similar features to those of the Zn K-edge for the pure ZnO NCs,
which evidence that Co ions substitute Zn ions in the tetrahedral sites of the host
lattice. The EXAFS results at the Ni K-edge and Tb L3-edge showed marked differ-
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ences in comparison to those obtained at the Zn K-edge suggesting modifications
in the Ni and Tb local environment. On the other hand, XPS and XANES results
at the Co K-edge indicated that Co ions assume predominantly the 2+ valence state
and are mostly located in tetrahedral sites, which is consistent with the Co K-edge
EXAFS results. The results obtained at the Ni K-edge indicated the presence of
Ni2+ but located mainly at octahedral sites of the ZnO wurtzite structure. A sim-
ilar analysis suggested that Tb ions are established in a mixed valence state (3+/4+).

• From EPR data analysis, mainly two predominant paramagnetic defects were ob-
served in all set of samples. The intensity of the g = 2.005 signal reduces almost
until disappearing with the increase of the Co in Co-doped ZnO NCs, revealing a
decrease in the number of superficial defects. That tendency was lower for Tb doped
samples. Besides, the line shape of the g = 1.961 signal increases significantly with
the increase of the dopant concentration in the Tb-doped samples, behavior that was
not detected for the other dopants. The appearance of this signal was assigned to the
formation of EPR-detected oxygen vacancies due to the difference in ionic sizes of
Tb3+ and Zn2+, which are the responsible for the lattice parameters decrease deter-
mined from XRD and XAFS data analysis.

• All the studied samples showed photoluminescence spectra with some specific fea-
tures. UV emission bands centered in the range between 350–450 nm, which corre-
spond to the near-band emission attributed to the photo-stimulated creation of exci-
tons having energies just below the ZnO band-edge. Besides, a broad green emis-
sion band (450–650 nm) related to oxygen vacancies (V ••O ). It is determined that
as the Co content is increased, the intensity of this green emission decreases and
to a lesser extent for Ni and Tb dopping. This decreasing trend was assigned to the
density reduction of the V •O defects, in agreement with the similar trend determined
for the EPR signal of the g = 2.005 region. A red emission band was also observed
in all the samples in the region 700–800 nm, which are ascribed to the interstitial
Zn ions in the NCs. In the Co-doped ZnO NCs, it was observed an additional red
emission band at around 661 nm which has been assigned to the characteristic tran-
sition of the Co2+ ions occupying tetrahedral sites (i.e., 4T1(P)→ 4A2(F) d− d∗

internal transitions). When the terbium ions are introduced into the ZnO matrix, it
was determined a carrier relaxation from the excited states of the ZnO host to the
Tb ions, which results in characteristic emissions (intra-ions transitions) of Tb3+

ions in the ZnO matrix.

• An intense and broad EPR resonance located at g⊥ = 4.35 and a weaker band
at g‖ = 2.29 corroborate the presence of Co2+ (with S = 3/2) in agreement with
the optical and magnetic results. The EPR resonance located at g ∼ 2.11 observed
in the Ni-doped ZnO NCs confirms the presence of Ni2+ occupying octahedrally-
coordinated sites.

• Magnetic measurements revealed a paramagnetic behavior for the doped ZnO NCs,
with the exception of pure ZnO NCs, which show a weak ferromagnetic behavior.
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The data analysis revealed the presence of Co2+ (3.87 µB), Ni2+ (2.83 µB) and the
coexistence of Tb3+/Tb4+ (9.72 µB/7.94 µB) in the Co-, Ni-, and Tb-doped ZnO
samples, respectively, in agreement with results obtained from other techniques.
Besides, Co and Tb dopant ions show local AFM correlations favored by the sta-
tistical distribution of the dopant ions in the ZnO semiconducting matrix and the
Ni–Ni interactions were determined as FM in Ni-doped ZnO NCs.

8.2 Future Work

We consider important to mention that there are still some open questions regarding
the study of the pure and doped ZnO NCs systems that we describe in this work.

• For determining the different type of defects in the ZnO matrix and the role of them
in the emission process and other properties, our investigation has to be continued
by including electron paramagnetic resonance measurements under UV irradiation.
Some of the defects can behave actively when irradiated and this could lead to
the identification of point defects when combined with PL and PL with applied
magnetic field measurements. Raman measurements varying the temperature and
applied magnetic field could be an interesting tool to decipher the nature of the de-
fects.

• Thermal treatment of the NCs under different atmospheres (i.e., O2, N2, H2 or Ar)
to study the suppressing of some EPR signals and get a better understanding about
the nature of the defects and the photoluminescence emission process. This thermal
process in a controlled atmosphere could lead to the desired p-type ferromagnetic
behavior.

• Simulations of the XANES and EXAFS spectra with the FEFF code in order to
include a more detailed description of the behavior of oxygen and zinc vacancies
when increasing the dopant concentration of doped ZnO NCs.

• Studies with time-resolved XAS could be used to probe changes in the unoccupied
density of states (DOS), which includes the conduction band of semiconductors;
these studies are sensitive to the excitation and trapping of the electrons. Due to the
fact that the valence band is dominated by the oxygen 2p orbitals the hole cannot
be observed in transition metal oxides making it almost impossible to detect by
X-ray or optical absorption. To address this, XAS can be complemented by X-ray
emission spectroscopy (XES) to provide information about the time evolution of the
occupied DOS, which corresponds to the semiconductor valence band.



Appendix A

A.1 A Brief Theory and Analysis of EXAFS

For the analysis of the EXAFS data presented in this thesis, the Athena and Artemis
software of the Demeter package 1, have been used. These programs include AU-
TOBK [1] for background removal, FEFF [2] for generation of the theoretical EXAFS
models, and FEFFIT [3] for parameter optimization of the model.

A typical XAFS spectrum of powder ZnO (recorded in the transmission geome-
try at the XAFS1 beamline at LNLS) is shown in Fig. A.1. The sharp rise in µ(E)
due to the Zn1s electron level (at 9659.0 eV) is clearly visible in the spectra and the
XAFS oscillations. As mentioned in the Chap. 2, the XAFS is generally thought of in
two different regions: the near-edge spectra (XANES) and the extended fine-structure
(EXAFS).The basic physical description of these two regimes is the same, but some
important approximations and limits allow us to interpret the extended spectra in a
more quantitative way than is currently possible for the near-edge spectra [4].

For the EXAFS, we are interested in the oscillations well above the absorption edge,
and define the EXAFS fine-structure function χ(E), as a change to µ(E) [5].

µ(E) = µ0(E)[1−χ(E)] (A.1)

where µ(E) is the measured absorption coefficient, µ0(E) is a smooth background
function representing the absorption of an isolated atom. The isolated XAFS is usually
written as:

χ(E) =
µ(E)−µ0(E)

∆ µ0(E)
(A.2)

where ∆ µ0 is the measured jump in the absorption µ(E) at the threshold energy (see
Fig. A.1). χ forms the oscillatory part of the total absorption, describing the scattering
of the outgoing electron against the neighboring atoms. Since the oscillatory part is
created by the interference between the outgoing and backscattered waves, it contains
information about the local structure around the absorber atom.

1 https://github.com/bruceravel/demeter
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Fig. A.1 XANES and EXAFS regions identified. µ(E) is shown with smooth background function
(µ0(E)) and the edge-step (∆ µ0(E0)).

A.1.1 Edge Energy - E0

The edge energy represents the energy required to excite a core electron into an unoc-
cupied state or into the continuum within the sample matrix, creating a photoelectron.
The edge energy reference parameter, E0, is used to align the experimental spectrum
to the theoretically calculated spectrum. A systematic definition of E0 for all EXAFS
spectra from the same adsorption edge is desirable since a shift in E0 is determined
in the fit of theoretical spectra to the experimental spectra. If all data sets have the
same E0, then all data sets will have the same energy shift. The inflection point, i.e.,
the maximum in the first derivative of the absorption edge, is generally considered as
a systematic choice [6]. Hence, the edge position is typically chosen at the inflection
point with the help of the XANES and first derivative XANES (E) spectra [7].

A.1.2 Pre-Edge Subtraction and Determination of Edge Step

Before µ0(E) can be determined, the pre-edge—X-ray absorption before the actual
absorption edge occurs—has to be subtracted (Fig. A.2). The pre-edge is normally
approximated by a modified Victoreen [µpre−edge(λ ) =Cλ 3−Dλ 4] and calculated by
extrapolation of the pre-edge region in the data. Similarly, a linear or quadratic function
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is regressed to the post-edge region (Fig. A.2(a)). These lines are extrapolated to the
absorption edge, E0, and the difference in absorption between these projected lines at
E0 is called the edge step.

A.1.3 Post-edge Background Removal

The atomic background µ0(E) after the absorption edge has to be determined, normally
using a cubic spline:

NTPS

∑
j=1

(µx j−BCK j)
2

e−WEk2
j

≤ SM (A.3)

The cubic spline consists of four parameters that define the spline function: SM
(smoothing parameters), W (weighting factor) and the start and end energy that deter-
mine the number of points [8]. The more data points available, the better the spline
will be defined. The background is optimized using several criteria, of which the most
important is not to remove any of the oscillating information from our data.

A.1.4 Normalizing µ(E)

Before χ(k) can be obtained, the total absorption as obtained from experiment has to
be normalized per absorber atom. Normalization is done by subtracting a regressed line
determined by the pre-edge region from the entire spectra and dividing the measured
spectra by the absorption step height at E0. The normalized K absorption spectra of
ZnO is shown in Fig. A.2(b). The step height determines the amplitude of the EXAFS
oscillations and; therefore, it’s correlated to the EXAFS parameters such as the ampli-
tude reduction factor (S2

0), and the coordination number (N). That is, the step height,
S2

0, and N are all components of one multiplicative amplitude term in the EXAFS equa-
tion (Eq. A.5).

A.1.5 Extraction of χ(k)

The extraction of χ(k) from the experimentally obtained µ(E) (Fig. A.1) follows sev-
eral consecutive steps, some that are visualized in Fig. A.2. χ can be obtained once the
atomic absorption is known, by calculating the Eq. A.2

The value of the edge energy is used to calculate k(Å
–1
) as given by the following

equation.
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k =

√
2m(E−E0)

h̄2 = 0.263
√

(E−E0) (A.4)

where E0 is the absorption edge energy and m is the electron mass. The primary
quantity for EXAFS is then χ(k), the oscillations as a function of photo-electron
wavenumber, and χ(k) is often referred to simply as ”the EXAFS”. χ(k) is calculated
according to Eq. A.4 and is shown in Fig. A.2(c).

Hence, the pre-edge, post-edge, and resulting step height should always be checked
before the χ(k) spectrum is further processed. Normalized XANES spectra can be
used in EXAFS analysis to visually check the alignment of the spectra and to look for
spectral changes between successive scans from the same sample.

A.1.6 Fourier Transform k-Weights

The amplitude of EXAFS oscillations diminishes with increasing energy above the
absorption edge (Fig. A.2(c)). Therefore, EXAFS spectra are usually multiplied by k
raised to the power of 1, 2, or 3 before the Fourier transform is performed. This is
called k-weighting and results in a plot with more uniform amplitude. By increasing
the k weight, the data at higher k are given relatively more importance, and the Fourier
transform will have larger amplitude for the Fourier components that have a larger
contribution at higher k values as seen in Fig. A.2(d).

A.2 EXAFS Fitting Parameters

All photoelectron scattering configurations that start at the absorber atom, go to one or
more neighbouring atoms, and then return to the absorber atom contribute to the EX-
AFS signal. These configurations are called scattering paths. Single-scattering paths
are from one shell of atoms. The degeneracy of a single-scattering path is the coordi-
nation number of that shell. The degeneracy of a multiple scattering path is the number
of equivalent paths. Once a path has been selected for possible inclusion in a structural
model, mathematical expressions for the EXAFS parameters are defined [4, 5].

The EXAFS equation can be written in terms of a sum of the contribution from all
scattering paths of the photoelectron [9]:

χ(k) = S2
O ∑

i
Ni

fi(k)
kR2

i
e−2Ri/λ (k)e−2k2σ2

i sin(2kRi +ϕi j(k)) (A.5)

Ri = R0 +∆R

k2 = 2m(E−E0)/h̄2
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Starting Values:

• R0 : half-path length from the input configuration

Theoretically calculated values:

• Fi(k) : effective scattering amplitude of the backscattering wave from the neigbour
of type i

• ϕi j(k) : effective scattering phase shift between the central ion j and its neighbours
i

• λ (k) : mean free path of the photoelectron and is a phenomenological term that
accounts for inelastic losses

Parameters determined in fit:

• Ni : is the number of neigbours of type i at and average distance Ri
• S2

0 : passive electron reduction factor, an amplitude reduction term that is due to
multi-electronic effects

• σ2
i : is the Debye-Waller factor that describes both the static and dynamic (thermal

agitation) disorder in a Gaussian distribution approximation
• E0 : energy shift
• ∆R : change in path length

The parameters that are often determined from a fit to the EXAFS spectrum affect
either the amplitude of the EXAFS oscillatios (N, S2

0, σ2) or the phase of the oscil-
lations ∆E0 and ∆R, all of which can be calculated by a computer program such as
FEFF [10].
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(a)

(b)

(c)

(d)

Fig. A.2 The different steps for extraction of the oscillatory part from the K absorption spectrum of
powder ZnO recorded at XAFS1 beamline at LNLS, (a) raw X-ray absorption data and pre-edge and
post edge lines, (b) normalized X-ray absorption data, (c) χ(k) vs. k data (k-weight = 0) and, (d)
EXAFS χ(k) vs. k data (k-weight = 1 , 2 and 3).
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