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Abstract

Diluted magnetic semiconductors (DMS), semiconductors in which a fraction of non-
magnetic sites have been replaced with their magnetic counterparts, have been in the limelight
of the scientific community since the turn of the 21st century. The interest in these materials
is spurred from their application in the spin electronics, the developing technology based on
the usage of the fundamental property of every electron - its spin. Namely, diluted magnetic
semiconductors have large spin-dependent properties that can be amplified in the presence of
a magnetic field, thereby having the potential of achieving the external control of spin, which
is the final goal of spintronics.

The Achilles heel of diluted magnetic semiconductors is the material ‘s quality. The ten-
dency of magnetic ions distributed in a non-magnetic matrix is to cluster and form magnetic
islands leaving non-magnetic regions in the material with macroscopic properties of the sample
completely different from originally envisaged.

The goal of this thesis was to develop novel synthesis methods to produce homogenously
doped ZnO with transition metal ions (TM = Mn, Ni, Co) and to check what magnetic
transition temperatures (T.) could be achieved in such conditions. The idea was to use homo-
geneous precursors synthesized at low temperatures. A synthesis method was elaborated using
transition metal doped nitrates as precursors. The materials were decomposed in moderately
oxidizing conditions of NOg formed during the synthesis. In the case of Mn as transition metal
ion even this oxidation was strong enough to create a small quantity of Mn* and consequently,
to form a small amount of parasitic magnetic phase ZnMnQO3 within the Zn;_,Mn,O matrix.

Excellent material was produced by using a 2-step synthesis for DMSs based on inorganic
precursor decomposition. The precursor was TM-doped hydrozincite, a zinc hydroxy carbonate
salt, which is obtained by the oxidation of urea by Zn and Mn nitrates. This precursor
undergoes a single-step decomposition to produce TM-doped ZnO at low temperatures. The
detailed characterization of Mn-doped ZnO produced by this novel process demonstrates the
high purity of its product. It is also compatible with Si-based device fabrication, because

of the low-temperature nature of the process. In this case the formation of zinc manganate



impurities was avoided as the oxidation state of Mn cations is well controlled. ZnO doped with
up to 1.8 % of Mn has been prepared, and a ferromagnetic signal has been observed below 40
K. Unfortunately, this is well below the desired room temperature ferromagnetism. The goal
is further on to increase T with additional chemical manipulations.

Other TM dopants in hydrozincite precursor did not give satisfactory results . The case
of Znj_,Co,0O revealed that a strong ferromagnetism with T¢ > 260 K can be achieved when
the Co precipitates in the ZnO matrix and hence it is not intrinsic to the system. The case of
Zm1_;Ni, O has showed that NiO inclusions can lead to superparamagnetism.

Besides chemical methods, a large variety of experimental techniques were employed to
characterize the materials, such as X-ray diffraction (XRD), transmission electron microscopy
(TEM), energy dispersive X-ray spectroscopy (EDXS), selected area diffraction pattern (SADP),
electron energy loss spectroscopy (EELS), low and high-field electron spin resonance (ESR),
DC and AC conductivity, AC susceptibility and Superconducting Quantum Interference De-
vice (SQUID).

Keywords: diluted magnetic semiconductors, spintronics, transition-metal doped ZnO,

magnetism, Electron Spin Resonance, magnetic susceptibility
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Version abrégée

Les semi-conducteurs magnétiques dilués (DMS), semi-conducteurs dans lesquels une frac-
tion des sites non-magnétiques a été remplacée par leurs homologues magnétiques, sont sous
le feu des projecteurs de la communauté scientifique depuis le début du 21éme siécle. L’intérét
pour ces matériaux est stimulé par ses applications dans ’électronique du spin, une technolo-
gie émergente basée sur le principe fondamental que chaque électron posséde un spin. En
effet, les semi-conducteurs magnétiques dilués ont d’importantes propriétés dépendantes du
spin qui peuvent étre amplifiées en présence d’un champ magnétique, ayant de ce fait comme
débouché potentiel le contréle externe du spin, but ultime de la spintronique. Cependant,
le talon d’Achilles des DMS réside dans la qualité de ces matériaux. Les ions magnétiques
distribués dans une matrice non-magnétique ont tendance & s’agglomérer ayant pour résul-
tat d’induire des propriétés macroscopiques non-représentatives du matériau original dte aux
larges régions magnétiques ainsi formées. Le but de cette thése a été le développement d’une
nouvelle méthode de synthése pour produire ZnO dopé avec des métaux de transition (TM =
Mn, Ni, Co) et de déterminer quelles températures de transition magnétique pouvaient étre
atteintes dans de telles conditions.

Le principe de la méthode réside dans l'utilisation de précurseurs homogénes synthétisés a
basse température. La synthése est basée sur I’emploi du precurseurs tels que les nitrates dopés
avec des métaux de transition comme précurseurs. Les matériaux sont ensuite décomposés sous
atmosphére controlée. Dans le cas du Mn, son oxydation ne peut étre empechée et une faible
quantite de Mn** est ainsi créée induisant la formation d’une phase parasite magnetique dans
la matrice Zny_,Mn,O.

D’excellents matériaux ont été produits en utilisant une méthode de synthése en deux
temps par un processus de décomposition d’un précurseur inorganique basé sur du DMS. Le
précurseur était du hydrozincite TM-dopé, un hydroxy carbonate de zinc, qui est obtenu par
loxydation d’urée par des nitrates de Zn et Mn. Ce précurseur subit une décomposition en
une étape pour produire du ZnO TM-dopé & basse température. La caractérisation détaillée

du ZnO Mn-dopé obtenu par ce nouveau processus démontre la grande pureté de ce produit.
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Ce procédé est également compatible avec la fabrication de dispositifs basés sur la technologie
du Si. Dans ce cas, la formation d’impuretés de manganate de zinc est évitée par le fait que
I’état d’oxydation des cations de Mn est maitrisée. Il a été possible de fabriquer ZnO dopé avec
jusqu’a 1.8% de Mn. Un signal ferromagnétique a été observé pour des températures inferieures
a 40 K: Néanmoins, cette temperature reste bien inferieure a la température ambiante désirée.
Le but est d’accroitre davantage le/la T'¢ grace a des manipulations chimiques supplémentaires.

L’utilisation d’autres dopants magnétiques n’ont pas donné de résultats probants. Le cas
du Znj_,Co,0 a révélé qu’un fort ferromagnétisme avec T > 260 K peut étre obtenu lorsque
le Co précipite dans la matrice de ZnO et par conséquent le phénomeéne n’est pas intrinséque
au systéme. Le cas du Znj_,Ni,O a montré que des inclusions de NiO peuvent conduire a des
propriétés superparamagnétiques.

En plus de méthodes chimiques employées pour la synthése des matériaux, une grande
variété de techniques expérimentales a été employées pour caractériser les échantillons, comme
par exemple la diffraction de rayons X (XRD), la microscopie de transmission électronique
(TEM), spectroscopie a énergie dispersive de rayons X (EDXS), Diffraction & zone sélectionnée
(SADP), Spectroscopie de perte d’énergie (EELS), Résonance paramagnétique électronique

(ESR), conductivité DC et AC, susceptibilité AC et susceptibilité mesurée par SQUID.

Mots-clés: semi-conducteurs magnétiques dilués, spintronique, ZnO dopé avec des métaux

de transition, magnétisme, Résonance Paramagnétique Electronique, susceptibilité magnétique
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Chapter 1

Introduction

The introduction of computers to the world’s stage has had such huge influence on the everyday
life that it is difficult to grasp a life without computers. No wonder than the old Olympic
motto of Citius, Altius, Fortius is being modified to be Citius, Minor, Fortius, where "smaller"
refers to the size of the electronic components. The time of finalizing the work on this Thesis
has seen the computer power/size ratio reach new heights with the introduction of Apple’s
I-Pad to the market.

The working principle behind the new computers, including I-Pad, is based on the sili-
con semiconductor technology and the principle of transistor, transfer resistor, that has been

developing since the 1950s. The silicon transistor/integrated circuit technology is working

Figure 1.1: The I-Pad computer, released in April 2010, sprawling a 1 GHz processor, a 64
Gb storage and the mass of 680 grams.



using the fundamental property of the electron charge. Electrons however have an additional
fundamental property, spin that can have the value of 1/2 or -1/2. If one would be able to
control the spin states of the spins one would be in position to perform calculations several
orders of magnitude faster than in conventional electronics, and the leap in power/size ratio
would far supersede the leap that I-Pad made these days.

The spintronics has already made its way to I-Pad through its hard disk data storage drive
using giant magnetoresistance effect, which is the 20-80 % change in resistance between the
cases when the adjacent magnetic layers are under an applied field and without the applied
field, respectively. Hence, by applying the magnetic field, one has the change of one to zero
and a unit of information is created.

The spin of the electron is hence used in hard-disk technology, yet the challenge that
remains is developing a spintronics device out of semiconductors, which could make the logical
elements in computers function on the principle of measuring the spin state of the electrons
and not whether the current is on or off.

This could finally achieve a computer that could boot-up instantaneously or be in stand-by
state without any power needed, a significant step forward from the computers that we know
today.

The aim of this thesis work is to present a systematic study of novel materials, based on a
wide band gap zinc oxide, ZnO, that have potential application in spin electronics -spintronics.
Zn0O, a material with ubiquitous applications in piezoelectric transducers, varistors and as
transparent electrodes [1] is fast becoming one of the most studied materials due mostly to
the seminal work by Dietl et al. |2] who predicted ferromagnetic ground state of Zn;_,Mn,O
with x = 5% and hole doping of 3.5x10%° holes per cm?3. Sato et al. further postulated that Fe,
Co and Ni doped ZnO should have ferromagnetic ground state without any additional further
carrier doping, while, corroborating analysis of Dietl et al. Zn;_,Mn,O needs hole carriers
to stabilize ferromagnetism from originally a spin-glass ground state present when there is no
additional carrier doping.

Ferromagnetic electrodes are important for spintronics because they serve as reservoirs of



spin-polarized electrons from which non-equilibrium spin population is injected in a typically
non-magnetic or insulating material. Polarized spins are then transferred within times typically
shorter than their characteristic spin relaxation time through aforementioned non-magnetic or
insulating material and finally detected at another ferromagnetic or superconducting electrode.
ZnO and other (II-VI) as well as (III-V) semiconductors offer a high potential for nanostructure
synthesis so an added ferromagnetism would allow for an unprecedented blend of properties
with a strong stress on application.

The work by Dietl et al. [2] has however had strong roots in the field of diluted magnetic
semiconductors (DMS), i.e. host non-magnetic (II-VI) and (III-V) semiconductors doped to
a, typically, very dilute extent with magnetic elements from transition-metal 3d (TM) or rare-
earth 4f (RE) series. A magnetic moment is endowed to the system from materials with
unfilled 3d or 4f shells substituting for non-magnetic cations in structures.

The Achilles heel of this blooming field is the homogeneity of the material. This is why
in this work we have put a special accent on the sample synthesis. This thesis work has
strong foundations in the synthesis methods applied in order to synthesize a well characterized,
quality bulk Zn;_,TM,O with a special stress on Zn;_,Mn,O. As this Ph.D. work coincides
temporally with several years in which importance of improvement of synthesis methods and
analysis techniques has just started to be recognized, we have invented several novel synthesis
methods with a stress on homogenous distribution of TM species in ZnO and single-phase
character of Zny_,TM,O final product, with tracking down, with help of structural or magnetic
signatures, possible nanoscale phase separation in final material. As analysis techniques we
have typically used microscopical, magnetic resonance and techniques based on the Josephson’s
effect (Superconducting Quantum Interference Device - SQUID) for determining the structure
and the magnetic properties of our samples as a function of their structure.

The structure of this work is as follows. First, basics of spintronics are introduced through
a more pedagogical than chronological approach. The physics of diluted magnetic semiconduc-
tors with their spin-dependent properties as potential goldmine of materials for applications

in spintronics is discussed subsequently. Zinc oxide, the host material for this thesis work



is the subject of the third Chapter. The focus of this work is on the improvement of the
conventional synthesis methods of TM doped ZnO, hence they are listed after this. The pos-
sibility of room-temperature ferromagnetism in TM:ZnO is discussed in the following section.
The next Chapter includes the discussion of the properties of TM doped nitrates and TM
doped hydrozincite, (Zn;—,Mn,)5(OH)g(CO3)2, the precursors developed and chosen for this
study. Properties of the Zni_,Mn,O produced from nitrate precursors are discussed in the
following Chapter. Following this, an essay on the properties of the parasitic phase ZnMnQOj5
that defines very important properties of Zn;_,Mn,O that contain even trace amounts of
ZnMnOQOsj , as established in this work, is given. Properties of Zn;_,Mn,O produced from
(Zn1—zMn;)5(OH)g(CO3)2 are a subject of the central Chapter, Chapter 6, with importance
given to the atmosphere of the precursor decomposition. This Chapter includes essays of sys-
tems doped with other TM ions, such as Co, Ni and Mn system co-doped with Li. The thesis
work is completed with conclusion and outlook, curriculum vitae, acknowledgements and list

of references.



Chapter 2

Diluted magnetic semiconductors and

application in spintronics

Spintronics is a novel technology based on usage of spins as information units that could
possibly revolutionize the information technology as we know it today. Modern technologies
are often developed in parallel or directly through the development of structures based on
their flagship materials. The revolution of electronics with Si, optoelectronics with GaAs
and display technology with liquid crystals are one of many examples. Spintronics is not an
exception to this rule, scientists being constantly in search for suitable materials to achieve the
goal of computing with individual spins. Materials for spintronics in general have to have the
potential for amplification of spin-dependent properties. Diluted magnetic semiconductors are
materials with properties such as giant Faraday rotation, the change in polarization of light
when acting with the magnetic field and extremely large Zeeman splittings, the splittings of
the energy states of the electrons in presence of a strong magnetic field, of both the band and
impurity levels. ZnO by itself is already a promising material as it already easily finds its place
in many demanding applications. It is used as a varistor, a variable resistor material used to e.g.
protect sensitive pieces of electronic equipment by shunting the circuits [3], as a piezoelectric
material, a material capable of generating electric potential when dangerously high current

levels are present, etc. It can also be used as a nano-cantilever in Atomic Force Microscope



(AFM) [4, 5]. Tt is as well a high-k dielectric, i.e. a material with a high dielectric constant
k compared to SiO2 meaning that it could replace the silicon dioxide gate in conventional
transistors and contribute to miniaturization of the electronic components which is essential
to the optimization of their performance. In addition to all the mentioned characteristics,
doping of n-doped ZnO with Co, Ni, V and Fe are predicted to render it ferromagnetic [6, 7],
while doping of p-doped ZnO with Mn serves to the same effect |6, 7, 2]. Ferromagnetic
semiconductors are essential candidates to make some or all of the (source, drain, channel,
gate) components of a conventional spin-field effect transistor (spin-FET') [8]. One more reason

then, to embark on the journey of ZnO, DMS and spintronics.

2.1 Magnetic interactions and their effect on measurable prop-

erties

This part of the Thesis is devoted to dealing with introducing the fundamental physical con-
cepts that will be used throughout the remainder of this work. The interaction between two
magnetic dipoles p; and py separated by r is defined by the energy that the system has re-
spective to the values of the separation of the dipoles and the angles that the dipoles make.

It is given by the Equation

o 3
_ e — . . 2.1
A3 K1 B 2 (g -7)(pg - 1) (2.1)

and is known as magnetic dipolar interaction. Two magnetic moments of size y =~ up separated
by r ~ 1 A would have energy of the order of 2 JAmr3 ~ 10723 J which translates to around 1
K, meaning that the magnetic dipolar interaction cannot be the sole responsible for the high
temperature ordering effects of ~ 1000 K.

The exchange interaction originates in the fermionic nature of the electron based on Pauli
exclusion principle: no two fermions can occupy the same quantum state at the same time. As
electrons are fermions, they are distinguishable, and the wave function of the system of two

electrons has to be antisymmetric to the exchange of two electrons. This leaves two possible



spin states: an antisymmetric singlet state xg with S=0 (in the case of the symmetric spatial
state) and a symmetric triplet state xp with S=1 (in the case of the antisymmetric spatial

state).

Vg = L [%(7‘1)%(7‘2) + %(7“2)1/%(7“1)] Xs

S

Ur = —= [Wa(r1)p(r2) — Yalr2)vn(ri)] xr (2.2)

€
V2
With the energies of the two possible spin states given by

Eg = / U5 HUgdrdry, Ep = / Ui HUpdr dry (2.3)

The difference in energies of the singlet and triples state is given by

Fs— Ep—2 / O (1) (1) Fl (7 )y (11 1 iy (2.4)

From this one can define the exchange integral

/= @ - / V()W (r2) Hpa(ra) iy (r1)drydrs (2.5)

The basic properties of the spin operator require that, for a singlet state S - .S9 = —% while

for a triplet state S-Sy = i. The effective Hamiltonian can hence be defined as

- 1
H = 7(Es+3Er) - (Es — Er)S1- 53 (2.6)

The effective spin Hamiltonian is then

A~

Hspm =-2J51-859 (2.7)

If J>0, Es > Er the triplet S = 1 state is the lower energy, stable one. In the case of J <

0, Er > FEg and the singlet S = 0 state is the lower energy one. The generalization of Eq.



2.7 to more than 2 spins is not trivial, yet by assuming that Eq. 2.7 still holds in many-body

systems we arrive at Heisenberg Hamiltonian
HHeisenberg = - § J’L]Sl : Sj (28)
ij

In systems where the electrons are localized on magnetic atoms, the interaction depicted by
the Eqgs. 2.7 and 2.8 is referred to as direct exchange. It requires , however, the strong overlap
of the orbitals to be of considerable magnitude. As the electronic orbitals often extend less
than one tenth of an interatomic spacing it is rarely a dominant magnetic interaction. Even
in Fe, Co and Ni, that have 3d magnetic orbitals that extend quite far from the nucleus the
interaction is not strong enough to explain the observed magnetic properties. As the Electron
Spin Resonance (ESR) is one of the methods most extensively used in this Thesis work one has
to quantify the effects that magnetic interactions have on ESR linewidth. ESR is, typically, a
method of studying systems with unpaired electrons, often complexes possessing a transition
metal ion. The electrons of the system are excited at a given frequency with the system being
within a microwave cavity. Then the magnetic field is applied. Due to the Zeeman effect, the
electronic states are separated by a gap proportional to the magnetic field. When the value
of the Zeeman gap equals the energy of the radiation being absorbed or emitted when an
electron changes between two states, the resonance condition is reached, the condition being
hv = gepupB. The net effect on the system in a microwave cavity is the absorption, but most
spectrometers are designed to measure the first-derivative of the absorption.

From the experimentalist’s point of view, the three main pieces of information one can
obtain from the electron spin resonance measurement. The first is the value of the resonance
field Hy which is related by a simple formula to the electronic g-factor. The electronic g-factor
is a measure of local magnetic fields that the electron "feels", being transferred to it through
the spin-orbit coupling. The second is the value of the AH,, ESR linewidth which is inversely
proportional to the spin lifetime in the system, which in itself is important for relaxation
effects and the third, the value of the spin susceptibility which is proportional to the intensity

of the ESR signal, in this case the double integral of the signal. These elements are illustrated
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Figure 2.1: The main characteristics of the ESR signal, the resonance frequency wy , related
to the resonance field Hy through the gyromagnetic factor 7, the ESR linewidth AH, between
two peaks known as AH,, where pp stands for peak-to-peak and finally, the double integral
of the signal curve, proportional to spin susceptibility. Courtesy of D. M. Djoki¢.

at the Image 2.1.

We are now going to describe one of the most important pieces of information that we
obtain from ESR measurements, the ESR linewidth AHp,. Unlike the magnetic dipolar in-
teraction, a strong exchange interaction can have for an effect a narrowing of the observed
ESR lines measured. The work on exchange narrowing introduced here was initiated by Kittel
[9, 10, 11] and developed by van Vleck [12] and Anderson [13|, among others. Kittel considered
a paramagnet far above transition temperature T and postulated that the width of the spin

resonance line is narrower than expected for dipole-dipole interactions. He obtained

<(Aw)>dipole—dz’pole

A
J/h

12

(2.9)

Van Vleck studied the resonance in ferromagnetic materials, only to find that the Kittel’s
formula 2.9 still holds, in a first order perturbation theory, yet he noticed the presence of
short-range dipolar interactions important in ferromagnets, of possible anisotropic exchange
origin. This fact, however, did not have an influence to the form of Eq. 2.9. A classical
work by Anderson and Weiss [13] based on a mathematical assumption that the ESR modu-
lation function is the Gaussian function with the Gaussian noise has been able to explain why

materials with very strong exchange narrowing effects still conform to 2.9.



Electron number 1 2 3 4

Electron is on ion magnetic;, O™~ (O magneticy
in orbital state dq p ) ds
Magnetic state: singlet  spin up (antiparallel)  spin down

(no splitting because no 1-4 interaction)

Magnetic state: triplet spin up (antiparallel) spin up

Electron is on ion magneticy O~ (O magnetics
in orbital state d; S1 p ds
Magnetic state: singlet (antiparallel) spin up spin down

(splitting if 3-4 interact)
Magnetic state: triplet (antiparallel) spin up  spin up

Table 2.1: Interaction scheme in superexchange (see text). Taken from[14].

An indirect exchange is a magnetic interaction that takes place between two magnetic
ions, through, typically, a non-magnetic ion [15, 16]. It is of great importance in insulators,
systems where there are no free electrons, i.e. in systems where band processes are unlikely
to take place. The theory of superezchange was developed by Kramers [17] and Anderson
[14]. Anderson developed a simple scheme, outlined in Table 2.1, to explain the interaction
in Mn?*t-0O?~-Mn?* system. He showed that there is an energy gap between a singlet and
a triplet state of two d-shell electrons, one per Mn?*, that interact through a non-magnetic
ion, e.g. oxygen O?~. He assumed that there is no direct overlap between the two d-wave
functions. Further, he assumed that O?~ enters the interaction with 2 electrons both in the
same p-state. There is then a finite probability that an electron will jump from the O~ ion
into a (possibly) s-state on one of the magnetic ions. This s-state has to be thought of as
coupled by some strong spin dependent interaction with the d-electron that is already present
on the magnetic ion. This is a necessary condition for the superexchange. As the p-spins are
necessarily antiparallel due to Pauli principle (1)) the ground state can be either a singlet
(1)) or a triplet (1) with the same energy, i.e. there is no singlet-triplet energy splitting. If
we assume, that the excited state, however, involves interaction of the two electrons on the
same magnetic ion, the mutual antiparallel orientation of the involved spins is expected. The
interaction between the remaining p-electron on the oxygen ion and the magnetic electron on

the magnetic ion to which the electron has not been transferred can then contain an appreciable
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exchange integral. This means that the singlet (1] ) state is lower in energy, i.e. superexchange
can bear an antiferromagnetic character.

However, according to the famous work by Goodenough and Kanamori [18, 19, 20| the
superexchange can bear a ferromagnetic character, for example for the interaction between
the d and d7 orbitals in the tetrahedral environment. It was Kanamori [20] who realized
that the sign of the superexchange interaction is determined from symmetry relations. He
studied the cases when magnetic cations are in octahedral environment and when the lines
connecting the magnetic cations and the intervening anions are closing the angle of 90° or
180°. For magnetic cations in tetrahedral environment he found the definite relation between
the superexchange and the symmetry of the cation electron orbitals, providing that the cation
orbitals are s-state in nature.

An extension to the superexchange theory was developed by Dzyaloshinsky [21] and Moriya
[22]. The interaction is very important in the field of diluted magnetic semiconductors [23].
Tackling the problem from the symmetry principles purely [24] Dzyaloshinsky predicted that
the exchange interaction might also have an anisotropic term, a term H D;; - (S; x Sj)
present in magnetic crystals with low symmetry. Moriya has managed to identify the spin-
orbit interaction as the microscopic origin of the added term in the Hamiltonian, Eq. 2.10.
Due to the spin-orbit interaction there occurs an indirect coupling through the spins, resulting

in the Hamiltonian

ﬁz—;ZJijSi'Sj_;ZDij'(Si x 5;) (2.10)
ij ij
The added, second part of the Hamiltonian shown in Equation 2.10 is referred to as Dzyaloshinsky-
Moriya interaction. An important issue to note here is that the Hamiltonian is no longer
rotation invariant but depends on the direction of the spins (S; x S;).

2.1.1 Transition-metal ions in crystal fields

The d orbitals can be classified into two classes [16], the to, orbitals that point between the

x, y and z axes (referred to as dyy, dz» and dy.) and the e, orbitals that point along these
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Figure 2.2: Mn ion (purple) in an octahedral environment of OH groups (grey) and oxygen
(red) atoms in Mn doped hydrozincite (Zn;_,Mn;)5(OH)g(COs3)a, one of the central materials
in this Thesis work. Right: the Zn ion (cyan) in a tetrahedral environment of oxygen (red)
atoms in ZnO, the host semiconductor in this study.

axes. The e, orbitals are namely, the d,» orbital with lobes pointing along the z axis and the
dg2_,2 orbitals, with lobes pointing along both the z-axes and y-axes.

The octahedral environment is created by assuming that a cation containing ten d electrons
is placed in the centre of a sphere of a radius r in which the charge on the sphere is collected into
six discrete point charges. The total electronic energy of all the d orbitals will not change, but
the d orbitals will no longer be degenerate. The tetrahedral environment is analogous taking
only four discrete point changes.

The effect of the environment on the d orbitals is determined through the amount of overlap
between the p orbitals and a given d orbital. For example, in octahedral environment the to,
orbitals (dgy, dz» and dy.), that point between the z, y and z axes will be lowered in energy,

while the e, orbitals d,2 and d,2_,2 will be raised in energy. The exact opposite situation is

—y
applicable for the case of tetrahedral environment where the orbitals which point along the
axes (the e, orbitals) are now maximally avoiding the charge density from the ligand atoms

describing a tetrahedron, and the ty, orbitals are maximally overlapping the ligand orbitals.

These notions are summarized in Fig. 2.3.
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Figure 2.3: The crystal field in octahedral and tetrahedral environment.

a)S=2 b)S=0

Figure 2.4: Electronic configuration for the (a) high-spin (weak-field) and (b) low-spin (strong-
field) cases for a 3d% ion, such as Fe?*.
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The transition metal ion that has less than 10 3d electrons will have its successive electrons
fill the 3d states in order defined by the competition between the crystal field energy and the
Coulomb energy cost of putting two electrons in the same orbital, the pairing energy. One
distinguishes two cases , weak-field case where crystal field is lower than the pairing energy, in
which the electrons first singly occupy each orbital before any orbital becomes doubly occupied
and the case where crystal field is higher than the pairing energy, strong-field case and the
electrons doubly occupy lower energy orbitals before occupying the higher energy ones. This
is illustrated in the Fig. 2.4 where 3d% ion, such as Fe?T exhibits high-spin configuration in
the case of the weak-field. In this case electrons fill each orbital once leaving one electron, that
pairs up with a ta, electron resulting in four unpaired spins, i.e. S = 2 state. Consequently,
in the strong-field case the six electrons enter three to, orbitals leaving the e, orbitals unfilled

which results in a low-spin configuration with no unpaired electrons, i.e. S = 0 state.

2.2 The fundamentals of spintronics

The birth of spin electronics or spintronics [25] came in 1988. with the discovery of the gi-
ant magnetoresistance (GMR) effect by Baibich et al. [26] on Cr(001)/Fe(001) superlattices
deposited on GaAs(001) substrates. A two-fold decrease in resistivity was found when the 60
bilayers of Cr(30A)/Fe(9A) structure were brought to saturation by an application of field of
20kG or higher. A tentative explanation by the authors is in "spin dependent transmission
between ferromagnetic layers". The work relies on a multitude of earlier works on nonmag-
net /ferromagnet /nonmagnet (N/F/N) sandwich structures in which I-V curves were found to
be dependent on magnetic field. The first time magnetic field was observed in internal field
emission (Fowler-Nordheim electron tunneling) was in the case of Eu chalcogenides such as
EuS and EuSe [27]. Julliére et al. [28] were able to measure a change of conductance in
ferromagnet /insulator/ferromagnet (F/I/F) sandwich structures when the ferromagnets were
in antiferromagnetic and ferromagnetic configurations, respectively.

The work by Julliére et al. showed that in Fe/Ge/Pb and Fe/Ge/Co junctions a change

of conductance at zero applied bias in FM and AFM configurations (AG/G)y—¢ peaks at
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14%. The (AG/G) value is actually the value of tunneling magnetoresistance (TMR) with
G the value in the lower G (antiferromagnetic) configuration. The conductance itself was
found to arise entirely due to electron tunneling between ferromagnetic electrodes hence being
an entirely quantum mechanical effect. Assuming no spin-flip at the metal/barrier inter-
face occurs the authors postulated a two-current model for the value of TMR, which results
in the value of conductance in FM configuration to be Gryr=Nnr1Nara+N;p1Nyo while the
Garn=Nnr1Npo+No1ae, N representing the density of states, M,m the majority and minor-
ity spin, respectively, while 1 and 2 are layer indices. As Gpjs is typically much larger than
Garps this system can be used as a spin-valve.

This is now known as the Julliére two-current model, as illustrated in Fig. 2.5. Significant
tunneling occurs only when the spins in majority spin sub-bands are oriented mutually parallel
, i.e. ferromagnetically.

The successful work of any spintronics device relies on creation of (1) non-equilibrium spin
polarization in a ferromagnet or semiconductor, (2) injection of this population to an insulator,
(3) the control of possible pathways to relaxation of spin population to equlibrium and (4)
the detection of the spin-encoded signal at the detector. The explanation of these elements
follows.

(1) Non-equlibrium spin polarization can be created electrically using Feher effect [29].
Feher effect is the creation of the dynamical nuclear spin polarization through strong hyper-
fine coupling between the electron and nuclear spins together with different temperatures of
electron spin and electron velocity populations. Optical orientation uses transfer of angular
momentum of circularly polarized light to electron orbital momenta. The spin of the electrons
is then affected through spin-orbit interaction. The effect was first demonstrated on electrons
in Si by Lampel et al. [30] as a verification of the theoretical proposition by Kastler et al. [31]
who conjectured that one can optically change relative populations of electrons in Zeeman and
hyperfine levels of the ground states of atoms. Magnetic resonance, scattering of unpolarized
electrons in the presence of spin-orbit coupling, adiabatic and non-adiabatic quantum spin

pumping and spin Hall effect are all alternatives to creating non-equilibrium spin polarization.
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Figure 2.5: Electron tunneling in a ferromagnet /insulator/ferromagnet junction. Upper row:
A scheme of the junction in ferromagnetic and antiferromagnetic configuration. Lower row:
Spin-resolved density of the electronic d states of the two metals with spin densities split by
an exchange field A.,. The conductance is significantly higher in ferromagnetic configuration.
Taken from [25].

Spin Hall effect is particularly interesting for possible applications, as it produces a spin layer
at a surface of the sample, limited by spin relaxation. It was first described in a work by
D’yakonov and Perel” [32] who hypothesized that the spin layer creation is a consequence of
the creation of spin flux perpendicular to the current and directed from the interior to the
periphery of the sample. The effect is illustrated in Fig. 2.6. Spin-orbit coupling is inducing an
orbital momentum opposite in direction to the electron’s spin, effectively separating a charge
current which contains both types of spins into spin currents.

(2) The injection of spin population from ferromagnet into a nonmagnet through a F/N
interface is based on a principle established by Aronov et al. who deduced that a charge
current passing through a F/N interface will cause spin polarized carriers from a ferromagnet
entering a non-metal thereby causing an injection of the non-equilibrium magnetization dM
into a normal metal [34].

(3) In order for spin to cover macroscopic distances to get detected one has to take into
account basic mechanisms of spin relaxation and spin dephasing. The four main relaxation

mechanisms are Elliot-Yafet, Dyakonov-Perel’, Bir-Aronov-Pikus and hyperfine interaction of
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(b) Orbital momentum opposite to the direction of the electron’s spin is induced by spin-orbit
interactions. This results in a separation of charge current into spin currents. Taken from [33].
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Figure 2.7: Spin injection from ferromagnet into a non-metal. (a) Device schematics , (b)
Magnetization as a function of position - injected spins are the source of magnetization oM,
(c) Spin resolved density contribution to charge and spin transport across the F/N interface.
Taken from [25].



spins with nuclei. If the lattice ions can bring about spin-orbit interaction into the electron
wave function then the electron can relax through defects and impurities, i.e. the ordinary mo-
mentum scattering. One speaks in this case of Elliot-Yafet relaxation mechanism. Dyakonov-
Perel’ mechanism is effective in materials where the inversion symmetry does not exist, e.g.
when there are two or more distinct atoms in a primitive lattice, this being the case in (I1I-V)
or (II-VI) semiconductors, such as GaAs or ZnSe, respectively. In this case spin-orbit inter-
action produces effective fields which are a function of k, the electron wave vector. A field
changing rapidly in time, a stochastic field, is created by scattering of the electron on defects
and phonons [35]. The exposure to this stochastic field in turn causes spin relaxation. The
spin relaxation due to Bir-Aronov-Pikus scattering channel occurs in p-type semiconductors
due to the exchange interaction between the electrons in the conduction band and holes in
the valence band [36]. This may be a significant effect in heavily p-doped semiconductors
due to a large number of holes. The only mechanism that has an effect on localized electron
spin is the hyperfine interaction of spins with nuclei [37]. The relaxation happens through
the action of a random effective magnetic field produced by nuclei on the spin. Although of
small corresponding relaxation rate, in systems with no itinerant electrons this effect gains
importance.

(4) An ideal spin detection device would detect not only spin but the changes in spin
states [25]. Due to the Silsbee-Johnson spin-charge coupling, in an F/N/F device, a change
in relative orientations of the magnetization between the two ferromagnets will be followed by
either a change in Vg = 0M — —Vg in the case of high impedance of the circuit (Z — oo ) or

the reversal of charge current j — —j in the low impedance case (Z — 0).

2.2.1 Materials for spintronics

From a material scientist’s point of view there are several possible families of materials that
satisfy criteria of successful implementation in spintronics [39]. In order to create a spin-
polarized current a material is required to be half-metallic, i.e. to be metallic in one spin

polarization and to have an energy gap in the other spin-polarization.
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Figure 2.8: (a)A F;/N/Fy structure where F; and Fy are ideal ferromagnets and N is a
nonmagnet. (b) Spin injection from F; into N represented in an density-of-states diagram.
The injection results in a spin accumulation, M. Depending on the impedance of the circuit
the spin is detected by measuring either the current accross the N/Fy interface (Z — 0) or
the voltage accross the interface Vg = 0M — —Vg (for Z — o0). Taken from [25].
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Figure 2.9: The band theory of ferromagnetism with majority and minority spin bands split
by the exchange energy A. Taken from [38§].
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2.2.2 Band scheme of common ferromagnets

The band theories for ferromagnets are based on the famous Stoner-Wohlfarth model. A simple
scheme is given in Fig. 2.9. The majority spin is the term used for the spin polarization which
contains the higher number of electron spins, the minority spin denoting the species with the
smaller number of electrons. The spin-up and spin-down appellation only has meaning when
defined with respect to the quantization axis, here taken as the direction of the magnetic field.
In the Stoner model, the spin polarizations are exchange split by the energy A.

The effect of the spin-polarized band structure on the magnetic properties of the com-
pounds can be illustrated with the example of a weak ferromagnet, bcc-Fe and a stronger
ferromagnet, hcp-Co. The general formula for the susceptibility of the system of interacting

itinerant electrons is given by the formula 2.11 :

1 —2u%IsN(Ep)

X (2.11)

Here, x, is the Pauli susceptibility, Is is an effective interaction parameter, and N(Ep) is
the number of states at the Fermi energy. The factor multiplying the x,, is S = 1-2u%IsN(E)
and is know as the Stoner enhancement factor. As the susceptibility is the second derivative
of the free energy of the system, the minimum in free energy for M = 0 corresponds to
the positive value of the susceptiblity. However, the existence of spontaneous ferromagnetic
ordering will mean that the minimum in free energy is not at M = 0 and the susceptibility
has to bare a negative value. In the case at hand, this is defined as the Stoner criterion (Eq.

2.12).

2u%IsN(Erp) > 1 (2.12)

The case of a weak ferromagnet bce-Fe is given at the Fig 2.10(a). The Fermi energy in
bee-Fe is in the minimum of the spin-down density of states (DOS). For both spin projections
the DOS is finite which leads to only a weak ferromagnetism. The DOS is also illustrated for

the non-magnetic case where N(FEp) follows the altered criterion (see [40] for details). The
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2.10: The density of states for bee-Fe (a)(the non-magnetic case is delineated by a
dashed line), a weak ferromagnet and hcp-Co (b),a strong ferromagnet (see text). Taken from

high N(EF) means that the system is being brought back to the non-magnetic regime. What

defines the spin splitting and the magnetic moment of bce-Fe is the position of the Fermi

energy in the minimum of the spin-down DOS, being energetically more favorable than having

a full spin-up band that would lead to strong ferromagnetism.

Here,

2 1
ﬁN(EF)k:B@ <1- §CC2

M
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‘T 8N(Er? | N(Ep)

L (NEeY
N(Ep)

In hep-Co the spin-up band is completely filled with the Fermi energy (see Fig 2.10(b))

(2.13)

(2.14)

(2.15)

being above the spin-up d band. This brings the hcp-Co a strong ferromagnetic character.

The Fermi energy is in the region of low DOS where mainly s states exist. The low density of

states means that the susceptibility of the material is small.
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Figure 2.11: The energy bands of a nonmagnetic conductor (a), a ferromagnetic conductor
(b), and half-metallic ferromagnet (c).

2.2.3 Half-metallic ferromagnets

The band scheme of a typical half-metallic ferromagnet is given in Fig. 2.11. This situation is
equivalent to a filled majority spin band, with the conductivity happening only through the
minority spin channel. ZnO was found to be half-metallic as well when doped with V, Cr, Fe,
Co or Ni while the ferromagnetism in Mn-doped ZnO was found to necessitate p-type hole
doping [41].

An example of a typical half-metallic ferromagnetic is given in the ab initio calculations
of the electronic structure of 25% Co:ZnO, the diluted magnetic semiconductor with a high
concentration of Co. These calculations are given in Fig. 2.12. Zn-3d states and O-2p states
are approximately 7 and 4 eV below the Fermi level (Ep), respectively. Co-3d states are
observed at approximately Ep, while the conduction band is mostly made up out of Zn-4s
states. Co-3d states are exchange split with the up states being fully occupied. The Fermi
energy Er is in the minimum of the spin down states. When Ga atoms are doped into the
systems, a portion of electrons occupy the Co 3,4 states. The electrons introduced through Ga
interact through double exchange mechanism and lower the kinetic energy of the ferromagnetic
states in x=0.25 Zn;_,Co,0. The origin of the stabilization of the ferromagnetic state by

electron doping seems to stem from this interaction.
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Figure 2.12: Total density of states per unit cell and local density of d states for Co doped
ZnO per Co site. Taken from [7].

2.3 The basic notions on diluted magnetic semiconductors

For a long period of time [42] only few magnetic semiconductors have been known, such as
europium based chalcogenides, e.g. EuO [43] or CdCraSey [44]. It is with discovery of diluted
magnetic semiconductors (DMS) that the situation and interest in these materials augmented
drastically.

Furdyna’s definition [45] of diluted magnetic semiconductors is that they ".. are semicon-
ducting alloys whose lattice is made up in part of substitutional magnetic atoms". The DMS
of the Alll_XMnXBVI gained interest because the possibility of tuning their lattice constants
and band parameters by varying the material’s composition. Originally it was realized that
the random distribution of magnetic ions over the cation sublattice can lead to spin-glass-like
phases at low temperatures. The sp band electrons can interact with the d electrons associ-
ated, with e.g. Mn™* that can lead to extremely large Zeeman splitting of band and impurity
electronic properties and selective amplification of spin-dependent properties, which is an ideal
criterium for application in spintronics.

Manganese doped DMS have a special interest due to the fact that Mn has a clearly defined
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spin of S = 5/2 and does not alter significantly the band structure of the host material. They
can be oriented by extremely small applied fields leading to the giant Zeeman splitting of
the carrier bands of the order of tens of meV leading to a variety of magneto-electronic and
magneto-optical effects. The low value of the ferromagnetic transition temperature in DMS
was an impasse in the field, yet breakthrough was achieved in the 1990s, esp. in the (III-V)
structures, such as InMnAs [46, 47| and subsequently, GaMnAs [48].

The electronic band structure of AIL _Mn,BV! can be summarized [45] as follows: (a) the
band gap structure of Al Mn,BV! follows the one of A'BVY! and has a smooth transition
with increasing x to a MnBV! structure (b) the effects of the 3d> Mn?* electronic states the
underlying band scheme can be summed up into the existence of majority (occupied) e:{“
and minority (unoccupied) e, electronic states. The photoemission experiments, i.e. the
experiments in which an electron is removed from the fully occupied 3d® band at the Mn site
have identified the position of the e as being 3.5 eV higher than the valence band (c) the
intra-ion transitions involving a spin-flip within a single 3d®> Mn?T are occurring at energies
about 2.2 eV and are key for determining the optical and electronic properties of DMS. The
positions of e;l“’ and e;? are however crucial for defining the p-d interaction that underlies
both sp-d and d-d exchange interactions.

The magnetic properties of AIII_XMMXBVI can analytically be described only in limits of
low Mn concentrations or high temperatures. In the dilute limit, for concentrations of Mn2*
x < 0.01 the Mn?* spins can be treated independently with the magnetization M then being

described by the Brillouin function

M = —xNognmps(S:) = 2NogymnpisSBslgvmpusSH/(kpT)) (2.16)

Here, (S,) is the average spin per Mn site, Ny is the number of cations per unit volume,
Bs is the standard Brillouin function, H is the applied field, and S=5/2 for Mn?*. When
gunppSH/(kpT) < 1, i.e. in the low field or high-temperature limit, the static magnetic

susceptibility defined by M = xH is given by Curie law
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Figure 2.13: Left:Inverse of magnetic susceptibility against temperature for Cd;_xMnySe.
Right: Irreversible thermoremanence effects observed in the magnetic susceptibility in
Cd;_xMnySe and Cdy_xMn,Te. The arrow pointing to the right delineates zero-field-cooled
data while the arrow pointing to the left corresponds to field-cooled-data. Taken from [49].

x = Coz/T,Co = No(grrnpn)*S(S +1)/(3kp) (2.17)

Experimentally, magnetic susceptibility was found to follow a Curie-Weiss behaviour

x = C(@)/[T - b(a)] (2.18)

The original measured 6(x) were always found to be negative, indicating antiferromagnetic
interactions between the spins.
Considering randomly dilute Heisenberg spins with antiferromagnetic interactions yields

[50]

X = Cox/(T + 6pz), 0y = —%S(S +1)2J/kp (2.19)

In Eq. 3.2 Z is the nearest neighbor number, Z = 12 for wurtzite and zinc-blende structure,
and J is the nearest-neighbor exchange integral.
A very universal feature of DMS is the departure from the Curie-Weiss law for higher x at

low temperatures. Originally, this could only be understood qualitatively by including higher
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Figure 2.14: Variation of the peak-to-peak ESR linewidth in the Zn;_Mn,O thin films as a
function of temperature for x = 0.07, 0.12, 0.16, 0.22, 0.34. The inset is a 1/(© + T') fit to x
= 0.34. Taken from [51].

order expansion terms in the calculation of x. Three key elements can be discerned from the
figure 2.13 (a) the linear Curie-Weiss behaviour above 40 nK, (b) the downturn of y~! at
lower temperatures and the cusp in x = 0.25, x = 0.35 and x = 0.45 indicative of a spin-glass
transition.

The transition at a 7T at which a well-defined cusp occurs serves to define the boundary
between the high-temperature paramagnetic phase and the low temperature frozen state. The
frozen state shows many of the characteristic of a spin-glass state. The occurrence of the
irreversible phenomena is visible in the magnetic signatures observed below Tj , especially in
the difference between field-cooled (FC) and zero-field-cooled (ZFC) susceptiblity data (see
Fig. 2.13). Zero-field cooled measurements refer to the measurement taken after initially
cooling down the samples from room temperature to the lowest temperature without magnetic
field. The field cooled measurement refers to the measurement taken after the second cooling
down of the sample, this time in the applied magnetic field. The same value of magnetic
field is typically used throughout all of the phases of the measurement. In addition to the

(ZFC-FC) splitting several other magnetic signatures can confirm the presence of spin-glass
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Figure 2.15: Zero-field susceptibility X/ as a function of temperature for Cu;_,Mny , x=0.0094.
Measurement frequencies are given by : square - 1.33 kHz, circle - 234 Hz, cross - 10.4 Hz,
triangle - 2.6 Hz Taken from [52].

order at low temperatures in DMS. The AH,, , the linewidth as measured in the Electron
Spin Resonance (ESR) experiment experiences saturation when the system is cooled below
the freezing temperature 7. The constant line width corresponds to a state of frozen spins
with different regions of the sample having different magnetic orders. The different regions
will then have resonance frequencies determined by a combination of the local exchange field
and the local anisotropy field In the spin-blocked system these fields are both independent of
the temperature, resulting in a line width of the system independent of temperature [51].
The alternating current susceptibility measurements enable us to measure the in-phase
and out of phase components of the susceptibility xp. Xif is the component of xp in phase
with the ac field applied, while the x; is the out-of-phase component. X/T is expected to be
dependent on the frequency v and the applied field H. The temperature dependence of Xi[ for
several measurement frequencies in the case of the canonical spin-glass CuMn [52] is given in
Fig. 2.15. X/T(T7 v) show a shift to higher freezing temperatures Tr. The shift ATp is minute,
ATr = 0.14 K for Av = 103 Hz. Although ATF increases significantly when the Mn content
x augments, the normalized frequency shift ATy /Tr remains constant, and for CuMn is equal

AT,
to TF(TOZNV) = 0.005.
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2.4 Conclusion

The purpose of this Chapter was to introduce the basic principles of spintronics, and to in-
troduce the family of diluted magnetic semiconductors to which our material of choice for the
study during this doctoral work, TM doped ZnO, belongs. Spintronics is a technology based
on a spin control of magnetism or an electrical or optical control of spin or magnetism [42]
and diluted magnetic semiconductors. While the spintronics often works with non-magnetic
semiconductors where the control of spin is achieved through the only spin-dependent inter-
action, the spin-orbit coupling, ferromagnetic semiconductors are used as essential elements
of spintronics designs, most notably as ferromagnetic sources and drains. Likewise, they offer
unprecedented blend of magnetic and electronic properties, due to the strongly spin-dependent
properties and high Curie-temperatures that peak for TM doped ZnO. In the next Chapter
we shall learn more about the work on ZnO, already a universally used material, the synthesis
and properties of TM doped ZnO , the theoretical predictions and experimental realizations of
the room-temperature ferromagnetism of ZnO, and finally the controversies about the results

that fuel further research.
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Chapter 3

Transition metal doped zinc oxide iIn

spintronics

This Chapter will cover the transition metal doped zinc oxide in spintronics, starting from the
depiction of the zinc oxide, most notably its electronic structure and the defects chemistry,
followed by a short overview of the synthesis methods employed to synthesize ZnO, and to con-
clude the Chapter, the differentiation between the results on ferromagnetism of Zn;_,TM_,O
coming from intrinsic materials, i.e. materials without precipitation of parasitic phases or

materials in which the parasitic phase did precipitate.

3.1 Zinc oxide - the host (II-VI) semiconductor

The physics of the host semiconductor ZnO has been developing since 1935. since Bunn et al.
studied the ZnO lattice parameters. The development occured with a tempo determined with
possible applications of ZnO in different fields of science and technology. For these applications
there are a number of reasons. To begin with, ZnO possesses a very large exciton binding
energy of &~ 60 meV, significantly higher than similarly well studied (II1I-V) semiconductor
GaN (=~ 24 meV). The two semiconductors are both direct band-gap and have E; ~ 3.3 eV
(3.4 eV) making them suitable for a range of optoelectronic applications. A large-band-gap

materials have higher breakdown voltages, lower noise generation, operation at high-power
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Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)

(b)

Figure 3.1: The crystal structures of ZnO. ZnO crystallizes in (a) B1, cubic rocksalt structure
, (b) B2, hexagonal zinc-blende structure and (c) B4, P6smc wurtzite. Only the B4 wurtzite
structure is thermodynamically stable in bulk samples.

and they can sustain large electric fields.

3.1.1 The Structural properties of ZnO

Zinc oxide crystallizes in a P6smc wurtzite hexagonal structure, space group B4, while it
can exist in B1, cubic rocksalt structure and B2, hexagonal zinc-blende structure, the latter
two not being thermodynamically stable in bulk samples. The structure of ZnO can be most
readily described as two interconnected sublattices of Zn?t and 0?7, each of the two ions
being in tetrahedral environment of the other one. It has a hexagonal Bravais lattice with
four atoms per unit cell. It is completely defined by the length of the hexagonal edge ag, the
height cg of the prism and a microscopic dimensionless parameter u, defined as the length of
the bond parallel to the c axis, in units of c¢. The structure is given in Fig. 3.1(c). Tetrahedral
environment is causing ZnO to be polar with respect to hexagonal axis, the trait that is behind
its properties such as piezoelectricity and spontaneous polarization. While expected to have
sp? hybridized orbitals due to its tetrahedral configuration, the ZnO actually scores very high

on the Philips’ ionicity scale, f;=0.616 revealing its nature of an ionic crystal.
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3.1.2 Defects in ZnO

The native ZnO is n-doped, due to high presence of the donor type point defects, mainly Zn
interstitials and oxygen vacancies within the structure. However, hydrogen can serve as a
powerful n dopant as well. The theory behind oxygen vacancy state reveals a deep state but
also a 100 meV shallow energy state attributable to an oxygen vacancy. Acceptor type point
defects include the O interstitial O; and Zn vacancy Vz,. Vz, is a dominant point defect,
a negatively charged vacancy produced in oxygen rich environments. The most controversial
issue in the ZnO defect chemistry is the nature of the predominant donor defect [53]. According
to several authors the dominant defect are zinc interstitials occurring through the Frenkel
reaction Zny, <= Zn{ + V7 with a reaction constant K. Other literature points to oxygen
vacancies as the main donor defect. They are created in a Schottky process 0 <= Vi +
V§ (reaction constant Kg). As oxygen vacancies induce the similar electronic properties it is
difficult to distinguish between the two. The work of Han et al. [53] indicates that Kp > Kg
hence Zn interstitials dominate below 1573 K while at higher temperatures oxygen vacancies
tend to be more important.

A complete list of defect chemical reactions in ZnO was published by Han et al. [53]

3.1.3 The band structure, magnetic and transport properties of ZnO

The calculation of the electronic band structure of ZnO has reproduced the correct band-
gap established in measurements only when self-interaction-corrected pseudopotentials (SIC-
PP) method was used in combination with local density approximation (LDA). The resulting
scheme is presented at 3.2. As the valence band maxima and the lowest conduction band point
minima occur at the I" point (k = 0) ZnO is a direct band gap semiconductor. The bottom
10 bands (= -9eV) are the Zn 3d levels, the middle 6 bands (from & -5 eV to 0 €V correspond
to O 2p bonding states) while the first two conduction band states are empty Zn 3s levels and
are strongly Zn localized. The O 2s bands are the core-like energy states and occur around
-20 eV. The method gives 3.77 eV for the value of gap (3.4 eV measured) yet the value of the

anion p-valence bandwidth obtained by local-density approximation self-interaction-corrected
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Reaction

Constant

Sukker et al.

Han et al.

ZnO(g)<=7Zn(g)+1/202(g)

1/202<=00+V7,

ZnO(g) <= Znf + 1/202(g)

1/2
Kzno=pzn Poo

KO :[V)Z(n]po2

Kr :[Znﬂ Poa

-1/2

1/2

1.50x10%%exp(-4.89/kT)
1.2x10'7exp(-1.9/kT)

1.6x10%8exp(-5.57/kT)

1.50x10%exp(-4.89/kT)
1.15x10 0 exp(-1.86/kT)

1.56x10%%exp(-5.57/kT)

Ing, < Znf + V% Kr = KoKgr 1.8x10%%exp(-7.47/kT) 1.8x10%exp(-7.43/kT)
0} <= V3 + 1/202(g) Koo— VEpdy - -
Nil <= Vg + V§ Ks= KoKo2 - -

Znf <= Zn + ¢
Zn? <= Zn?® + ¢

VE = Ve + e

Ki= [Zn?]n/[Zn}]

Ko= [Zn?*|n/[Zn?]|°

Kz= [V&n/[V3)]

1.2N¢exp(-0.05/kT)
2Ncexp(-0.20/kT)
1/2N¢exp(-0.50/kT)

2Ncexp(-2.0/kT)

1.2N¢gexp(-(0.052-5.5x10~6T /kT)
2Ncexp(-(0.207-5.5x1076T) /kT)
1/2N¢gexp(-(0.331-3.5x10~5)T/kT)

2N exp(-(2.066-2.2x1074T /kT)

Ve = Ve ¢ Ky= [V&In/[V3]
Ks= [V, ]p/[VE,]

Ke= [V, ]p/[V,]

V3, <=V, +h* 1/2Nyexp(-(0.9~1.0)/kT)  1/2Ny-exp(-(1.033-1.1x10~4T/kT))

vV, <=V, +h* 2Ny exp(-(>2.0)/kT) 2Ny exp(-(2.892-3.1x10~4T/kT))

Nil & ¢  + h* K;=np NcNyexp(-Eg /kT) NNy exp(-Eg /kT)
m} 0.28mg 0.28mg
ml*‘ 0.60mg 0.60mg

Eg=E4(0)-84T 3.45-3.7x10~4T 3.45-3.7x10~4T

Table 3.1: Defect chemical reations and related constants for ZnO in the work by Sukker et
al. and Han et al. Taken from [53|

pseudopotential W), (-5.2 €V) is very close to the measured one(-5.3 eV).

As discussed in the part 3.1.2 the dominant defects in ZnO are the oxygen vacancies Vo
and zinc interstitials Znz,. An important consequence on conductivity can, however, also be
brought on by hydrogen. Contrary to the belief that a typical role of hydrogen is the one of an
amphoteric impurity [55], i.e. acting as a donor in a p-type doped material by incorporating
H* and as an acceptor in n-type materials incorporating an H™ it is actually exclusively in a
positive charge state and responsible for the n-type conductivity in ZnO.

The electrical conductivity and charge mobility of ZnO are limited by scattering mech-
anisms [56], including (I) polar-optical-phonon scattering, (II) acoustic-phonon scattering
through deformation and piezoelectric potentials and (III) scattering on Coulomb potentials
from ionized impurities or defects. At 8 K the conductivity was found to be hopping mediated
due to the freezing of carriers, above 40 K the standard statistical model (charge-balance equa-
tion) involving conduction only through conduction band has been applicable while the inter-

mediate 15 K < T < 40 K region the transport was the combination of the hopping/conduction
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Figure 3.2: The band structure of ZnO as calculated by Vogel et al. [54] using the SIC-PP
method (see text). The method slightly overestimates the band gap (3.77 eV calculated as
compared to 3.4 eV measured).

band mechanisms.

3.1.4 Applications of ZnO

Applications of zinc oxide are numerous. The dielectric properties of humidity sensors based on
Li2O-ZnO [57] have been investigated at frequencies from 1Hz to 1IMHz at room temperature.
The resistivity was found to be dependent significantly on the relative humidity levels. The
mechanism for this behaviour is related to adsorption of water molecules at grain surfaces
[58], especially at the Li sites, with hydrogen bonds between adjacent layers of molecular
water forming at progressively higher humidity levels. The electronic conduction happens
through, primarily, proton hopping.

Among the tetrahedrally bonded semiconductors, ZnO has the highest piezoelectric tensor
[59, 60]. In hexagonal wurtzite phase the piezoelectric tensor has three independent compo-
nents which characterize the full piezoelectric tensor [61]. The polarization induced along the ¢
axis at zero electric field by a uniform strain in the basal plane or along the ¢ axis is measured

by two of these components. The value of the induced polarization constant is

PP — yaze, + e31(e1 + €2) (3.1)
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Figure 3.3: The resistivity of gas sensors based on LioO-ZnO as a function of frequencies for
different relative humidity values [57].

Here, €,=(c-cg)/co is the strain along the ¢ axis while the €; 2=(a-ag)/ag is the strain in
the basal plane , and 733, 711 are the piezoelectric coefficients. It was found [62| that the
piezoelectric constant is strongly sensitive to both temperature and stress (Fig. 3.4). This
arises due to a strong hybridization between the O 2p and Zn 3d electrons which is in itself

strongly dependent on bond lengths.

3.2 Synthesis methods of TM doped ZnO and DMS

The predicted and experimentally observed high ferromagnetic Curie temperature (T¢) in
transition metal doped zinc oxide (TM:ZnO) together with the fact that the host material
ZnQO is currently being ubiquitously applied in electronics, and in chemical and biosensor
applications, make this material one of the most promising compounds for the usage in the
fast-growing technology of spintronics. The spatial distribution of the TM ion species within
the host semiconductor matrix is essential to the magnetic properties of the system [63]. The
physical complexity of real systems due to complicated physics only often makes them too hard
of a task for conventional ab initio calculations [64]. One has to therefore insist on avoiding
TM ion clustering and formation of magnetic nanoprecipitates in actual materials to be as
close as possible to the original theory that caused the ongoing vigor in the field.

Different synthesis methods have been applied and will be listed here with their advantages

34



T T T T T
.-."-. -0.70 -...""h
w'-" 1<2 [~ "a - — ' '...
E L E "
o " g -0.76 F -
-
11 ..- b o .'I
oy - L.
(@) 080F (b) ",
1 1 L N *u 1 L " L -I
100 200 300 400 100 200 300 400
T (K) T(K)
1 40- = T T T F. T T T
;".. 0.60F "
136} S ",
< - ~ 085 "
.I o =\
£ a0} - { E .
o - Q 070
e -~ = ."-..
Rl 7 = 075} ",
ut .
C d
1.20 ol (.) L ) . u.so-( ]. . L -
05 00 05 10 05 00 05 10
o (GPa) o (GPa)

Figure 3.4: The dependence of the piezoelectric constants 733 and 11 on temperature (a) and
(b) and stress (c) and (d). Taken from [59].

and their downsides.

3.2.1 Thin films deposition

TM-doped ZnO films are frequently deposited [65] by pulsed laser deposition (PLD) [66],
magnetron co-sputtering that can be direct current (dc) reactive [67] and radio-frequency (rf)
[68], ultrasonic-assisted solution [69] and plasma enhanced [70|, chemical vapor deposition
(CVD), combinatorial laser molecular beam epitaxy (laser MBE) [71] , ion-beam sputtering
[72] and sol-gel methods [73]. A high degree of ambiguity exists in thin films produced by
these methods, such as in the example of Co doped ZnO films that alternatively exhibit room
temperature ferromagnetism and room temperature paramagnetism, the difference being in
the synthesis method, PLD or magnetron sputtering. An example of a epitaxial thin film of
Zni_;Mn,O =~ 0.25) grown on (0001) sapphire substrate (a-AlyO3) by pulsed laser deposition
technique is given at 3.5. The films were found to be ferromagnetic with the coercive field of
6.2 mT and the saturation magnetic moment of 0.42 ;1 3=0.42/Mn?* ion at a field of 0.5 T at

10 K.
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Figure 3.5: The thin films of Zn;_,Mn,O produced by the pulsed laser deposition method
grown on sapphire (Al;O3) substrates . Taken from [74].

3.2.2 Solid state reaction methods

Basic solid state reaction, consisting in the heat treatment of ZnO and transition metal oxide at
high temperature has been among the first methods used to produce TM doped ZnO. However,
the use of high temperature combined with poor homogeneity of the starting mixture yielded
the production of inhomogeneous materials. The results of the magnetic properties of materials
produced by solid state reaction are therefore controversial. Peiteado et al. |75] studied
the reaction between ZnO and MnO, at different temperatures using the diffusion couple
technique. They found that below 973 K no Mn diffusion into ZnO actually occurs, while at
the higher temperature Mn*t reduces to Mn3* thereby forming Mn,O3. This substantiates
the need to develop synthesis based from homogenous starting materials prepared by low

temperature process.

3.2.3 Soft chemistry methods

Numerous soft chemistry processes have been developed to produce at low temperature ho-
mogenous precursors aiming at circumventing the diffusion issues of the solid state reaction.
As an example, Thota et al. [76] developed zinc oxalate precursors doped with transition
metal by adding oxalic acid to ethanolic solution in which Zn and TM acetates have been
previously dissolved. This yielded to the gelification of the solution. Once dried, TM doped
Zn oxalates are obtained and undergo decomposition to produce TM doped ZnO. Materials

obtained by this process have different properties depending on the dopant. In the case of Ni
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Figure 3.6: The scheme depicting the formation of Co:ZnO in a synthesis by Schwartz et al.
[77].

ferromagnetic state was obtained by observing hysteresis loops at 10 K and 320 K. Manganese
and cobalt doped ZnO do not reflect any hysteresis loops and their magnetization is found to
decrease with Mn or Co content.

Schwartz et al. [77] have developed a method of the preparation of colloidal ZnO-diluted
magnetic semiconductor quantum dots by alkaline-activated hydrolysis and condensation of
zinc acetate solutions in dimethyl sulfoxide (DMSO). The scheme depicting the formation of
Co:ZnO0 in a synthesis by Schwartz et al. is given in Fig. 3.6.

From the electronic absorption spectra and in the ZnO band gap and Co?T ligand field
energy regions of the system collected by titration of 0.2 equivalent aliquots of N(Me),OH to
a DMSO solution of 98 % Zn(OAc)s / 2 % Co?*(OAc)z the authors conclude that Co?* ions
in solution remain octahedrally coordinated until the nucleation of ZnO crystallites. When
Co?* ions bind to the nanocrystal surfaces they do so in tetrahedral geometries either as
monomers or within basic acetate clusters. Reaction with OH™ liberates acetate and yields
substitutionally doped Co:ZnO.

Auto-combustion synthesis method have been developed by Deka et al. |78]. High-purity
Zn is dissolved in dilute nitric acid and mixed with a water solution of Co(NOj3)s - 6H20.
Glycine is added to the solution which is placed on a hot plate until a thick mass is formed.

The final solution which was made by adding water solution of glycine to the solution of the
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Figure 3.7: Images of colloidal nanocrystals of Co?*:ZnO DMS- quantum dots. The increase
of OH™ concentration is from left to right. Adapted from the presentation by professor Scott
Chambers, held at Krakow, Poland, 9th July, 2009. Part of this image was published in [77].

metal nitrates was subsequently put on a hot plate till it formed a thick mass that subsequently
underwent auto-combustion by the exothermic oxidation of the glycine by the nitrates. A fine

powder is obtained.

3.2.4 Co-precipitation methods

Bouloudenine et al. [79] reported on the preparation of Co doped Zn oxalate by co-precipitation
in aqueous medium. Pink oxalate precursors turned green when exposed to high temper-
ature. Magnetization measurements reveal a paramagnetic behaviour. Numerous different
organometallic salts , such as acetates [80] and citrates [81] prepared by co-precipitation have
also been used to produce TM doped ZnO. However, for the same nominal composition differ-
ent types of magnetic behaviour have been observed depending on the decomposition as well

as on the choice of the precursor salt used [82].

3.2.5 Drawbacks of the synthesis methods

There are several drawbacks of the synthesis methods which corroborate the inconsistency
listed previously in the magnetic properties of TM doped ZnO. The high temperature methods
are found to be inadequate in producing single-phase with homogenously distributed TM
species Znj_, TM;O [83, 84, 85| often leading to the formation of TM in higher oxidation states
and impurities. This is in a big part due to poorly mixed starting materials. As previously
mentioned the mixture quality of the starting materials is the key to obtaining homogeneous

TM doped ZnO. Although it has been dramatically improved by the use of organometallic
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precursors, this is not believed to be adequate. Because of the low intrinsic oxygen content of
the organometallic salts, oxygen is usually added to complete the oxidation of organic carbon
during the decomposition. However, this can make the TM ions prone to oxidation, in turn
leading to the formation of TM rich impurities.

Other drawbacks exist. First, organic precursors undergo multistep decomposition pro-
cesses, forming intermediate organic salts having dissimilar Zn or TM solubilities compared
to the original precursor material(s). Second, the character of different decomposition steps is
heavily influenced by environmental factors like the atmosphere, and so can change between
endothermic and exothermic [86, 87]. As a result, sample temperature may fluctuate dramat-
ically during the decomposition. The variations of Zn and TM solubility within the organic
matrix, combined with temperature fluctuations, can yield chemical gradients within the final

products, and, hence, the formation of TM rich impurities.

3.3 Room temperature ferromagnetism in Transition Metal doped

Zinc Oxide

The theoretical bases for the ferromagnetism in transition metal doped ZnO has been developed
by Dietl et al. [2] who used a theory originally developed for metals by Zener [88, 89].

The thrilling consequence of Dietl’s work is the fact that the p-d coupling, the coupling
between the magnetic ions and the holes in the host semiconductor in contrast to the s-d
coupling between the magnetic ions and the host semiconductor electrons is strong enough to
achieve ferromagnetism mediated through holes. The ferromagnetic interactions are in this
case sufficiently strong to overcome superexchange induced antiferromagnetic interactions.
Spin polarization of localized magnetic moments causes redistribution of holes among spin
subbands. The resulting lowering of holes’ energy surpasses the increase in the spin-free
energy associated with short-range superexchange and spin entropy which, in turn, causes
ferromagnetism.

The ferromagnetism was experimentally confirmed in bulk pellets, in transparent films

with a thickness of 2-3 pum and in powders of Zn;_,Mn,O with x < 4% [83]. An impasse
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in the field occurred through a dispute about the real origin of room-temperature ferromag-
netism. Unlike the favorable scenario of uniform solution of Mn in ZnO being created at low
temperature processing, an explanation favoured by Sharma et al., Kundaliya et al. showed
that a metastable ferromagnetic phase forms by diffusion of Zn into Mn oxide, suggesting the
Mnsy_,7Zn,O3_s as the molecular formula of the ferromagnetic compound. Works suggesting
intrinsic ferromagnetism, such as in p-doped Zn;_,Mn,O through doping with nitrogen [90]
gave importance to defects as the possible mediators of ferromagnetic interaction [91]. One of
the strongest arguments is the possibility to turn the magnetism "on and off", as it was seen
in a work by Kittilstved et al. who annealed ZnO successively in Zn vapour and oxygen. Films
being alternatively treated in reducing and oxidizing atmospheres showed similar behaviour.
The origin of the room temperature ferromagnetism in Zn;_,Mn,O is therefore not known,

despite the abundant literature on the subject.

3.3.1 Theoretical basis for ferromagnetism in TM doped ZnO

The theory of ferromagnetism in (II-VI) and (III-V) semiconductors by Dietl et al. [2] is based
on Zener’s model of ferromagnetism [88, 92| in (II-VI) Zn;_;Mn,Te and (IT1I-V) Ga;_,Mn,As.
Dietl et al. consider ferromagnetic correlation mediated by shallow acceptors in the ensemble
of localized spins in doped magnetic semiconductors. Zener based his theory on three main
postulates [88]. As the first one, the incomplete d-shells have the highest possible net electron
spin, in accordance with Slater’s theory based on the principle that electrons with similar
spin automatically avoid close proximity. The second principle it is that the exchange integral
between d shells of adjacent atoms is of such a sign that tends to favor antiferromagnetic
interactions. The third principle views the strong coupling of an incomplete d shell to the spin
of the conduction electrons. The coupling tends to align the spins in a ferromagnetic manner.
Zener was of the opinion that the ferromagnetism is possible only when the indirect coupling
dominates over the direct coupling between adjacent d shells. The reason why Zener’s model
was not extensively used in the decades to come was that it was ignoring the itinerant character

of the magnetic electrons 2] and the Friedel oscillations of the electron spin polarization around
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Figure 3.8: Electron configuration of magnetic impurities in diluted magnetic semiconductors
with a high-spin ground state. Taken from [93].

the localized spin. Dietl et al. realized that in semiconductors the Friedel effect averages out
due to the fact that the mean distance between the itinerant carriers is bigger than the mean
distance between the localized spins, Zener model in semiconductors becoming equivalent to
the RKKY theory.

Dietl et al. have used the empirical data for Ga;_,Mn,As as a model for (III)-(V) DMS
and Zn;_zMn,Te as its (II)-(VI) counterpart. The values of the p-d exchange interaction were
taken as SNg = -1.1eV £ 0.1 eV and -1.2eV + 0.2 €V for Zn,_,Mn,Te and Ga;_,Mn,As, re-
spectively. In the equations above 3 is the p-d exchange integral and Ny is the concentration of
the cation sites. This is the carrier contribution to the standard Ginzburg-Landau free-energy
functional F', Fo[M]. The localized spins contribution depends upon the H (M), the inverse
function of the experimental dependence of the magnetization of the magnetic field H in the
absence of the carriers. The Brillouin function, that conveniently parameterizes this depen-
dence, has two input parameters, the effective spin concentration, x.;No < xNg and Terp >
T. These two parameters account for the antiferromagnetic superexchange interactions. The
determination of the Curie temperature by this model is through determining the competi-
tion between the ferromagnetic and antiferromagnetic interactions, with Curie temperature

calculated through
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Curie temperature (K)

Figure 3.9: Curie temperature T¢ in Zn;_,Mn,Te:N for various Mn contents x and hole
concentrations p. Taken from [2].

To(z) = Ap(wepy/0.05)(BNo[eV])?[No(GaAs)/No| Tr" — Tar(x) (3.2)

The ferromagnetic interactions are hole-induced. To be more pictorial, see Figure 3.9. The
theoretical prediction for the Curie temperatures T¢ is given by a red mesh with attached
yellow spheres. Two sorts of red crosses delineate the T¢=0 plane (upper crosses) and the
T ar plane (lower crosses). The experimental values are given by blue spheres. Dietl et al. got
a very good agreement between the Curie temperature T of the (Zn,Mn)Te:N except for the
samples with the smallest . In the case of the smallest x the effects of the Friedel oscillations
and Kondo correlation could not be neglected.

For the description of electronic states in the vicinity of the Anderson-Mott metal-insulator
transition (MIT) the two-fluid model is applied. Moving to the insulating direction by increas-
ing disorder, this model assumes that the conversion of itinerant electrons with increasing

disorder into singly occupied impurity states occurs gradually. This leads to a separation of
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Figure 3.10: Computed vales of Curie temperature T for p-doped semiconductors with
3.5x10%° holes per cm? and 5% of Mn. Taken from [2].

the material into a region where electrons are extended states and one in which electrons are
in singly occupied impurity-like states. However, the extended states electrons are becom-
ing localized only gradually, leaving the wave function having an extended character within
the localization radius £. It is thought that the weakly localized states are at the origin of
the static longitudinal and Hall conductivities of doped semiconductors. The singly occupied
impurity-like states are controlling the magnetic response of doped non-magnetic semiconduc-
tors, giving the rise to bound magnetic polarons in magnetic semiconductors on both sides of
the MIT transition.

Laying firmly on the aforementioned principles, the authors suggested holes in the extended
or the weakly localized states to mediate the long-range interaction between the localized spins
on both sided of the MIT. The values of T'¢ calculated for various semiconductors at the doping
of 5% of Mn and 3.5x10%° holes per cm? are given in the Fig. 3.10.

The authors assumed the same value of § = S(GaMnAs) for all the group (IV) and all the
I11-V semiconductors. The 3 was also found to scale as ag~2 where ag is the lattice constant.
This is a trait common for the II-VI semiconductors. From the Fig 3.10 it is clear that the

T¢ is higher than room temperature for GaN and ZnO and that the lighter elements seem
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Figure 3.11: The magnetic phase diagram for diluted ferromagnetic semiconductors. Taken
from [94].

to be more prone to the occurrence of high-temperature ferromagnetism. This can be readily
understood by noticing that the p-d hybridization is stronger and the spin-orbit coupling is
weaker in these materials.

Electron configuration of magnetic impurities in DMS in a high-spin ground state is given
at the Fig 3.8. As mentioned in Section 2.1.1, for the high-spin to be the ground energy
state, the exchange splitting has to be larger than the crystal field splitting between ty, and
ey orbitals. The double-exchange mechanism stabilizes the ferromagnetic state by the kinetic
energy gain of electron or hole hopping. The superexchange contribution is effectively defined
by the Goodenough-Kanamori rules (see Section 2.1).

A theory for high k dielectrics, diluted ferromagnetic oxides, was developed by Coey et
al. [94]. Coey proposed that the ferromagnetic exchange is mediated by shallow donor elec-
trons that form bound magnetic polarons that overlap to create a spin-split impurity band.
He further postulated that high Curie temperatures arise only when empty minority-spin or
majority-spin d states lie at the Fermi level in the impurity band. He considered that an
electron associated with a particular donor defect will find itself in a hydrogenic orbital of
radius rg = e(m/m*)ap where € is the high-frequency dielectric constant , m is the mass of
the electron, m* is the mass of the donor electron and ag is the Bohr radius. As the donor

concentration § is increased the 1s orbitals ¥(r) = (wr})~/2exp(—r/rg) overlap to form
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an impurity band. After a critical donor concentration n@* the impurity band states be-

come delocalized and metallic conduction sets in. The critical donor concentration is given
by (n&)1/3ry 22 0.26 The corresponding value of 8 =n& /ng. Here, the oxygen density is

given for oxides with a close-packed oxygen lattice. This gives finally

A3gerit == 9.9 (3.3)

Here, radius of the orbital is rg = yag,where v = ¢(m/m*). The bound magnetic polarons
are created to form from the donor ions, whereby the 3d moments of the TM ions are coupled
within their (donor) orbits. As z increases the cations present an extra random potential
which extends the localized region as x increases. When the radius of the donor orbital is
sufficiently large there occurs a ferromagnetic exchange coupling between the donor electron

and the TM ion electron which is known as the s-d exchange, given by

—JsaS - s(|9(r)])*Q (3.4)

Here S is the spin of the 3d cations that have volume €2, while s is the donor electron
spin. The coupling between the cation and the donor electron is ferromagnetic when the 3d
shell i sless than half full , and antiferromagnetic when the 3d shell is half full or more. The
coupling between two TM impurities is in either case ferromagnetic. With the increase in ng
, assuming the hydrogenic orbitals are spherical , the percolation will occur when the orbitals
take up ~ 16% of space. Expressing the above in terms of 6 = ng/no the appearance of long
range ferromagnetic order is expected for 73510 = 4.3. Taking 9, and z, as parameters the
ferromagnetism occurs when ¢ > 9, and x < x,. When x > z, the antiferromagnetism or
ferrimagnetism can appear due to the continuous nearest-neighbour paths interacting antifer-
romagnetically appearing through the crystal.

Coey further develops the model by assuming that the DMS system is analogous to a Néel
two-sublattice magnet, one sublattice being composed of dopant cations and the other of donor

electrons. The main result for the ferromagnetic ordering temperature T¢ is
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films produced by pulsed laser deposition, measured at room temperature. Taken from [94].

Te = [S(S + 1)s220n/3]"? Joawe /b (3.5)

Here w, is the product of cation/anion volume ratio. The T¢ for a typical case, Co doped
ZnO can be calculated by introducing n = 1, np — 6.102* m™3, x = 0.1, S = 3/2, S = 1/2,
re = 0.06 nm and § = 0.01. Jzg can be established from the red shift of the band gap with
the cobalt doping to be 1.5 eV.

Calculated, this amounts to T¢ of 18 K, an order of magnitude too low to explain the
observed high-temperature ferromagnetism in Zn;_,Co,O. The only way that the T¢ can
increase is if the donor electron density (|1(r)|)? is increased in the vicinity of the magnetic
impurities. Translated to the band energy scheme, empty 3d states, i.e. 3d; in the case of the
3d" impurity (S = 3/2) have to hybridize with the donor states at the Fermi level. As moving
along the 3d series the d-levels move down in energy approaching the oxygen 2p band there
are two opportunities for hybridizing to happen (1) at the beginning of the series when 3d4
hybridize with the impurity band and respectively, (2) at the end of the series when 3d; crosses
the Fermi level. The authors have confirmed this by observing peaks in magnetic moments
for Ti, V and Co members of the 3d series.

Sato et al. [6] have used the local spin density approximation methods to study the stability
of the ferromagnetic state of Mn doped ZnO. The results are shown in the Fig. 3.13. The

p-doping of Zn;_,Mn,O was simulated by adding N to the superlattice, while the Ga was
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Figure 3.13: Stability of the ferromagnetic state in Mn doped ZnO as a function of the carrier
concentration (a). Calculation of the local spin density of states for the ferromagnetic (b) and
antiferromagnetic (c) configuration. Taken from [6].

used to simulate n-doping.

In Fig. 3.13(a) the difference in energy E(antiferromagnetic configuration)-E(ferromagnetic
configuration) was plotted as a function of hole (N) doping or electron (Ga) doping of Zn;_;Mn,O.
Stability of the ferromagnetic state is evident for the ferromagnetic configuration of the sys-
tem. The doping of ZnO with Mn does not introduce carriers into the system so the system is
expected to be antiferromagnetic in this case. With the addition of holes into the system the
system becomes ferromagnetic. The origin of ferromagnetism is illustrated in Fig. 3.13(b).
The spin-up 3d states of Mn hybridize well with the N 2p (hole) states at Fermi energy, while
the spin-down 3d states are strongly exchange split and are too far in energy to hybridize with
the p states of N. The half-metallic ferromagnetic state is realized with spins at the Fermi en-
ergy being exclusively in one spin (up) polarization. In the antiferromagnetic case Fig. 3.13(c)
the most important difference from the ferromagnetic case is the fact that the Mn spin-up and

spin-down electrons have equal DOS at Fermi energy.
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3.3.2 Observations of intrinsic ferromagnetism

One of the landmark works in favour of the intrinsic ferromagnetism in TM doped ZnO is the
work by Kittilstved et al. [95] who observed that addition of nitrogen to Zn;_,Mn,O induces
strong 300 K ferromagnetism, while the ferromagnetism was suppressed for Zn;_,Co,O in
accordance with theory that predicts ferromagnetism in p-type doped Zn;_,Mn,O and n-type
doped Zn;_;Co,0O. The addition of nitrogen/oxygen was induced by the following procedure.
The capping with oxygen was achieved through treatment of as-prepared Mn?*:ZnO nanocrys-
tals with trioctylphosphine oxide (TOPO)/stearyl phosphate. TOPO is actually RgPO, with
R being CgHi7. N capped samples were produced by treating the nanocrystals with dodecy-
lamine (R'NHg, C1oHas represented by R') instead of TOPO, yielding a clear suspension of
amine-capped nanocrystals. N-capped colloids were ferromagnetic in the case of Mn?*:ZnO
and paramagnetic for Co?T:Zn0O. The exactly opposite magnetic signature was observed for
O-capped colloids (paramagnetic for Mn, ferromagnetic for Co). The strongest part of the
message of the work by Kittilstved et al. is shown in the right part of the Figure 3.14. It
regards the external "ex-situ" treatment of nanocrystals. This consisted of n-perturbation
which was done by exposing the sample to Zn vapor, resulting with Zn interstitials in the
structure, Zn; a known shallow donor, i.e. n-dopant. The p-perturbation consisted of ab-
sorbing the N containing molecules directly on the surface of the doped ZnO film. The N
containing molecules were deposited in form of 0.1 mL of 0:5M Zn(NOs)a/R/'NHy (1:1) in
ethanol. The p-perturbation was found to induce the ferromagnetism in Mn?*:ZnO and para-
magnetism in Co?*:Zn0O, while the n-perturbation favoured the ferromagnetism in Co?*:ZnO
and paramagnetism in Mn?*:ZnO. This is in perfect agreement with the theory [6, 7].
Another interesting work in favour of intrinsic ferromagnetism in Zn;_,TM,O occurred
through work on free-standing nanocrystals of Zn;_,Mn,O by Ochsenbein et al. [96]. The
authors generated conduction band electrons e, ; through anaerobic ultraviolet (UV) photoex-
citation. From the Figure 3.15 (a) it is clear that in d=5.6nm 0.25% Mn?*:ZnO nanocrystals
the Mn?* hyperfine structure broadens upon charging, i.e. the introduction of ecp- ESR

signal of the oxidized (as prepared) system is given as a red line and the signal of the system
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Figure 3.14: Left:300 K magnetization vs field loops for (a) 0.20% Mn?*:ZnO and (b) 3.5%
Co?*:ZnO films prepared from N-capped or O-capped colloids. Insets: statistics for 300 K
ferromagnetic saturation moments obtained from 10 independent films for each case. Right:300
K magnetization vs field loops for 0.20% Mn?*:ZnO and (b) 3.5% Co?*:ZnO films before and
after various n- or p-type perturbations. Arrows indicate the increase (up) or decrease (down)
of 300 K ferromagnetism upon perturbation. Taken from [95].

in which e 5 have been photoinjected is given as the blue line. The re-oxidized system is pre-
sented with a dotted grey line. The broadening is due to the Mn?* - ecp exchange interaction
and not to the superposition of the signals of Mn?* and ecp As the authors suggest, the ESR
spectra do not show superimposed sharp and broad Mn?T features, hence all the Mn?t ions
are affected by the added electrons. It is demonstrated further that upon exposure to air, the
oxidation reverts the ESR spectra to their original shape. The oxidation/regeneration process
has been shown to occur in a multitude occasions with no degradation to the sample. The
spectra are also shown in the ESR absorption mode (Fig. 3.15 (b)).

To corroborate these results using an alternative measurement technique the authors used
SQUID to measure the magnetization data for the 0.25% Mn?*:ZnO nanocrystals in the 2
- 300 K temperature interval. The results are given at Fig. 3.15 (c¢). Magnetization of the
as-prepared (red triangles), charged (filled blue triangles) and the difference of magnetiza-
tion between charged and as-prepared samples (filled blue diamonds) is given. The magnetic
moment before charging was shown to be 3.4 up, significantly under 5 up expected if all
the Mn?* contributed. The nominal antiferromagnetic superexchange interaction is active

within nearest-neighbour Mn?t-Mn?* pairs. As outlined before the Heisenberg-type dimer
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Figure 3.15: Reversible charge controlled ferromagnetism in free-standing Mn?*:ZnO
nanocrystals. Derivative-mode (a) and absorption-mode (b) EPR spectra of as-prepared (solid
red line), photochemically charged (solid blue line) and re-oxidized (dotted grey line) col-
loidal Mn2?*:ZnO nanocrystals (with diameter d=5.6 nm and Mn?* concentration x=0.25%,
298 K). (c) Field dependence of the magnetization of as-prepared (open red triangles) and
charged (filled blue triangles) colloidal Mn?*:ZnO nanocrystals (d=5.6 nm, x=0.25%, 2 K).
The activated fraction (filled blue diamonds) is the difference between the magnetization
of the charged and the as-prepared nanocrystals. (d) The numerical derivative dM/dH of
the as-prepared (open red triangles) and the activated fraction (filled blue diamonds) of the
Mn22+:ZnO nanocrystals. The expanded low-field region of the activated fraction is shown in
the inset. Taken from [96].
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spin Hamiltonian can be described by

H=-2JS; S, (3.6)

As the J is of the order of some 30 J ~ 48 meV , hence Mn?* in dimers are not expected to
contribute to the magnetic moment measured expected in the room-temperature X-band ESR
scans or even at 2 K / 5 T measurements. Upon studying the effect for several concentrations
ranging up to 0.4% of Mn the authors conclude that the addition of Mn decreases the relative
ESR intensity through formation of higher number of antiferromagnetic dimers, yet charging
with e always reverted the ESR intensity to the maximum expected, i.e. 5 up. The typical
energy of the s-d ( Mn?7 - eq ) interaction energy is shown to be +0.19 eV which translates
to a Jpps of about 0.01 eV per unpaired electron. This is about 2 orders of magnitude lower
than what is estimated to be Jpps in the system deduced from the inflection point in dM/dH
measured curves (details in [96]). in Fig. 3.15(d) the differential magnetization of the as-
prepared (red triangles) and charged (filled blue diamonds) is given. The inset is the zoom
of the low-field region for the charged sample. The authors presented a model that takes
into account ferromagnetic interactions between distant Mn?* ions ammounting to a correct
Jrar. The work by Ochsenbein et al. [96] is hence in favour of the reversible charge controlled

magnetism in free-standing colloidal nanocrystals.

3.3.3 Observations of extrinsic ferromagnetism

As outlined in the section 3.3 Sharma et al. [83] have observed ferromagnetism in different
forms of Zn;_,.Mn,O. They have used low temperature processing of MnO,-ZnO mixture as
the synthesis method for producing Zn;_,Mn,O. They have observed ferromagnetic signature
in 2% Zny_,Mn,O pellets with a ferromagnetic Curie temperature T > 420 K in samples
sintered below 700°C. Although very small, a hysteretic effect was observed in samples pro-
duced below T < 700°C. Room-temperature -10 kOe - 10 kOe sweeps performed in SQUID are
given in Fig. 3.16. Along with hysteresis in samples produced below 700°C one can observe

that above 900°C the hysteresis disappears. Additionally, the sample produced at 900°C was

51



di/dB
@
g
T
.
.
?
>

1 15 2 25 3 3.5 4
Magnetic field (KG)

-0.004 [ o —a— 700°C o
—w— 800°C £ \ ﬂ\
—0.0068 —=— 900°C 200 — “ jk | \/\
e S B M W
Field (KOe) 100 |- \\I\\u w‘/‘v“ J‘
|

1 1 | | 1 1
38 3.6 34 32 30 28 26 24 22

Magnetization (e.m.u. g~')

L
=
2
d/dB

Magnetic field (KG) C

Figure 3.16: (a)The field sweep of Mn:ZnO bulk materials revealing ferromagnetic signatures
in samples produced below 700 C curves in the work by Sharma et al. [83] (b) A broad
FMR line with g-factor higher than the free electron value as a proof of ferromagnetism of
Zn;_,Mn,Osynthesized at 500°C(c) A signal of paramagnetic Mn?* in the sample synthesized
at 900°C. Adapted from [83].

found to have T¢ of 40 K. The authors suggested that the formation of antiferromagnetic Mn
clusters is to be responsible for the disappearance of ferromagnetism at sintering temperature
higher than 700°C. To corroborate this hypothesis, the authors performed ferromagnetic res-
onance - FMR measurement on samples sintered below and above 700°C. In the absence of
detailed analysis, the authors were content to state that the paramagnetic signal observed for
the 900°C was reminiscent of Mn?* (Fig 3.16(c)). The 500°C signal showed a line with g-factor
different from the free electron value even at 425°C (Fig 3.16 (b)), the maximum temperature
they were able to use, pointing to the ferromagnetism in the sample with T¢ higher than 425
°C. The authors claimed to have measured a very small low Mn mean concentration of only
0.3 at.% instead of the nominal 2 at.%

The work by Kundaliya et al. [85] tried to explain the results obtained by Sharma et al.
[83] through a significantly more detailed sample analysis. They were able to demonstrate,
that the ferromagnetism in samples produced in almost the exact same way as in [83] originates

as a signature of a metastable Mny_,7Zn,0O3_s5 and not of Mn homogenously distributed in
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Figure 3.17: Identification of Mns_,7Zn,O3_s as the ferromagnetic phase in Zn;_,Mn,O sam-
ples. See text. Taken from |[85].

Zn0. By performing thermo-gravimetric analysis on a ZnO - 2% MnOy powder mixture they
have observed a signal indicated as a blue line in the Figure 3.17. The red curve, the referent
MnO; signal experiences three plateaus in 300 K < T < 1500 K regime. The first plateau
represents MnQOs while the second and third plateau represent the material present after the
transformation of the original MnOs to MnyO3 at 809 K and MngO4 at 1040 K, respectively.
The descent of the blue curve, referring to 98 % ZnO with 2% of MnOs, which begins around
450 K is due to the loss of oxygen upon incorporation of Zn into Mn?* sites in MnO,, because
of the principle of charge neutrality. At 780 K the blue curve experiences a sharp drop with
the weight loss stabilizing itself just below the value for Mn3O4. At 980 K, the temperature at
which the magnetization of the system disappears, another drop is present, this time followed
by an intake of oxygen, resulting in an decrease of the value of the weight loss again. Realizing
that with introduction of Zn?* into Mn,O3 matrix one loses half oxygen atom per Zn atom and

furthermore, taking into account the fact that if one removes one oxygen per three molecular
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units of MnyO3 one obtains a Mn3gQOy, the authors suggested that the ferromagnetic phase is
indeed Mns_,7Zn,O3_s that at T* transforms into a non-magnetic Mn3O4 phase.

In a different experiment Kundaliya et al. deposited Mn3O4 on a ZnO surface and then
post-annealed the system for 3h, 9h and 18 hours. They have noticed that the RBS signal did
not resemble the signal of Mn homogenously distributed in ZnO in every sample, even after the
longest time of annealing. The worsening of the ZnO ion channeling in the top surface layers of
ZnO together with broadening of the surface profile outwards Mn3zO,4 data indicate diffusion of
around 10%-15% of Zn into Mn3O4 matrix. The fact that most of the decrease of channeling
is noticed in the early, and not in the late stages of the heat-treatment corroborates the
diffusive mechanism , i.e. diffusion of and solubility limitation of Zn into Mn3O4 matrix. The
ferromagnetic components were the 3h and 9h annealed ones, while the 18 hours one showed a
decrease in magnetization probably due to the increase in Zn concentration or oxygen related
transformations from the surface side of the thin film. This is a proof that ferromagnetism is
not caused by a homogenous distribution of Mn in ZnO but Zn diffusing into Mn oxide.

The final nail to the coffin of the work of Sharma et al. was put by an experiment in
which the authors using thin films produced from Zn3_,Mn,Oy4 sintered at high temperatures
probed the magnetism of samples with Mn introduced into the sample during the thin film
deposition. As a summary, ferromagnetic signals were observed only in the condition of low
Zn concentration / high oxygen pressure and only in the cases when MnyO3 was present
in the structure (shown as black circles at the Fig 3.17, while blue circles represent Mn3zOy4
reflections). The MnyOs3 reflections in ferromagnetic samples confirm Mny_,7Zn,O3_s as the

ferromagnetic phase, while Zn doped Mn3O4 do not exhibit ferromagnetic properties.

3.3.4 Conclusion

The purpose of this Chapter was to get acquainted with the basic properties underlying ZnO,
our host semiconductor. The basic energy band scheme, the chemistry of defects, the most
common applications have been laid out. The basic theoretical predictions regarding the high

temperature ferromagnetism in ZnO have been introduced, especially focusing on the different
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predictions for n-doped and p-doped ZnO. The main subgroups of the synthesis methods of
TM doped ZnO have been listed. Finally, recently observed ferromagnetic signatures as well
as the different camps of thought regarding the intrinsic nature of the ferromagnetism have

been elucidated.
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Chapter 4

Synthesis and properties of transition

metal doped ZnO precursors

As outlined in the previous Chapters, the past decade, the first in the development of the
Zn1_TM,O has seen difficulties in the production of single-phase materials, with well char-
acterized intermediate and final products. We have found that the use of inorganic precursors
like nitrates or carbonates for the synthesis of TM doped ZnO offers unique opportunities over
existing synthesis processes. In this Chapter, we report on the synthesis of the precursors as

well as on their characterization.

4.1 TM doped zinc nitrates

Transition metal doped zinc nitrates offer an interesting precursor for the Zn;_,TM,O syn-
thesis due to their low melting temperatures (Table 4.1) , low cost and simplicity of usage.
The steps of the synthesis of TM doped zinc nitrates are illustrated in the Fig. 4.1. Typi-
cally, transition metal doped zinc nitrates are synthesized by mixing stoichiometric ratios of
TM(NOj3)9xH20 and Zn(NO3)2xHoO hydrated nitrates , melting the nitrates at temperatures
close to 100°C in order to get a homogenous liquid mixture of the nitrates. Such a homogeneity
is preserved by quenching the solution with liquid nitrogen. This results in a powder that we

refer to as transition metal doped zinc nitrate precursor, Zny_,TM,(NO3)oxH2O. The color
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Material Melting point (°C)

ZH(N03)2 105
MH(NO3)2 116
CO(NOg)Q 75

Table 4.1: The melting temperatures of TM doped nitrates used in this study.

Figure 4.1: Three steps of Zn;_,TM,O synthesis from nitrate precursors: (a)melting,
(b)quenching and (c)thermal decomposition, here shown for TM=Co.

of the powders is whitish, with a slight tint corresponding to the dopant, being yellow for Mn
and red for Co.

The homogeneity of the distribution of Mn within the nitrate matrix was inferred through
Electron Spin Resonance measurements. The ESR measurements were performed using a
standard X-band (v ~ 9.4GHz) Bruker spectrometer in the field ranging from 100 G to 12000
G. The signal of the Mn doped nitrate precursors is given in Fig 4.2. The paramagnetic Mn?*+
ion has a half-filled d-shell (S=5/2) with an orbital quantum number equal to L=0 (°S5/5)
and a nuclear orbital quantum number equal to 1=5/2, giving a spectrum of 30 lines (5 fine
structure lines each separated into 6 hyperfine structure lines). The central six lines due to

|-1/2,m) - |1/2,m) transition are normally the lines with the strongest intensity. One observes
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Figure 4.2: Electron spin resonance measurements on the series of Mn doped Zn nitrate
precursors with Mn content from 0.32% to 40% .

in Figure 4.2 such a spectrum of Mn?*. A series of narrow lines attributed to the hyperfine
structure of the Mn?* was observed in the span of 1000 G to 5600 G. It persists down to
approximately 10% percent of Mn:nitrate and gets gradually "washed away" as the proportion
of the non-interacting, paramagnetic centers goes to zero. The similar effect was seen in the
studies on Mn doped materials [97, 98, 99]. More recent work and spectra simulations can be
found in the work of Chikoidze et al. [100]. As the hyperfine structure persists up to almost
10% of Mn we can estimate that the precursor is homogeneous for concentrations as high as
10 percent, at higher concentrations Mn ions starting to interact due to the higher statistical
probability of encountering Mn ions at close distances.

In electron spin resonance, the selection rule is Amjy = £ 1, which is the dipole selection
rule. The S=5/2 Mn?T ion is, at an applied magnetic field B, then exposed to a number of
possible transitions, all the same size given by gupB hence one line could be expected at the
frequency hv = gupB. In reality a solid containing the Mn?* ion is complicating the picture
with the crystal field. The hyperfine coupling between the electron and the nucleus results in
a term in the Hamiltonian equal to Al - J. Each mj level is split into 2I+1 hyperfine levels
depending on the value of m;. This results in an added rule for the ESR transition of Amj
— 0. The situation for the free Mn?* ion in the magnetic field is illustrated in the Fig. 4.3.

The situation depicted there, hence the absence of the crystal field would result with 6 ESR
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lines, yet the crystal field makes Am transitions nonequivalent which results in a total of
30 ESR lines. Nitrates make for excellent precursors in terms of homogeneity but they are
unstable with respect to time, due to the effect of hydration. Their long-term instability due
to the hydration effect narrows down the chances for their successful application. This is why
we have not pursued their characterization to great lengths as we have done for hydrozincite,

which is the subject of the next Section.

4.2 The synthesis and properties of TM metal doped hydroz-
incite

The crystal structure of hydrozincite, Zns(OH)g(COg3)2, has been determined by Subrata
Ghose in 1964. [101] (see Fig 4.4). The structure is monoclinic with ap=13.62, bp=6.30,
co=5.42 A, B = 95°5(/, the space group is C2/m. There are two Zn sites, one in octahedral
and one in tetrahedral coordination as shown in Figure 4.4. The octahedral sites outnumber
the tetrahedral in the 3:2 ratio. Zinc atoms in tetrahedral coordination occur above holes that
are present in sheets of octahedral zinc atoms. COg groups are binding the sheets parallel to
(100). Out of the three oxygen atoms in the CO3 group the first is bonded to an octahedral,
the second to the tetrahedral oxygen site while the remaining one is hydrogen bonded to three
OH groups. The tetrahedral Zn-O distance is limited to 1.95 A and is significantly smaller
than the octahedral Zn-O distance at 2.10 A.

Experimentally, stoichiometric amounts of Zn(NOg)2, TM(NO3)2 and urea, CO(NHg)s are
dissolved in distilled water, producing a clear solution. The solution is poured into a Teflon
vessel and given a hydrothermal treatment at autoclave temperatures ranging from 100-150°C
for 1 day. The solid samples obtained are then filtered and dried. The reaction proceeds along

the following Equation:
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Figure 4.4: The crystal structure of Zns(OH)g(CO3)2. The atoms of Zn are represented with
cyan balls and they can be in octahedral and tetrahedral environment, as can be seen from
the outline of the polyhedra shaded in gray. The atoms of O (red balls) are at the vertices of
the polyhedra either stand-alone or bound with a hydrogen atom into an OH bond depicted
as a black ball. The atom of C is shown as a yellow ball and finds itself in CO3 group bridging
the Zn(OH), that grow parallel to (100).
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15(1 — x)Zn(NO3)2 + 15xTM(NO3)2 + 25CO(NHg)o —

3(Zn;_xTMy)5(OH)6(CO3)2 - yH2O + (41 — y)H20 + 19CO4 + 40N, (4.1)

The reaction 4.1, that successfully ends with the synthesis of (Zn;_xTMy)5(OH)(CO3)e,
the TM doped hydrozincite, is based on the concept of propellant chemistry. This process is of
particular interest due to its simplicity and to the high degree of homogeneity and purity of the
reaction product. As it will be shown in this Section, the XRD shows that hydrozincite materi-
als of high purity are made and the transmission electron microscopy (TEM) studies similarly
show the hydrozincite purity > 99.9%. The purity in excess of > 99.9% was established by
random sampling of the hydrozincite nanoparticles. That is, less than 1 in 1000 particles
observed were found to be a possible impurity phase, with an estimated volume fraction even
lower. The synthesis produces a population of nanoparticles, hence instead of sectioning from a
potentially inhomogeneous bulk material, random sampling of the population gives the correct

purity value.

4.2.1 Mn doped hydrozincite

Mn doped hydrozincite materials are whitish powders gaining a brown tint with the increase
in the nominally introduced Mn concentration. The structure and purity of Mn doped hy-
drozincite have been characterized by X Ray Diffraction (XRD) and Transmission Electron
Microscopy (TEM). As shown in the Figure 4.5, XRD confirms that our materials crystallize
with C2/m space group.

Distribution of magnetic species within the non-magnetic matrix has been proven essential
in determining the magnetic properties of a DMS compound [63]. Kuroda et al. have shown
that the ferromagnetism of (Zn,Cr)Te, together with magnetooptical and magnetotransport
functionalities are dominated by the formation of Cr-rich (Zn,Cr)Te metallic nanocrystals
embedded in the Cr-poor (Zn,Cr)Te matrix. The authors showed that if one looks at the

spatially resolved Energy Data Spectroscopy (EDS) of a series of Zng g5Crg o5 Te thin films,
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Figure 4.5: (a)The 6-26 XRD spectra of Mn doped hydrozincite precursors exhibiting
Zn5(OH)(COs3)2 reflections, PDF number 19-1458. (b) Reflections of the SADP pattern
can be indexed using the C2/m space group of hydrozincite.

4.

given in Fig. 4.6, one notices that the co-doping and deviations from stoichiometry affect the
spatial distribution of Cr over the zinc-blende lattice. The uniform distribution of the Cr was
found in the films doped with nitrogen (f) and prepared in the Te rich conditions (e). On the
contrary, clustering of Cr has been noticed in the iodine-treated (a-c) and samples produced
in Zn-rich conditions (d).

The magnetization data of the aforementioned films are given in the Fig. 4.7. As a
very educational example, three characteristic temperatures pertaining to the magnetization
behaviors are introduced. The apparent Curie temperature, Tgp P (red circles) was deduced
from the Arrott plot analysis. The blocking temperature, Tp (blue squares) is defined as
the temperature at which the magnetization measured in 500 Oe attains a maximum. In the
case of the plateau nature of the maximum, the width of the maximum is represented as an
error bar. The third temperature is the ©,, (green triangles), the paramagnetic Curie-Weiss
temperature.

As can be seen from the Fig. 4.7 with the letters assigned to different samples, in the
case of the homogenous distribution, i.e. the nitrogen co-doped sample (case f) all the three
magnetic temperatures went to zero, i.e. there are no ferromagnetic signatures or signatures

pertaining to a different magnetic order. The authors conclude that the high-temperature
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Figure 4.6: A work by Kuroda et al. [63] illustrates the importance of clustering effects on
magnetic properties of DMS. Cross-sectional mapping images of the Cr K, emission intensity
for a series of Znj_,Cr,Te films with the same Cr composition of x = 0.05 4+ 0.005 but
differing in co-doping or stoichiometry. The samples (a)-(c) have been treated in iodine and
show significant clustering effect. The sample (d) has been produced in Zn-rich conditions

and also manifests clustering. The samples free of clustering were (e) produced in Te rich
conditions, while the sample (f) was N doped. Taken from [63].
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Figure 4.7: Characteristic magnetic temperatures of Zn;_,Cr,Te films. Red circles represent
the apparent Curie temperature T‘g]p , the blue squares represent blocking temperatures Tp,
and the paramagnetic Curie-Weiss temperature ©, is given in green triangles. The samples
exhibiting clustering are iodine treated (Zn,Cr)Te (a-c) and zinc rich materials (d). They
exhibit high values of all the three characteristic temperatures. The homogenous samples
exhibiting clustering are Te treated (Zn,Cr)Te (e) and iodine treated (Zn,Cr)Te (f) and they
exhibit significantly lower or zero values of all the three temperatures. Taken from [63].
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Figure 4.8: Mn/Zn concentration ratios found by random, per-particle EDXS profiling of
(Zni_zMn;)5(OH)g(CO3)2 particles, for nominal x=0.02 (a), x=0.04 (b) and x=0.08 (c) re-
sulting with x=0.012 (a), x=0.016 (b) and x=0.018 (c) effective concentrations.

ferromagnetism can be easily brought upon by clustering effects, i.e. through the existence of
Cr-rich (Zn,Cr)Te nanocrystals in a Cr-poor (Zn,Cr)Te matrix.

Using random, per-particle EDXS profiling, we have obtained a narrow Mn distribution in
(Zni—zMn,)5(OH)s(CO3)2. The dispersion is given in Fig. 4.8. On nominal x=0.02 (green),
0.04 (cyan) and 0.08 (magenta) Mn:hydrozincite powders the real values of concentration were
calculated to be x=0.012, 0.016 and 0.018 through taking the value of the arithmetic mean
of the actual Mn/Zn concentration ratios found. The discrepancy between the nominal input
values and the effective values found in the products are in the nature of the method, with
some of initial quantity of Mn remaining in the solution and not entering the precipitate.
Discrepancy also arises due to the existence of the solubility limit of Mn in hydrozincite. We
estimate the solubility limit in Mn:hydrozincite to be close to 2% as inferred from EDXS profil-
ing of the higher nominal Mn concentration samples. The homogeneity of the Mn distribution

in hydrozincite is preserved in ZnO as it will be shown in Chapter 6.
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Figure 4.9: Room-temperature X-band ESR spectra of (Zng gssMng g12)5(OH)g(CO3)2 synthe-
sized at 100°C (magenta) , 125°C (cyan) and 150°C (red). Inset: 6-peak hyperfine structure of

Mn2* measured for the 150°C sample with the value of hyperfine splitting A—(87 + 1)x10~*

Cmfl.

Magnetic properties of (Znj_;Mn;)5(OH)g(CO3)2 have been investigated via ESR and
SQUID measurements. The initial work on the synthesis of (Zn;_;Mn,)5(OH)s(CO3)2 con-
cerned the study of the impact of the temperature used during the synthesis method on the
properties of the product. Three temperatures were used: 100°C, 125°C and 150°C. The ESR
spectra of the samples produced at these temperatures are given in Fig. 4.9. The inset shows
the 6-peak hyperfine structure of Mn?* in hydrozincite, with the value of the hyperfine cou-
pling constant A=(87 + 1)x10~* em™! being roughly determined as the average value of the
adjacent peak spacings.

The characteristic hyperfine structure corresponding to 6 lines, most conspicuous for the
sample synthesized at 150°C, confirms the presence of paramagnetic Mn? ions distributed in
the hydrozincite matrix. The structure is due to the central J=1/2 to J=-1/2 Mn? electronic
transition. Due to the interaction between Mn ions the hyperfine structure gets washed away

into a Lorentzian derivative line, the line stemming from Mn-Mn interaction. In the case of the
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sample produced at 125°C, where the smearing out has proven to be the most advanced the
peak-to-peak ESR linewidth was found to be AH,, = (439£5)G. The sample with the largest
AH,, = (481£5)G among the three is incidentally the sample produced at 150°C which shows
the least degree of smearing out (the most undistorted hyperfine structure) among the three
samples studied. Taking the fundamental effect of isotropic Mn-Mn exchange narrowing of
the ESR linewidth one can hint that the isotropic Mn-Mn exchange is the dominant inter-
action in (Zn;—;Mng)5(OH)g(COg3)2 at room-temperature (see Section 2.1) with the sample
with stronger interaction being represented by the narrower line and more distorted hyperfine
structure, simultaneously. As for the proof of purity of the material, one can add that no
additional sextets are present, which corroborates the absence of Mn with valence state higher
than 2 in the hydrozincite precursor. Therefore Mn is not oxidized during the synthesis of
hydrozincite. The obtained ESR signal is also equivalent to the signal observed for Mn?* in
Zn(OH)s by Zhou et al. [102] (Fig. 4.10 where the authors observed g=2.001 and A=89x10~4
em™! for their sample). The existence of the equivalent signal as a component of the joint
signal of ZnO in the work by Zhou et al. was explained as a presence of Mn%* in Zn(OH),
shells surrounding ZnO particles. The observed value of the hyperfine constant, A, that we
have obtained for Mn in hydrozincite is A=(87 4 1)x10~% cm™!, as seen in the Inset to Fig.
4.9. This makes it slightly lower than that of Mn?* in Zn(OH)s.

To infer on the macroscopic magnetic properties of the Zns(OH)g(COgz)2 produced at
100°C , 125°C and 150°C SQUID ZFC-FC measurements were performed. The results are
shown in the Fig. 4.11. The 100 K < T < 300 K linear fit of the high-temperature inverse
susceptibility is given in the inset to the Fig. 4.11. The samples were found to observe the
Curie-Weiss behaviour of the magnetization with Ty given to be -65 K in the case of the
sample synthesized at 125°C, -35 K for the 100°C and finally, -18 K for the sample synthesized
at 150°C. From the negative value of all the three Curie-Weiss temperature observed we can
deduce that the dominant magnetic interactions in the samples are antiferromagnetic. Also,
as a perfect fit to the ESR measurements given in Fig. 4.11 the strongest interactions are in

the sample with the most-smeared out hyperfine structure (Tcyw highest in absolute value),
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Figure 4.10: The ESR signal of the 5% Mn doped Zn(OH)s with g=2.001 and A=89x10~4
em~!. Taken from [102].

while the "least-smeared-out sample" exhibits the behaviour closest to paramagnetism (Tcow
closest to zero).

When choosing the temperature of the synthesis for the hydrozincite that we fixed for all
the future samples during this Thesis work we were lead by the condition of interaction, with
the final aim in mind of achieving room temperature ferromagnetism in the final product. This
is why we chose the "most-smeared-out sample" , i.e. the sample synthesized at 125°C as our
material for future syntheses. The fact that the sample is "most-smeared-out", means that in
it the Mn-Mn interactions are strongest. One needs strong Mn-Mn interactions either direct,

or through itinerant carriers to have a material that is a ferromagnet on a large scale.

4.2.2 Conclusion

As shown in this Chapter, we have synthesized new precursors of ZnO homogeneously doped
with TM. TM doped zinc nitrates offer an interesting choice for precursors of Zn;_, TM,O due
to their low melting temperature and possibility of intrinsic homogeneity of the distribution

of the magnetic species within the nitrate matrix. The nitrates were studied to infer their
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Figure 4.11: The ZFC-FC SQUID curves of (Zn;—;Mn,)5(OH)(CO3)2 synthesized at 100°C
(magenta) , 125°C (cyan) and 150°C (red). No signs of ferromagnetic order coming from
ZFC-FC splitting are present, with antiferromagnetic interactions being dominant, as inferred
from the negative Ty temperatures.

homogeneity through the ESR method and were found to allow for up to 10% of Mn in
the structure without showing a significant smearing out of the ESR line, i.e. interaction
between the Mn spins. Hence, in the next Chapter, Chapter 5, we will present the results on
Zmni_,Mn,O synthesized by thermal decomposition of TM doped zinc nitrates to see whether
this homogeneity is kept in the oxide Znj_,Mn,O samples.

We have as well characterized the structural and magnetic properties of Mn doped hydroz-
incite, the second generation of our precursors. Measurements of magnetic properties have
revealed that (Znj_,Mn,)5(OH)g(CO3)2 exhibits Curie-Weiss behaviour with antiferromag-
netic interactions dominant for Mn = TM.

As outlined in Section 4.2, (Zn;_,TM,)5(OH)s(CO3)2 has numerous advantages in com-
parison to a growing group of precursors for Zn;_,TM,O, avoiding caveats present for pre-
cursors used for solid-state and co-precipitation synthesis methods. Single step decomposition
process at low temperatures, high TM solid state solubility and, as it will be apparent from
Chapter 6, tunable properties of the Zn;_,TM,O dependent on the atmosphere of the decom-

position, are some of the upper hands that (Zn;_;TM;)5(OH)e(COs3)2 offers. The Chapter
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6 will begin with an overview of the properties of the Zn;_,Mn,O, one of the most stud-
ied materials in the DMO field, continue with Zn;_,Co,O, a sister material, yet with its
own peculiarities, advance to Zn;_,Ni,O, a product likewise predicted to be ferromagnetic
and conclude with the co-doping of Zn;_,Mn,O with Li, intended to dope the material with
holes and achieve the predicted ferromagnetism, for which the foundation was laid out in this
Chapter.

Before Chapter 6, however, we turn our attention to the properties of materials synthesized

from TM doped nitrates.
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Chapter 5

Properties of Zn;_,.Mn,O produced

from Mn doped zinc nitrates

This Chapter covers the main elements of the synthesis of Zn;_,Mn,O from the nitrate pre-
cursors, which were presented in Chapter 4. As it will be explained in this Chapter, a small
amount of a parasitic phase, ZnMnQgs, coexistent with the produced Zn;_,Mn,O was ob-
served. ZnMnOgs was found to exhibit a significant impact on the magnetic and electronic

properties of Zn;_,Mn,O system.

5.1 Structural properties

Zmn1_Mn,O is synthesized by decomposing the nitrate precursor into a Znj_,Mn,O and nitric
oxide NOs. The reaction is given as the Equation 5.1. This was done at low temperatures
(typically 400°C), because the low temperature should disfavor clustering, but more impor-
tantly, oxidation of Mn into higher oxidation states and from there, formation of parasitic
phases (ZnMnOs - the Mn is in 4+ state). Avoiding oxidation of Mn was also the reason
behind performing the synthesis in reducing atmospheres of flowing Ar and Hy (typically at
flow rates of 100 sccm (standard cubic centimeter per minute) and 50 sccm for Ar and Ho |
respectively), under constant pumping to out-pump the produced NOs. The typical duration

of the synthesis was 10 minutes.
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Figure 5.1: XRD 6-26 spectra of 0.5%, 4%, 8% and 12% Mn:ZnO powders. The red arrow
shows the position of the reflection of the (311) ZnMnOs.

(1 — X)ZD(N03)2 - 6H50 + XTM(NOg)Q -4H,0 —

Zmnq_TM,O + (6 — 2X)HQO + 2NOy + 1/202 (51)

An initial check of the single phase nature of the sample, a standard procedure described
in Section 4.2, was performed. The XRD spectra of 0.5%, 4%, 8% and 12% Mn:ZnO powders
is given in Fig. 5.1. Although the signal to noise ratio in this series of samples is not as high
compared to the samples produced by decomposition of (Zn;_,Mn,)s5(OH)g(CO3)2, as shall
become clear from the Chapter 6, the absence of other phases is clear in the three samples with
lower Mn concentration. The 12% Mn:ZnO powder revealed a (311) reflection of ZnMnOs.

In sharp contrast with the XRD analysis, the TEM analysis revealed a high degree of
structural inhomogeneity of the Zn;_,Mn,O powders even in samples with the nominally low
Mn content. A clear disparity between equiaxed particles and sharp-like structures that we

refer to as "needles" for a Zn;_,Mn,O, x=0.04 particle is evident from Figure 5.2. Analysis
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Figure 5.2: STEM-EDX spectra of a 4% Mn:ZnO particle shows different structural charac-
teristics and significantly different Mn content throughout different regions of the particle.
The portion of the particle not-rich in manganese (a) and the corresponding EDX scan (b).
"Needle-like" portions of particles rich in manganese (c) and the corresponding EDX scan (d).
SADP analysis of the portion of the Mn rich portion of the particle (e).

of chemical composition of the samples was performed using STEM-EDX giving us the locally
determined relative ratio of Zn-Mn atomic species, as described for (Zn;_;Mn,)5(OH)s(COs3)2
in section 4.2. Distinctly different values of Mn concentration were established for different
portions of the particle. The section shown in Figure 5.2(a) showed measured Mn/Zn concen-
tration ratio close to 0.026 as obtained from the spectra given in Fig. 5.2(b), while the value
in the region 5.2(c) was as much as 0.55 as measured from the spectra shown in Fig. 5.2(d).
We can therefore conclude that our powders consist of at least two phases with two distinctly
different values of the dopant concentration, judging from the difference in morphology and
an order of magnitude different Mn/Zn ratio.

In order to identify the parasitic phase in question, the measurement of the selected area
diffraction pattern (SADP) has been performed on a Mn-rich portion of 4% Zn;_,Mn,O
particle. The results of the SADP scan are shown in Fig. 5.2 (e). We have established the
existence of diffused rings corresponding to crystalline lattice reflections of ZnMnOj3. The
literature is still very scarce on the Zn-Mn-O compounds synthesized at low temperatures, yet

Blasco et al. [103| were able to claim that these reflections coincide well with cubic spinels of
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Figure 5.3: Pressure variation within the quartz tube during the typical Znj_,Mn,O/ZnMnOs
synthesis. The two-peak structure is relevant to the parasitic phase co-formation.

the stoichiometry Mnjs_,Zn,O4. The spinels of this structural formula, the authors speculate
further, were in past being mistaken for ZnMnOs3.

Additionally, the pressure variations inside the quartz tube indicate the intricacy of the
mechanism behind the synthesis of Zn;_,Mn,O. The variation of the quartz tube pressure is
a measure of the NOy produced during the synthesis reaction. The synthesis of single-phase
Zn1_zMn,O should then involve only one peak in the pressure within the quartz tube-time
curve shown in the Fig 5.3. However, the curve exhibits two peaks, with the first peak having a
satellite structure. This points to the probability that one of the peaks is related to the forma-
tion of a parasitic phase ZnMnQOs. To infer more on the chronology of the phase separation we
have performed the synthesis by ending the process at the time defined by the disappearance
of the first peak. The sample had similar morphology to the Zn;_,Mn,O/ZnMnQO3 phase
system, pointing that the phase separation Znj;_,Mn,O/ZnMnOs3 probably happens during
the initial stages with the slower diffusion processes happening later.

The ambiguity about the true molecular formula of the parasitic phase does not influence

the fact that the goals of homogeneity and single phase nature of the sample have not been ful-
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filled. However, the sample offers the opportunity to quantify the contribution of the ZnMnQOj5
to the magnetic properties of Zny_,Mn;O as there exists a high chance of ZnMnO3s going
unnoticed in the XRD analysis and yet to give non-negligible contribution to the magnetic
signal of Znj_,Mn,O in the samples produced by different synthesis methods.

Mn, Co and Cu doped ZnO produced at high temperatures are likely to contain the very
same parasitic phases as Mn, Co and Cu doped ZnO produced in better (low temperature, less
oxidative reaction byproducts) conditions. This is why we have performed the XRD scans of
the products of the synthesis of Zn;_,TM;O , where TM = Mn, Co, Cu, synthesized at 700°C
from the nitrate precursors. The scans are given in Fig. 5.4. The parasitic phases found to
form were ZnMnOj in the case of Mn as a dopant, ZnCo04 in the case of Co as a dopant
and CuO in the case of Cu.

Interestingly enough, the Zn;_,Cu,O is a material with significantly higher solid state
solubility of Cu as there are no compounds containing the combination of Zn, Cu and O
atoms. The faint reflections of CuO therefore start to occur only at as much as 40 % percent
of Cu in the sample. This experiment gives a good guess about the identification of possible
of second phases that can form in far smaller amounts in (TM,Zn)O systems produced from

hydrozincite precursors.

5.2 Magnetic properties

As explained in the Section 2.1 the principal information that one can observe from the ESR
spectra are, firstly, the ESR linewidth which is inversely proportional to the spin relaxation
time and can give valuable information about the spin dynamics of the system. The linewidth
is the field span between the positive and negative peak in the ESR signal curve, commonly
known as AHp, where H is the field and pp signifies "peak-to-peak". Secondly, the ESR
intensity is proportional to the number of paramagnetic spins in the sample. Thirdly, the
electron g-factor serves as a measure of the local field experienced by the electrons in the
system.

The Hamiltonian of a Mn2* ion in powder samples of ZnO can be written as [102].
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Figure 5.4: XRD scans of Zn;_,TM,O , TM = Mn, Co, Cu synthesized at 700°C, with
ZnMnQOg, ZnCos04 and CuO reflections of second phase marked with arrows.
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1 1
H = gBHS + 6a(5§ + 85, +52) + D[(S2 - 39(8 + 1] + AST (5.2)

Here, the first term is the Zeeman contribution, the middle two terms are due to axial
fine structure splitting quantified by the factors ¢ and D while the last term results from the
hyperfine interaction and is given by the value of the hyperfine constant, A.

The ESR spectra of the heat-treated (oxide) samples are shown in Figure 5.5. The signals of
Zn1_Mn,O of all concentrations consist of a broad resonance line stemming from interacting
spins (order of magnitude &~ 1000 G) and a set of hyperfine structure lines originating in
the presence of the non-interacting (paramagnetic) Mn?* ions described by the Hamiltonian
(5.2). The latter lines are very narrow, with a linewidth of the order of magnitude of ~ 1 G.
The dependence of intensity and the linewidth of the ESR line on the temperature is given
in Fig 5.5 (b) and (c), respectively. The intensity grows linearly with the concentration of
Mn pointing to the fact that most of the Mn centers in the samples are paramagnetic. The
broad line stemming from Mn-Mn interaction has a linewidth that increases from 980 G to
2300 G in the 1% to 15% interval and subsequently saturates (cf. Fig. 5.5). These properties
can be explained by supposing that the broad line actually stems from the parasitic phase,
ZnMnOj that has a room-temperature linewidth of close to 2000 G, as explained and shown in
Section 5.4. In Section 5.4 we have synthesized the parasitic phase ZnMnQOj3 and established
its magnetic and electronic properties. The hyperfine part of the spectra , the signal roughly
in the region of roughly 2800 - 3800 G, as seen in Fig. 5.6 shows the presence of Mn?* lines
and a sextet shifted to lower g-factors. The dominant sextet is marked with black arrows
and is stemming from the Mn?* ions. The shifted sextet, marked in red, together with being
shifted to lower g-factors is also smaller in intensity. It is attributed to Mn in 4+ valence state.
This was found to be the case for Mn in PbTiO3 [104] where the g-factor of Mn** was as well
slightly shifted to lower values.

Zero-field cooled - field cooled scans using SQUID have been performed on the same batch
of 2%, 4%, 6% and 8% Mn:ZnO powder samples. Measurements were performed in heating

up, with the samples first time (ZFC) being cooled down from room temperature to 5 K
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Figure 5.5: Electron spin resonance measurements on the series of Mn:oxide samples, with
a complicated central sextet of lines representing different paramagnetic species of Mn, cor-
responding to different valence states and coordinations together with a broad background
stemming from a phase with highly interacting Mn ions. ESR linewidth is experiencing satu-
ration at &~ 2400 G, while the ESR intensity gros almost linearly with concentration, pointing
to the dominant paramagnetic nature of Mn centers.
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Figure 5.6: The complicated hyperfine signal of paramagnetic Mn species in ZnO. While the
dominant ESR contribution is attributed to Mn?* (black), the shifted sextet corresponding to
Mn** is outlined in red arrows.

without magnetic field, and second time in the magnetic field, as explained in earlier Sections.
The same value of magnetic field in which the sample was cooled was used for measuring the
magnetization of samples while heating up. Here we have used two typical fields, 100 Oe and
1000 Oe. The results of the measurements performed at 100 Oe are given in Fig. 5.7. The
dependence of magnetization on temperature for 2%, 4%, 6% and 8% Mn:ZnO measured at
1000 Oe is given in Fig. 5.8. Measurements performed at two measuring fields have revealed
similar behaviour that can be summed up by confirming that 2%, 4%, 6% and 8% Mn:ZnO
produced by the decomposition of the TM doped nitrates (a) experience a splitting at low
temperatures, typically T < 10 K, with the blocking temperatures given in Table 5.1 (b)
experience Curie-Weiss behaviour with the 100 K < T < 300 K fit giving positive values of
the Curie-Weiss temperature Toypy independent of the concentration. This effectively means
that ferromagnetic interactions are dominant for all four samples studied. One has to notice
from the values of the blocking temperatures given for all the four samples measured at 100
Oe that the blocking temperature advances slightly to higher values with the addition of Mn,

approximately 1 K for fourfold increase in concentration.
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Figure 5.7: Inverse susceptibility and low temperature susceptibility of 2% (blue), 4% (green),
6% (red) and 8 % (cyan) Znj_,Mn,O powders measured at 100 Oe. Inset: closer look on a
behavior of the susceptibility curve in a region below 14 K. Clear splitting is observed, pointing
to a existence of a paramagnetic-superparamagnetic transition.
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Figure 5.8: Inverse susceptibility of 2% (blue), 4% (green), 6% (red) and 8 % (cyan)
Zn1_Mn,O powders with a corresponding Curie-Weiss fit measured at 1000 Oe. Inset: closer
look on a behavior of the susceptibility curve in a region below 10 K. Clear splitting is observed,

pointing to a existence of a paramagnetic-superparamagnetic transition.
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Figure 5.9: Anisotropy barrier for an up/down superparamagnet. Note that the thermal
activation energy (kpT) is too small to cause rapid barrier hopping. Taken from [105].

More specifically, at temperatures typically below 10 K, a splitting between ZFC and FC
curves occurs, with the ZFC curve experiencing a characteristic maximum - a "cusp" - at
the superparamagnetic blocking temperature Tg. In the same temperature range FC curve
increases monotonically continuing Curie-Weiss-like behavior. To explain this behaviour we
evoke the classic text by J. A. Mydosh [105] which employs an energy-barrier model as depicted
in Fig. 5.9.

Due to the magnetic anisotropy which can occur due to many possible sources, magne-
tocrystalline, shape, dipolar, surface, to name only few, in the particles of ZnMnO3 an energy
barrier is formed with a height E, = KV, the anisotropy constant multiplied by the parti-
cle volume inducing the formation of a system with two easy orientations of magnetization,
shown in Fig. 5.9. This energy can be overcome with either field M - H or temperature kgT.
The relaxation time of the magnetization between these two states is given by Arrhenius law
explaining thermal activation, 7 = 1pexp(E,/kpT) where E, is the energy barrier separating
the states and 7 is the microscopic limiting relaxation time of the order of 107 s. The val-
ues of Ty are given in Table 5.1. A slight increase in the Tp with the increase in the Mn
concentration from 2% to 8% is visible. The blocking temperature has a simple dependence
on anisotropy constant and the volume of ferromagnetic particles, as given by Equation 5.3.
The increase in the blocking temperature, assuming that the anisotropy constant is the same,

can only mean that the average volume of the particle is increasing. This means that further
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Figure 5.10: (-4T)-4T field sweeps of 2% (cyan), 4% (blue), 6% (red) and 8 % (magenta)
Mn:ZnO. Inset: behavior of M(H) curves around zero, showing very small hysteresis for 4%,
6 and 8% Mn:ZnO powders. 2% Mn:ZnO has much smaller splitting at 5 K, hence hysteresis
is much harder to observe, cf. Figure 5.11.

addition of Mn to the Zn;_;Mn,O/ZnMnOs system is increasing the average volume of the

ZnMnQs particles.

_ KggfV

T
B ™ "30kg

(5.3)

In the research done so far ZnMnOj3 has been established as the source of the observed
blocking behavior [106, 103|. In a series of samples of the same nominal composition, but
synthesized by a different method, which were proven to be free of second phases, we do not
observe superparamagnetic behavior, corroborating that ZnMnQOg is responsible for blocking.

Calculated ©(x) from fits given in Figs. 5.7 and 5.8 are given in Table 5.1. We conclude
that the value of ©(x) inferred from the fit of the high-temperature part of the 1/x(T) shows
the value that is independent of the concentration. A homogeneous diluted magnetic semicon-
ductor, with randomly distributed Heisenberg spins, according to a classic paper by Spalek et

al. would exhibit an antiferromagnetic behaviour [50| in which the Curie-Weiss temperature is
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Sample Tp at 1000e  O(z) at 10000e  ©O(x) at 1000e He at 5 K

2% Mn:ZnO 5.89 K 37K 20 K ~ 0 Oe
4% Mn:ZnO 6.5 K 23 K 22 K 70 Oe
6% Mn:ZnO 6.55 K 26 K 23 K 83 Oe
8% Mn:ZnO 6.71 K 21 K 19 K 105 Oe

Table 5.1: Values of Curie-Weiss temperature ©(x) measured at 100 Oe and 1000 Oe, together
with blocking temperatures T g measured at 100 Oe for 2% - 8% Mn:ZnO powders. Coercive
fields at 5 K deduced from Figure 5.10 are given in the last column.

expected to scale with the concentration as ©(z) = © - x where Oy is the concentration inde-
pendent temperature. However, we have measured Curie-Weiss temperatures independent of
the concentration, consistent with ZnMnO3 governing the magnetic interactions with blocking
temperature determined by the size of the individual "needle" that only slightly increases with
a fourfold increase in the Mn nominal concentration.

It is known that for magnetic nanoparticles , the formation of domain walls is energetically
unfavorable [107|, below a certain size particle staying in a single-domain configuration. The
blocking temperature is alternatively defined as a particular temperature above which the
thermal fluctuations dominate and there is no possibility of determining the preferred magne-
tization direction. The coercivity Ho and remanence Mg of such particle are both equal to
zero. The actual transition is evident, yet gradual. The slow disappearance of the hysteresis
above the blocking temperature is visible for the 6% Mn:ZnO sample and is shown in Fig. 5.10.
The values of the coercive fields for the three temperatures are given at Table 5.2. Hysteresis
is much more strongly pronounced in the case of the scan performed at 5 K (below Tp = 6.55
K) than at 15 K and 25 K (above Tp). A good example from the literature is the work by
Shinde et al. [108] where the effect of the disappearance of the hysteresis is illustrated in the
view of both the magnetic remanence Mg and the coercive field He going to zero. The authors
have also noticed that the magnetization curves lie on top of each other at temperatures above
the blocking temperature (Fig. 5.12).

In our samples, magnetic behavior can be further elucidated from field sweep measurements
done using SQUID. We have done (-4T)-4T field scans of the 2% - 8% Mn:ZnO powders at the

constant temperature of 5 K. As outlined above, as 5 K is lower than the ZFC-FC splitting
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Temperature  He

5 K 83 Oe
15 K 10 Oe
25 K 16 Oe

Table 5.2: Values of coercive field for a 6% Mn:ZnO powder measured at temperatures of 5
K, 15 K and 25 K.

M(emu/g)
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Figure 5.11: (-4 T)-4 T field sweeps of the 6% Mn:ZnO measured at 5 K (blue), 15 K (cyan)
and 25 K (red). Inset: behavior of M(H) curves around zero, showing an almost complete
disappearance of hysteresis for 15 K (cyan) and 25 K (red) line.

temperature we expect to see a very small hysteresis superimposed on a paramagnetic Brillouin
function representing a response of the dominantly paramagnetic, yet containing a small frozen
part, system to the applied magnetic field. The field scans are shown in Figure 5.10. What
is observed is the existence of hysteresis for the 4%, 6% and 8% samples. The 2% Mn:ZnO
sample, however, shows none or a very small hysteresis cycle as visible from its very small
coercive field, as noted on Table 5.1. This is due to the smaller average value of the ZnMnOj5
particles in the sample with lowest nominal Mn concentration.

The behavior of the system around the blocking temperature was more closely inspected by
employing the AC field of different frequencies and observing the real part of the susceptibility,
shown in Fig. 5.13. From the experimental work performed on an archetypal spin glass, CuMn

[52] we know that a minute shift of the AC susceptibility peak is to be expected for the spin
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Figure 5.12: M-H curves for Tig.99Cog.0102_s film measured at different temperatures. Mag-
netization as a function of H/T for different temperatures is given in the inset (a). The
temperature dependences of Ho and Mg for Tigg9Cog.0102_s and Tig.9sCog.0202_s films are
shown in (b) and (c) respectively. Inset (d) shows the magnetic field dependence of Hall

resistivity of the Tigg9Cog.0102_s film. Taken from
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Figure 5.13: The real part of the susceptibility for a 4% Mn:ZnO powder under different
AC excitation frequencies. A shift of the susceptibility peak at the blocking temperature is
observed, indicated with the arrows.

glass - like system. The peak shift is realized through positive change in the position of the
Tp as well as in the decrease of the corresponding peak value of the susceptibility. What
distinguishes superparamagnetism from a canonical spin-glass is the shape of the field curve
(FC) in the measurements done by SQUID, but also indirectly, the actual numerical value
of the frequency shift ATg/[TpA(logw)] [105]. For our 4% Mn:ZnO sample, the expected
behavior of the peak was observed, with the value of ATgp/[TpA(logw)] calculated for the
frequencies of 1000 Hz, 3000 Hz and 7000 Hz to be 0.042 , which puts our 4% Mn:ZnO sample
in between the documented superparamagnets such as a-(Ho203)(B203)S and canonical spin

glasses such as CuMn or AuMn.

5.3 Electronic properties

The electronic properties of TM doped ZnO have been extensively studied in the past. As
the electronic structure of substitutional Mn?* is [Ar]3d®4s? and the s-electrons are the va-

lence electrons, i.e. they go into the sp® bonding with oxygen giving Mn?T in a tetrahedral
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Figure 5.14: The AC conductivity measurements on 0.5% (blue), 4% (green), 8% (red), 10%
(magenta), 14% Mn:ZnO (cyan) and ZnMnQOj3 parasitic phase (orange). The referent undoped
ZnO sample is given in black.

environment, typical of wurtzite structure materials, we do not expect an increase in acti-
vated conductivity when we are below solid state solubility limit of Mn in ZnO, suggested
by some authors to be 13% for a bulk material [109]. Mn in different oxidation states, such
as Mn3T or Mn** n-dopes the system by providing one or two electrons, respectively, in the
conduction band of the ZnO. Experimentally, Mn:ZnO doped ceramic powders were found
to exhibit lower conductivity compared to the nominally undoped powders , a behavior con-
firmed in Mn:ZnO samples sintered at high temperatures [53], and in samples prepared by
low-temperature processing [110].

In order to probe the electronic properties of the materials microwave (AC) conductivity
measurements have been performed on 0.5 - 14% powder samples. The results are shown
in Figure 5.14. Increase of the activated conductivity is well visible from the temperature
dependence for up to 8% of the Mn in the sample. Higher doping seems not to result in an

increase of the activated conductivity, but rather with the saturation of the conductivity.
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5.4 Properties of ZnMnOs;

As the development of true, single-phase diluted magnetic semiconductors Zn;_,TM,O is
plagued by the formation of parasitic phases with a high TM/Zn ratio as soon as the solid
state solubility limit is reached, special importance is starting to be awarded to the study of
magnetic properties of materials where TM and Zn concentrations are of the same order of
magnitude. The phases which oxidated Mn ions can form with Zn and O are numerous, such
as ZnMnOs [106], Mns_,Zn,O03_s, Mn3Oy4 [85]. Other catalogued phases include haeterolite
ZnMnyOy4 [103, 111] and chalcopanite ZnMnzOy5.

Blasco et al. [103]| have explored the Zn-Mn-O phase diagram at low temperature by using
starting materials in a nano-size scale. They have synthesized nominal Mns_,7Zn,04 samples
(1<x<2) following a sol-gel method that permitted the formation of crystal compounds at a
relatively low temperature. The citrate route was used, whereby the stoichiometric amounts
of ZnO and MnCOj3; were dissolved in nitric acid solution. The citric-acid and ethylene-glycol
were added to obtain light-yellow solutions. These were then heated up to gel formation. The
gel was subsequently fired at 210°C overnight. The resulting brown resin was calcined in air at
400°C for 6 h. The powder was then pressed into pellets and heated at temperatures ranging
from 450°C to 800°C.

Peiteado et al. have extended Blasco et al.’s study to higher temperature by using
co-precipitation as the synthesis method, referring to the method originally developed by
Bouloudenine et al. [79], and given in Section 3.2.

Blasco et al. obtained a diagram of phases given in Fig. 5.15. This diagram can be entitled
Mns_,7Zn,0O4 1 < x < 2 phase-diagram at temperatures up to 750°C. Summarizing the Fig.
5.15, at temperatures T < 670°C 1 < x < 1.05 the system is roughly an "H phase" - haeterolite
ZnMnsQy , a tetragonally distorted spinel, isomorphic to Mn3O,4. For 1.05 < x < 1.55 the
system is a mixture of an H phase and C phase , where C phase is a cubic spinel isomorphic
to ZnMnQOg . Blasco et al. further concluded that for 1.55 < x < 1.72 the system consists of
almost pure C-phase while for 1.72 < x < 2 the system is a mixture of the C-phase and ZnO.

Peiteado et al. [111] obtained the phase diagram of the Zn-Mn-O given in the Fig. 5.16.

90



750

[ I T T T I T T T I T II I.II T T T I T T T I_
E T ]
700Fo | mH+T m IR T+ Z ]
I —— et e ]
:3 650 F ! ° LI ! -
2 600F e o0 Ola A ]
R 1 ! 5
2 550 F | o : e
E" FH H+C e C+7 ]
5] [ I I - | n
= 500 - ! ! ! -
450Fo0 | e o e O O a A A
400: N R R SRS S P &
1 1.2 1.4 1.6 1.8 2

X (Mn3_Zn0y)

Figure 5.15: The low temperature phase diagram of Zn-Mn-O as proposed by Blasco et al.
[103]. The T, Z, C and H denote tetragonal spinel, zincite, cubic phase and haeterolite,
respectively. Taken from [103].

The low-temperature phase diagram coincides fairly well with the phase diagram obtained
by Blasco et al. The system consists of two phases depending on the quantity of Zn and is
either a Ty (standard haeterolite) + C, or C + Z phase. Above 650 °C the cubic phase C gets
tetragonally distorted creating a new tetragonal phase, Ty meaning that the two fields are now
T1 + Ty and To + Z. Above 1300°C Ty gets transformed into a Ty phase, leaving the whole
Zn concentration range to T1 + Z phase. The authors explain all the results obtained through
the quantity of Mn3* in Mns_,Zn,O4. Mn3*t has a d* electronic configuration which makes it
a strongly active Jahn-Teller ion. Effectively, the distortion leads to the change of symmetry
, from cubic at the low temperature to highly distorted tetragonal at high temperatures.
This suggests that an octahedron of ligands around Mn(III) is distorted in such a way that
c¢/a>1. For compositions with x>1 above 650 °C Mn** gets reduced to Mn3* leading to the
subsequent distortion of the structure and formation of the Ty phase, a new tetragonal spinel
with the space group I41/amd. With the increase in temperature the additional distortion of
the Ty phase occurs resulting with the change of the final precipitation of the Ty phase to the
maximally distorted T; phase and the high-temperature phase diagram effectively consisting

of the Ty + ZnO phase.
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Figure 5.16: The high temperature phase diagram of Zn-Mn-O as proposed by Peiteado et
al. [111]. The T; phase is the tetragonal spinel, haeterolite ZnMnyOy4 , Ty is the tetragonal
spinel, C is the cubic spinel and Z is ZnO.

5.4.1 Synthesis and Structural properties

Using low-temperature decomposition of Mn and Zn nitrates, we have synthesized Zny_,Mn,O
0.02 < x < 0.08, as described in Section 5.1. At 400°C and 700°C, in all the concentration
range probed the additional presence of a phase isomorphic to ZnMnOg with (1-x):x at 0.6:0.4
was noted. Morphologically the particles resembled "needles", hence they were a lot longer
than thick (Fig. 5.17(a)). Supposing Mns_,Zn,Oy is the right stoichiometry this puts us in
the phase diagram region with x=1.2 (H+C phase). The 700°C decomposition temperature
also saw the presence of (1-x):x= 0.5:0.5 particles (Fig. 5.17(b)), but with an equiaxed shape,
reserving the (1-x):x = 0.6:0.4 composition for needle morphology. At 900°C we have ob-
served the (1-x):x ratio move to 0.4:0.6 (Fig. 5.17(c)), hence x=1.8 in the Blasco picture (C
phase+Zn0). The morphology of our samples was also highly dependent on the temperature
used. Decomposition at 300°C (Fig. 5.17(d)) was not sufficient to produce ZnO fully decom-
posed and it appears that a Mn-rich shell of Mn (0.08 < x < 0.11, points B and C) was found
to be encircling the core of the particles with a significantly lower Mn-concentration (x=0.003,

point A).
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Figure 5.17: TEM images of Mn-Zn-O phases produced by high-temperature decomposition
of Mn:Zn nitrates at (a) 400 °C, (b) 700 °C, (c) 900 °C and (d) 300 °C.
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Figure 5.18: XRD of the ZnMnOg3 powder, showing reflections of the Fd-3m ZnMnQOg structure
(black) and ZnO wurtzite structure (red).
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In the literature ZnMnQOsg - like phase has been found to invoke spin-glass behaviour in
Zn1—;Mn,O samples found to contain it [106] and on its own [103|. As demonstrated in Section
5.2, we have observed the analogue behaviour for our Zn;_,Mn,O/ZnMnOg3 samples, evident
in the frequency shift of the ZFC curve maximum to lower values and higher temperatures.
The detailed characterization of the macroscopic magnetic properties of the ZnMnOj3 obtained
as a pure phase was however, still lacking. First, a pure ZnMnOj3 had to be synthesized. In
order to oxidize an as high as possible proportion of Mn?* into Mn*t in our sample, we
have heat-treated the powder produced using the method described in Section 5.1 at 400°C
for 11 hours under oxygen flow. The temperature of 400°C was used in order to avoid any
temperature driven morphological changes. The XRD of the sample produced is given in 5.18.
All the major reflections of ZnMnQO3 are present together with a reflection indicating a small
amount of ZnO present.

The equivalent XRD scan has recently been found by Saraf et al. [112] as synthesized by
the sol-gel method. The structure of ZnO was found to evolve gradually from ZnO through
Zni_,Mn,O to Zn;_,Mn,O/ZnMnOs to finally ZnMnOs.

5.4.2 Magnetic properties

The powder obtained was measured using SQUID ZFC-FC measurement as described in the
Section 5.2. The temperature interval in which we measured the magnetization of ZnMnOj;
was 2 K to 300 K. As outlined earlier, the existence of low-temperature splitting between these
two curves is attributed to either spin-glass freezing or the appearance of superparamagnetism.
Such splitting was observed in our sample. The SQUID magnetization measurements show the
splitting which begins at 12 K with a characteristic maximum in ZFC curve susceptibility close
to 4 K. The sudden drop in the magnetization is attributed to the artefact that the SQUID
measurements often exhibit at 4.2 K, the boling temperature of liquid helium. This behaviour
is very similar to the magnetization profile obtained by Blasco et al. for their Mnj 37Zn; 704
sample confirming that the glassy transition originates from a high Mn concentration phase

isomorphic to ZnMnOs.
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Figure 5.19: ZFC-FC SQUID measurements of a ZnMnQO3 phase. The splitting which begins
at 12 K together with a characteristic maximum in ZFC curve susceptibility close to 4 K are
observed.

Magnetization measurements of the aforementioned Mnj 3Zn; 7O4 as well as the Curie-
Weiss fit to the inverse susceptibility of Mnj 47Zn; gO4 produced in the study of Blasco et al.
are given, for comparison in the Fig. 5.20. As can be seen from the Figure 5.20 the ZFC-
FC splitting of the Mnj 3Zn; 7O4 sample is attributed to the spin-glass behaviour but the line
between the superparamagnetism and the spin-glass is known to be a thin one in the literature
and is actually determined from the value of the shift of the peak with the frequency of the
AC field applied, as discerned from the inset to the Fig. 5.20 (a).

Like our ZnMnOQs, the material here exhibits Curie-Weiss behaviour with an antiferromag-
netic Curie-Weiss temperature. The splitting is present at the similar temperature of 14 K,
while the Tow of our sample of -33 K which is close to the given value for the Mnj 3Zny 704
sample, which is -35.5 K.

We have performed the measurements on a standard X-band (v ~ 9.4GHz) Bruker spec-
trometer on the ZnMnQOj3 sample in the temperature range of 4 < T < 300 K. The measure-
ments are given in the Fig. 5.21. We were able to fit the signal to a single Lorentzian line for all

the temperatures studied. From the fit we deduced, principally, the linewidth of the signal, as
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Figure 5.20: (a)ZFC-FC SQUID measurements on a Mn; 3Zn; 704 phase synthesized by Blasco
et al. [103] Inset: The peak shift when applying AC field of frequencies of 1, 10 and 100 Hz
(b) The inverse of the magnetic susceptibility for Mnj 3Zn; 704 and Mn; 4Zn; 6O4 yielding to
antiferromagnetic Curie-Weiss temperatures. Taken from [103].

given in Fig. 5.23. It has been shown to exhibit a divergence of linewidth at the temperature
of 15 K. Another very valuable information is the room temperature linewidth in the vicinity
of 2000 G, which is close to the saturation value of the linewidth in the Zn;_,Mn,;O/ZnMnOs3
samples (AHp, ~ 2400 G). We have hence proven the existence of the transition at the tem-
perature close to 15 K which was seen in the SQUID measurements. Moreover, we have proven
that the saturation ESR linewidth of the Zn;_,Mn,O/ZnMnOj series of samples with the ad-
dition of Mn (See Fig. 4.2) approaches the room temperature ESR linewidth of the ZnMnOs3
phase corroborating that ZnMnOg phase is responsible for the broad line component of the
Znj_;Mn,O/ZnMnOg spectra, which hence does not come from diluted Mn interacting in the
ZnO matrix.

The extracted data are shown in the next Section together with the ESR data obtained

through measurements performed using the high-field ESR setup.

5.4.3 High-field,high-frequency ESR study

Together with the low-field ESR data, the high-field ESR data were as well successfully fitted
to a single Lorentzian line in Wolfram Mathematica 7.0. , as illustrated in Fig. 5.22.
The ESR linewidth(G) vs temperature(K) for low and high field measurements of the

ZnMnOQOj3 powder is given in Fig. 5.23. One quickly observes a move of the linewidth to very
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Figure 5.21: 4 - 300 K ESR measurement done on the ZnMnOj3 phase revealing a diver-
gence of the linewidth at 15 K together with the room-temperature linewidth AH,, ~ 2000
G, which is a similar value to the value of the saturation ESR linewidth obtained in the
Zn1—4Mn,O/ZnMnOg system (AH,, ~ 2400 G).
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Figure 5.22: An example to the signal of the ZnMnOgs in a high-field ESR setup at the
measuring frequency of 210 GHz, together with a fit to a derivative Lorentzian.
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Figure 5.23: The ESR linewidth of the ZnMnOj3 measured in a conventional 9.4 GHz X-
band spectrometer (red) and the high-field ESR setup at the measuring frequency of 210 GHz
(green). The divergence of the ESR linewidth is present at the temperature close to 15 K for
both frequencies used.

high values in the 10-20 K temperature regime, pointing to the fact that the actual magnetic
transition temperature is higher than 5 K and that the temperature to focus on is the onset of
ZFC-FC splitting (cf. Fig 5.19. - onset of splitting 12 K , while a sudden drop in susceptibility
is close to 4 K). The diverging nature of the linewidth for 10 K and 15 K is pointing to
an antiferromagnetic nature of the transition, however, this is not a unique signature for
antiferromagnets as spin-glasses can exhibit a similar behaviour [113]. In combination with

the results of SQUID measurements we attribute this transition to a spin-glass-like one.

5.4.4 Electronic properties

The electronic conductivity of Znj;_,Mn,O was measured by measuring the temperature de-
pendence of the quality (Q) factor of the microwave cavity used in the standard electron spin
resonance (ESR) measurement. As described in Section 5.3 it was found that Zn;_,Mn,O

powders produced by the nitrate decomposition method show an increase in conductivity with
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Figure 5.24: A logarithm of the resisitvity of ZnMnOgs plotted against the inverse of the

temperature. The fit to the exponential dependence of resistivity on T yields the activation
energy A = (0.7 £ 0.1) eV.

an increase in x until the saturation is reached at x =~ 0.08. By measuring the AC conductiv-
ity of the ZnMnQO3 we were able to quantify the contribution of ZnMnQOg parasitic phase to
the magnetism of Zn;_,Mn,O/ZnMnOg3 produced by the decomposition of Zn;_,Mn,(NO3)s.
The results are given in the Figure 5.14. The ZnMnO3 was found to induce the observed in-
crease in conductivity with temperature dependence of the conductivity analogous to the one
noticed in Zn;_,Mn,O samples. One has to note that the mass of the powder, itself propor-
tional to the change in the Q factor samples is 8 fold lower in the case of ZnMnQOj3 than in
the remaining Zn;_,Mn,O powders synthesized. The actual conductivity of ZnMnOs is hence
even higher, making it plausible that it is the phase responsible for the conductivity increase

in the Zn;_,Mn,O/ZnMnO3 system.

5.4.5 Thermopower and DC conductivity

The fundamental experimental data concerning the transport study of ZnMnQOg are the re-
sistivity and thermo-electric power (TEP) as a function of temperature. The measurements

were performed on a pressed pellet of ZnMnQOj3. Resistivity was measured by a four probe DC
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method with TEP compensation, and TEP was measured by DC and AC method. The sample
was shaped in a rectangular bar (typical dimensions 0.8%0.6*0.15 mm?) and placed horizontally
on a ceramic heater and subsequently contacted with silver paste on pre-deposited gold pads.
This configuration allows a simultaneous measurement of resistivity (in a four probe configu-
ration), and thermo-electric power. In the TEP measurements the temperature gradient was
measured by a calibrated chromel/constantan differential thermocouple. All measurements
were performed in the 170-300 K temperature range at ambient pressure. Due to the very
high resistance of the sample we have not been able to measure below the temperature of 170
K since the measured resistivity exceeded 102 €.

In Figure 5.24 the logarithm of the resistivity of the sample is plotted as a function of
the inverse temperature. The dependence is linear, indicating the activated nature of the
conductivity, which can be described by the theoretically well-founded relation, established by

Wilson [114] for the case of semiconductors:

p=poe /25T (5.4)

where the activation energy, A was found to be 0.7 eV (8100 K). This can be interpreted as
the ionization energy of an impurity level, since the gap of pure ZnO is about 3.3 eV [115]. Eq.
5.4 is only valid if the number of charge carriers is much lower than the number of impurities,
which means that the temperature should be much lower than the gap, and that there should
be only one type of impurity present: N4 > ng > Np, where N4 is the number of acceptors,
ng the number of excited carriers and, Np that of the donors. The fact that the activation
energy is rather high assures the applicability of 5.4.

In order to determine the sign of the charge carriers we have measured thermo-electric
power (TEP) in the same temperature interval as we did for the resistivity. The result is shown
in Fig. 5.25. The positive sign of TEP points to hole-like charge carriers and therefore to the
acceptor nature of impurities. The high value of TEP even at room temperature indicates
a very low number of charge carriers and a further decrease of that number with decreasing

temperature. The temperature dependence of TEP in Fig. 5.25 is a typical illustration of
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Figure 5.25: Thermopower measurements on ZnMnQOgs sample. The value obtained for the
activation energy from the thermopower measurements is A = (0.8 = 0.1) eV, consistent with
the conductivity measurements (cf. Fig. 5.24).

semiconducting behavior: S oc 1/T. Below 260 K, the resistance of the sample exceeded 10?
Qcm. The huge sample resistance as well as contact resistances during measurements caused
noise comparable to the signal. This is the explanation of the scattering of the measured
TEP values. Nevertheless, the obtained trend is still similar to the one observed at higher
temperatures. One way to verify consistency of the results is to compare resistivity and TEP

results. Theory [116] predicts that TEP for the case of semiconductors should vary as:

_ —kp 5 €r
5-—tn (r+2+ kBT) (5.5)

where, er is the Fermi energy, and r describes deformation potential scattering. Further-
more, theory [116] says that when temperature is moderate, ep can be approximated by the
following relation:

€EF — Ev + Ea (56)

Once we verified the position of the Fermi level, one can immediately determine the band

gap by using the relation 5.5. Fitting TEP results in the 260-300 K temperature range (where
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smooth data were observed) we have found A = (0.8 £ 0.1) eV.

5.4.6 Conclusion

In this Chapter we have shown that starting from high-quality precursors with homogenously
distributed TM species does not have to be the recipe for success. Oxidative conditions in the
case of Mn as TM ion have lead to the formation of a number of Mn in the 4+ oxidation state.
The Mn in the 44 oxidation state formed a ZnMnOj3 second phase which caused the low-
temperature superparamagnetic freezing. We have however used this method to synthesize
the ZnMnOg3 and to qualify exactly which magnetic properties this phase attributes to the
system of Zn;_,Mn,O/ZnMnQOs3. The increase of conductivity through the smaller energy
band-gap of 0.7 eV, the AH,, ~ 2000 G room-temperature ESR line, the ZFC-FC splitting
at 12 K are all properties of ZnMnQOg that can explain the presence of the broad line in ESR
spectra, the ZFC-FC splitting in the SQUID scan and the increase in the conductivity of the
Zni_,Mn,O/ZnMnOg system.

The method hence has to be improved to synthesize single-phase materials that we can

use to probe the inherent magnetism. This is the subject of the next Chapter.
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Chapter 6

Properties of Zn{_,TM,O produced

from TM doped hydrozincites

As described in Chapter 4 we have synthesized highly homogeneous (Zn;_,TM,)5(OH)s(CO3)2
precursors for TM = Mn, Co and Ni for the synthesis of Zn;_,TM,O. This Chapter will ex-
plain the methods of synthesizing Znj_,TM,O from (Zn;_,TM,;)5(OH)s(CO3)2 by the ways
of thermal decomposition or e-beam decomposition. It will also consider the structural char-
acterization of the final products, Zn;_,Mn,O, Zn;_,Co,O and Zn;_,Ni,O. The Chapter will

give the most important results on the magnetic properties of these diluted magnetic oxides.

6.1 Hydrozincite decomposition

In Chapter 4 we have introduced the novel precursor, (Znj_,TM,)s5(OH)g(CO3)2, the TM
doped hydrozincite, and named its many advantages, such as the homogeneous distribution
of TM species and the low temperature synthesis. TM doped ZnO can be produced from TM
doped hydrozincite in two principal ways.

Thermal decomposition

Hydrozincite materials undergo decomposition when heated at 400°C along the reaction
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Figure 6.1: The XRD measurements on the x=0 (blue), x=0.005 (red), x=0.1 (green),
x=0.4 (magenta) and x=0.8 (cyan) Zn;_;Mn,O produced by thermal decomposition of
(Zny1—Mn;)5(OH)g(CO3)2 in air at 400°C revealing only P6smc wurtzite reflections of ZnO,
indicating the likely single-phase nature of the final Zn;_,Mn,O product.

(an_anx)5(OH)6(003)2 -yHyO — 5Zn;_Mn,O + (3 + y)HgO 4+ 2C09 (6.1)

We have followed the strategy employed in the section 4.2 to determine the structure of
the product. The single phase nature of the sample, the phase being the one of the host
semiconductor was first checked using XRD. The space group in which ZnO crystallizes is
P6smc (See Section 3.1.1). The Graph showing the XRD performed on a series of samples
produced in air is given in Fig. 6.1. One can infer only the P63mc wurtzite reflections of ZnO,
hinting to the single-phase nature of the final ZnO product.

As the properties of the Zn;_,Mn,O produced by this method have proven susceptible to

changes in synthesis parameters, with the atmosphere of decomposition being among the most
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Figure 6.2: Thermal decomposition of (Znj_,Mn,)5(OH)s(COs3)2 to produce Zn;_,Mn,O. A
reference TEM (a) and HRTEM (b) image of hydrozincite precursor. TEM micrographs of
x=0.012 Zn; _,Mn, O thermally decomposed under No-Hj (c). A range of lattice fringes in the
HRTEM image shows the nanocrystallinity of the Mn-doped ZnO (d).
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Figure 6.3: Comparison of ELNES data deduced from EELS measurements for sets of three
magnanese oxides, MnO, Mn2O3 and MnO; with the characteristic oxygen edge (a) and man-
ganese edge (b) shown by vertical lines vertically displaced for clarity. Taken from [117].

important factors we have as well studied Zn;_,Mn,O produced in reducing atmosphere of No-
Hy. TEM images of the samples produced at 400°C in No-Hy were taken and they are given in
the Figure 6.2 (c,d). The sample synthesized at 400 °C in No-Hg showed purely Mn doped ZnO
phase with grains about 20-100 nm in diameter. This signifies that the 400°C is the optimal
temperature where one can consider the synthesis of Zn;_,Mn,O being accomplished. It was
this temperature that was fixed as the synthesis temperature for the remainder of Zn;_,TM,O
synthesis.

Electron energy loss spectroscopy, or EELS, technique is an important tool for inferring
the valence state of the dopant, typically elements of the transition metal ion series [118].
Upon traversing a TEM specimen, a significant number of electrons have lost energy to core
excitations or plasmons, leaving the specimen with energies less than the energy of the incident
electrons, Egy. Electrons with equal energy are dispersed by magnetic field to trajectories with
equal curvatures. Applied to systems important for us EELS is used coupled with electron
energy-loss near-edge structure (ELNES). When wanting to infer the oxidation state, of, e.g.
Mn, we perform the near-edge EELS measurement close to the La 3 edge of manganese Mn. The
different oxidation states of Mn will then result in a shifted Lj 3 structure. This is illustrated
[117] in the ELNES EEL spectra for the Mn in three typical manganese oxides, MnO, MnsOg
and MnOs, with the spectra taken at O-K edges and Mn-Loa 3 edges, vertically displaced for

clarity.
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Figure 6.4: An EELS signal as observed on (a) (Znj—;Mng)5(OH)g(COg3)2 and (b)Zn;_,Mn,O,
where Zn;_,Mn,O was produced by decomposing (Zn;_,Mn,)s5(OH)g(COs3)2 using a high-
energy TEM electron beam. A significant change in the ~ 530 ¢V O K-edge fine structure
bears witness to the achieved crystallization. This effect allows for Mn content to be directly
correlated to the precursor phase.

Figure 6.5: The effects of in-situ heating of (Zn;_,Mn,)5(OH)g(CO3)2, producing a defected
form of Znj_,Mn,O structurally based on the hydrozincite lattice. A gradual loss is visible in
the SADP from 21°C (a), over 275°C (b) and 350°C (c) to 400°C (d).
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The EELS technique was used in team with scanning transmission electron microscope
(STEM) to analyze the compositional uniformity of Mn dopant in hydrozincite matrix. This
was performed using the 640-660 eV Mn-Ls and Mn-Ls lines, as previously explained. The
scanned beam was able to recrystallize the hydrozincite to ZnO, as manifested by a significant
change in the 530 eV O K-edge fine structure as can be inferred from the Fig. 6.4 shown in (a)
to (b) above. This allows us to relate the Mn content directly to the precursor phase, avoiding
possible influences of transformation-induced Mn diffusion on the compositional analysis.

As the structure of the hydrozincite is not changed when it is exposed to a low electron
flux we have performed in-situ heating experiments, with the results given in Fig. 6.5. At
temperatures from 275°C to 400°C, hydrozincite reflections present at 21 °C were gradually
lost. The resulting SADP was however, not fully consistent with the structure of ZnO, with
the form of the product different to that of the ZnO nanocrystals. Holding the temperature at
400°C did not cause significant change in structure. The conclusion is that the vacuum/low
p(O2) conditions within the TEM stabilize a defected form of ZnO that is structurally based

on the hydrozincite lattice.

6.1.1 E-beam decomposition

There is, however, an interesting alternative to the synthesis of Zn;_,TM,;O by thermal de-
composition. We have noticed that when hydrozincite is exposed to an intense electron beam
it transforms into nanocrystals of Zn;_,Mn,O. The nanocrystals of Zn;_,Mn,O were signifi-
cantly smaller with ~ 5nm in diameter. We have repeated this experiment at -170°C using a
cold stage and observed that this is not simply an ionization-induced effect. The experiment
showed that the transformation rates for both syntheses were around = 1s. As a digression,
silicon technology is based on low temperatures. The low temperature nature of this synthesis
methods could hence be proven to be vital for applications. The TEM electron diffraction
patterns of hydrozincite and decomposed oxide are given in Fig 6.6 (a) and (c) respectively.
High resolution TEM image of the same compounds is given in Fig 6.6 (b) and (d), correspond-

ingly. One can see in bright field TEM images shown in Fig. 6.6 (a) and (c) that hydrozincite
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Figure 6.6: The e-beam induced decomposition of hydrozincite (Znj—_;Mn;)s(OH)g(CO3)2
into Znj_,Mn,O. TEM electron diffraction showing a diffraction pattern of hydrozincite (a)
giving way to polycrystalline reflections of ZnO, corresponding to an average diameter of 5 nm
(c). High-resolution TEM showing real space image of the transformation taking place from
hydrozincite (b) to Mn doped ZnO (d), correspondingly.

gives way to polycrystalline ZnO. High resolution TEM gave us the real space imaging of the
transformation from (Zn;_,Mn,)5(OH)(COs3)2 to Zn;_,Mn,O.

As outlined in Section 4.2, (Zn;_,TM,;)5(OH)s(CO3)2 has numerous advantages in com-
parison to a growing group of precursors for Zn;_,TM,O, avoiding caveats present for pre-
cursors used for solid-state and co-precipitation synthesis methods. Single step decomposition
process at low temperatures, high TM solid state solubility and, as it will be apparent from
this Chapter, tunable properties of the Zn;_,TM,O dependent on the atmosphere of the de-
composition, are some of the upper hands that (Zn;_,TM,)5(OH)g(COs3)2 precursor offers.
The Chapter begins with an overview of the properties of the Zn;_,Mn,O, one of the most
studied materials in the DMO field, continues with Zn;_,Co,O, a sister material, yet with its
own peculiarities, Zn;_,Ni, O, a product likewise predicted to be ferromagnetic and concludes
with the co-doping of Zn;_,Mn,O with Li, intended to dope the material with holes and

achieve the predicted ferromagnetism.
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6.2 Mn as a dopant

The original prediction for the ferromagnetism in ZnO was given by Dietl et al. [2] and
streamlined a siginifcant part of this Thesis work towards Znj;_,Mn,O. The defining and
differing mark for Mn as a dopant in ZnO is that it was originally predicted to have hole (p)

doping as a necessity for observed ferromagnetism.

6.2.1 Oxygen rich environment

The samples that were produced in oxygen rich environment were actually fabricated by
thermal decomposition of (Zn;_;Mn;)s5(OH)g(CO3)2 at 400°C under air. As the atmosphere
of decomposition critically determines the oxidation state of Mn species we have tried both
reducing and oxidizing atmosphere for synthesis in order to see the effect on the magnetic
properties of the final product.

The literature, however, considers examples of materials produced by a given synthesis
method and then focuses on the post-heat-treatment in different atmospheres. The effect
of the chemical defect balance within the Znj;_,Mn,O, notably the oxygen vacancy content
was studied in the work of Rubi et al. [119]. They concluded that the ferromagnetism in
Zn1_Mn,O can be switched on and off by heat-treatment of Zn;_,Mn,O in Ns and Oo,
respectively. The opposite tendency was found in the case of Zn;_,Co,O. One can see, in
the Fig. 6.7 that the hysteresis curves, although weak, were found to be suppressed together
with the value of magnetization during the heating process in No while reinstated in Os. As
suggested, the exact opposite effect was noticed in the case of Co.

Motivated to obtain a single-phase Znj_,Mn,O material and compare its properties to a
referent sample produced in different atmosphere we have pursued the synthesis of Zn;_,Mn,O
and Znj_,Co,0O in oxidizing and reducing atmosphere, accordingly. Additional motivation
were the aforementioned works by Rubi et al. [119] together with the pivotal work of Kittilstved

et al. [90, 95, 120] listed in the Section 3.3.2. The results of our measurements follow.
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Figure 6.7: Room-temperature measurements of magnetization on Znj_,Mn,O (a) and
Zn;_;Co,O (b) fired under Ny and Og resulting with the summary of the effects of the No
and Og annealing on the properties of Znj_,Mn,O and Zn;_,Co,O(c). Taken from [119].

Structural properties

The structural properties of Znj_,Mn,O produced under air were, consistently with the re-
mainder of this work, inferred through XRD and TEM microscopy coupled with SADP. The
optimal temperature found for successful synthesis of Zn;_,Mn,O and Zn;_,Co,O was 400°C,
with the results of the synthesis given in Section 6.1. The XRD scans of the Zn;_,Mn,O series
are given in the Fig. 6.1. The conclusions can be summarized by stating that the samples
exhibit only the P6smc reflections, and that the SADP does not exhibit the rings other than
those coming from the host ZnO. The TEM measurement further referred to the random sam-
pling of the nanoparticles. Analogously as for the Mn doped hydrozincite precursor, based
on TEM observations, the sample purity was estimated to be higher than 99.9 %. As out-
lined in the Section 4.2 random sampling of the nanoparticle population acquires the correct
purity. In conclusion the results of the three methods of structural investigation concerning

XRD/TEM/SADP structural measurements confirm that the samples are structurally clean
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and no presence of secondary phases is documented.

Magnetic and electronic properties

With the single-phase nature of Zn;_,Mn,O samples in mind (Section 6.2.1) we have per-
formed the measurements of magnetic properties as described in Section 5.4.2, with the prin-
ciple of the ZFC-FC measurement given in Section 2.3. The Zn;_,Mn,O with concentrations
x=0.012, 0.016 and 0.018 obtained through procedure explained in Sections 2.3 and 5.4.2 all
show the ZFC-FC splitting at 4.4 K, as can be seen in the Figure 6.8. This effect is more
visible in the enlarged spectra of the left inset to the Figure 6.8. This means that, contrary to
the results and resulting conclusions from the preceding Section, we have probably obtained a
minute quantity of Zn;_,Mn,O into the sample that was enough not to have the supporting
broad ESR line, yet the quantity was enough to cause the observed 4.4 K ZFC-FC splitting. We
will continue to describe the delicate differences in properties between the samples produced
by these two synthesis methods.

Unlike for results of the Zn;_,Mn,O samples produced by the nitrate method explained in
Chapter 5, there is no decrease of ZFC susceptibility with decreasing temperature below 4.4
K for all the samples studied. This is another preliminary hint that the quantity of ZnMnOj5
that precipitated in these samples, deduced by analogy with the samples produced by heat-
treatment of Mn doped nitrates (Section 5.2) is significantly smaller. This does not come as a
surprise, as the hydrozincite synthesis method can be thought of dealing with the impasse of
the nitrate synthesis method by employing urea, CO(NHz), as a material to be oxidized by
the oxidative species during the synthesis. This protects the significant proportion of Mn?*
ions to be oxidized into Mn**. The Mn?* in Zn;_,Mn,O produced by the nitrate method do
not have this kind of "protection" so the quantity of the ZnMnQOgs produced is larger enough
to be seen in the XRD, to exhibit a broad ESR line in the ESR experimental results and to
observe the full ZFC-FC splitting due to the average larger size of the ZnMnOj3 precipitates.

The high-temperature behaviour of the susceptibility reveals that the samples produced by

decomposition of (Znj_;Mn,)5(OH)g(CO3)2 in air in the 2-300 K temperature regime, exhibit
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Figure 6.8: SQUID-measured magnetic susceptibility for Zn;_,Mn,O samples produced by
the thermal decomposition of the (Zn;_,Mn,)s5(OH)g(COg3)s precursor in air, having three
different Mn contents, x, of 0.012 (blue triangle), 0.016 (green circle), 0.018 (red star). In-
set A (left): Blow-up of the low-temperature region; Inset B (right): The inverse magnetic
susceptibility plots as a function of temperature.
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Sample  HZ- air HZ Ns-Hy

12% Mn, 13K BTK
1.6% Mn, -1K 58 K
18% Mn, -31K 35K

Table 6.1: Values of Curie-Weiss temperature ©(x) or x=0.012, x=0.016 and x=0.018
Zni_;Mn,O samples produced under reducing (HZ-N9-Hs) and oxidizing atmosphere (HZ-
air) as inferred from ZFC-FC SQUID measurements at 0.1 T.
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Figure 6.9: Room temperature X-band ESR scans of Zn;_,Mn,O (a)x=0.012, (b) x=0.016
and (c) x=0.018 made from (Zn;_,Mn,)5(OH)g(CO3)2 under air. A combined Mn?* and
Mn** hyperfine structure does not get dissolved through Mn-Mn interaction until x=0.02.

Curie-Weiss behaviour. The Curie-Weiss temperatures are given at Table 6.1.

While the x=0.012 is weakly ferromagnetic x=0.016 is closer to be ideally paramagnetic
while x=0.018 is antiferromagnetic. We attribute the increase of the antiferromagnetic contri-
bution due to the formation of a higher portion of ZnMnQOg in the system with the addition
of Mn species, however the increase could come due to the increased proportion of Mn?*
interacting more strongly in ZnO.

The room-temperature ESR measurements of the three HZ-air samples are given in Fig.
6.9. The hyperfine structure of the Mn?* ion gets gradually washed out for the x—0.016

sample and gets completely dissolved in the x=0.018 sample. This proves a strong increase in
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Figure 6.10: AC conductivity measurements of the x=0.018 Zn;_,Mn, O (violet) and x=0.012
Zni_;Mn,O (cyan) produced by decomposition of (Znj—_,Mn,);(OH)g(CO3)2 in NoHs, com-
pared to the AC conductivity of the x=0.018 Zn;_,Mn,O produced by decomposition of
(Zni—zMn,)5(OH)s(CO3)2 in air (grey) with the referent undoped sample given in black.

the interaction for these samples with increasing concentration in the studied concentration
range 0.012 < x < 0.018. There is no broad ESR line noted for the samples containing
ZnMnQs, as explained in Section 5.2, broad-line stemming from ZnMnQOj component in the
room-temperature ESR spectra. The intensity of the lower-g (Mn**t) sextet is lower than
in the case of the samples produced from nitrate precursors (See Fig. 5.6). Both traits are
confirming that the oxidative conditions of the HZ synthesis are much weaker than in the
samples produced by decomposition of nitrate precursors.

The conductivity of the samples, reveals almost unchanged resistivity-temperature curves
in the 300 K < T < 420 K between undoped (x=0), x=0.016 and x=0.018 (shown in Fig.
6.10) region, confirming that the quantity of parasitic ZnMnOg phase is significantly reduced,
and that the quantity of carriers induced is below the threshold conductivity increase needed

to be present in order to be documented by the AC conductivity method.
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6.2.2 N,H, environment

The reducing atmosphere of the decomposition is favorable for inducing the ferromagnetic
response in Znj_,Mn,O [90, 95, 120] and has served for direct kinetic correlation between
carriers and ferromagnetism in Zn;_,TM,O. The materials that were synthesized by this
method reveal no precipitates of ZnMnOgs from the absence of it being noticed in XRD, TEM,
SQUID, ESR and XPS measurements. The results follow.

Structural properties

The structural properties of Znj_,Mn,O produced by thermal decomposition of Mn doped
hydrozincite, (Znj—zMng)s(OH)g(COz)2 under the mixture of 94% Ny and 6% Ha for 1 hour
under 400°C were established using XRD, SADP and XPS. The XRD measurements, given
in the Fig. 6.11 have revealed only the reflections of the host semiconductor ZnO. The TEM
measurements have proven that the products were of high purity and in the form of ZnO
nanocrystallites with diameters of &~ 20 - 100 nm while the detailed electronic diffraction anal-
ysis on many particles showed no reflections from the other phase. The compositional profiling
done on the particles of (Zn;_;Mng)s5(OH)s(COs3)2 precursor (Chapter 4) and particles of ox-
ides synthesized from these precursors revealed that the initial Mn distribution within the
precursor is preserved in the final oxide products.

The landmark work and a useful reference in identifying the valence state of the Mn in
ZnO by the method of X-ray photoelectron spectroscopy is the work by Mizokawa et al. [121].
They have studied the n 2p core-level photoemission spectrum of Zn;_,Mn,O with x=0.13.
The broad peak characteristic at ~ 667 eV is due to Mn Ly 3Ms 3My 5 Auger emission. The
Mn 2p3 /5 in x=0.018 Zn;—Mn,O has the satellite structure on the higher binding-energy side
separated by 6.5 eV. The presence of the satellite structure at this site according to the work
of Mizokawa et al. indicates Mn?* state. This was calculated by configuration-interaction
calculations using the MnY, cluster model which gives satellite structure separation of A =
(6.5£0.1) eV. XPS data that we have used to acquire the Image given in Fig. 6.12 (a) were

acquired using Al Ka x-ray radiation source at 1486.6 e¢V. The XPS spectra were recorded at
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Figure 6.11: a)The 6-20 XRD spectra of Znj_,Mn,O produced under reducing atmosphere
of NoHy exhibiting ZnO reflections, PDF number 05-0664. (b) The SADP diffraction of the
pattern of Zn;_,Mn,O exhibiting polycrystalline rings corresponding to ZnO reflections.
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Figure 6.12: (a) XPS spectra of x=0.018 Zn;_,Mn,O, the highest doping of Zn;_,Mn,O in
the study, shows that Mn exhibits a satellite structure at 6.5 eV distance from the Mn 2pj3
position. (b) The satellite position at the 6.5 eV from the 2p3/o Mn edge indicates that 2+ is
the valence state of Mn in ZnO, referring to the study by Mizokawa et al. [121].
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Figure 6.13: SQUID-measured magnetic susceptibility for Zn;_,Mn,O samples produced by
the thermal decomposition of the (Zn;_,Mn,)s5(OH)g(CO3)2 precursor in No-Ho, having three
different Mn contents, x, of 0.012 (blue triangle), 0.016 (green circle), 0.018 (red star). In-
set A (left): Blow-up of the low-temperature region; Inset B (right): The inverse magnetic
susceptibility plots as a function of temperature.

200 eV pass energy, with the energy step for Mn spectra being 100 meV.

Magnetic properties

By changing the synthesis parameters, so as to perform the synthesis in the atmosphere of
forming gas Nao-Hy the ZFC-FC splitting was induced at 38-40 K in the x = 0.012 , x = 0.016
and x = 0.018 samples, as visible from Fig 6.13. No splitting, cusps or kinks are visible at 4.4
K; hence no parasitic phases were produced in HZ-Ns-Ho samples. Formation of ferromagnetic
domains below 38-40 K has been documented.

The room-temperature ESR scans show smearing out of the hyperfine structure already
at the lowest, x=0.012 concentration which then proceeds up to the highest concentration of
Zmnj_,Mn,O. The interactions in HZ-No-Ho samples are hence stronger as compared to the
samples produced in oxidizing atmosphere for the same nominal concentrations. The Curie-

Weiss temperature evolution is however different then in the Zn;_,Mn,O produced in air.
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Figure 6.14: Room temperature X-band ESR scans of Zn;_;Mn,O (a)x=0.012, (b) x=0.016
and (c¢) x=0.018 made from (Zn;_,Mn,)5(OH)g(CO3)2 under reducing atmosphere. A com-
bined Mn?* and Mn** hyperfine structure gets dissolved through Mn-Mn interaction already
at x=0.012 (cf. Fig. 6.9).

With increasing concentration the interactions move into ferromagnetic direction. This can be
explained if we look at the AC conductivity measurements of these samples, given in Figure
6.10.

A drastic increase of the conductivity is visible from the referent undoped ZnO, coincid-
ing with HZ-air sample to x=0.012 Zn;_,Mn,O and from x=0.012 Zn;_,Mn,O to x=0.018
Zmni_,Mn,O. Such increase with the Mn concentration means that it is the n-doping with
Mn** that is responsible for the observed conductivity increase. The unintentional, n-type
ferromagnetism is the most common form of ferromagnetism observed in ZnO, the theories for
ferromagnetism in ZnO often being based on a spin-split impurity band theory (Section 3.3.1),
where electrons in hydrogen-like orbitals induced by structural defects, such as oxygen vacan-
cies are mediating the Mn-Mn interaction. Such mediation is here leading to the splitting at
38-40 K, the ferromagnetism present above a certain carrier concentration, as suggested from
the fact that the T doesn’t vary much with the high increase in conductivity noted. An overall

antiferromagnetic character more pronounced than in HZ-air samples is due to higher overall
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quality of coarsening and compactness in materials that have a number of oxygen vacancies
present in the structure. The effect of a significant increase in carrier quantity is visible in
the ESR spectra, shown in Fig. 6.14. The hyperfine structure does not persist, except for the
remnant peaks in the x=0.012 sample, in any of the three samples studied. This is a proof
of magnetism enhanced and mediated by the induced carriers, as the samples synthesized in
air do not exhibit the smearing out at the lowest concentration, as seen in Fig. 6.9. The
absence of the broad-line background seen for the samples produced by nitrate decomposition
(Chapter 5) corroborates the absence of a parasitic phase in all the samples studied.

To infer further on the nature of magnetic transition at 40 K in the HZ-NoHs we have
performed X-band ESR measurements on the three concentrations studied in the 4-300 K
temperature interval. As outlined in Sections 2.3 and 4.1 the main characteristics of the ESR
scan are the electronic g-factor, the value of the AH,, ESR linewidth and the value of the spin
susceptibility which is proportional to the intensity of the ESR signal. In our x = 0.012, x =
0.016 and x = 0.018 Zn; _,Mn,O the ESR linewidth (AH),, increases with decreasing temper-
ature in the range from the room temperature to the 40-60 K transition region (Figure 6.15 b).
Such behaviour has been observed in DMSs since the 1980s [45] and has caused a considerable
theoretical interest due to the fact that dipolar broadening is considered too weak to overcome
the strong isotropic exchange narrowing effects expected in DMS. The Dzyaloshinski-Moriya
(DM) interaction is often invoked as the underlying broadening mechanism [122] (See Section
2.3). In DM interaction, the anisotropic exchange broadening, is of the form D(S; x S;),
where S; , S; are the interacting spins and the vector D reflects the local environment of the
magnetic ions and is non-vanishing if there is the lack of inversion symmetry of crystal field
with the respect to the centre between two magnetic ions. The line width in these systems

can be best described by

(AH)p = (AH)o(1+©/T) (6.2)

where (AH )« is the infinite temperature linewidth and © is the Curie-Weiss temperature.

Below 40-60 K, the line width of the Lorentzian feature remains almost constant. It has
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Figure 6.15: Thermal evolution of the ESR line width of the Lorentzian line present in the

ESR spectra of the x=0.012 (blue triangles), x=0.016 (green circles) and x=0.018 (red stars)

Zni_,Mn,O produced by thermal decomposition of (Znj_,Mn,)5(OH)g(CO3)2 in reducing
atmosphere of No-Hs.

been documented that the constant line width corresponds to a possible paramagnetic-to-
spin-glass transition resulting in a state of frozen spins with different regions having different
magnetic orders. The different regions will then have resonance frequencies determined by a
combination of the local exchange field and the local anisotropy field [51]. In the spin-blocked
system these fields are both independent of the temperature, resulting in a line width of the
system independent of temperature. This is the trend obtained in Figure 6.15 for all three of
the samples studied, x = 0.012, x = 0.016 and x = 0.018.

The temperature evolution of the electronic g-factor is important as the g-factor is sensitive
to the local magnetic fields and we can infer the change in magnetic properties of the system
with temperature. The observed g-factor measured for the x=0.012 sample crosses the 2.0023
free electron value, entering the higher-than-free electron value g-factor region (Figure 6.16).
The same trend of moving into the ferromagnetic direction is followed in the case of the

x=0.016 and x=0.018 samples. Thus, the ferromagnetic interactions, mediated by charge
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Figure 6.16: Thermal evolution of the g-factor of the Lorentzian line present in the ESR spec-
tra of the x=0.012(blue triangles), x—0.016(green circles) and x=0.018(red stars) Zn;_,Mn,O
produced by the thermal decomposition of the (Znj_Mn,)5(OH)g(CO3)2 in reducing atmo-

sphere of No-Ho.
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Figure 6.17: The intensity and the inverse intensity of the ESR signal of the x=0.012(blue
triangles), x=0.016(green circles) and x=0.018(red stars) Zn;_,Mn,O produced in reducing
atmosphere of No-Hs reproducing the Curie-Weiss behaviour and antiferromagnetic Curie-
Weiss temperatures deduced from the SQUID measurements (cf. Fig 6.13).

carriers [2|, become more dominant with the decrease of the temperature until 40-60 K. At
temperatures lower than 40 K, the g-factor is again decreasing, thus pointing to an increase
in antiferromagnetic correlations. Antiferromagnetic interactions are expected for directly
overlapping Mn-Mn orbitals through the mechanism of direct exchange [123] and Mn-Mn
coupling through the oxygen atoms (superexchange) [17, 14]|. Thus, below the 40-60 K range,
the onset of antiferromagnetic couplings would then explain the decrease in the g-factor. From
the Figure 6.16 we see that the trend of g-factor elaborated in this paragraph is the same for
all the three concentrations studied with the lowest concentration studied having local fields
being the most ferromagnetic as inferred from the higher g-factor.

The ESR intensity curves obtained by fitting the signal curves to a Lorentzian are shown in
the Fig. 6.13 and tend to follow very well the SQUID intensity curves obtained for the x=0.012,
x=0.016 and x=0.018 samples (figure 6.13). The Curie-Weiss temperatures are given in the

Table 6.2.
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Sample ESR TCW SQUID TCW

1.2% Mn -75 K -7 K
1.6% Mn -67 K -8 K
1.8% Mn -75 K -35 K

Table 6.2: Values of Curie-Weiss temperature O(x) for x=0.012, x=0.016 and x=0.018
Zni_,Mn,O samples produced under reducing atmosphere of No-Ho as inferred from ESR
and SQUID measurements.

The values of the Curie-Weiss temperatures are very close to the ones obtained from
SQUID measurements being slightly shifted to the antiferromagnetic (negative) direction.
We have hence confirmed the dominant antiferromagnetic interactions in our samples. Once
having developed the technology of synthesizing Zn;_,Mn,O from (Znj_,Mn,)5(OH)s(CO3)2
we have focused our attention on production of Zn;_,_,Li,Mn,O material from (Mn,Li) co-

doped hydrozincite. The results of this study are given in the following section.

6.3 The (Mn, Li) co-doping

If one looks at the review papers [59, 124, 65|, one can notice the clear disparity between the
efforts made in co-doping TM doped ZnO with holes in order to achieve the room-temperature
ferromagnetism and the number of papers on TM doped ZnO without the additional co-doping.
In the Section 3.1.2 we have covered the issue of defects in ZnO and stated that the dominant
defects at room temperatures in ZnO are zinc interstitials and oxygen vacancies, both serving
as n-dopants. Another camp of thought is given by stating that the n-type of conductivity
of ZnO is only due to hydrogen which acts as a shallow donor with an ionization energy of
about 30 meV. Hydrogen can always diffuse into ZnO due to its large mobility. n-type doping
is significantly easier to achieve in ZnQO, and is being performed nominally with group-III
elements, such as Al, Ga and I as substitutional elements for Zn and group VII elements Cr
and I as substitutional elements for O. p-type doping is excessively difficult in wide-band gap
semiconductors, such as GaN, ZnSe, and indeed ZnO. p-dopants can be compensated by low
energy native defects, such as Zn; or Vg, or background impurities, such as aforementioned

H. Deep impurity levels can cause significant resistance to the formation of a shallow acceptor
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Element Bond length(A) E;(eV) AE

Li 2.03 0.09 0.21
Group | Na 2.10 0.17 1.04
K 2.42 0.32 1.38
N 1.88 0.40 0.13
Group V P 2.18 0.93 -0.46
As 2.23 1.15  -0.18

Table 6.3: Calculated nearest-neighbor bond lengths, the defect energy levels E; and the
energy required AFE required to form the positively charged AX center from the substitutional
acceptors. Taken from [59].

level. The list of acceptors in ZnO follows: lithium (Li), Na, K, and copper (Cu), silver (Ag),
Zn vacancies and group V elements such as N, P and As. If one achieves a deep acceptor level
one does not contribute significantly to p-type conduction which is the necessary condition
for ferromagnetism. Out of the listed acceptors the group I elements seem to have the upper
hand regarding the shallowness of acceptor levels. The results are summarized at the Table
6.3. The caveat for the usage of type I elements comes however in the view of group-I having
very small radii and thus often occupying the interstitial sites and therefore becoming donors
rather than acceptors.

The ideal Zn-O bond length is 1.93 A, hence the values of bond lengths for Na and K from
Table 6.3 are significantly longer, imparting lattice strain which inevitably leads to formation
of defects such as vacancies that compensate the dopants. Defects in form of antisites Az,
can also be formed and also lead to compensating effects, themselves being donors as well.
This leaves us with N as the best solution for p-doping because it has the smallest ionization
energy, it does not form the N, antisite and the AX center for N is only metastable.

Among work performed on Znj_,—,Li,Mn,O a recent work by Zou et al. [125] gave an in-
sight in the properties of p-type Zng g5, Lig.05Mn;O produced by co-sputtering of Zng g5Lig 05 Mn,O
and Mn metal target. By measuring the Hall resistivity on Zng.ggLig.05Mng 050 and Zng.g95Mng 950
they have measured that the presence of Li resulted by the decrease in resistivity for three
orders of magnitude (18 Qem for the Li treated sample compared to 102 Qem for the sample
free of Li). The co-doping, then, is responsible for the hole concentration of the order of

106 holes/cm? which is too low still for the Dietl model [2], yet the ferromagnetism can be
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Sample Tew

2% Mn, 2% Li, 400°C, air 9K
2% Mn, 8% Li, 400°C, No-Hs  -64 K
2% Mn, 15% Li, 400°C, No-Hy -51 K

Table 6.4: Values of Curie-Weiss temperature ©(x) for (Mn,Li):ZnO powders, with 2% of Mn
and different Li concentrations, synthesized at 400°C under different atmospheres.
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Figure 6.18: The behaviour of the magnetization for the Zn;_;_,Li,Mn,O samples for x=0.02,
y=0.02 produced at 400°C in air (blue), x=0.02, y=0.08 produced at 400°C in N-Hs (magenta)
and x=0.02, y=0.15 produced at 400°C in Na-Hy (red).

explained by evoking the Coey’s model of bound magnetic polarons [94], both presented in
the Section 3.3.1.

The structural properties of (Mn,Li) co-doped ZnO are equivalent to those of Mn doped
ZnQ, i.e. there are no extraneous reflections in the XRD and the TEM characterization does
not reveal presence of parasitic phases in the material. Moreover, as EELS is not suitable
for very light elements, such as Li, it is difficult to quantify the Li content in our samples.
We have however, done an initial study probing for the occurrence of ferromagnetism in this

system.

The magnetic properties of the (Mn,Li) co-doped ZnO are given at 6.18. The list of the
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Curie-Weiss temperatures is given in the Table 6.4. One can observe a clear move of the
Curie-Weiss temperatures away from the paramagnetism, i.e. 0 K, to the antiferromagnetic
values for the addition of high concentrations of lithium, i.e. the 8% and 15% concentration
of Li in (Mn,Li) co-doped ZnO. Only the sample with 8% Li has exhibited ZFC-FC splitting
below 40 K, i.e. ferromagnetic order, with the highest antiferromagnetic temperature as well.
This initial study thus shows that (Mn,Li) co-doped ZnO samples reflect to a great extent the
properties of non Li treated Zn;_,Mn,O, having antiferromagnetic Curie-Weiss temperatures
and the ferromagnetism below 40 K. The p-doping of Zn;_,Mn,O is in its development and at
the time of writing of this Doctoral work the material with such high concentration of holes,
namely, 3.5x10%° holes per cm?® needed to render the 5% Mn doped ZnO ferromagnetic has
still not been synthesized. This is one of the central problems in the DMS community and

will probably be the topic of further studies in the field.

6.4 Co as a dopant

Cobalt doped ZnO has been one of the most studied materials regarding the prediction of its
room temperature ferromagnetism at above 300 K. It is also a material that holds advantage
when compared to Mn, due to the fact that the ferromagnetism predicted in Co doped ZnO is
for ZnO natively n-doped, which is its natural state. At the time of writing of this Doctoral
work it is crucial to identify the origin of the ferromagnetism observed, the peculiarity of
the Zn;_,Co,O pertaining to the possibility of precipitates of metallic Co, a ferromagnetic
material with the Curie temperature T of 1121°C. The work by Heald et al. [126], although
shedding some light on the ferromagnetism of Zn;_,Co,O has left many questions open for
discussion. Heald et al. [126] synthesized Zn;_,Co,O with high Co concentration and also
the samples rich in CoZn, the latter being produced by exposing samples to Zn vapors. Both
of the samples were found to be ferromagnetic, however, with magnetization values far from
those predicted for bulk Co and bulk CoZn, respectively. This was explained through the
likely occurrence of change of magnetic properties for the small magnetic particles, with some

of the samples exhibiting the blocking temperature of 50 K.
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Cobalt doped ZnO has been synthesized both in reducing and oxidizing atmosphere. As
will become apparent from the part of this Section dealing with magnetic properties of our
samples, radically different magnetic properties have been observed for the samples produced in
the two synthesis conditions. The structural characteristics of the both samples have proven a
single-phase in nature in XRD, as is apparent from the Fig. 6.19. STEM-EELS measurements
of the Zn;_,Co,O produced under No-Hy are given in the Fig. 6.20. They are revealing that
the system viewed at a nanoscale is not single phase. The images 6.20 (a), (b) and (c) were
taken on a single particle with the image on the left side showing the site and the direction
of the STEM-EELS scan, while the image on the right side shows the corresponding line
profiles extracted from the STEM-EELS scan. This procedure has been performed using Co
Lo3 (a), Zn Loz (b) and O ionization edge (c), and taken using a 1 nm electron probe. The
y-axis of these line profiles is the electron intensity and the scans are effectively concentration
profiles. The scans show that the particle studied in the images (a),(b) and (c) is highly
concentrated in Co in some regions, and weakly concentrated in Zn in those very areas. The
actual Zn concentration could even be closer to zero but it is influenced by the overlapping
ZnO particles which contribute to the Zn signal. The oxygen content given in the Fig. 6.20 (c)
stays at the relatively high value pointing to the fact that the formula of the central particle
might contain oxygen. This is likely to be ruled out due to the subsequent magnetization
measurements that reveal the high-temperature ferromagnetism of the system, that can be
explained through the fact that the phase in question is metallic cobalt, ferromagnetic with
Curie temperature T of 1394 K (1121°C) rather than cobalt(II)- oxide, an antiferromagnet
with T of 289 K. However, antiferromagnetic particles embedded in a non-magnetic medium
can lead to superparamagnetism effects, as shown in the next Section.

We have hinted in Chapter 5 that the phases invisible for detection in very small quantities
can be perceived in the same samples produced by the same methods for higher concentration
of dopants and higher temperatures. These synthesis conditions have a higher chance for
occurrence of higher quantity of precipitate and this can lead to the precipitate being in big

enough quantity to be documented by XRD, thereby giving us aid in identifying phase with
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Figure 6.19: XRD scans of x = 0.08 Zn;_,Co,O produced in reducing (red) and oxidizing
atmosphere (blue), revealing only the ZnO reflections.

weak reflections in the SADP spectra. Co:ZnO in air is one such example with its SADP scan
given in the Fig. 6.21. In Chapter 5, Figure 5.4 we have seen that the phase precipitating
from the nitrate precursors is ZnCosQy4. In the SADP from the sample x=0.08 of Zn;_,Co,O
synthesized in air a small extra reflection aside from Zn;_,Co,O reflections was noted, turning
out to be the (400) refection of ZnCo204. The (220) and (222) ZnCoy04 relections are very
close to the (100) and (101) reflections of the ZnO. However, the (400) peak for the ZnCoaOy4
corresponds within 1% to 2%, the accuracy in plane spacings that TEM SADP has, to the
(400) peak noted in the XRD spectra of Co:ZnO, as given in the Fig. 5.4.

The occurrence of this phase in x = 0.08 of Zn;_,Co, O synthesized in reducing atmosphere
is unlikely as the SADP does not show an extra reflection for this plane spacing, as seen from
Fig. 6.22. Together with this the EELS indicates that the phase occurring in the reducing
atmosphere sample is very rich in Co. The repeating of the above argument on the closeness
of reflections observed in SADP, and the absence of extra reflections, in this case of Co, in

the SADP of the sample produced in reducing atmosphere, one reaches a conclusion that,
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Figure 6.20: STEM-EELS line profiles of a single particle of Zngg2Cog.0gsO produced under
Ny-Hy. The scans at the ionization edges of (a)Co Las (b)Zn Loz and (c)oxygen O. Left:
the site and the direction of the STEM-EELS scan. Right: line profiles extracted from the
STEM-EELS scan. High Co/Zn ratio bears witness to the precipitation of a Co-rich phase.
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Figure 6.21: Electronic diffraction results for Zngg2Cog.0gO produced under air identifying a
small quantity of ZnCooQy4 precipitate, marked by red arrows in SADP scan and in radial
intensity of the corresponding SADP scan.
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Figure 6.22: Electronic diffraction results for Zn;_,Co,O produced under reducing atmosphere
revealing only ZnO, both in the SADP and the corresponding radial scan. As the CoO reflec-
tions coincide well with the ZnO reflections they could be masked with the ZnO reflections,
pointing to CoO as the stoichiometry of the existing Co-rich phase. Possible Co reflections
would be clearly discernable from the ZnO reflections and are not observed.
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Figure 6.23: ZFC-FC measurements of x = 0.04 (blue) x = 0.08 (red) Znj_,;Co,O produced
in No-Hs at 0.1 T applied field revealing a non Curie-Weiss behaviour with ferromagnetic
splitting at To = 260 K for the two samples. Inset is the zoom at the low temperature ZFC
and FC curves of the x = 0.04 Zn;_,Co,O, where clear splitting is present.
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Figure 6.24: ZFC-FC measurements of x = 0.04 (blue) x = 0.08 (red) Znj_,;Co,O produced
in air at 0.1 T applied field revealing a Curie-Weiss behaviour with the dominant antiferro-
magnetic interactions reflected in the negative Curie-Weiss temperatures for both samples.
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Figure 6.25: A signal revealing a soft-ferromagnetic nature of the x=0.08 Zn;_,Co,O sample
produced under No-Hy at 5 K (blue), 25 K (cyan), 250 K (red) and 300 K (magenta). The
inset shows the blow-up of the hysteresis loop for all the temperatures noted.
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Figure 6.26: The measured magnetic remanence of x = 0.04 Zn;_;Co,O (magenta) and x =
0.08 Zn;_,Co,O (cyan) samples produced in reducing atmosphere measured in the tempera-
ture range of 5 - 300 K.
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Figure 6.27: The measured magnetic coercivity of x = 0.04 Zn;_,Co,O (red) and x = 0.08

Zn;_,CozO (blue) samples produced in reducing atmosphere measured in the temperature
range of 5 - 300 K.
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from the structural point of view, the precipitated phase in the sample produced in reducing
atmosphere could be the hexagonal CoO, with reflections coinciding with the ones of ZnO,
and therefore likely to be hidden by them. The metallic Co would have exhibited distinctly
different and easy to discern reflections from the ones of the host ZnO.

Together with the fact that the ferromagnetism of Zn;_,Co,O exhibits on-and-off switching
when exposed to atmospheres of nitrogen and oxygen, the influence of the synthesis parameters
on the structural defects, the chemistry and the magnetic properties of the Zn;_,Co,O is one
of the main reasons to study samples produced under different synthesis conditions.

As shown in Fig. 6.24 x = 0.04 Zn;_,Co,0 and x = 0.08 Zn;_,Co,O produced in oxidizing
atmosphere (air) showed no splitting in the SQUID ZFC-FC measurement whatsoever hence
the absence of ferromagnetism. Instead, a Curie-Weiss behaviour was documented with the
dominant antiferromagnetic interactions reflected in the Curie-Weiss temperature of -16 K (x
= 0.04) and -51 K (x = 0.08), respectively. The results for the x = 0.04 Zn;_,Co,0O and
x = 0.08 Zn;_,Co,O produced in reducing atmosphere are given in the Figure 6.23. In the
standard zero-field cooled - field cooled (ZFC-FC) measurement at the applied field of 0.1 T
the x = 0.08 sample shows a big splitting between the ZFC and FC lines, and x = 0.04 a
somewhat smaller splitting, yet a ferromagnetic signal below T¢ ~ 260 K is discerned from
these measurements for both of the samples.

As introduced in Section 3.3.2 a standard proof of ferromagnetism is the appearance of
the magnetic hysteresis in the field sweep scan of the ferromagnetic material at a given tem-
perature. These sets of measurements are given in Fig. 6.25. The presence of hysteresis is
confirmed in the 5 - 300 K range hence the actual Curie temperature of the ferromagnetic
sample can prove to be even higher than the T¢ &~ 260 K deduced from the temperature of
the splitting in the results of the ZFC-FC measurement. The strong relation between the
magnetic properties and the atmosphere of the synthesis, itself in connection with the defect
chemistry and the number of charge carriers in the system is hence clear.

The significantly stronger splitting was found probably due to the fact that the amount

of the precipitated Co is higher for a x = 0.08 than x = 0.04 nominal concentration sample,
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especially regarding remanence, as it can be seen in Figs 6.26 and 6.27.

The proof of the high temperature ferromagnetism is the fact that the hysteresis (i.e. the
magnetic remanence and coercivity) persists up to the room temperature for both x = 0.04
and x = 0.08 Zn;_,Co,0O, up to 300 K, which was the highest temperature we were able to
measure using the SQUID setup.

The samples produced in air exhibit no splitting whatsoever, pointing to the absence of
ferromagnetism in these samples. To conclude, the ferromagnetism in Zn;_,Co,O which is
a topic of the current efforts, with the case of ferromagnetism being tackled by advanced
spectroscopic synchrotron techniques such as in the very recent work by Ney et al. [127] is
likely to occur when there are precipitates of the Co rich phase. At this point in time we
have narrowed our candidates for the Co rich phase in Zn;_,Co,O to metallic cobalt, a high
temperature ferromagnet and CoO, which is a high temperature antiferromagnet capable of
inducing superparamagnetism. The further structural studies will determine which of the two
phases is in question. One can say that our results concur well with the most recent efforts
at the time of writing of this Thesis, such as the aforementioned work by Ney et al. that
concludes the Zn;_,Co,O without any precipitates or excessive formation of defects being
non-ferromagnetic.

Our work on Znj_,Co;O has demonstrated that the samples produced in air tend to be
oxidized enough not to form the problematic metallic cobalt phase, yet the concentration that
we have worked with was probably too high enabling the formation of the small quantity of
the overly oxidized ZnCos0,4 phase, which is, as is ZnMnQOg, the topic of the large part of
this Thesis, a cubic spinel. Kim et al. [128| have found that crystal structure of zinc cobalt
oxide films changes from wurtzite Zn;_,Co,O to spinel ZnCosO4 with the increase of the
sputtering power ratio between the Co and Zn metal targets. With this in mind, the next
step in synthesizing single phase bulk Zn;_,Co,0O is the application of our method with the

hydrozincite precursor but with less than 8% Co in concentration.
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6.5 Ni as a dopant

Together with Mn and Co, Ni doped ZnO is one of the most studied materials in this field,
with its own contribution to the overall controversy surrounding the field. A review by Pan
et al. [65] cites two occurrences of studied Znj_,NiO with diametrically different observed
magnetic properties. While the material synthesized on Al (0001) has had paramagnetic
properties, the thin film Zn;_,Ni,O synthesized on Si (100) was found to be ferromagnetic
with the T in excess of 300 K and the magnetic moment measured to be 0.37 up/Niion. An
outstanding work that occurred prior to the avalanche of papers in the DMS/DMO field was
the work by Makhlouf et al. [129]. They demonstrated the assertion by one of the bards of
the ferromagnetism, Louis Néel who conjectured that antiferromagnetic nanoparticles could
exhibit superparamagnetic relaxation of their spin lattices as well as permanent moments
arising from uncompensated surface spins. This is analogous to the suggested role of Co
in Zn;_,Co,0, as explained in the preceding Section. The synthesis of Zn;_,Ni,O from
(Zny_Nig)5(OH)s(CO3)2 required the use of 400°C to arrive at the optimal decomposition
temperature. This was readily inferred by using XRD, as demonstrated in the Fig. 6.28. The
heat-treatment at 200°C was not enough to decompose the hydrozincite into zincite completely,
as demonstrated in Fig. 6.28. We have tried to infer whether decomposition is simply a time
related effect and performed the synthesis for longer time, namely 3 and 6 hours, yet the
hydrozincite peaks still persisted.

In order to see what the magnetic properties of the intermediate product were, we have
performed magnetic measurements on the samples produced at 200°C and 400°C. Beforehand,
we have performed the structural analysis of the samples that were produced at 400°C. The
initial TEM analysis of the x=0.08 Zn;_,Ni, O revealed small nanoparticles apparent in some
of the ZnO particles, hinting at the nanoscale separation of phases. Due to a small quantity
of the precipitates, the compositional analysis using a 1-2 nm size probe in STEM-EELS was
not useful in readily reproducing the observed presence of second phases.

In the higher concentration x=0.2 Zn;_,Ni, O we have observed a strong and conspicuous

NiO (200) reflection using XRD measurements. NiO has three strong reflections, of which the
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Figure 6.28: XRD signal of Zn;_.Ni,O
(Zn;—zNiz)5(OH)(CO3)2 at various temperatures and various annealing times.
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Figure 6.29: TEM and SADP images of the x=0.08 Zn;_,Ni, O (a,b), x=0.02 Zn;_,Ni, O (c,d)
and x=0.02 (Zn;_;Ni;)5(OH)(CO3)2 (e,f) NiO inclusions are present in all three samples and

are indicated with white arrows.
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Figure 6.30: ZFC-FC curves measured at 1000 Oe for Ni doped ZnO and Ni doped
ZnO /hydrozincite system. The cyan and red line represent the 2% and 8% Zn;_,Ni, O sam-
ples containing NiO precipitates. These samples were produced by the decomposition of the
hydrozincites at 400°C. The blue and magenta lines represent the nominal 2% and 8% of
the not-completely-decomposed Ni doped hydrozincite/ZnO mixture of phases, synthesized at
200°C.

(111) and the (220) overlap with the ZnO reflections while the (200) reflection can easily be
discerned from the ZnO reflections. It has been noticed in the SADP scans of the x=0.08 and
x=0.02 Zn;_;Ni; O particle and marked by arrows at the Fig 6.29 (b) and (d). The NiO can,
however, go unnoticed in the STEM-EELS scan because of the small size of the NiO particles,
and NiO being superposed on the ZnO particles.

In the nominal x=0.02 Zn;_,Ni,O two morphologies of particles were observed. Some
particles were found to contain NiO nanocrystals with very faint yet present reflections of
NiO in SADPs. The ZnO was found to exhibit the same morphology and size characteristics
as the higher concentration x=0.08 and x=0.12 samples. The discerning feature in the x =
0.02 sample was the appearance of the cleaner particles, that were more effectively doped and

with much less NiO. Even in these particles the SADP revealed two feint, this time spots,

corresponding to NiO(200) reflections.
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Sample Tow
2% Ni, 200°C 14 K
8% Ni, 200°C -279 K
2% Ni, 400°C 104 K
8% Ni, 400°C 113 K

Table 6.5: Values of Curie-Weiss ©(x) for 2% Ni:ZnO and 8% Ni:ZnO synthesized at 200°C
at 400°C. The samples produced at 200°C revealed antiferromagnetic or weakly ferromagnetic
Curie-Weiss temperatures, while the samples produced at 400°C exhibited strongly ferromag-
netic Curie-Weiss temperatures.

By finding the particle that SADP revealed was a co-existence of hydrozincite and NiO
phase, we have revealed that the NiO nanocrystals form before ZnO. Fine dispersion of NiO
nanocrystals hence forms first and then the growth of the ZnO crystals is modulated and
limited to give the small and ill-defined ZnO grains that one observes in the NiO nanocrystal-
containing particles. The opposite case of the ZnO crystals growing first can occur. In this
case ZnQO is not constrained by NiO and grows to form larger, more well-defined grains that
are only slightly Ni-doped. While the two scenarios seem to be equally probable and equally
occur in x=0.02 sample, the prevalent case for higher concentration samples is the one with
NiO growing first.

The magnetism of Znj_,Ni, O has shown remarkable transition from the dominantly non-
ferromagnetic mixture of Zn;_,Ni,O and (Zn;_,Ni;)5(OH)g(CO3)2 produced under 200°C
to Zny_.Ni,O produced under 400°C in which nanoparticles of NiO precipitated causing the
observed ZFC-FC splitting below 120 K. This is shown in Fig. 6.30 where the Zn;_,Ni,O
produced under 200°C are represented with a cyan (2% of Ni) and red (8% of Ni) line and
Zn1_4Ni; O produced under 400°C with blue (2% of Ni) and magenta (8% of Ni) lines, respec-
tively. A very conspicuous move of the Curie-Weiss temperatures from the antiferromagnetic
Curie-Weiss temperatures for the samples containing Ni:hydrozincites to ferromagnetic Curie-
Weiss temperatures is given in the Table 6.5.

This is in very close relationship with the structural properties of Zn;_,Ni, O produced by
this synthesis method. As the solid state solubility limit of Ni is seemingly much higher in
ZnO than in Zns(OH)g(CO3)2 the excess Ni is either expelled from ZnO in the form of NiO,
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Figure 6.31: -4 T-4 T field sweeps performed on Ni doped ZnO and Ni doped ZnO /hydrozincite
system. The cyan and red line represent the 2% and 8% Zn;_,Ni, O samples with NiO precip-
itates produced by the decomposition of the corresponding hydrozincites at 400°C. The blue
line represents the nominal 2% of the not completely decomposed Ni doped hydrozincite/ZnO
mixture of phases, synthesized at 200°C.

or as our earlier discussion claims, simply formed before the ZnO formation. The diameter of
NiO is too small to be detected by XRD in x < 0.08 as can be inferred from the Fig. 6.28.
One can conclude from the analysis in this Section of the Thesis that NiO is synthesized only
towards the latter stages of the hydrozincite decomposition, but in many cases before ZnO,
and it gives the ferromagnetic, or superparamagnetic on a larger scale, contribution to the
magnetism of Zn;_,Ni,O.

The further analysis of the properties of Ni doped ZnO and Ni doped ZnO /hydrozincite
system is given in Fig. 6.31. The hysteresis in the field sweep scan confirms the ferromagnetic
properties of 2% and 8% Zn;_,Ni,O samples with NiO precipitates donated by the NiO
inclusions to the ZnO system.

The superparamagnetic nature of the NiO contribution is hinted from the behavior of the
magnetization of the 8% Ni:ZnO when field sweeps were performed. As explained in Section

5.2 the superparamagnetic behaviour above the blocking temperature of the system is reflected
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Figure 6.32: -4 T-4 T field sweeps performed on 8% Ni doped ZnO with NiO inclusions in
the ZnO matrix. The blue line was measured at 5 K, while the cyan and magenta lines were
measured at 25 K and 300 K, respectively.
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Figure 6.33: -4T-4T field sweeps performed on 4% Ni doped ZnO with NiO inclusions in the
7ZnO matrix. The blue and cyan line were measured at 5 K and 25 K, respectively, and show a
small hysteresis. The red and magenta lines were measured at 100 K and 300 K, respectively
and show no traces of the hysteresis.
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in the disappearance of the hysteretic features in the field sweep of the magnetization, i.e. the
coercive field Heo and the remanence Mg go to zero above the blocking temperature Tg. At
5 K and 25 K there is a clear existence of the hysteresis present while the line at 300 K bears
no evidence of the hysteresis. A more persuasive evidence of this is the scan performed on the
nominal 4% Ni:ZnO, given in Fig. 6.33 where the scan at 100 K, which is close to the blocking
temperature T, was performed together with scans at 5 K, 25 K and 300 K. As evident from
the Figure 6.33 the disappearance of the hysteresis at 100 K occured.

In conclusion of this Chapter, we have seen remarkable properties of Zn;_,TM,O for TM
being Mn, Co and Ni synthesized from (Zn;_,TM,)5(OH)s(COs3)2. Zni—;Mn,O was found to
exhibit magnetic properties dependent on the atmosphere of synthesis, which is in very close
connection with being possible to realize controllable magnetic states by external parameters,
one of the premises of spintronics. Znj_,Co,O produced in reducing atmosphere was found
to be ferromagnetic, yet its magnetism was found to come from magnetic impurities, possibly
of cobalt(IT)-oxide which in itself is an antiferromagnet, but could yield to high temperature
superparamagnetism. Another phase of antiferromagnetic NiO was found to be responsible
for the superparamagnetism of the Zn;_,Ni;O samples, with the blocking temperature of
the order of 15 K. (Mn,Li) doping yielded to similar results in terms of magnetization as for
Zn1_Mn,O samples proving that the prediction of ferromagnetism in highly p-doped ZnO is
not realistic, as the ZnO is natively n-doped and it is very difficult to achieve a highly p-doped

7Zn0O and hence the activated ferromagnetism.
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Chapter 7

Conclusion and outlook

Scientists are constantly in search for materials suitable for spintronics, spin electronics, the
technology that could bring the concept of quantum computing to the realm of everyday
application. This could revolutionize the society probably to the extent that the Si based
technology did starting from 1960s to the time of the writing of this work. The computer
that could boot-up instantaneously or be in stand-by state without any power needed is
one of the concepts that spintronics could achieve. The idea of doping semiconductors with
magnetic elements is rooted in already developed techniques for semiconductors. Imparting
the magnetic, spin degree of freedom to the conventional semiconductors could render them
usable for spintronics, where upon the application of magnetic field the energy of spin states
becomes different and the electrons can be put into two groups according to the value of their
spin. Magnetic semiconductors could also allow for the communication, logic operations and
data storage to be merged into a single material.

The road to a functional material is however paved with difficulties and this Thesis work
tried to tackle the most common problems regarding its successful synthesis from the chem-
istry point of view and matching the success in the synthesis with thorough measurements of
its physical properties. Our material of choice was Zn;_,Mn,O. The problem in the conven-
tional field of diluted magnetic semiconductors field was soon narrowed down to insufficient

characterization and synthesis methods that lead to clustering and parasitic phase formation
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within the host semiconducting matrices. As the magnetic signals searched for are easily to
be mixed up with the signals coming from clustered magnetic moments or precipitation of
parasitic phases one has to characterize the materials thoroughly to infer the real origin of the
magnetization. The XRD was the first step in identifying the parasitic phase within our mate-
rial. Only at x=0.1 and higher nominal Mn contents within our Zn;_,Mn,O material did we
notice the reflections of the strongest peak of the ZnMnOgs impurity. We have therefore used
XRD only as an initial filter of the quality of our materials. Much more focus has been put on
TEM analysis coupled with EDXS and EELS and XPS as the main structural investigation
techniques.

Throughout this Thesis we have developed two new synthesis techniques, both relying on
the use of novel precursors. The use of nitrate precursors enabled us to obtain the liquid
mixture of the precursors and to preserve the mix of the magnetic ions in a non-magnetic
matrix. The synthesis of the single-phase nanocrystalline powders was however inhibited by
the oxidative activities of the NO,, species during the synthesis process. Staying on the original
path of using molten precursors with inherent homogeneity of magnetic species’ distribution
we have employed synthesis in solutions of nitrates and urea, CO(NHy)2. Urea is the chemical
that was used in order to be oxidized by the weakly oxidative species, CO2 and HoO, the
co-products of the synthesis, thereby leaving the Mn non oxidized and in their original 2+
oxidation state. This method proved a suitable choice for synthesizing powders of single-phase
Zm1_,Mn,O studies with product purity > 99.9 % established by TEM. In other words, less
than 1 in 1000 particles observed were found to be an impurity phase, with an estimated
volume fraction even lower.

With the two synthesis methods at hand we have proceeded to identify the magnetic and
electronic properties of our samples using primarily the SQUID magnetometry, and the ESR
measurements at low fields. High-field ESR, the AC susceptibility and AC and DC conductivity
together with thermopower have been used to identify the properties of the samples as well.

The synthesis from nitrate precursor enabled us to discover a new compound, ZnMnOs.

We have been able to identify the contribution of the ZnMnQO3 to the magnetic and electronic
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properties of Znj_;Mn,O/ZnMnOj3 establishing that ZnMnOs itself goes through a short
range magnetic transition at ~ 15 K, but also that it in minute concentrations invokes a 4.4
K superparamagnetic transition in Zn;_,Mn,O. The Zn;_,Mn,O was additionally found to
be the phase responsible for the semiconducting-like conductivity of the Zn;_,Mn,O samples
containing it, while the DC conductivity measurements revealed the activation energy A of
0.7 eV and the positive sign of the thermopower mentioned, i.e. the positive sign of the charge
carriers. The importance of this result is only beginning to shape with several important
publications mapping the low temperature Zn-Mn-O phase diagram and a number of results
of high-temperature ferromagnetic properties of Zn;_,Mn,O being tracked down to spinel
structures isostructural with ZnMnOs.

The urea route synthesis resulted in a new discovery, hydrozincite (Zn;_zMng)s(OH)s(CO3)a,
a form of layered ZnO with the layers interbridged with COgs groups. Hydrozincite precur-
sor was studied for Mn, Co, Ni dopants, as well as (Mn,Li) co-dopants. The main results
for Mn as a dopant reveal a strong dependence of magnetic signatures on the atmosphere of
the decomposition, with the systems not exhibiting any ferromagnetic ordering when synthe-
sized under air, i.e. in oxidative conditions. The stronger interactions, the absence of the
ZnMnQj precipitation and the ferromagnetic ordering below 40 K were the signatures of the
samples produced in reducing atmospheres. The ferromagnetic ordering was however been
found to be of short-range and consistent with the spin-glass phenomenon, deduced from ESR
measurements through the analysis of ESR intensity, ESR linewidth and the g-factor.

Other TM ions were tried to be introduced in ZnO host. The case of Zni_,Co,0O is
notoriously difficult as the possible precipitate, Co, is ferromagnetic with T¢ higher than
room temperature. What has been shown in this work is that Co is likely to precipitate
when synthesis is performed in reducing atmosphere. This brings about the aforementioned
ferromagnetism with T > 300 K. Synthesis in oxidative conditions, i.e. air, has radically
different magnetic signature, the Zn;_,Co,O being weekly antiferromagnetic but exhibiting a
Curie-Weiss behaviour of magnetic susceptibility with no traces of ferromagnetic ordering.

In Zn;_;Ni O a significantly lower solid-state solubility of Ni in the ZnO matrix than in
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Zn5(OH)g(CO3)2 has been shown. The Ni was hence found to precipitate and form NiO second
phase even for x < 0.02 concentrations of Ni in ZnO. The weak ferromagnetism of Ni doped
ZnO was found to stem from the NiO inclusions in the ZnO matrix. As an empirical rule
throughout this work the parasitic phases were not identified using XRD, but only through
TEM inspection. The superparamagnetic state exists below 120 K and exhibited a remanence
of 0.05 emu/g and coercivity of 2000 Oe at 2 K.

The originally proposed theory for high T¢ ferromagnetism in ZnO requires a highly p-
doped material. The latter is not a trivial task as the dominant defects in zinc oxide are the
zinc interstitials and oxygen vacancies both bringing an unintentional, n-doping to the system.
The case of (Mn,Li) co-doped ZnO did not show significant differences to Mn doped ZnO and
no long-range ferromagnetic ordering was found in the (Mn,Li) co-doped ZnO samples. The
investigations have to be continued in the view of qualifying the conductivity and the species
of charge carriers in this system.

The main result of this Ph.D work is that a new synthesis route was elaborated for a ho-
mogeneous magnetic semiconductor. This settles a solid starting point for the amelioration of
the material with additional dopings to tune the magnetic properties of the material towards
room temperature. However, the very next step will be to transfer this homogeneous micro-
crystalline material by sputtering technique into a thin film form and check if the homogeneity
is maintained. We are confident that this will be the case, and with new doping procedures it

will settle the program for further doctoral studies.
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