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ABSTRACT

Nowadays ferromagnetism is often found in potential diluted magnetic semiconductor

systems. However, many authors question the origin of this ferromagnetism, i.e. if the

observed ferromagnetism stems from ferromagnetic precipitates rather than from carrier-

mediated magnetic coupling of ionic impurities, as required for a diluted magnetic semi-

conductor. In this thesis, this question will be answered for transition-metal implanted ZnO

single crystals. Magnetic secondary phases, namely metallic Fe, Co and Ni nanocrystals,

are formed inside ZnO. They are - although difficult to detect by common approaches of

structural analysis - responsible for the observed ferromagnetism. Particularly Co and Ni

nanocrystals are crystallographically oriented with respect to the ZnO matrix. Their struc-

ture phase transformation and corresponding evolution of magnetic properties upon an-

nealing have been established. Finally, an approach, pre-annealing ZnO crystals at high

temperature before implantation, has been demonstrated to sufficiently suppress the forma-

tion of metallic secondary phases.

Kurzfassung

Potentiellen verdünnten magnetischen Halbleitern (engl.: DMS) werden heutzutage häu-

fig ferromagnetische Eigenschaften zugeschrieben. Die Ursache dieses Ferromagnetismus

ist allerdings noch nicht eindeutig geklärt, d.h. ob er von partikulären magnetischen Fremd-

phasen oder von einer indirekten Austauschwechselwirkung vermittelt durch die freien

Ladungsträger herrührt. In meiner Dissertation wird diese Frage für ZnO-Einkristalle, die

mit Übergangsmetallionen implantiert wurden, beantwortet. Magnetische Fremdphasen,

d.h. Fe-, Co- und Ni-Nanokristalle, werden durch diese Präparationsmethode innerhalb

des ZnO Wirtskristalls geformt. Diese sind verantwortlich für den beobachteten Ferromag-

netismus, allerdings nur schwer durch gängige Strukturanalytik zu identifizieren. Speziell

Co- und Ni- Nanokristalle sind kristallographisch in der ZnO-Matrix orientiert. Die Verän-

derung struktureller und magnetischer Eigenschaften dieser und anderer Dotanden auf-

grund von Temperung wurde in dieser Arbeit untersucht. Schließlich stellen wir eine Meth-

ode vor, durch die die Formierung metallischer Fremdphasen verhindert werden kann,

nämlich das Tempern des ZnO in Vakuum vor der Implantation.
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Chapter 1

Introduction

In traditional electronic devices, charge and spin are used separately. Charge, on one

hand, is used for the computing. Transistors operate by controlling the flow of carriers

through the semiconductor by applied electric fields. Spin, on the other hand, is used for

the magnetic data storage. The word "spintronics" (short for "spin electronics") refers to

devices that manipulate the freedom of spin degree. A new generation of devices based

on the manipulation of spins may have completely new functionality, therefore drastically

improves the computation speed and reduces power consumption.

1.1 Spintronics

The first successful application of spintronics is the Giant Magnetoresistive (GMR) spin-

valve read-head for magnetic hard-disk drives. Magnetoresistance describes the depen-

dence of electric resistance on the magnetic field applied to the material. The discovery of

GMR [1, 2] is considered as the birth of spintronics.

Datta and Das [3] extended the principle of spintronics to semiconductors. They pro-

posed a spin-FET (field effect transistor), where the source and the drain are ferromagnets

acting as the injector and detector of the electron spin. By modifying the gate voltage, the

spin current can be controlled. The spin injector can be a ferromagnetic metal or a ferro-

magnetic semiconductor. The crucial problem is the efficiency of the spin injection, i.e. the

amount of carriers that can persist their spin state in a long enough distance. While the de-

gree of spin polarization for metallic spin injection is limited [4], a magnetic semiconductor

could allow a robust spin injection into a nonmagnetic semiconductor. Thus it would facili-

tate the integration of spintronics and semiconductor-based electronics. For instance, semi-

conductors offer a tunability of the carrier concentration by orders of magnitude (ranging

from almost insulating to metallic behavior) by controlled doping with donor or acceptor

impurities. Therefore a huge effort is dedicated to find or to artificially fabricate a ferromag-

netic semiconductor with the following requirements [5].

• The material should possess ferromagnetism which is induced by a low-density carrier
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system so that magnetic properties can be tuned over a wide range by doping or by

gates.

• The material should have a ferromagnetic transition temperature above 300 K for reg-

ular application.

• The material should be structurally compatible with conventional semiconductors, so

that the magnetic and spin-related phenomena can be integrated with the mainstream

microelectronics and optoelectronics as well as taking advantage of the already estab-

lished fabrication processes.

1.2 The aim of this thesis

Among ferromagnetic semiconductors, (Ga,Mn)As, a diluted magnetic semiconductor

(DMS), is the most well understood and promising for application in spintronics (Section

2.1). The main obstacle is that the highest Curie temperature of (Ga,Mn)As is reported to

be 173 K [6], far below room temperature. Nevertheless, the spin-related devices based on

(Ga,Mn)As, namely spin-polarized light emitter (spin-LED) [7], spin FET [8] and spinvalve

[9], have been demonstrated at low temperature. Now it is well accepted that (Ga,Mn)As

materials can be used as a test bed for the future spintronics device [10].

Dietl et al. [11] proposed the mean-field Zener model to understand the ferromagnetism

in DMS materials. It has been successfully applied in (Ga,Mn)As and (Zn,Mn)Te materi-

als. This model predicts that wide bandgap semiconductor (WBS) like p-type GaN or ZnO

doped with Mn can exhibit critical temperatures above 300 K. With this prediction, the min-

ing for the room temperature DMS based on WBS has been drastically boosted. However

the results are very disperse and controversial concerning the magnetization, the Curie tem-

perature and the origin of the ferromagnetism. As stated in recent review articles [12, 13,

14, 15], the critical unanswered question is ’whether the resulting material indeed contains

uniformly distributed transition-metal elements or contains clusters, precipitates or second phases

that are responsible for the observed magnetic properties’. This can only be answered by a

careful correlation of the measured magnetic properties with analysis methods that are capable of de-

tecting precipitates and preferably element-selective. That is the aim of this thesis. With this

aim, the thesis is organized as follows.

In Chapter 2, we will give a review on the history of ferromagnetic semiconductors, ZnO

based DMS materials, and the phase separation in DMS materials. In chapter 3, the experi-

mental methods used in this thesis are briefly introduced.

In Chapter 4, the dilution and precipitation of Fe in ZnO will be presented. Different im-

plantation fluences and temperatures and post-implantation annealing temperatures have

been chosen in order to evaluate the structural and magnetic properties over a wide range

of parameters. Three different regimes with respect to the Fe concentration and the process
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temperature are found: 1) Disperse Fe2+ and Fe3+ at low Fe concentrations and low process-

ing temperatures, 2) FeZn2O4 at very high processing temperatures and 3) an intermediate

regime with a co-existence of metallic Fe (Fe0) and ionic Fe (Fe2+ and Fe3+). Ferromagnetism

is only observed in the latter two cases, where inverted ZnFe2O4 and α-Fe nanocrystals are

the origin of the observed ferromagnetic behavior, respectively. The ionic Fe in the last case

could contribute to a carrier mediated coupling. However, their separation is too large to

couple ferromagnetically due to the lack of p-type carrier. For comparison investigations

of Fe-implanted epitaxial ZnO thin films are presented. Additionally, crystallographically

oriented Zn-ferrites have been synthesized by Fe implantation into ZnO and post annealing.

In Chapter 5, a thorough characterization of the structural and magnetic properties of

Co and Ni implanted ZnO single crystals will be presented. The measurements reveal that

Co or Ni nanocrystals (NCs) are the major contribution of the measured ferromagnetism.

Already in the as-implanted samples, Co or Ni NCs have formed, and they exhibit super-

paramagnetic properties. The Co or Ni NCs are crystallographically oriented with respect

to the ZnO matrix. Their magnetic properties, e.g. the anisotropy and the superparamag-

netic blocking temperature can be tuned by annealing. The magnetic anisotropy of Ni NCs

embedded in ZnO will be discussed concerning the strain anisotropy.

In Chapter 6, an approach, i.e. pre-annealing of the substrate before implantation, is given

to suppress the formation of secondary phase in Fe implanted ZnO. In as-purchased ZnO

crystals upon Fe implantation and post-annealing, α-Fe has formed. However, the same

implantation and post-annealing leads the single phase formation in ZnO substrates, which

are pre-annealed at high temperature in O2 or in high vacuum.

In Chapter 7, a brief description will be given on the structural and magnetic properties

of Si implanted with Mn, and TiO2 implanted with Fe, Co and Ni.

In Chapter 8, all results will be summarized and some instructions for future work will

be given.
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Chapter 2

Fundamentals

2.1 Ferromagnetic semiconductors

2.1.1 Rare-earth chalcogenides

Since the 1960’s rare-earth chalcogenides (e.g. EuO [16]) were found to possess both fer-

romagnetic and semiconducting properties. In these magnetic semiconductors, all magnetic

atoms are periodically arranged in the crystal lattice as shown in Figure 2.1(a). Such fer-

romagnetic semiconductors show low transition temperatures usually not exceeding 70 K,

i.e. far below room temperature. Moreover, the crystal structure of the rare-earth chalco-

genides is quite different from that of technologically relevant semiconductors such as GaAs

or Si, therefore these materials are rather difficult to integrate into semiconductor heterostruc-

tures for spintronic applications. But people never stop the effort to exceed these limitations.

For instance, very recently GdN thin films have been epitaxially grown onto MgO with a TC

of around 70 K [17].

Nonmagnetic elements Magnetic element

A B

Figure 2.1: Schematic representation of (A) a magnetic semiconductor, and (B) a diluted magnetic
semiconductor. Adapted from ref. [14].
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Figure 2.2: Electrical spin injection in an epitaxially grown ferromagnetic semiconductor heterostruc-
ture, based on GaAs. (a)Under forward bias, spin-polarized holes from (Ga,Mn)As and unpolarized
electrons from the n-type GaAs substrate are injected into the (In,Ga)As quantum well (hatched re-
gion), through a spacer layer with thickness d, producing polarized electroluminescence. (b) Total
electroluminescence intensity under forward bias at temperature T = 6 K and magnetic field H = 1000
Oe is shown with its corresponding polarization. From ref. [7].

2.1.2 Diluted magnetic semiconductors

A landmark towards application was the discovery of diluted magnetic semiconductors

(DMS). DMS materials are semiconductors in which a fraction of the host cations can be

substitutionally replaced by transition metal or rare earth ions (as shown in Figure 2.1(B)).

The partially filled 3d states or 4 f states contain unpaired electrons, which are responsible

for localized magnetic moments.

Transition metal doped II-VI compounds (such as Cd1−xMnxSe, Hg1−xMnxTe, etc.) are

the most common DMSs studied in the early period [18]. As the magnetic interaction in the

II-VI DMS is dominated by antiferromagnetic exchange between the transition metal mo-

ments, only paramagnetic, antiferromagnetic, spin-glass behavior, or ferromagnetism with

TC as low as 1.8 K have been observed [19]. The difficulty in creating high p- and n-type

doping levels, which is essential for obtaining high Curie temperatures, makes these sys-

tems less attractive for applications.

2.1.3 Ferromagnetic DMS

The research on DMS was greatly paved by the work of H. Ohno in Mn doping of InAs

[20] and GaAs [21]. The discovery of hole-mediated ferromagnetism in (Ga,Mn)As opened

the way to integrate spintronics with the mainstream microelectronics and optoelectronics as

well as taking advantage of the already established fabrication processes. Until now, based

on GaMnAs and InMnAs, electrically controlled spintronic devices have been successfully

designed and tested at low temperatures. For instance, a spin-LED using GaMnAs as a spin

injector has been demonstrated by Ohno et al. as shown in Figure 2.2[7].

The highest TC reported in (Ga,Mn)As grown by molecular beam epitaxy (MBE), how-

ever, is ∼ 170 K [6], which limits the application of GaAs-based DMS.

In order to well understand the ferromagnetism in DMS, and to find new DMS materials
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Figure 2.3: Predicted Curie temperatures as a function of the band gap. Computed values of the
Curie temperature TC for various p-type semiconductors containing 5% of Mn and 3.5× 1020 holes
per cm3. From ref. [11]

with higher TC, researchers have developed models to describe the magnetic interactions.

One of the most cited model is the the mean-field Zener model proposed by Dietl et

al. [11]. It has been successful in explaining the transition temperatures observed for p-

(Ga,Mn)As and (Zn,Mn)Te. The mean-field Zener theory is based on the original model of

Zener and the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction. An important aspect

of the Dietl model is that it takes into account the anisotropy of the carrier-mediated ex-

change interaction associated with the spin-orbit coupling in the host material. It reveals

the important effect of the spin-orbit coupling in the valence band in determining the mag-

nitude of the Curie temperature and the direction of the easy axis in p-type ferromagnetic

semiconductors. The Curie temperature is proportional to the density of Mn ions and hole

density. This model suggests that Mn doped GaN and ZnO can exhibit critical temperatures

above 300 K due to the small spin-orbit coupling, provided that a sufficiently high hole

density can be achieved (1020 cm−3), as shown in Figure 2.3. According to this model, it is

difficult to achieve ferromagnetism in n-type semiconductors due to the generally smaller

s-d interaction.

In contrast, Sato et al. used the Korringa-Kohn-Rostoker (KKR) Green function method

based on the local density approximation of density functional theory to calculate the prop-

erties of n-type ZnO doped with 25% of 3d TM ions (V, Cr, Mn, Fe, Co, and Ni) [22]. The

ferromagnetic state was predicted to be favorable for V, Cr, Fe, Co, and Ni in ZnO while

Mn-doped ZnO was antiferromagnetic.

In addition to the models mentioned above, Coey et al. used a spin-split donor impurity-

band model to explain the observed systematic variation of magnetic moments across the

TM-doped ZnO series, where V and Co showed much larger magnetic moment than other

TM metals [23]. For the light 3d elements, the 3d↑ states lie high in the 2p(O) and 4s(Zn)
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Table 2.1: Basic properties of wurtzite ZnO. Adapted from ref. [25]

Property Value

Stable phase at 300 K Wurtzite

Lattice parameters at 300 K

a 0.324 95 nm

c 0.520 69 nm

Energy gap 3.2 eV, direct

Density 5.606 g/cm3

Melting point 1975 ◦C
Thermal conductivity 0.6, 1-1.2 W/(m·K)

Static dielectric constant 8.656

Intrinsic carrier concentration <106 cm−3

Electron effective mass 0.24 me

Electron Hall mobility at 300 K for low n-type conductivity 200 cm2/V·s
Hole effective mass 0.59 me

Hole Hall mobility at 300 K for low p-type conductivity 5-50 cm2/V·s

gap, overlapping the donor impurity band which is spin split. In the middle of the TM

series, for instance Mn, there is no overlap with the 3d levels and exchange is weak, but

towards the end of the series the 3d↓ states overlap the impurity band, which then has

the opposite spin splitting for the same occupancy. High Curie temperatures are found

whenever unoccupied 3d states overlap the impurity band, but not otherwise. The likely

origin of the donor impurity band in ZnO films is lattice defects, such as oxygen vacancies.

These predictions boosted intensive experimental activity on transition metal doped wide

bandgap semiconductors. Among them, transition metal doped ZnO is one of the most

promising systems.

ZnO is a direct band gap semiconductor with the bandgap of ∼3.3 eV at 300 K. ZnO

normally has a hexagonal (wurtzite) crystal structure. The Zn atoms are tetrahedrally co-

ordinated to four O atoms, where the Zn d electrons hybridize with the O p electrons. The

basic properties are listed in Table 2.1. The band gap of ZnO can be tuned via divalent sub-

stitution on the cation site to produce heterostructures. For example, Cd substitution leads

to a reduction in the band gap to 3.0 eV. Substituting Mg on the Zn site in epitaxial films can

increase the band gap to approximately 4.0 eV while still maintaining the wurtzite structure.

ZnO is usually n-type due to electron doping via defects originating from Zn interstitials, O

vacancies in the ZnO lattice, or impurities including hydrogen. High electron carrier density

can also be realized via group III substitutional doping. Until recently, however, ZnO has

proven difficult to dope p type. This is fairly common in wide band-gap semiconductors. A

comprehensive review of ZnO is given in Ref. [24].

Considering the magnetic properties, Han et al. reported room-temperature ferromag-
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Table 2.2: List of recently reported ZnO:TM based DMS materials prepared by various methods.

Compound TM Substrate Preparation method Preparation TC(K) Ref.
content or bulk Temperature (◦)

(Zn,Co)O 0.1 Al2O3 Implantation 300 >300 [40]
(Zn,CoFe)O 0.15 Si Sputtering 600 >300 [41]
(Zn,Co)O 0.017 Electrodeposition 90 >300 [42]
(Zn,Ni)O 0.022 Electrodeposition 90 >300 [42]
(Zn,FeCu)O 0.05 Solid state reaction 900 550 [26]
(Zn,Mn)O Al2O3 Implantation 350 >300 [43]
(Zn,Mn)O 0.1 Al2O3 PLD 600 >300 [27]
(Zn,V)O 0.1 Al2O3 PLD >300 [44]
(Zn,Co)O 0.01-0.05 Si Implantation 350 225-300 [45]
(Zn,Mn)O 0.03 Al2O3 PLD 400-600 >300 [46]
(Zn,Mn)O 0.3 Al2O3 MBE 400-600 45 [28]
(Zn,Mn)O 0.2 chemical synthesis 145 >300 [47]
(Zn,Co)O <0.25 Al2O3 sol-gel method >350 [48]
(Zn,Co)O 0.04 bulk solid-state reaction 900 >300 [49]
(Zn,Ni)O 0.01-0.07 Si PLD 25 >300 [50]
(Zn,Cr)O 0.03 bulk Implantation 350 >300 [51]
(Zn,Fe)O 0.03 bulk Implantation 350 >300 [51]
(Zn,Mn)O 0.03 bulk Implantation 350 250 [52]
(Zn,Co)O 0.03 bulk Implantation 350 250 [52]
(Zn,Co)O 0.35 Al2O3 MOCVD 300-650 350 [53]
(Zn,TM)O 0.05 Al2O3 PLD 600 >300 [54]
(Zn,Co)O Wet chemical method >300 [55]

netic semiconductors, bulk Zn1−xFexO codoped with Cu, and the Curie temperature is as

high as 550 K [26]. Sharma et al. reported ferromagnetism in bulk pellets, thin films, and

powder form of Zn1−xMnxO with x < 4% and the Curie temperature is well above 425 K.

Table 2.2 lists the recent reports on the magnetic properties of transition metal doped ZnO

by various methods. However in these reports the magnetic properties of the same dopant

are largely scattered. E.g. the saturation moment and Curie temperature for Mn doped ZnO

are ranged from 0.075µB/Mn, 400 K [27] to 0.17µB/Mn, 30-45 K [28], respectively. In contrast

to these reports, other groups reported the observations of antiferromagnetism [29, 30, 31],

spin-glass behavior [32, 33], and paramagnetism [34, 30, 35, 36] in TM-doped ZnO, or some

extrinsic reasons to contribute to the measured ferromagnetism [37, 38, 39]. These controver-

sial results cast considerable doubt on the magnetism of TM-doped ZnO. Recently several

review papers also critically examined the origin of the observed ferromagnetism in recent

DMS materials [13, 14].

At the end of this section, Table 2.3 gives a comparison of these different ferromagnetic

semiconductors.

2.2 Phase separation in DMS

As already stated in the former section 2.1, in order to establish the ferromagnetism in

DMS materials, a sufficiently high concentration of TM atoms, around 1020 cm−3 (few per-

cents) of the overall atomic density has to be incorporated into host semiconductor. How-
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Table 2.3: Comparison of different ferromagnetic semiconductors.

FS or DMS Properties and research status

Rare-earth

chalcogenides

(1) Ferromagnetic and semiconducting

(2) Rather low Curie temperature, 70 K for GdN [17]

Cd1−xMnxSe,

Hg1−xMnxTe, etc.

(1) Mostly antiferromagnetic, or a few Kelvin ferromagnetic

(2) Easy to grow epitaxial thin film

GaMnAs,

InMnAs, etc.

(1) Carrier mediated ferromagnetism

(2) High reproducibility

(3) Perfect compatible with conventional electronic device

(4) Electric controllable devices (spin-LED, spin-FET) have been

demonstrated

(5) Curie temperature still far below room temperature

TM:ZnO, TiO2,

etc.

(1) Compatible with conventional electronics

(2) Curie temperature well above RT

(3) Origin of the ferromagnetism is very controversial

(4) Low reproducibility

(5) No spin-based device has been demonstrated
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Figure 2.4: Schematic diagram of properties of (Ga,Mn)As films in relation to the growth parameters.
Lines provide a rough guide [56].
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Table 2.4: Second phases observed in TM-doped ZnO and their magnetic properties. Curie tempera-
ture (for ferro- or ferrimagnetic material) of these secondary phases in bulk form is given.

Secondary phase Magnetism Curie temperature Reference

Fe Ferromagnetic 800 K [71], this thesis

ZnFe2O4 (inverted spinel) Ferrimagnetic [72, 73], this thesis

Co Ferromagnetic 1373 K [74, 75], this thesis

Ni Ferromagnetic 630 K [76] this thesis

(Zn,Mn)Mn2O4 Ferrimagnetic 40 K [77]

Mn3O4 Ferromagnetic 43 K [78]

Mn2−xZnxO3−δ Ferromagnetic 980 K [78]

ever, TM impurities have very low solubility limits in semiconductors, rarely exceeding a

few percent [57]. Phase separation happens when the concentration of the magnetic con-

stituent is larger than the solubility limit. One is precipitation of a magnetic element or a

magnetic compound. Another is spinodal decomposition into regions with low and high

concentrations. In spinodal decomposition the fluctuations in composition are relatively

small, and are different from nucleation that usually results in large fluctuations of com-

position and crystalline secondary phases. Phase separation has been well investigated in

(Ga,Mn)As and (In, Mn)As materials [56]. Figure 2.4 shows the growth diagram by MBE

of (Ga,Mn)As films. There is only a very narrow window, low temperature (below 300
◦C) and low Mn concentration, to form high crystalline quality homogenous (Ga,Mn)As

films. α-MnAs is a ferromagnetic phase with NiAs-type hexagonal structure and a Curie

temperature of 318 K [58]. Moreover in the MBE-grown homogenous GaMnAs, a moderate

post-annealing at about 650 ◦C also leads to ferromagnetic heterogeneous MnAs-rich GaAs

layers [59]. In addition to MBE growth, ion implantation is another non-equilibrium fabrica-

tion method. By Mn ion implantation into GaAs and a subsequent annealing, ferromagnetic

MnGa [60, 61] or MnAs [58] nanoparticles are also formed. Ferromagnetic MnAs precip-

itates epitaxially embedded inside GaAs matrix also show promising magneto-transport

properties [62, 63, 64, 65, 66, 67, 68]. Theoretical calculation on phase separation in GaMnAs

and GaMnN has been recently performed by Sato and Katayama-Yoshida [69, 70]. An attrac-

tive interaction between Mn impurities has been found, and Mn-Mn attraction in (Ga,Mn)N

is one order of magnitude larger than that in (Ga,Mn)As. Therefore, phase separation in TM

doped wide bandgap semiconductors is highly expected.

Table 2.4 lists some ferromagnetic (or ferrimagnetic) second phase precipitates reported

in TM-doped ZnO. Concerning the phase separation in TM (TM=Fe, Co, and Ni) doped ZnO

single crystals, this thesis will answer the following questions.

1. How does the formation of metallic TM nanocrystals depend on the concentration and

on the implantation and annealing temperature?

2. How many percent of implanted TM ions are formed in metallic states, and in ionic
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states (could be diluted into ZnO matrix)?

3. What are the magnetic properties of the metallic TM nanocrystals, and of the dispersed

TM ions?

4. How do these TM nanocrystals orient inside host matrix?

2.3 Magnetic nanoparticles

For magnetic nanoparticles, a critical size may be reached, below which the formation of

magnetic domains becomes energetically unfavorable. The size of the single-domain parti-

cle depends on the material, i.e. its anisotropy energy. The critical diameter dc below which

a particle acts as a single domain particle is given by

dc ≈ 18

√
AKe f f

µ0M2 (2.1)

where A is the exchange constant, Ke f f the effective anisotropy energy density, and M the

saturation magnetization [79]. The critical diameter is 15 nm for Fe and 35 nm for Co [79].

The magnetism of a single nanoparticle in a solid matrix follows the Néel process [80]. If

the particle size is sufficiently small, above a particular temperature (so-called blocking tem-

perature of TB) thermal fluctuations dominate and the particle can spontaneously switch its

magnetization from one easy axis to another. Such a system of superparamagnetic particles

does not show hysteresis in the M-H curves above TB; therefore the coercivity (HC) and the

remanence (MR) are zero. Below the blocking temperature, the particle magnetic moment is

blocked and its magnetization depends on its magnetic history. Phenomenologically there

are two characteristic features in the temperature dependent magnetization of a nanoparti-

cle system. One is the irreversibility of the magnetization under a small applied field (e.g. 50

Oe) after zero field cooling and field cooling (ZFC/FC) [80]. The other is the drastic drop of

the coercivity and the remanence at a temperature close to or above TB [81][82]. To measure

the ZFC/FC magnetization curve [83], the sample is first cooled in zero field from above

room temperature to 5 K. Then a small field (e.g. 50 Oe) is applied, the ZFC curve is mea-

sured with increasing temperature from 5 to 300 (or 350) K, after which the FC curve is

measured in the same field from 300 (or 350) to 5 K with decreasing the temperature.

For a dc magnetization measurement in a small magnetic field by SQUID, the blocking

temperatue TB is given by

TB,Squid ≈
Ke f f V
30kB

(2.2)

where Ke f f (V) is the anisotropy energy density, V the particle volume, and kB the Boltzmann

constant [80]. With this equation, one can estimate the particle size [82]. However, as found

in this thesis, the values from Eq.2.2 are normally much larger than that from XRD data.
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Given the large size distribution in a practical magnetic nanoparticle system, TB is overesti-

mated by taking the temperature at the maximum of the ZFC curve [79]. This explains the

overestimation of the average particle size.

In any fine particle system, there is a distribution of particle sizes, which is usually as-

sumed as a log-normal distribution.

D(V) =
A√

2πσLV
exp[− [ln(V/Vmean)]2

2σL2 ] (2.3)

where Vmean is the most probable value, and σL is the standard deviation.

Such a volume distribution results in a distribution of blocking temperature TB(V). The

ZFC/FC magnetization can be calculated as following.

MZFC(B, T) =
Ms

2(T)B
3kT

1
norm

∫ Vlimit(T)

0
V2D(V)dV +

Ms
2(T)B

3Ke f f

1
norm

∫ ∞

Vlimit(T)
VD(V)dV

(2.4)

MFC(B, T) =
Ms

2(T)B
3kT

1
norm

∫ Vlimit(T)

0
V2D(V)dV +

30Ms
2(T)B

3Ke f f

1
norm

∫ ∞

Vlimit(T)
VD(V)dV

(2.5)

where Ms is the spontaneous magnetization of the particle, D(V) the volume distribu-

tion, and Vlimit(T) (= 30kBT/Ke f f ) the maximum volume in the superparamagnetic state.

Ms is assumed to be a constant independent of temperature [79, 80]. The first integral rep-

resents the contribution of the superparamagnetic particles, while the second corresponds

to the blocked ones. Figure 2.5(a) shows the ZFC/FC magnetization for a system consisting

of Fe nanoparticles. The average size is 10 nm and the standard deviation is 0.1. Figure 2.5

(b) compares the ZFC magnetization with the same average size but with different standard

deviations. One can see the maximum is largely shifted to higher temperature for a larger

deviation.

A more precise determination on the size should be performed by fitting the ZFC curve

with the equation 2.4. However for the fitting according to Eq. 2.4, one has to note that

Ms and Ke f f (V) are assumed to be temperature independent, and the interaction between

the nanoparticles is ignored. These contributions increase the uncertainty of the extracted

values [84]. Nevertheless, using both techniques (XRD, and ZFC magnetization), we can

determine the size of nanoparticles and its distribution.

Obviously one question is whether one can judge the ferromagnetic origin from the

temperature dependence of ZFC/FC magnetization. At least, a system of DMS nanopar-

ticles, e.g. nanostructured Mn-doped InP [85], behaves exactly the same as normal magnetic

nanoparticles.

Kuroda et al. [86], found nanoscale Cr-rich metallic ferromagnetic regions within a Cr-

poor semiconductor lattice of (Zn,Cr)Te (Figure 2.6(a)). The Cr-rich regions have the same

crystalline phase as the host crystal lattice. This is so a called spinodal decomposition.
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Figure 2.5: (a) Calculated ZFC/FC magnetization for Fe nanoparticles. The average size is 10 nm and
the standard deviation is 0.1; (b) ZFC magnetization with the same average size but with different
standard deviations.

Figure 2.6: (a) Cr distribution probed in a thinner section of Zn0.95Cr0.05Te:I film. The Cr-rich regions
(brighter spots) are in the size of 10 ∼ 20 nm. (b) ZFC/FC magnetization curves for the sample
sample. Ref. [86]
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Such a system also follows superparamagnetic theory. Therefore the ZFC/FC magnetiza-

tion curves show similar shapes as the nanoscale secondary phase (Figure 2.6(b)). Spinodal

decomposition was also observed in Mn doped Ge [87].

Shinde et al. investigated the ZFC magnetization of Co nanoclusters in TiO2. They found

that the maximum of the ZFC curve progressively shifts to a lower temperature with increas-

ing magnetic field. This is due to the fact that a higher magnetic field can switch (deblock)

the same sized Co nanocluster already in a lower temperature. This feature could be taken

as a criteria to distinguish between superparamangetism and spin-glass.

Moreover, Roshko et al. used the Preisach model in order to calculate the ZFC/FC magne-

tization for a conventional ferromagnet [88]. The thermal fluctuation energy in a ferromag-

net is very small so that blocking and activation only occur very close to Curie temperature

(TC). They found that ZFC/FC curves have similar shape as that of a superparamagnetic

nanoparticle system, but with a maximum in ZFC curve just below TC.

Additionally some frustrated systems, e.g. a spin glass, also show slow dynamical behav-

ior, which results in the irreversibility of the magnetization after zero field cooling and field

cooling [89].

Therefore, it is impossible to unambiguously judge the magnetic origin, i.e. secondary

phase, spinodal-decomposition, nano-DMS, and spin-glass, by ZFC/FC magnetization mea-

surement alone. For this purpose one has to correlate the structural and magnetic properties.

2.4 Granular magnetic semiconductors

In this thesis, the system of ferromagnetic nanoparticles embedded in semiconductors

will be referred as GMS. A straightforward question would be whether GMS has any poten-

tial in spintronics application, which requires the interaction between ferromagnetic inclu-

sions and free carriers in semiconductors.

Actually such coupling has been observed between TM thin films separated by a non-

magnetic metal layer. Depending on the thickness of the layers the magnetic films couple

ferromagnetically or antiferromagnetically [90]. The coupling mechanism, i.e. RKKY inter-

action, leads to an oscillating polarization of the charge carriers as a function of distance.

Therefore in GMS, an interaction between nanoparticles and free carriers in the host semi-

conductors, is also expected. For instance, anomalous Hall effect, and giant magnetoresis-

tance have been observed in the GMS systems of MnAs precipitates embedded inside GaAs

matrix [63, 64, 65, 67], Fe nanoclusters inside ZnS [91], Co nanoclusters inside TiO2 [82],

and GeMn nanocolumns in Ge [92]. Therefore one would expect that ferromagnetic clus-

ters can actually be used to tailor desirable spintronic functionality [93]. In this thesis, the

magnetic and structural properties of ferromagnetic nanocrystals inside ZnO are carefully

correlated. To measure the magneto-transport properties of ferromagnetic nanocrystals in-

side ZnO would be a future work.
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Chapter 3

Experimental Methods

3.1 Ion Implantation

3.1.1 Advantages of ion implantation

Ion implantation is a common technique to incorporate foreign ions into a host material.

This technique has been integrated into the standard microelectronics production line for

integrated circuits in silicon technology. Implantation has a number of advantages:

• Speed, homogeneity and reproducibility of the doping process.

• Exact control of the implantation fluence by integration of the beam current.

• Isotopically selectively ion beams due to mass separation, e.g. 57Fe.

• Possibility to exceed the solubility limit by operating far from thermal equilibrium.

• Simple masking methods to make lateral patterns for devices.

Ion implantation is particular useful to introduce enough transition metal ions into semi-

conductors. The low solubility of transition metal ions such as Mn in compound semicon-

ductors presents an obstacle to obtaining high Tc ferromagnetism, since the strength of the

magnetism is proportional to the number of transition metal ions substituted on the cation

sites of the column III sublattice [11]. Hebard et al. gave a nice review on the works using

ion implantation to fabricate diluted magnetic semiconductors based on GaN, AlN, GaP, and

SiC [94]. However the main drawback of ion implantation is the damage of the host matrix.

In order to repair the lattice damage, high-temperature annealing is normally required.

3.1.2 Interaction between energetic ions and solids

The ion implanted into a semiconductor undergoes collisions with the target atoms, and

loses energy due to the ion stopping process. The total energy loss per unit distance is de-

termined by the electronic stopping and the nuclear stopping. In the former process, the ion
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Figure 3.1: Schematic of the cross section for electronic and nuclear stopping processes as a function
of ion energy.

energy is lost by excitation and ionization of atoms (inelastic). The lost energy eventually

dissipates as heat, and does not create atomic displacements in the materials. The electronic

stopping cross section is proportional to the velocity of the implanted ion and therefore to

the square root of its energy. Its contribution dominates in the high-energy regime. Nuclear

stopping occurs as a result of elastic collisions of ions with nuclei in the solid, and leads

to atomic displacements. These displaced atoms may have enough energy to displace oth-

ers, resulting in a cascade of recoiled atoms. Nuclear energy loss dominates at intermediate

energies (hundreds of keV), and leads to the creation of deep-level compensating defects.

At high energies, the contribution from this process tends to be small because fast ions have

only a short time to interact with a target nucleus, and cannot transfer energy efficiently. Fig-

ure 3.1 shows a schematic of the relative energy loss due to electronic and nuclear stopping

processes as a function of ion energy.

In this thesis, transition metal ions were implanted into ZnO. These heavy ions undergo a

relatively higher degree of nuclear stopping, displacing target atoms right from the surface

inwards, producing collision cascades, leading to considerable lattice damage.

Both the stopping effects produce an energy loss rate of some tens of eV per angstrom.

The total value of dE/dx is roughly constant for many ions over the ranges of energies of

interest for implantation. The projected range Rp is proportional to the initial incident ion

energy. With an amorphous target material, the ion profile follows purely Gaussian stopping

distribution, which is related to the projected range Rp, standard deviation ∆Rp (straggling)

and implant fluence Φ:

N(x) =
φ√

2π∆Rp
exp[− (x− Rp)2

2(∆Rp)2 ] (3.1)

The peak concentration

Np =
φ√

2π∆Rp
(3.2)

occurs at Rp, and

N(Rp ± ∆Rp) =
Np√

e
(3.3)
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Figure 3.2: Comparison the depth profiles of Fe in ZnO calculated by TRIM and measured by SIMS.
The ion distribution exhibits a Gaussian shape with a maximum at a depth of Rp = 80 nm, a straggling
of ∆Rp=30 nm and a peak concentration of Np∼0.5%.

. These parameters are illustrated in Figure 3.2.

The parameters of Rp and Np can be obtained by computer simulation. TRIM (the Trans-

port of Ions in Matter) is the most comprehensive program available. This is a Monte Carlo

program developed by J.F. Ziegler and J.P. Biersack [95], which will calculate both the total

three dimensional distribution of the ions and also all kinetic phenomena associated with

the ion’s energy loss: target damage, sputtering, ionization, and phonon production. An

example is given in Figure 3.2. One can see that both the profile shape and the concentration

are in a good agreement. The calculation is reliable as confirmed by secondary ion mass

spectroscopy (SIMS).

In this thesis, the main implantation work was done on a Danfysik implanter, with an

energy range from 80 keV to 180 keV and with temperatures from 240 K to 623 K. The

samples were tilted by 7◦ from normal to minimize the channeling effect.

3.2 X-ray diffraction

3.2.1 Basics of X-ray diffraction

Since the wavelength of x-rays (0.5-2.5 Å) is of the same order of magnitude as the in-

teratomic distances in solids, X-rays are frequently used to study the crystalline structure

of materials. When x-ray photons interact with electrons, some photons from the incident

beam will be deflected away from their original direction and may interfere with each other

(Figure 3.3). The conditions for constructive interference given by the Bragg law:

nλ = 2dhkl sin θ. (3.4)

As shown in Fig. 3.3, dhkl is the distance between the lattice planes, λ the X-ray wavelength,

θ the angle of the incident light with respect to equidistant hkl lattice-planes, and n the

order of diffraction. By varying the angle θ, the Bragg’s Law conditions are satisfied by
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Figure 3.3: Reflection of X-rays from different atomic planes, illustrating Bragg’s law. The scattering
vector, is defined in the inset.

different d-spacings. Plotting the angular positions and intensities of the resultant diffracted

peaks results in XRD pattern, which is characteristic of the sample. Where a mixture of

different crystalline phases is present, the resulting diffractogram is formed by addition of

the individual patterns.

In the following section, we will describe the type of X-ray diffraction measurements

used in this work.

3.2.2 Phase identification: 2θ-θ scan

A 2θ-θ scan allows to determine the interplanar distance dhkl . This interplanar distance

is characteristic for a crystal and 2θ-θ scans thus allow the identification of the crystalline

phases in a thin film.

In the symmetric 2θ-θ scan, the angle θ of the incoming beam with respect to the sample

surface is varied while simultaneously keeping the detector at an angle of 2θ, with respect to

the incoming beam (see Fig. 3.3). The scattering vector will always be perpendicular to the

sample surface and only the interplanar distances for planes that are parallel to the sample

surface can be determined. For a poly-crystalline film, different lattice planes will be parallel

to the sample surface and different diffraction peaks will appear. For an epitaxial film, there

is only one set of planes parallel to the sample surface and only the peaks for these planes

will be observed. Figure 3.4 shows the 2θ-θ scan of Ni implanted ZnO single crystals, where

ZnO(0002)(0004) and fcc-Ni(111) peaks appear.

3.2.3 Orientation: φ-scan and pole figure

In a 2θ-θ scan only to the planes that are parallel to the surface will be detected. The

number of peaks in an experimental 2θ-θ XRD spectrum and their relative intensity give an

indication of the texture of the film. However, the complete texture of a thin film is accessible

only with pole figure measurements.
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Figure 3.4: 2θ-θ scan of Ni implanted ZnO single crystals.

A pole figure is measured at a fixed scattering angle (constant d spacing) and consists

of a series of φ-scans (in-plane rotation around the center of the sample) at different tilt or

azimuth angles, as described below.

In this kind of measurement, a certain set of hkl-planes is selected. This fixes dhkl in Eq.

3.4, which is achieved by fixing the detector (2θ) and incident beam (θ) angle. Hence, the

scattering vector is fixed in space. Diffraction will only occur if the normal to the selected

hkl-planes is parallel to the diffraction vector. Therefore, the sample has to be tilted and

rotated in space.

For a random orientation of the grains in the thin film, the pole figure will be feature-

less. No preferred orientation for the normal to the hkl-planes is observed. For epitaxial-

like (crystallographically oriented) nanocrystals, the pole figure is characterized by a small,

discrete number of spots depending on the crystalline symmetry.

3.2.4 Synchrotron radiation XRD

In recent years synchrotron facilities have become widely used as preferred sources for

x-ray diffraction measurements. These powerful sources provide light beams, which are

thousands to millions of times more intense than laboratory x-ray tubes.

Obviously the diffraction intensity proportionally depends on the incoming X-ray in-

tensity. In the case of detecting nano-scale phase separation in DMS materials, SR-XRD

has its unique advantage. Figure 3.5 shows the comparison of XRD measurements on the

Fe-implanted ZnO sample with a synchrotron radiation X-ray source and with a Cu-target

x-ray source. The Fe nanocrystals could only be detected by SR-XRD. In this thesis, SR-XRD

was performed at ESRF (Grenoble, France), at the Rossendorf Beamline (ROBL), and con-

ventional XRD was performed on a Siemens D5005 diffractometer equipped with a Göbel

mirror for enhanced brilliance.
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Figure 3.5: Conventional (Conv.) and SR-XRD pattern (θ-2θ scan) for the Fe implanted ZnO. A virgin
sample is shown for comparison. Ref. [71].

3.3 SQUID Magnetometry

3.3.1 SQUID Magnetometry

SQUID (superconducting quantum interference device) magnetometry is one of the most

sensitive methods to detect magnetic fields. A SQUID sensor consists of two superconduc-

tors separated by thin insulating layers to form two parallel Josephson junctions (Figure

3.6(a)).

In a SQUID magnetometry, the magnetic moments are determined by a set of pick-up

coils in a so called gradiometer configuration (Figure 3.6(b)). A flux change in the pick-up

coils generates a current which is due to the self induction in the loop. This current also

generates a flux change in the SQUID sensor connected to the coils.

In order to determine its magnetic moment, the sample is moved along the symmetry

axis through the pick-up coils, and the resulting flux changes are recorded (DC-mode). The

software fits the observed curve (which has to be symmetric around the coil center) with the

expected curve of a dipole.

The SQUID magnetometer used for this thesis is a Quantum Design Magnetic Property

Measurement System, XXL MPMS, with temperatures ranging from 1.8 to 400 K, and mag-

netic fields available up to 70 kOe. Samples are mounted within a plastic straw and con-

nected to one end of a sample rod which is inserted into the dewar/probe. The signal is

fitted to an ideal dipole response using a non-linear least-squares routine as shown in Fig-

ure 3.7.
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Figure 3.6: (a) A scheme for a SQUID. From ref. [96]. (b) Second-order gradiometer superconducting
pick-up coils.

Figure 3.7: SQUID response, (a) a good measurement, and (b) a bad one.
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3.3.2 Notes on errors in SQUID measurement

An error in SQUID magnetometer measurement is determined from the fit of the SQUID

response (as shown in Figure 3.7). Moreover we found there is a typical mistake in the

sample mounting. In the manual book, it is written the maximal size of the sample can

be 6 mm (in horizontal direction) and 12 mm (in perpendicular direction). However this

limitation works well only when the sample is strongly ferromagnetic, however fails when

the magnetism is rather weak. In the latter case, if the sample is too large (e.g. >5 mm) in

perpendicular direction, the SQUID response can be asymmetric, consequently results in a

large error in the fitting or even a wrong fitting. Therefore in this case we always cut the

sample to make sure a symmetric SQUID response.

Another typical mistake in SQUID measurement is the use of steel tweezers. Normally,

the magnetization displayed by thin-film specimens of what is claimed to be a "ferromag-

netic semiconductor" is typically only 10−5 emu. Of course, this level of weak magnetization

can be easily detected by SQUID. However, careful attention should be paid to the fact that

even tiny amounts of iron – as little as 1/2000 of the typical sample volume used in SQUID

measurements – can generate these kinds of magnetic signals. A recent report cautioned that

nonmagnetic HfO2 and Si thin films generate clear, ferromagnetic signals after contact with

stainless steel tweezers [38]. In this thesis, every sample was cleaned by Isopropanol right

before SQUID measurement, and in all the processes the sample was handled by ceramic

tweezers.

3.4 RBS/channeling

Rutherford backscattering spectrometry combined with channeling (RBS/C) is a power-

ful technique to determine the composition, thickness and crystalline quality of thin film

materials, as well as the lattice location of impurities in crystals. In this thesis, RBS/C is

mainly used to evaluate the lattice disordering of ZnO upon ion implantation, and its re-

covering after annealing. Therefore, in this section the physical concepts of RBS/channeling

will be briefly introduced.

3.4.1 Physical concepts

The experimental setup, shown schematically in Fig. 3.8 (a), consists of a well collimated

high energy beam that impinges on a target. The backscattered He projectiles are collected

in a surface barrier detector generating an electrical signal proportional to the energy of the

scattered particle. A RBS spectrum is the backscattered yield as a function of energy (channel

number). From the energy of the particles, the mass of the target atom and its depth in the

sample can be deduced. The amount of particles that are detected at a certain energy can

be correlated to the concentration of a specific target element. Three physical concepts are

important in understanding a backscattering spectrum.
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Figure 3.8: (a) Geometry of RBS measurement. (b) The elastic collision between a projectile ion and a
target atom [97].

(1) Kinematic factor K determines the energy transfer from a projectile to a target nucleus

in the two-body collision, as shown in Figure 3.8(b). In this elastic collision, the kinematic

factor, the ratio between the projectile energies E1 and E0, can be calculated for M1 < M2 as

K =
E1

E0
=

(
(M2

2 − M2
1 sin2 θ)1/2 + M1 cos θ

M1 + M2

)2

(3.5)

where E0 is the initial energy of the projectile, E1 the energy of the projectile after collision

and θ the detector angle. During an experiment, θ and M1 are fixed. Therefore, the kinematic

factor K only depends on the mass of the target atom M2.

(2) Electronic stopping determines the average energy loss of an atom moving through

(inward and outward) the investigated materials due to its colliding with electrons, which

allows depth determination.

(3) Scattering cross section σ(θ) is proportional to the probability that a particle is backscat-

tered towards a detector at an angle θ. For scattering of two fully stripped nuclei (which is

the case in the RBS energy window), the scattering cross section can be approximated by the

Rutherford scattering cross section

σ(θ) =
(

Z1Z2e2

4E

)2 1
sin4(θ/2)

(3.6)

The Z2
2 dependence of σ(θ) indicates that RBS is significantly more sensitive to high Z ele-

ments. Therefore, if equal amounts of a light and heavy element are present, the signal from

the heavy element will be much higher.
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Figure 3.9: RBS/C spectra of a virgin ZnO crystal. The x-axis is the energy of detected backscattered
He, and the y-axis is the amount of backscattered He at corresponding energy. The arrows label Zn
and O indicate the backscattering energy from surface Zn and O, respectively.

As an example, Figure 3.9 shows the RBS spectrum of a virgin ZnO crystal. The arrows

labelled by Zn and O indicate the energy from the Zn and O atoms at the surface, respec-

tively. A depth scale is also indicated in the figure. One can see four features related to the

physical factors discussed in the text: (i) the backscattering energy from O is much lower

than that from Zn, (ii) the backscattering yield from O is much lower than that from Zn,

(iii) due to electronic stopping, the backscattering energy is lower from deeper locations,

and (iv) the channeling spectrum is much reduced in yield comparing with random one (ex-

plained in following section). One has to be reminded that RBS is only capable of thin film

investigation, and the sensitive depth (with He energy of 1-2 MeV) is below 1 µm.

3.4.2 Channeling

The phenomenon of channeling was first predicted theoretically by Lindhard [98]. If the

He+ ions are incident on the crystal along a main crystalline axis (Figure 3.10), the RBS-

yield will be much less that that along a random distribution of the target atoms as shown

in Figure 3.9. By dividing the channeling and random spectrum, a value for the minimum

yield χmin is obtained. This reflects the crystalline quality. For a perfect Si crystal at room

temperature, the χmin is approximately 1%.

In this study, RBS/C was mainly used to evaluate the lattice disorder induced by implan-

tation, and its recovering upon thermal annealing. In this thesis RBS/C measurements were

performed with a 1.7 MeV 4He+ beam produced by a Van de Graaff tandem accelerator.

The samples were mounted on a three-axis goniometer that allows the determination of the

channeling directions of the crystals with an accuracy of 0.01◦. The detector was positioned
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Figure 3.10: Orientation of a crystal with respect to the ion beam for (a) a channeled or (b) random
RBS measurement. Imagine that the beam comes along the normal of the paper.

Figure 3.11: Decay scheme for a 57Co source. From the state of 14.41 keV, the nucleus can decay either
by gamma-ray emission, or by internal conversion as shown by the right panel.

at a fixed scattering angle of 170◦.

3.5 Conversion Electron Mössbauer Spectroscopy

The Mössbauer effect involves resonant absorption of gamma rays by atoms of the same

isotope. In our case, the source of the gamma rays is radioactive 57Co, which undergoes a

nuclear decay (electron capture) to 57Fe in its I=5/2 excited state. This can decay in two ways

as shown by figure 3.11, the main one gives a 14.4 keV excited state. The excited nucleus

(I=3/2) can de-excite (i) radiatively by the emission of a gamma ray; (ii) non-Radiatively

by internal conversion and the ejection of an atomic electron. Conversion Electron Möss-

bauer Spectroscopy (CEMS) records the emission of conversion electrons.

The Mössbauer spectrum can be affected by three intrinsic factors:

Isomer shift: resulting from the difference in the electron densities at the nuclear sites in
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Table 3.1: Hyperfine parameters for metallic Fe and common Fe-compounds. From ref. [99].

Parameters α-Fe γ-Fe α-Fe2O3 γ-Fe2O3 Fe3O4 ZnFe2O4

Isomer shift (mm/s) 0 -0.1 0.38 0.22/0.37 0.63/0.27 0.33

Quadrupole splitting (mm/s) - - -0.21 0.08/0.02 0.05/- 0.41

Hyperfine field (T) 33.2 - 52 50.2/50.5 45/48.9 -

Charge state of Fe 0 0 3+ 3+ 2.5+/3+ 3+

the emitting and absorbing atoms. This difference in density changes the Mössbauer transi-

tion energy and so the Mössbauer spectrum is shifted. Therefore the isomer shift allows to

distinguish different ion charge states.

Quadrupole splitting: Nuclei in states with an angular momentum quantum number

I>1/2 have a non-spherical charge distribution. This produces a nuclear quadrupole mo-

ment. The presence of an electric field gradient (produced by an asymmetric electronic

charge distribution or ligand arrangement) splits the nuclear energy levels.

Magnetic splitting: In the presence of a internal magnetic field the nuclear spin moment

experiences a dipolar interaction with the magnetic field i.e. Zeeman splitting. This magnetic

field splits nuclear levels with a spin of I into (2I+1) sub-states.

These interactions, isomer shift, quadrupole splitting and magnetic splitting, alone or in

combination are the primary characteristics of many Mössbauer spectra. Table 3.1 shows the

hyperfine parameters for metallic Fe and common Fe-compounds. For a detailed description

about Mössbauer Spectroscopy, please refer to the text book [99].
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Chapter 4

Fe implanted ZnO: magnetic

precipitates versus dilution

In this chapter, a comprehensive investigation of Fe-implanted ZnO single crystals will be

presented. Different implantation fluences, temperatures and post-implantation annealing

temperatures have been chosen in order to evaluate the structural and magnetic properties

over a wide range of parameters. Three different regimes with respect to Fe concentration

and process temperature are found: 1) Disperse Fe2+ and Fe3+ at low Fe concentrations and

low processing temperatures, 2) FeZn2O4 at very high processing temperatures and 3) an

intermediate regime with a co-existence of metallic Fe (Fe0) and ionic Fe (Fe2+ and Fe3+).

Ferromagnetism is only observed in the latter two cases, where inverted spinel ZnFe2O4

and α-Fe nanocrystals are the origin of the observed ferromagnetic behavior, respectively.

The ionic Fe in the last case could contribute to a carrier mediated coupling. However, the

separation between the ions is too large to couple ferromagnetically due to the lack of p-

type carriers. For comparison investigations of Fe-implanted epitaxial ZnO thin films are

presented.

The chapter is organized as follows. First, all the experimental methods employed will be

listed. Then the results will be discussed according to the physical phenomena as follows:

lattice damage and recovering, the distribution of implanted Fe, the formation of precipi-

tates (metallic Fe, or Zn-ferrites), the charge state of Fe, the ferromagnetic properties, and

the Fe implanted epitaxial ZnO films. In the discussion part, we sketch a phase diagram

of Fe in ZnO, and apply a model to explain the Fe nanocrystal aggregation. Moreover the

reason for the absence of ferromagnetism in ZnO diluted with ionic Fe is discussed.

This chapter has been published in following papers: (1) Appl. Phys. Lett., 88, 052508

(2006); (2) J. Phys. D-Appl. Phys., 40, 964 (2007); and (3) J. Appl. Phys. 103, 023902 (2008).
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4.1 Experiments

Commercial ZnO bulk crystals were implanted with 57Fe ions at temperatures ranging

from 253 K to 623 K with fluences from 0.1× 1016 cm−2 to 8× 1016 cm−2. The implantation

energy was 180 keV, which results in a projected range of RP = 89± 29 nm, and a maximum

atomic concentration from 0.14% to 11% (TRIM code [95]). For comparison, epitaxial ZnO

thin films grown on Al2O3 by pulsed laser deposition were implanted with 57Fe at selected

implantation parameters (623 K, 4× 1016 cm−2). Three sample series are investigated and

listed in Table 4.1.

For a detailed analysis we applied different techniques.

• Synchrotron radiation x-ray diffraction (SR-XRD) and conventional XRD

• Rutherford backscattering/channeling (RBS/C)

• Secondary ion mass spectrometry (SIMS)

• Conversion electron Mössbauer spectroscopy (CEMS) at room temperature

• SQUID-magnetometry with the magnetic field applied parallel to the sample surface.

In Chapter 3 a rather detailed description on these experimental methods has been given.

SIMS was performed by a Riber MIQ-256 system with oxygen primary ions of 6 kV and

monitoring positive secondary ions at Universität Gießen. The depth scale was calibrated

by measuring the sputtered crater via profilometry. The absolute concentration was deter-

mined by calculating the sensitivity factors from the low fluence implants. By SQUID, virgin

ZnO is found to be purely diamagnetic with a susceptibility of -2.65×10−7 emu/Oe·g. This

background was subtracted from the magnetic data.

4.2 Results

In this section, we present experimental data on structural and magnetic properties of
57Fe implanted ZnO. Of interest in this study are the ion-implantation induced lattice dam-

age, the distribution of Fe, the formation of metallic Fe nanocrystals, the charge state of Fe,

the magnetic properties, and the structure and magnetism evolution upon post annealing.

The difference between ZnO bulk crystals and epitaxial films upon Fe implantation is also

compared.

4.2.1 Lattice damage accumulation

Fluence dependence

Figure 4.1(a) shows representative RBS/C spectra for different Fe fluences implanted at

623 K. The arrow labelled Zn indicates the energy for backscattering from surface Zn atoms.
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Table 4.1: Structural properties of 57Fe-implanted ZnO bulk crystals and epitaxial thin films. The
implantation energy is 180 keV.

Fluence Implantation Peak Concentration Peak Concen. χmin (RBS/C) Metallic Fe
(cm−2) Temp. (K) (TRIM) (SIMS) Bulk Surface Formation

0.1×1016 623 0.14% 0.1% 8.1% 5.9% No
0.4×1016 623 0.55% 0.46% 38% 14% No
0.8×1016 623 1.1% 0.89% 43% 16% No
2×1016 623 2.7% 2.6% 57% 39% α-Fe
4×1016 623 5.5% 6.0% 60% 32% α-Fe
8×1016 623 11% - 65% 55% α-Fe

0.4×1016 253 0.55% 0.5% 31% 16% No
4×1016 253 5.5% 5.5% 65% 43% No
4×1016 298 5.5% - 65% 40% No
4×1016 473 5.5% - 66% 42% No

4×1016(a) 623 K 5.5% - 44% - α and γ-Fe

aZnO epitaxial thin films.

Figure 4.1: (a) Representative RBS random and channeling spectra of Fe implanted ZnO with the
implantation energy of 180 keV. The fluence is indicated on the channeling spectra. The dashed
line separates the damage regions of surface and bulk, where the number of displaced atoms is
maximum. (b) The maximum relative disorder of the Zn lattice (χmin) at different depth (surface and
bulk) as a function of ion fluence.
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Figure 4.2: (a) Representative RBS/C spectra with different implantation temperature. The fluence is
4×1016 cm−2, and implantation energy is 180 keV. (b) The calculated χmin for different implantation
temperature. Implantation at low temperature (≤473 K) results in more damage at the surface region.

The implanted Fe ions cannot be detected for the lowest fluence (0.1×1016 cm−2). However

they are more pronounced as a hump in the random spectrum for a high fluence of 8×1016

cm−2. The channeling spectrum of a virgin sample is provided for comparison. The yield

increase in the channeling spectra mainly originates from the lattice damage due to implan-

tation. However, in the higher-fluence case, the Fe ions also significantly increase the RBS

yield. Two features are observed in the RBS/C spectra. One is the bimodal [100] distribution

of maximum damage depths, i.e. in the bulk and at the surface, separated by the dashed

line in Figure 4.1(a). Similar depth profiles have already been discussed by Kucheyev et

al. [100]. In the bulk damage region the nuclear energy-loss profile is maximum, which in-

duces a large number of atomic displacements. The surface damage peak is often a sink for

ion implantation induced point defects [100].

Another feature is the saturation at larger fluences. χmin, the ratio of the channeling

spectrum to the random one, is calculated in both damage regions, as shown in Figure 4.1(b).

Above a fluence of 2×1016 cm−2 both damage peaks saturate. This is due to the strong

dynamic annealing effect, i.e., migration and interaction of defects during ion implantation

[100]. This strong dynamic annealing also makes ZnO an irradiation-hard material, i.e., it still

partly remains crystalline after irradiation by Fe ions up to a fluence of 8×1016 cm−2 (χmin of

68%).

Implantation temperature dependence

In general increasing the substrate temperature during implantation can suppress the lat-

tice damage in semiconductors. However this is not the case for ZnO. Figure 4.2(a) shows

the channeling spectra for Fe implanted ZnO at different implantation temperatures. Al-

though the surface damage peak increases drastically with decreasing implantation tem-

perature, the bulk damage peak is hardly effected by implantation temperature. This can

be observed clearly in Figure 4.2(b). The point defects induced by the ion-beam can be
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Figure 4.3: (a) Fe distribution in the samples implanted with Fe at 623 K for different fluences mea-
sured by SIMS. The ion fluences are indicated in the figure. (b) Distribution of Fe in ZnO implanted
at different temperatures. The TRIM [95] simulation is presented for a comparison.

significantly suppressed by increasing the implantation temperature above 623 K. This tem-

perature is very critical, and below 623 K, the surface damage peak also has no dependence

on the substrate temperature. This is very important for the electrical doping of ZnO by ion

implantation, where point defects are believe to decrease the conductivity [101].

Recovering by post-annealing

As shown above, the bulk damage cannot be suppressed by increasing the implantation

temperature. It has to be removed by post annealing at higher temperature. The annealing

was performed in high vacuum in order to avoid extrinsically induced oxidation of Fe. The

temperature was varied from 823 K to 1073 K. The details have been reported in the Ref.

[102]. Both the surface and bulk damage peaks decreased progressively with increasing the

annealing temperature and time. However even after annealing at 1073 K for 3.5 hours,

there is still considerable amount of damage. This is because of the high melting point

of ZnO (∼2250 K). The extended defects can only be removed completely by annealing at

approximately two-thirds of the melting temperature [103]. Therefore a high annealing tem-

perature (1500 K) is necessary to completely recover the lattice structure of ZnO. However,

high vacuum annealing above 1000 K also leads to decomposition of ZnO [104].

4.2.2 Fe distribution

RBS/C can give an overview of the lattice damage upon Fe implantation. However, since

the mass of Fe is smaller than Zn, it is difficult to obtain the depth profile of the implanted

Fe. Therefore, SIMS is employed to determine the Fe depth profile (see Figure 4.3(a)). It is

observed that the peak concentration of Fe ranges from 0.1% to 7% for difference fluences,

with a projected range of RP=(80-90)±(20-30). This is in rather good agreement with TRIM

simulations [95]. The only discrepancy concerns the the high-fluence sample (4× 1016 cm−2),
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Figure 4.4: SR-XRD 2θ-θ scans of Fe implanted ZnO for different fluences reveal the formation of
crystalline Fe nanoparticles when the fluence is above 2×1016 cm−2. Inset shows a long-range scan,
where Fe(110) is the only peak related to precipitation.

where TRIM simulations predict a peak concentration of 5%. This is due to the change in

SIMS sensitivities for different materials, which implies that the determined concentrations

are more accurate in the low concentration (below 1%) regime.

In Figure 4.3(b) the Fe depth profile for the fluence of 0.4× 1016 cm−2 is compared for dif-

ferent implantation temperatures. The profile does not change significantly upon increasing

the implantation temperature from 253 K to 623 K. The slightly higher concentration for

implantation at 253 K is within the fluence error.

As discussed the in Ref. [102], Fe diffuses towards the surface after high temperature an-

nealing. The same diffusion of Fe upon annealing was also observed by SIMS (not shown).

4.2.3 Formation of Fe NCs

By employing SR-XRD, we have systematically investigated the formation of Fe NCs,

and its dependence on the fluence and implantation temperature.

Fluence dependence

Figure 4.4 shows the SR-XRD pattern (near the Fe(110) peak) as a function of fluence. At

a low fluence (0.1×1016 to 0.8×1016 cm−2), no crystalline Fe NCs could be detected, while

above a fluence of 2×1016 cm−2, an Fe(110) peak appears and increases with fluence. The

inset shows a wide-range scan for the high-fluence sample (4×1016 cm−2). No other Fe-

oxide (Fe2O3, Fe3O4, and ZnFe2O4) particles are detected in the as-implanted state. The

full width at half maximum (FWHM) of the Fe(110) peak decreases with increasing fluence,
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Figure 4.5: SR-XRD 2θ-θ scans of Fe implanted ZnO with the same fluence of 4×1016 cm−2 at differ-
ence temperature. In order to show the Fe(110) peak, the figure is spliced to two parts: left panel for
ZnO(0002) and right panel for Fe(110). Only the sample implanted at 623 K shows α-Fe precipitates.

indicating a growth of the average diameter of these NCs. The crystallite size is calculated

using the Scherrer formula [105],

d = 0.9λ/(β · cos θ), (4.1)

where λ is the wavelength of the x-ray, θ the Bragg angle, and β the FWHM of 2θ in radians.

The crystallite size is listed in table 4.3.

Note that only one peak of Fe(110) appears in the inset of Figure 4.4. This indicates a

texture of the Fe NCs. However no texture behavior is found even for the highest-fluence

sample in pole figure measurements on Fe(110) and Fe(200) (not shown). This could be

due to the difference in the crystalline symmetry of hexagonal ZnO (six fold symmetry)

and bcc-Fe (four fold symmetry). For a bcc-crystal, one cannot find a six-fold symmetry

viewed from any direction. In contrast, hcp-Co(0001) and fcc-Ni(111) NCs, which are six-

fold symmetric, are found to be crystallographically oriented inside ZnO matrix. This highly

ordered orientation allows them to be detected even by laboratory XRD [76, 106].

Implantation temperature dependence

SR-XRD was also performed for the samples with an Fe fluence of 4×1016 cm−2 im-

planted at different temperatures from 253 K to 623 K. As shown in Figure 4.5, for im-

plantation temperatures of 473 K and below, no crystalline Fe could be detected. This is

also confirmed by the CEMS results (shown later), where the Fe0 state appears only at an

implantation temperature of 623 K. Note the asymmetry of the ZnO(0002) diffraction peaks

in Figure 4.5. A shoulder on the right side (smaller lattice constant) is clearly observed.

This shoulder decreases with increasing implantation temperature, and can therefore be as-

sociated with lattice damage or ZnO substituted with Fe. In view of a detailed study of

ion implantation into GaN where the implantation induces a lattice expansion of GaN (a
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shoulder at left side) [107, 108], we rather attribute the observed right side shoulders to ZnO

substituted with Fe. In the 623 K implantation, metallic Fe NCs start to form, therefore the

substitution is reduced.

Growth with post-annealing

After thermal annealing at 823 K for 15 min, more α-Fe NCs of a larger size are formed

for the samples implanted at 623 K. After 1073 K and 15 min annealing, the α-Fe almost dis-

appears and ZnFe2O4 starts to form. The details of the structure and magnetism evolution

upon thermal annealing can be found in Ref. [102].

4.2.4 Charge state of Fe

CEMS allows one to identify different site occupations, charge and magnetic states of
57Fe. The hyperfine parameters calculated according to the evaluations of the spectra are

given in Table 4.2. All isomer shifts are given relative to an α-Fe reference foil. In general,

the implanted Fe occupy three different states: metallic Fe, Fe2+ and Fe3+ ions dispersed

in the ZnO matrix and finally Fe3+ in Zn-ferrites. The hyperfine interaction parameters

obtained from the best fits are different from that of ferromagnetic α-Fe2O3 or γ-Fe2O3 or

ferrimagnetic Fe3O4 (see Table 3.1). Hence, the presence of these phases was excluded. The

dispersed ionic Fe could substitute onto Zn site.

Fluence dependence

Figure 4.6(a) and (b) show the comparison of Fe implanted ZnO at 623 K with a fluence

of 0.4×1016 and 4×1016 cm−2, respectively. In spectrum (a), the singlet S and doublet D(I)

are attributed to Fe3+, while the doublet D(II) is from Fe2+. In the high fluence sample

(spectrum (b)), the majority of Fe are ionic states Fe3+ (singlet S) and Fe2+ (doublet D(I) and

D(II)), while a considerable fraction of a sextet associated to α-Fe is present (sextet M). The

formation of α-Fe is in agreement with SR-XRD observation (Figure 4.4). At room tempera-

ture, all Fe2+ and Fe3+ show no ferromagnetic interaction. Later on in subsection 4.2.5, we

show that even at 5 K the measured ferromagnetism can only be attributed to α-Fe NCs.

Implantation temperature dependence

Figure 4.7(a) and (b) shows CEMS for the samples implanted at low temperatures, 473

K and 253 K, respectively, with a 57Fe fluence of 4×1016 cm−2. In these two samples, ionic

Fe are the dominant charge states: Fe3+ (S and D(I)), and Fe2+ (D(II)). In contrast to Figure

4.6(b), there is no detectable α-Fe in these two samples. This is also in agreement with SR-

XRD results (Figure 4.5), where up to an implantation temperature of 473 K no α-Fe is found.
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Figure 4.6: Room temperature CEMS of ZnO bulk crystals implanted with 57Fe with different flu-
ences, and after post-annealing. The notations for the fitting lines are given as S (singlet), D (doublet)
and M (sextet). The fluence and the process temperatures are indicated.
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Figure 4.7: Room temperature CEMS for ZnO implanted with 57Fe at 253 K or 473 K and subsequent
annealed at 823 K for 15 min. The notations for the fitting lines are given as S (singlet), D (doublet)
and M (sextet). On the right side of the spectrum, the probability distribution P for the magnetic
hyperfine field (Bh f , solid line) are given.

Evolution with post-annealing

The post-annealing was performed on selected samples: S1 and S2 (Table 4.2). They

were implanted with the same fluence of 4×1016 cm−2 at 623 K and 253 K, respectively. For

sample S1, upon annealing at 823 K for 15 min, the intensity of the sextet increases up to

18.2% while the fraction of Fe2+ (doublet D(I)) decreases, suggesting the growth of the α-Fe

nanoparticles and the recovery of lattice defects (Figure 6(c)). Moreover, the value for the

magnetic hyperfine field Bh f increases upon annealing and moves closer (from 30.5 T to 31.7

T) to the known value for bulk α-Fe (33 T). For sample S2, after annealing at 823 K for 15 min,

the relative fraction of metallic α-Fe increases up to 28.8%. The hyperfine field is distributed

with maxima at 18 T, 27 T and mostly at 32.5 T (α-Fe). Comparing with the annealing of

sample S1, a larger fraction of α-Fe is formed in the annealed sample S2. This is consistent

with a larger magnetization measured by SQUID (shown later). In addition, a small fraction

of singlet (S) presents, which is attributed to γ-Fe according to the isomer shift.

Higher-temperature (1073 K) annealing was performed on sample S1 and has been re-

ported in Ref [102]. After annealing at 1073 K for 3.5 hours, Fe3+ is the only charge state,

and Zn-ferrites (ZnFe2O4) are formed and are crystallographically oriented inside ZnO ma-

trix.
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Table 4.2: Hyperfine parameters obtained from the evaluation of CEMS for samples implanted or
annealed at different temperatures. The fluence was 0.4×1016 cm−2 for the first sample, while 4×1016

cm−2 for all other samples. The codes of S1, S2 and S3 notate the samples for post-annealing process.
The notations for the fitting lines are given as S (singlet), D (doublet) and M (sextet).

Sample S D(I) D(II) M (α-Fe)
Code Timp. Tann. FRa ISb FRa ISb QSc FRa ISb QSc FRa ISb Bh f

d

(K) (K) (%) (mm/s) (%) (mm/s) (mm/s) (%) (mm/s) (mm/s) (%) (mm/s) (T)
623 - 27.7 0.57 13.7 0.31 0.75 58.6 0.81 0.79 - - -

S1 623 - 32.8 0.53 31.5 0.78 1.29 23.2 0.96 0.58 12.5 0.06 30.5
S1 623 823 42.6 0.42 16.7 0.68 1.52 22.5 0.94 0.54 18.2 0.07 31.7
S1 623 1073 - - 100 0.35 0.43 - - - - - -

S2 253 - 13.6 0.22 14.1 0.24 0.65 72.3 0.92 0.97 - - -
473 - 22.2 0.32 9.7 0.27 0.63 68.1 0.94 0.77 - - -

S2 253 823 6.2 -0.09 46.8 0.42 0.39 18.2 0.88 0.51 28.8 0.04 Dist.e

S3 f 623 - 23.0 -0.09 26.3 0.45 0.32 37.3 0.91 0.80 13.4 0 Dist.e

S3 f 623 823 13.9 -0.09 31.4 0.45 0.35 15.9 0.92 0.58 38.8 0.02 Dist.e

aFraction corresponding to the relative area of the subspectrum.
bIsomer shift: 0 mm/s for α-Fe, 0.7-1.2 mm/s for Fe2+, 0.2-0.7 mm/s for Fe3+, and -0.1 mm/s for γ-Fe.
cQuadrupole splitting.
dMagnetic hyperfine field.
eHyperfine field distribution.
f ZnO epitaxial thin films.

4.2.5 Magnetic properties Fe implanted ZnO

In the previous sections, we have reported a thorough investigation on the structural

properties, and the charge states of Fe. The main conclusion can be summarized as follows:

(i) Upon implantation at a temperature of 623 K, a small part (around 12%) of the implanted

Fe ions forms as crystalline Fe already in the as-implanted state, while the major part of

the implanted Fe is in ionic states (Fe2+, and Fe3+); (ii) Implantation at a low temperature

(253 K) suppresses the metallic Fe formation, and the implanted Fe ions are in ionic states,

but they are not magnetically coupled at room temperature; (iii) Post-annealing at 823 K

largely enhances the Fe NC formation in all implanted samples for both implantation tem-

peratures (253 K and 623 K). Since CEMS was performed at room temperature only, the

magnetic properties of metallic and ionic Fe at low temperature could not be determined.

Here we present the results from SQUID magnetometry measured from 5 K to 350 K. We

will show that the metallic Fe NCs are superparamagnetic, and they are the predominant

contribution to the measured ferromagnetic response even at 5 K. In contrast the ionic Fe is

not ferromagnetically coupled even at 5 K.

Fluence dependence

Figure 4.8(a) shows the ZFC/FC magnetization curves in a 50 Oe field for different flu-

ences of Fe implanted ZnO. The FC curves for low fluences of 0.1×1016 (not shown for

clarity) and 0.8×1016 cm−2 completely overlap with the corresponding ZFC curves at val-

ues close to zero. No superparamagnetic particles are present in the two samples. For larger

fluences (above 2×1016 cm−2), a distinct difference in ZFC/FC curves was observed. ZFC
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Figure 4.8: (a) Magnetization curves with an applied field of 50 Oe after ZFC/FC for the Fe im-
planted ZnO. With increasing fluence, the Fe NCs are growing in size, resulting in a higher blocking
temperature; (b) ZFC/FC curves with different applied fields. The blocking temperature decreases
progressively with increasing field.

curves show a gradual increase (deblocking) at low temperatures, and reach a broad peak

with a maximum, while FC curves continue to increase with decreasing temperature. The

broad peak in the ZFC curves is due to the size distribution of Fe NCs. In this paper, the

temperature at the maximum of the ZFC curve is taken as the average blocking tempera-

ture (later referred as TB). At a much higher temperature than TB, FC curves still depart

from corresponding ZFC curves, which distinguish the Fe particle system from a conven-

tional spin-glass system where the FC curve merges together with ZFC curve just at TB and

shows a plateau below TB [83]. The ZFC/FC curves are general characteristics of magnetic

nanoparticle systems with a broad size distribution [109]. TB increases with the fluence,

i.e. the size of nanoparticles. Table 4.3 lists the average size of Fe NCs calculated by Eq. 2.2

and by XRD data (Eq. 5.1), and simulated by Eq. 2.4. Although the trend is the same for

all calculations, the values from Eq.2.2 are larger than that from Eq. 2.4 and from XRD data.

Given the large size distribution in the present magnetic nanoparticle system, TB is overesti-

mated by taking the temperature at the maximum of the ZFC curve [79]. This explains why

Eq. 2.2 gives a large average particle size. For the fitting according to Eq. 2.4, one has to

note that Ms and Ke f f (V) are assumed to be temperature independent, and the interaction

between the NCs is ignored. These effects contribute to the error bars [84]. Nevertheless,

from both techniques (XRD, and ZFC magnetization), we have determined the size of Fe

NCs and its distribution.

Figure 4.8(b) shows ZFC/FC curves with an applied field ranging from 50 Oe to 500 Oe

for the sample with fluence of 4×1016 cm−2. TB in the ZFC curves clearly shifts to lower

temperatures with increasing field. This behavior is expected for magnetic nanoparticles.

The external magnetic field can reduce the energy barrier (the term of Ke f f V in Eq. 2.2).

Therefore TB is smaller when the external field is larger [75, 82].

Figure 4.9(a) shows the magnetization versus field reversal (M-H) of samples implanted

with large fluences. At 5 K, hysteretic behaviors were observed for all three samples. The
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Figure 4.9: (a) Hysteresis loops measured at 5 K for Fe implanted ZnO with different fluence. The
inset shows the room temperature M-H loop for the sample implanted with a fluence of 4×1016 cm−2.
(b) Hysteresis loops measured at 5 K for Fe implanted ZnO at different implantation temperatures
with the same fluence of 4×1016 cm−2.

saturation moment is increased with increasing fluence, however the coercivity is decreased

from 600 Oe for a fluence of 2×1016 cm−2 to 330 Oe for larger fluences (see table I). This can

be explained by the enhanced coercivity effect for the interfacial spins, which increases with

decreasing the size of nanoparticles [110]. The inset shows the M-H curve at 300 K for the

sample implanted with the fluence of 4×1016 cm−2. As expected for a magnetic nanoparticle

system, above the blocking temperature, both remanence and coercivity drop to zero.

Implantation temperature dependence

Figure 4.9(b) shows the magnetization versus field reversal of samples implanted with

Fe (4×1016 cm−2) at different implantation temperatures. Only the sample implanted at

623 K shows a hysteretic behavior due to the presence of Fe NCs, while the other samples

implanted at 473 K or below show no ferromagnetic response down to 5 K. This is in full

agreement with SR-XRD and CEMS measurements.

Post annealing effect

The annealing behavior of the samples implanted at 623 K has been reported in a pre-

vious paper [102]. The main conclusions are the following: the annealing at 823 K results

in the growth of α-Fe NCs. During annealing at 1073 K the majority of the metallic Fe is

oxidized; after a long-term annealing at 1073 K, crystallographically oriented ZnFe2O4 NCs

form. Here we mainly present the annealing at 823 K for the samples implanted at 253

K. Due to the different initial state from the 623 K implanted samples, the same annealing

temperature leads to different results.

Figure 4.10 shows the magnetic properties of the samples implanted at 253 K with sub-

sequent post annealing. In the as-implanted state, there is no ferromagnetism down to 5

K, while after 823 K annealing, magnetization of 0.52 mB/Fe was observed. The ZFC/FC
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Figure 4.10: Hysteresis loops measured at 5 K for ZnO implanted with 180 keV Fe at 253 K (as-
implanted and post annealed). The fluence is 4×1016 cm−2. For comparison, the sample implanted
with the same energy and fluence, but at a high implantation temperature (623 K), after the same
annealing process is shown as the solid line. (b) ZFC/FC magnetization of the sample after 823 K
annealing. The arrows indicate the blocking temperatures.

magnetization curves show the characteristics of magnetic nanoparticle system. According

to SR-XRD and CEMS results, we attribute this to Fe NCs. The ZFC curve is very broad

and TB is above room temperature. The M-H curve at 300 K is still open, though with much

smaller coercivity and remanence compared to 5 K. However the magnetic properties are

quite different from the 623 K implanted sample after post annealing at 823 K, where the TB

is well below 300 K, and at 300 K there is neither coercivity nor remanence. We will discuss

this difference in section 4.3.

Magnetic anisotropy of Fe NCs

M-H loops were also measured for selective samples which have been implanted with

a fluence of 4×1016 cm−2 with the field applied perpendicular to the sample surface. Fig-

ure 4.11 shows the comparison of the magnetization between the in-plane and out-of-plane

directions at 5 K. The in-plane (parallel to the ZnO surface) is the easy axis, while the out-

of-plane (perpendicular) is the hard axis. At 5 K, the coercivity of the easy axis is around

360 Oe, and the ratio of MR/MS (remanence and saturation moment) is around 58%. The

anisotropy energy, K, can be calculated according to the equation of K=MsHA/2, where Ms

is the saturation moment of 4πMs=22000 G, HA is the effective anisotropy field. Indeed HA

is rather difficult to be deduced since it is not easy to measure a real hard axis loop with

SQUID magnetometry without a precise control of the sample alignment. Moreover the size

distribution of Fe NCs could result in a distribution of HA. Therefore, we deduce a lower

and upper limit of HA as 1030 Oe and 1880 Oe, respectively, according to the shape of the

hard axis loop. Using this approach, the anisotropy energy is estimated to be in the range

of (0.9-1.6)×105 Jm−3. It is larger than the magnetocrystalline anisotropy, and around one

order of magnitude larger than the uniaxial anisotropy observed in Fe thin films [111] and
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Figure 4.11: Hysteresis loops measured at 5 K for Fe implanted ZnO at 180 keV and 623 K up to
a fluence of 4×1016 cm−2. The field is changed from parallel to perpendicular with respect to the
sample surface, revealing the magnetic anisotropy. The intersections between the easy axis M-H
curve and solid and dashed direct lines indicate the lowest and highest HA.

micro-scale Fe nanomagnets [112]. If the Fe NCs are assumed to be sphere-like, their mag-

netism should be isotropic, unless they are textured. However as found by XRD, these Fe

NCs are not textured. This magnetic anisotropy could be due to the shape effect of Fe NCs,

i.e. they are not sphere-like, or magnetostriction. There is, however, no evidence for any of

these two possibilities.

Memory effect of Fe NCs

Below the blocking temperature, a magnetic nanoparticle system has a rich and unusual

behavior. For instance a slow relaxation and a history-dependent magnetic memory are

found in the dc magnetization as a function of temperature [83, 109, 113, 114, 115]. In our

system, Fe nanoparticles embedded inside ZnO crystals, the temperature dependent mem-

ory effect was also observed (Figure 4.12) using a cooling and heating protocol suggested

by Sun et al. [83]. At 300 K a magnetic field of 50 Oe was applied and the sample was cooled

down to 5 K at a constant cooling rate of 3 K/min. Then the sample was heated contin-

uously at the same rate and the magnetization was recorded. The obtained M(T) curve is

referred as the reference curve (solid line in Figure 4.12). Thereafter, we cooled the sample

at the same rate and recorded the magnetization with cooling, but temporarily stopped at

T = 50 K for a waiting time of 2 hours. During the waiting time the field was switched off.

After the stop, the 50 Oe field was reapplied and cooling and measuring were resumed.

The temporary stop resulted in a steplike M(T) curve (solid squares in Figure 4.12). After

reaching the lowest temperature 5 K, the sample was heated back with the rate of 3K/min

in the same field, and the magnetization was recorded again. The M(T) curve during this

heating also has a steplike behavior at the stop temperature of 50 K, then recovers the previ-
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Figure 4.12: Temperature dependent memory effect in the dc magnetization. The reference curve is
measured on heating at a constant rage of 3 K/min after FC in 50 Oe. The solid squires are measured
during cooling in 50 Oe at the same rate but with a stop of 2 hours at 50 K. The field is cut off during
stop. The open circles are measured with continuous heating at the same rate after the previous
cooling protocol. Inset shows the reciprocal magnetization versus temperature.

ous M(T) curve measured during cooling. The system remembers its thermal history. Two

explanations have been suggested for such a memory effect [114]. The first one is a broad

distribution of blocking temperatures originating from the distribution of the anisotropy en-

ergy barriers. Another explanation is the strong dipolar interaction between nanoparticles,

which frustrates the nanomagnetic moments, and slows down their relaxation. Our obser-

vations rather support the first model. First of all, the memory effect is also observed for two

other samples (2×1016, and 8×1016 cm−2) (not shown). Therefore the effect is independent

of ion fluence, i.e. particle density. Second, the inset of Figure 4.12 shows the reciprocal FC

magnetization at 500 Oe versus temperature. The perfect linearity of the curve for T>50 K

strongly suggests that the dynamics of the nanoparticles above blocking temperature can

be well described by superparamagnetism. Therefore, the magnetic properties of the sam-

ple depend only on the individual particle behavior. Third, the size of Fe nanoparticles is

widely dispersed according to the analysis on the ZFC magnetization curve. Therefore, we

would attribute the memory effect to the broad distribution of particle size, i.e. of anisotropic

energy barriers.

4.2.6 Fe implanted epitaxial ZnO layers

The epitaxial ZnO layers used in this study were grown by pulsed layer deposition on

Al2O3(0001). These thin films are n-type conducting with a carrier concentration of 1015-1017

cm3 at room temperature. Details about the sample preparation can be found in Refs. [116,

117, 118]. 57Fe ions were implanted at an energy of 180 keV at 623 K. Then the samples were

subjected to the same thermal annealing, and structural as well as magnetic characterization
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Table 4.3: Structural and magnetic properties of Fe-implanted ZnO. The ferromagnetic fraction cor-
responds to the percentage of ferromagnetic Fe (at 5 K) compared with all implanted Fe ions. The
crystallite size evaluated by ZFC magnetization is only for α-Fe NCs.

Sample Cryst. size TB Cryst. size Saturation Ferro. Fe Coercivity
Fluence Timp. Tann. (XRD) (ZFC) Eq. 2.2 Eq. 2.4 magn. (5 K) fractionb at 5 K
(cm−2) (K) (K) (nm) (K) (nm) (µB/Fe) (%) (Oe)
2×1016 623 - 5.6 38 8 6.6 0.08 3.6 600
4×1016 623 - 7.1 137 12 8.9 0.24 11 360
8×1016 623 - 8.9 212 14 11.3 0.13 5.9 360
4×1016 623 823 9.4 200 14 10.2 0.34 15 360

4×1016 253 823 - 295 16 9.5 0.52 24 370

4×1016(a) 623 - -/6 26 7 4.6 0.55 25 220
(α/γ-Fe)

4×1016(a) 623 823 8.1/11 280 15 10.2 1.3 59 220
(α/γ-Fe)

aZnO epitaxial layers implanted with Fe at 180 keV and 623 K.
bFerromagnetic Fe fraction, calculated by comparing the saturation magnetization with the value (2.2 µB/Fe)

for bulk Fe.

like the bulk crystals.

Formation of Fe NCs

Figure 4.13(a) shows the XRD 2θ-θ scans of Fe implanted ZnO epitaxial layers (as-implanted

and post annealed at 823 K). In the left panel, one can see the diffraction from ZnO(0002)

and Al2O3(0006). The right panel is a zoom on the Fe-related peak region. A single crystal

sample implanted with the same fluence and at the same temperature is shown for com-

parison. Obviously, the epitaxial ZnO behaves differently from the bulk crystals upon Fe

implantation. In the epitaxial-layer, γ-Fe is the predominant phase, while it is α-Fe in the

single crystal. This difference will be discussed in section 4.3. Upon thermal annealing at

823 K, the epitaxial ZnO behaves similar to the low-temperature implanted bulk crystals.

Both metallic Fe phases (α and γ) are growing.

Charge state of Fe

The charge and chemical states of Fe deduced from CEMS are shown in Figure 4.14.

The hyperfine interaction parameters are given in Table 4.2. In the as-implanted sample,

ionic Fe is the predominant phase, while also α- and γ-Fe are present (sextet M and singlet

S, respectively). After annealing at 823 K, the fraction of ferromagnetic α-Fe is drastically

increased from 13.4% to 38.8%. In the bulk crystal implanted at the same condition, there

is no γ-Fe neither in as-implanted nor in annealed samples. Also the fraction of α-Fe after

annealing (18.2%) is much lower than that in epitaxial films (38.8%).
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Figure 4.13: SR-XRD 2θ-θ scans of Fe implanted epitaxial ZnO layers: as-implanted and post an-
nealed at 823 K. Left panel shows long-range scans and right panel shows the range near Fe related
peaks. The bulk crystal ZnO implanted at the same condition is shown for comparison (star symbol-
led line in the right panel).

Figure 4.14: Room temperature CEMS of ZnO epitaxial thin films as-implanted with 57Fe and post-
annealed at 823 K for 15 min. The notations for the fitting lines are given as S (singlet), D (doublet)
and M (sextet). On the right side of the spectra, the probability distribution P for the magnetic
hyperfine field (Bh f , solid lines) are given.
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Figure 4.15: (a) ZFC/FC magnetization curves at an applied field of 50 Oe for the as-implanted and
823 K annealed ZnO films; (b) M-H loops at 5 K and 300 K. The bulk crystal ZnO implanted at the
same condition is shown as solid lines for comparison.

Magnetic properties

The ZFC/FC magnetization measurements for the as-implanted and 823 K annealed sam-

ples (Figure 4.15(a)) shows the typical behavior of a magnetic nanoparticle system. However

TB in the ZFC curves increases from 26 K to around 300 K with post annealing. The absolute

magnetization value per Fe in the ZFC/FC curves for the annealed sample is lower than

that of the as-implanted sample. This is due to the fact that there are more bigger Fe NCs

after annealing, and the bigger NCs are more difficult to be aligned at field as small as 50

Oe. Figure 4.15(b) shows the M-H curves. The coercivity is not significantly changed with

annealing, while the saturation magnetization is increased from 0.55µB/Fe to 1.3µB/Fe at 5

K and from 0.24µB/Fe to 1.1µB/Fe at 300 K, respectively, with annealing. For both samples,

the M-H loops show no hysteresis at 300 K without coercivity and remanence. Obviously,

the annealing behavior is different from the single crystal implanted at same temperature

of 623 K, but similar to the single crystal implanted at 253 K. We will discuss this point in

section 4.3.

4.2.7 Synthesis of magnetic ZnFe2O4

In this section, I show the synthesis of Zn-ferrites by Fe implantation into ZnO and post-

annealing. In the as-implanted ZnO sample, a fraction of Fe is in metallic state, and is re-

sponsible for the magnetic property. An annealing at 823 K enhanced the Fe particle forma-

tion, but Fe nanoparticles were oxidized after an annealing at 1073 K. A further annealing at

1070 K for 3.5 h induced the formation of crystallographically oriented ZnFe2O4 onto ZnO

with the orientation relationship of ZnFe2O4(111)[110]‖ZnO(0001)[1120]. These ZnFe2O4

nanocrystals show a hysteretic behavior upon magnetization reversal at 5 K
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Figure 4.16: (a) SR-XRD patterns (2θ-θ scans) of Fe implanted ZnO reveal the second phase devel-
opment (from α-Fe to ZnFe2O4) upon annealing. (b) Magnetization versus field reversal revealing
the magnetism evolution upon annealing; (c) ZFC/FC magnetization curves at 5 mT, which exhibit
a typical characteristic of a magnetic nanoparticle system.
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Figure 4.17: CEMS of Fe implanted ZnO after annealing at 1073 K for 3.5 hours. A reference sample
of powder ZnFe2O4 is also shown for comparison.

Formation of ZnFe2O4

Figure 4.16(a) shows the SR-XRD patterns for the as-implanted and annealed samples.

For the as-implanted sample, crystalline α-Fe nanoparticles were observed, and no other

Fe-oxide (Fe2O3, Fe3O4, and ZnFe2O4) particles were detected. The crystallite size is cal-

culated using the Scherrer formula [105]. After 823 K and 15 min annealing, larger and

more Fe nanoparticles are formed reflected by an increase and the sharpening of the cor-

responding peak at 44.4◦ in the 2θ-θ scan. After 1073 K and 15 min annealing, the Fe(110)

peak almost disappeared and the sample already shows an indication for the presence of

ZnFe2O4. After 3.5 hours annealing at 1073 K, crystalline and oriented ZnFe2O4 particles

are clearly identified. The inset shows a zoom of the Fe(110) peak to show the development

of Fe nanoparticles more clearly.

The formation of Zn-ferrites is further confirmed by CEMS (Figure 4.17. After 3.5 hours

annealing, the CEMS pattern exhibits only one quadrupole split line typical for ZnFe2O4 at
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room temperature [119, 120, 121, 122].

Magnetic properties of ZnFe2O4

Figure 4.16(b) shows the magnetization versus field reversal (M-H) at 5 K. Magnetic hys-

teretic loops are observed for the as-implanted sample, which contains α-Fe nanoparticles.

After annealing at 823 K for 15 min, the ferromagnetism is enhanced, i.e. Fe nanoparticles

are growing in size and amount. However, after annealing at 1073 K for 15 min, no hystere-

sis loop is observed. Probably the majority of Fe particles were oxidized to some amor-

phous nonmagnetic compound. The magnetism evolution is in a good agreement with

the XRD measurement. After annealing at 1073 K for 3.5 hours, the hysteretic behavior

is observed again, which - according to the SR-XRD - cannot come from Fe nanoparticles,

but from partially inverted ZnFe2O4, which is ferrimagnetic [119, 120, 121, 122, 123]. bulk

ZnFe2O4 which is a weak antiferromagnet with a Neél-temperature of 10.5 K. Bulk ZnFe2O4

exhibits normal spinel structure with Zn2+ ions solely at the tetrahedral (A) sites and an-

tiferromagnetically coupled Fe3+ ions solely at the octahedral (B) sites. A recent theoretic

description along with an overview of experimental results for that material is given by D. J.

Singh et al. [124]. Recent experiments, however, reveal that nanocrystalline ZnFe2O4 shows

ferrimagnetic behaviour up to 460 K, almost independently on the preparation method

[73, 119, 121, 122, 123, 125, 126]. The explanation for such behavior is the partial inversion of

the spinel structure, i.e. the additional occupation of tetrahedral A sites by Fe and octahedral

B sites by Zn as well as a strong superexchange coupling of the intra-sublattice Fe ions.

In order to confirm the superparamagnetic properties of the embedded nanoparticles,

zero-field cooled (ZFC) and field cooled (FC) magnetization vs. temperature measurements

were performed using SQUID. Figure 4.16(c) shows the ZFC/FC magnetization curves in an

applied field of 50 Oe. For all samples, although there is a difference in magnetic moment,

ZFC curves show a gradual increase (deblocking) at low temperatures, and reach a plateau

at a particular temperature of TB, while all FC curves continue to increase with decreas-

ing temperature. The shape of the ZFC/FC curves are general characteristics of magnetic

nanoparticle systems [80], i.e. magnetic nanoparticles are the origin of the ferromagnetism in

all the samples. The increase of TB after annealing at 823 K for 15 min confirms the growing

of α-Fe nanoparticles. After annealing at 1073 K for 3.5 h, ZnFe2O4 crystallites with an aver-

age grain size of 20 nm were formed. However the degree of inversion (transition from Fe3+

to Fe2+) is decreased with increasing crystallites [122], therefore comparing with the grain

size of 6.6 nm and 14.8 nm in Ref. [122], the rather bigger grain size of ZnFe2O4 crystallites

(20 nm) results in a small magnetic moment and a low TB. Also the effective anisotropy

constant of ZnFe2O4 is lower than that of α-Fe [121], which could explain the lower Tmax

than that of Fe nanoparticles [80].
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Figure 4.18: Pole figure of ZnFe2O4(311) reveals the crystallographical orientation of ZnFe2O4 and
its twin crystallites.

Crystallographical orientation of ZnFe2O4

In Figure 4.16(a), the XRD pattern for the sample after 3.5 hours annealing at 1073 K

shows only three peaks of ZnFe2O4(222) (333) and (444), which means that the crystal-

lites of ZnFe2O4 are not randomly oriented, but highly oriented. The surface orientation

is ZnFe2O4(111)//ZnO(0001). The crystallographical orientation of ZnFe2O4 was revealed

by the XRD pole figure. Figure 4.18 shows the pole figure for ZnFe2O4(311). The radial co-

ordinate is the angle (χ) by which the surface is tilted out of the diffraction plane from 0◦ to

70◦. The azimuthal coordinate is the angle of rotation about the surface normal. The pole

figure shows poles of ZnFe2O4(311) at χ∼29.5◦and 58.5◦, respectively, with sixfold symme-

try. Since ZnO(1011) (2θ=36.25◦) has a close Bragg angle with ZnFe2O4(311) (2θ=35.27◦), the

poles of ZnO(1011) also show up at χ∼61.6◦ with much more intensities. The result is con-

sistent with the theoretical ZnFe2O4(311) pole figure viewed along [111] with rotation twins.

The in-plane orientation relationship is ZnFe2O4[110]//ZnO[1120]. Moreover, a 2θ-θ scan

was carried out for ZnFe2O4(311)(622) and (220)(440), respectively, by tilting the sample with

an angle of χ at an azimuthal position found by pole figure. The results are shown in Fig-

ure 4.19, and confirm the crystallographical orientation of ZnFe2O4. The coherence length

of crystallites is around 20 nm in the out-of-plane direction. The in-plane coherence length

is evaluated to be also as large as 20 nm by measuring the diffraction of (311) at χ∼80◦,
nearly parallel with the surface [127]. Due to the fcc structure of ZnFe2O4 (a=0.844 nm), it

is not difficult to understand its crystallographical orientation onto hcp-ZnO (a=0.325 nm)

with twin-crystallites of ZnFe2O4 of an in-plane rotation by 60◦ (Fig.5). The lattice mismatch



4.2. Results 51

Figure 4.19: 2θ-θ scans of ZnFe2O4(311)(622) and (220)(440).

between ZnFe2O4 and ZnO is 6%.

Additionally SEM was performed to check the sample morphology. Figure 4.21(a) and (b)

show the SEM results for the as-implanted and the annealed samples. After the annealing,

the morphology was pronouncedly changed. Some speckle-like features with dimensions of

100 nm were formed on top of ZnO. Using energy dispersive x-ray (EDX), these features are

Fe-riched islands, while in the flat area, no Fe is detectable (Figure 4.21(c)). Together with

above-mentioned SR-XRD and CEMS observations, these speckle-like Fe-riched features are

most probably ZnFe2O4. This feature size is not necessary to be the same as the coherence

length (crystallite size) as revealed by XRD since one feature can consist several crystallites,

Figure 4.20: A schematics for the crystallographical orientation of ZnFe2O4 onto ZnO.
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Figure 4.21: SEM shows the morphology of samples (a) rather flat surface in as-implanted sample,
(b) Fe-riched features on the surface after 3.5 h annealing at 1073 K. (c) EDX spectra at different spot
of Figure (b) (inset shows the higher energy parts of the spectra).

however SEM cannot distinguish them. Thus, Fe is partially diffused towards the sample

surface during annealing, and therefore the ZnFe2O4 crystallites are located in the region

near surface.

Generally, spinel ferrites (MFe2O4, M=Ni, Co, Fe, Mn, Zn) have a large variety of mag-

netic properties and have significant potential application in millimeter wave integrated

circuitry and magnetic recording [128]. They all have an fcc structure with the lattice con-

stant a of around 0.84 nm, and exhibit different magnetic properties depending on the

chemical composition and cation site occupancy [129]. In the view of lattice mismatch,

our results could suggest the epitaxy of spinel ferrites onto ZnO, and even a multi-layered

MFe2O4/ZnO structure given the growth method compatibility by pulsed laser deposition

or molecular beam epitaxy for both materials [24, 128]. The magneto-transport properties

of inverted ZnFe2O4 nanoparticles are recently investigated. Ponpandian et al. discussed a

hopping mechanism between Fe3+ and Fe2+ pairs present at the octahedral sites [130]. In

Ref. [73], Shinagawa et al. reported ferromagnetic ZnO-Spinel iron oxide composites pre-

pared by wet chemical process with a negative magnetoresistance of -0.35% at room temper-

ature. Thus, a hybrid structure of spinel ferrites/semiconducting ZnO could be a potential

candidate for spintronic devices.

4.3 Discussion

4.3.1 Phase diagram of Fe in ZnO

In section 4.2, we have presented the structure and magnetic properties of Fe implanted

ZnO. The implantation parameters, i.e. fluence, energy, temperature, were varied. In gen-

eral, metallic Fe NCs have been formed already in the as-implanted state when the implan-

tation temperature is above 623 K and the fluence is above 2× 1016 cm−2. By summarizing

all results, a phase diagram of Fe in ZnO can be sketched, as shown in Figure 4.22. Note that

the materials studied in this research are ZnO bulk crystals grown by the hydro-thermal

method. They are semi-insulating in the as-purchased state with n-type carrier concentra-

tion of 1012-1014 cm−3. The phase diagram will likely be different for epitaxial-ZnO and for
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Figure 4.22: The phase diagram of Fe in ZnO bulk crystals derived from the data presented in this
work. The process temperature refers to the implantation or annealing temperature.

p-type ZnO.

4.3.2 Phase separation depends on ZnO materials

In section 4.2, we have shown the structural and magnetic properties of ZnO bulk crys-

tals and epitaxial thin films implanted at the same temperature and with the same Fe flu-

ence. They are obviously different from each other (see table 4.3). In the bulk crystals, only

11% (increased to 15% after 823 K post annealing) of the implanted Fe is ferromagnetic and

mainly α-Fe, while 25% in the epitaxial ZnO films (increased to 59% after 823 K post anneal-

ing). Recently Dietl proposed the self-organized growth driven by the charge state of the

magnetic impurities [57][131]. The energy levels derived from the open d shells of transi-

tion metals reside usually in the bandgap of the host semiconductor. The mid-gap levels of

magnetic impurities trap carriers origination from residual impurities or defects. This trap-

ping alters the charge state of the magnetic ions and hence affects their mutual Coulomb

interactions. Therefore, different carriers (electrons or holes, with different concentrations)

could lead to different interactions (e.g. repulsion or attraction) between the implanted tran-

sition metal ions, and finally result in a different phase separation. Both ZnO materials (bulk

crystals and epitaxial thin films) used in this study are n-type semiconductors. The carrier

concentration is around 1012-1013 cm−3 for bulk crystals and 1015-1017 cm3 for epitaxial thin

films [116, 117] at room temperature. Therefore, we can explain the different behavior in

ZnO bulk crystals and epitaxial layers upon Fe implantation in the above-mentioned model.

A higher concentration of free electrons leads to more agglomerations of Fe. Moreover the

nanocrystal aggregation could be largely reduced or avoided by the realization of p-type

doping in ZnO.

However, one has to note that there are a lot of defects, such as dislocations, and stacking
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faults, in the epitaxial ZnO films grown on Al2O3 due to the large lattice mismatch [132].

Kaiser et al. demonstrated that in high-fluence Er implanted SiC the defects act as nucleation

sites in the formation of Er-atom cluster and NCs [133]. A similar effect can be present in the

case of Fe implanted ZnO films.

4.3.3 Annealing behavior depends on the initial state

Note that three kind of samples have been annealed at the same temperature of 823 K.

One is the ZnO single crystal implanted at 623 K, in which Fe NCs have already been formed

in the as-implanted states. One is the ZnO single crystal implanted at 253 K, in which no

Fe NCs could be detected in the as-implanted sample. The last one is the ZnO thin film

implanted at 623 K, in which rather small Fe NCs have been formed in the as-implanted

sample compared to that in the single crystal. The annealing behavior in the first case is

quite different from the latter two cases. One reason is the fact that diffusion of Fe NCs is

much more difficult than of single Fe ions. In the 623 K implanted sample, Fe NCs have

already been formed, and they are not so mobile during 823 K annealing. Therefore the

size and the amount of Fe NCs only slight increase after annealing. However, in the sample

without Fe NCs or with very small NCs, Fe ions are more mobile with annealing, and they

aggregate into rather larger Fe NCs. Another reason could be the same as discussed in the

above section, given the fact that implantation at 253 K induces more point defects than that

at 623 K (see Figure 4.2).

4.3.4 Magnetic coupling of dispersed ionic Fe

Although a part of the implanted Fe ions have aggregated to metallic NCs, the remaining

ones are in the ionic state. Even after 823 K annealing, there is still a considerable amount

of ionic Fe. By SR-XRD no crystalline Fe-oxides could be detected. Therefore, these ionic

Fe could be diluted inside ZnO matrix. However, as measured by SQUID down to 5 K and

CEMS at room temperature, Fe2+ and Fe3+ are not ferromagnetically coupled.

In addition to conventional thermal annealing which is an equilibrium process, a nonequi-

librium annealing technique, i.e. flash lamp annealing at a pulse length of 20 ms, was also

used by us [134]. For an intermediate light power, the implantation-induced surface defects

could be removed without creation of secondary phases within the implanted region. How-

ever, there is still no detectable ferromagnetic coupling between these dispersed Fe ions.

Moreover, currently the absence of ferromagnetism in transition metal doped ZnO is a

universal problem. Several groups have shown that transition metal ions, e.g. Fe [135], Mn

[34, 135], and Co [34, 35, 135], are substitutional inside ZnO. However, no ferromagnetism

could be observed due to the possible reason of the lack of p-type conductivity.
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4.4 Summary and Conclusions

(1) In general, a combination of SR-XRD, ZFC/FC magnetization and element specific

spectroscopy measurements is a reliable approach to clarify the observed magnetism in

DMS materials.

(2) By correlating the structural and magnetic properties of all investigated samples, it

is clear that ferromagnetism is only observed when α-Fe (or ZnFe2O4) NCs are present. In

as-implanted and 823 K annealed samples, dispersed Fe2+ and Fe3+ are the predominant

charge states. However, they are not ferromagnetically coupled.

(3) α-Fe (bcc) NCs are not crystallographically oriented inside ZnO matrix. However,

fcc-ZnFe2O4 NCs formed after annealing at 1073 K are epitaxially embedded in ZnO. This is

due to the crystalline symmetry. Hexagonal ZnO crystals are six-fold symmetric, while α-Fe

is four-fold symmetric. Fcc-ZnFe2O4 is also six-fold symmetric viewed along [111] direction.

(4) The magnetic properties of these Fe NCs were carefully investigated regarding their

memory effect and magnetic anisotropy. A memory effect is observed in the temperature

dependent magnetization measurement, which is induced by the different relaxation times

originating from the different grain sizes of the Fe nanoparticles, and consequently different

anisotropy energy barriers. The in-plane magnetic anisotropy could be due to the shape

effect.

(5) The phase separation, i.e. the formation of metallic Fe, depends on the initial state of

the host materials, namely the carrier and/or the defect concentrations. The n-type carriers

could facilitate the self-organization of metallic Fe NCs.

(6) The next question is directed to the magnetical activation of the diluted ionic Fe in

ZnO. The realization of p-type doping for ZnO could be the solution.

(7) Additionally, the ion beam synthesis of Zn-ferrites is demonstrated. ZnFe2O4 nanopar-

ticles are crystallographically oriented inside ZnO. These ZnFe2O4 nanocrystals show a hys-

teretic behavior upon magnetization reversal at 5 K
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Chapter 5

Co and Ni implanted ZnO:

crystallographically oriented

precipitates

In this chapter, a thorough characterization of the structural and magnetic properties of

Co and Ni implanted ZnO single crystals will be presented. The measurements reveal that

Co or Ni nanocrystals (NCs) are the major contribution to the measured ferromagnetism.

Already in the as-implanted samples, Co or Ni NCs have formed, and they exhibit super-

paramagnetic properties. The Co or Ni NCs are crystallographically oriented with respect to

the ZnO matrix. Their magnetic properties, e.g. the anisotropy and the superparamagnetic

blocking temperature can be tuned by annealing. We discuss the magnetic anisotropy of Ni

NCs embedded in ZnO concerning the strain anisotropy.

This chapter is organized as follows. In section 5.1 the procedure of sample preparation

will be described briefly. Then the results will be presented in two sections. In section 5.2

we will focus on the as-implanted samples, and discuss the orientation, the superparam-

agnetism, the magnetic anisotropy of Co and Ni NCs. In section 5.3 we will describe the

structure and magnetism evolution due to high vacuum annealing. Finally in section 5.4 we

discuss the origin of the magnetic-anisotropy for the oriented Co, Ni NCs system, and the

possible formation of Co/CoO and Ni/NiO core/shell structures upon annealing at 923 K.

This chapter has been published in following papers: (1) J. Appl. Phys. 100, 114304

(2006); and (2) Phys. Rev. B 77, 035209 (2008).

5.1 Experiments

Commercial ZnO single crystals grown by the hydrothermal method were implanted

with Co or Ni ions at 623 K with a fluence ranging from 0.8× 1016 cm−2 to 8× 1016 cm−2.

The implantation energy was 180 keV, which resulted in a projected range of RP = 89± 29

nm, and a maximum atomic concentration from ∼1% to ∼10% (TRIM code [95]). Thermal
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Figure 5.1: RBS random (ran.) and channeling (ch.) spectra, (a) Co implanted ZnO, and (b) Ni
implanted ZnO (the fluence for Co and Ni ions is indicated). The yield of channeling spectra pro-
gressively decreases with increasing fluence.

annealing was performed in a high vacuum (<10−6 mbar) furnace from 823 K to 1073 K.

For a detailed analysis we applied different techniques: (1) Rutherford backscattering/channeling

(RBS/C), (2) Synchrotron radiation x-ray diffraction (SR-XRD) and conventional XRD, and

(3) SQUID-magnetometry. In chapter 3, one can find the descriptions on these techniques.

5.2 As-implanted samples

5.2.1 ZnO lattice damage upon implantation

RBS/C is used to check the lattice damage after implantation. Figure 5.1 shows RBS/C

spectra for different fluences. The arrow labelled Zn indicates the energy for backscattering

from surface Zn atoms. The implanted Co or Ni ions cannot be detected for the very low

fluence (0.8×1016 cm−2, not shown). However, they are more pronounced as a hump in the

random spectrum for a larger fluence of 4×1016 cm−2 and 8×1016 cm−2 (not shown). The

humps (between channel 650 to 750) in the channeling spectra mainly originate from the

lattice disordering due to implantation. As expected, χmin increases with increasing fluence

(see Table 5.1). Note that the highest Co fluence induced comparable lattice damage with

the middle fluence, and less than the damage created by the same fluence of Ni. The reason

could be a dopant specific self-annealing process [100]. RBS/C measurements also reveal

that the ZnO is a hard material with respect to irradiation. The host material still partly

remains in a crystalline state after irradiation with Co and Ni ions up to a fluence of 8×1016

cm−2 (χmin of 59% and 69%, respectively).

5.2.2 Crystallographically oriented Co and Ni NCs

SR-XRD is used to identify the precipitates in ZnO after Co or Ni implantation. Figure

5.2 shows the XRD 2θ-θ scans for all samples implanted with different fluences. At a low
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Figure 5.2: SR-XRD 2θ-θ scan revealing the existence of Co or Ni precipitates in (a) Co implanted
ZnO, and (b) Ni implanted ZnO.

fluence (0.8×1016 cm−2), no crystalline Co or Ni NCs could be detected. At a fluence of

4×1016 cm−2 the hcp-Co(0002) (or fcc-Co(111)) and Ni(111) peak appear, respectively, and

grow with increasing fluence. The full width at half maximum (FWHM) of the Co or Ni

peak decreased with fluence, indicating the growth of the average diameter of these NCs

(table 5.1). The crystallite size is calculated using the Scherrer formula [105],

d = 0.9λ/(β · cos θ), (5.1)

where λ is the wavelength of the x-ray, θ the Bragg angle, and β the FWHM of 2θ in radians.

Note that there is only one peak for Co or Ni detectable, which indicates that the crystal-

lites of Co or Ni are highly oriented with respect to the host matrix. The surface orientation

is hcp-Co(0001)(or fcc-Co(111))‖ZnO(0001) and fcc-Ni(111)‖ZnO(0001), respectively.

The Co hcp structure only differs in the stacking from the fcc one. Since the Bragg angles

(θ) for hcp-Co(0002) (θ=22.38◦) and fcc-Co(111) (θ=22.12◦) are rather close to each other, it is

difficult to assign these peaks in Figure 5.2(a) to hcp-Co or fcc-Co. A φ-scan or pole figure

on one of the diffraction planes not parallel with the sample surface (i.e. tilted by an angle χ

from sample surface) helps to identify hcp or fcc-Co NCs and also reveals the crystallograph-

ical orientation relationship. By this approach, we find that only hcp-Co is present in the as-

implanted samples. Figure 5.3 (a) and (b) show the pole figure of hcp-Co(1011) and Ni(200),

respectively. The radial coordinate is the angle (χ) by which the surface is tilted out of the

diffraction plane. The azimuthal coordinate (φ) is the angle of rotation about the surface

normal. The pole figure shows poles of hcp-Co(1011) at χ∼61.9◦, and Ni(200) at χ∼54.8◦,
respectively. Both exhibit a sixfold symmetry. Since ZnO(1012) and hcp-Co(1011) have simi-

lar Bragg angle, the poles of ZnO(1012) also show up at χ∼42.8◦ with much more intensities.

The results are consistent with the theoretical Co(1011) pole figure viewed along [0001], and

Ni(200) pole figure viewed along [111] direction, respectively. Therefore, we can conclude

that these Co and Ni NCs are crystallographically oriented with respect to the ZnO matrix.

The in-plane orientation relationship is hcp-Co[1010]‖ZnO[1010], and Ni[112]‖ZnO[1010],
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(a) Co(10 1)1 (b) Ni(200)

Figure 5.3: XRD Pole figure revealing the crystallographical orientation relationship between Co/Ni
NCs and ZnO matrix, (a) Co(1011) (in square) together with the tail of ZnO(1012) (in circle); (b)
Ni(200) (in square) together with the tail of ZnO(1012) (in circle).

Table 5.1: Structural and magnetic properties for Co and Ni-implanted ZnO with different fluence.
Metallic Co/Ni fraction corresponds to the percentage of metallic Co/Ni compared with all im-
planted Co/Ni.

Fluence χmin Cryst. size Saturation a Metallic Coercivitya TB Cryst. sizeb

(cm−2) (RBS/C) (nm) (XRD) (µB/Co(Ni)) fraction (Oe) (K) (nm)
Co: 0.8×1016 44% - - - - -
Co: 4×1016 54% 5 0.29 (5 K) 17% 1400 (5 K) 45 4.3
Co: 8×1016 57% 8 0.44 (5 K) 26% 1400 (5 K) 300 8.1

Ni: 0.8×1016 45% - 0.05 (10 K) 8% 10 (10 K) ≤ 5 < 9.4
Ni: 4×1016 57% 6 0.16 (10 K) 27% 30 (10 K) 16 14
Ni: 8×1016 69% 8 0.22 (10 K) 37% 120 (10 K) 70 23

aSaturation magnetization, refer to the easy axis.
bCalculation from the average blocking temperature by Eq. 2.2.

respectively. Due to the hexagonal structure of Co and sixfold symmetry of Ni viewed

along [111] direction, it is not difficult to understand their crystallographical orientation

onto hexagonal-ZnO.

Conventional XRD (CXRD) reveals similar results as SR-XRD (from the Ni fluence of

4×1016 cm−2, Ni NCs start to form). However, CXRD fails to detect Fe NCs in ZnO [71],

where Fe NCs are not well oriented like the case of Ni in ZnO. The peak intensity in XRD

is proportional to the diffraction volume, i.e. the number of diffraction planes which are

parallel to each other. For a 2θ-θ scan, the crystallographic orientation results in much more

diffraction volume than the random orientation. Therefore, the highly ordered orientation

of NCs make them easier to be detected. As expected, Co NCs are also detectable in the

CXRD measurement (not shown).
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Figure 5.4: Hysteresis loops measured at 5 K for Co implanted ZnO with different fluences. For the
fluence of 0.8×1016 cm−2, only a half loop was measured. Inset: Hysteresis loop measured at 300 K
for the sample with the highest fluence.

5.2.3 Magnetic properties of Co and Ni NCs

The magnetic properties of Co and Ni implanted ZnO were measured by SQUID mag-

netometery with the field parallel and perpendicular to the sample surface. Co implanted

samples exhibit a hard axis parallel to the sample surface, while the easy axis is perpen-

dicular to the surface. For Ni-implanted samples, the anisotropy directions are vice versa.

In this section, we investigate the superparamagnetism of the implanted ZnO samples and

their magnetic anisotropy.

Superparamagnetic Co and Ni NCs

Figure 5.4 shows the magnetization versus field reversal (M-H) measured at 5 K with

the field applied perpendicular to the sample surface (along ZnO[0001]). A hysteretic be-

havior is observed for the high-fluence implanted samples. A saturation behavior is also

observed at 300 K for the sample with the highest fluence (Figure 5.4 inset). However, nei-

ther coercivity nor remanence can be observed at 300 K. This is a strong indication for the

superparamagnetism of a magnetic nanoparticle system. Knowing the formation of hcp-

Co from XRD, it is reasonable to assume that hcp-Co NCs are responsible for the magnetic

behavior. For bulk hcp-Co crystals, the magnetic moment is 1.7 µB/Co at 0 K. Assuming

the same value for Co NCs, around 16% and 26% of implanted Co ions are in the metallic

state for the fluence of 4× and 8×1016 cm−2, respectively. Similar results are observed for

Ni implanted ZnO [76].

Temperature dependent magnetization with H= 50 Oe was measured after ZFC and FC

to confirm the superparamagnetism (Figure 5.5). For the magnetic samples, a distinct dif-

ference in ZFC/FC curves is observed. ZFC curves show a gradual increase (deblocking)
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Figure 5.5: Magnetization curves at 50 Oe after ZFC/FC for the Co implanted ZnO. With increasing
fluence, the Co NCs is growing in size, resulting in a higher blocking temperature.

at low temperature, and reach a broad peak, while FC curves continue to increase with de-

creasing temperature. The broad peaks in ZFC curves are due to the size distribution of Co

NCs. In this thesis, the temperature at the maximum of the ZFC curve is taken as the average

blocking temperature (later referred as TB). The ZFC/FC curves are general characteristics

of magnetic nanoparticle systems with a broad size distribution [109]. TB increases with the

fluence, i.e. the size of nanoparticles. Table 5.1 lists the average size of Co NCs calculated

by Eq. 5.1 (XRD) and Eq. 2.2 (SQUID). They are in a good agreement although there is

also a size distribution in Co NCs [79]. The ZFC/FC magnetization was also measured for

Ni implanted samples [76]. Comparing with Co, Ni has a much lower anisotropy energy

density. For similar sizes of Ni NCs, the blocking temperature is therefore much lower than

that of Co. Table 5.1 lists the average size of Ni NCs calculated by Eq. 5.1 (XRD) and Eq.

2.2 (SQUID). Although the trend is the same for both calculations, the values from SQUID

are much larger than the ones from XRD data. One reason could be the anisotropy energy

density is underestimated by assuming the magneto-crystalline anisotropy constant. An-

other reason could be due to the large size distribution of Ni NCs, i.e. TB is overestimated

by taking the temperature at the maximum of the ZFC curve [79].

Magnetic anisotropy

M-H loops were also measured for selective samples with Co fluence of 8×1016 cm−2

with the field both perpendicular and parallel to the sample surface. Figure 5.6(a) shows the

comparison of the magnetization along ZnO[1010] and [0001] at 300 K. Figure 5.6(c) shows

the orientation relationship between hcp-Co and ZnO, and the measurement geometry. Ob-

viously Co[0001] is the easy axis, the same as a bulk hcp-Co crystal. The intersection of both

curves gives an effective anisotropy field of 3000 Oe. At 5 K, the magnetic anisotropy is the
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Figure 5.6: Hysteresis loops measured with the field along ZnO[0001] (out-of-plane) and [1010] (in-
plane) for Co/Ni implanted ZnO with the fluence of 8×1016 cm−2 measured at 300 K, (a) Co im-
planted ZnO; and (b) Ni implanted ZnO. (c) and (d) show the schematic geometry for magnetization
measurements.

same (not shown), and the coercivity of the easy axis is around 1400 Oe. The ratio between

remanence and saturation magnetization is around 60%. Figure 5.6(b) shows the same mea-

surement of Ni implanted ZnO, while (d) shows the orientation relationship between fcc-Ni

and ZnO, and the measurement geometry. In contrast to bulk Ni where [111] is the easy

axis, the easy axis is Ni[112] and the hard axis is Ni[111]. Moreover, as shown in Figure

5.6(b), another in-plane direction Ni[110] is also an easy axis. Within the applied field, the

magnetization curve along the hard axis does not intersect with that along the easy axis.

The effective anisotropy field is much larger than 1500 Oe. That means that there are other

contributions to the anisotropy dominating over the crystalline magnetic anisotropy. This

will be discussed in section 5.4.

In the work by Norton et al. [74], epitaxial Co nanocrystals have been observed in Co

implanted ZnO single crystals. The nanocrystal size is estimated to be ∼3.5 nm, which

is below the superparamagnetic limit at room temperature. Therefore the ferromagnetism

above 300 K is very possible due to Co substitution onto the Zn site in the ZnO matrix. In

our case, the measured superparamagnetism is well explained by the presence of Co and Ni

nanocrystals. The formation of metallic nanocrystals already in the as-implanted state is due

to the elevated implantation temperature (623 K), which facilities the precipitation process.
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Figure 5.7: RBS random (ran.) and channeling (ch.) spectra for Co implanted ZnO with a fluence
of 4×1016 cm−2 after thermal annealing at different temperatures. The lattice damage induced by
implantation is progressively reduced by increasing annealing temperature.

Implantation at low temperatures (e.g. 253 K) prohibits precipitation, however results in

non-magnetism in our case, e.g. Fe implanted ZnO [136].

5.3 The effect of post-annealing

The post-annealing was performed in high vacuum at temperatures ranging from 823 K

to 1073 K for 15 min. The samples to be annealed were selected according to the SQUID

measurement capability, namely the temperature range from 1.8 to 400 K. Due to the higher

anisotropy energy of Co, TB in the ZFC curve of the highest fluence is already 300 K in the

as-implanted state (see Figure 5.5). The annealing is expected to increase the size of Co NCs,

and consequently increase TB in the ZFC curve, which will exceed the temperature range

of the SQUID magnetometery. Therefore, the sample implanted with the middle Co fluence

was chosen. For Ni the highest implantation fluence was chosen.

5.3.1 Lattice recovery

As shown in Figure 5.1, ion implantation substantially induces lattice damage of ZnO

crystals. Here we show that this damage can be partially recovered by post-annealing.

Figure 5.7 shows the RBS/C spectra for the sample implanted with a Co fluence of 4×1016

cm−2. The annealing temperatures are given in the figure. With increasing annealing tem-

perature, the channeling spectra indicate that the lattice disorder of ZnO progressively de-

creases. After annealing to 1073 K, the channeling spectrum is almost comparable with the

virgin ZnO. Similar RBS/C results are observed for Ni-implanted ZnO upon annealing (not

shown).
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Table 5.2: Structural and magnetic properties for Co and Ni-implanted ZnO with different fluence.
Metallic Co/Ni fraction corresponds to the percentage of metallic Co/Ni compared with all im-
planted Co/Ni.

Sample Peak area Cryst. size Saturation a Metallic Coercivitya TB Cryst. sizeb

(XRD) (nm) (XRD) (µB/Co(Ni)) fraction (Oe) (K) (nm)
Co: As-imp. 380 5 0.29 17% 1400 45 4.3

Co: 823K ann. 8330 - 0.36 21% 250 80 5.2
Co: 923K ann. 1400 10 0.32 19% 450 330 8.3

Co: 1073K ann. 0 - - - - - -

Ni: As-imp. 7312 8 0.22 37% 230 70 < 9.4
Ni: 823K ann. 6590 9 0.22 37% 200 80 14
Ni: 923K ann. 750 7 0.18 30% 220 - -

Ni: 1073K ann. 0 - - - - - -

aSaturation magnetization, refer to the easy axis magnetization at 5 K.
bCalculation from the average blocking temperature by Eq. 2.2.

5.3.2 Evolution of structural properties

Figure 5.8(a) shows the development of Co NCs upon thermal annealing. The peak area

and crystallite size calculated using the Scherrer formula [105] are compared in table I. A

broad scan (the inset of Figure 5.8(a)) reveals only one peak from Co besides the ZnO peaks.

An XRD φ-scan has been used to distinguish between hcp- and fcc-Co (Figure 5.9(a)). We

find only hcp-Co in the as-implanted sample and the sample annealed at 923 K, while both

fcc- and hcp-Co are present in the sample annealed at 823 K. The broad peak in Figure 5.8(a)

(823 K ann.) is a superposition of hcp-Co(0002) and fcc-Co(111). The crystallographical ori-

entation relationship between Co NCs and ZnO is hcp-Co(0001)[1010]//ZnO(0001)[1010]//fcc-

Co(111)[112]. With this orientation, the 2θ-θ scans for hcp-Co(1011) and fcc-Co(200) are ex-

pected with a skew geometry [137] at one of the azimuthal position (e.g. at φ=0) as shown

in Figure 5.9(b) and (c), respectively. Note that the peak area of Co in Figure 5.8, which is

an approximate measure of the amount of Co NCs, increases drastically after 823 K anneal-

ing, while decreases after 923 K annealing. It is reasonable to attribute this change to the

formation and disappearance of fcc-Co. The fcc-Co is probably oxidized to the amorphous

CoO after 923 K annealing, while finally all Co NCs are oxidized to an amorphous state after

annealing at 1073 K.

For Ni implanted ZnO, the structure evolution upon annealing is similar as shown in

Figure 5.8(b). The peak area and the crystallite size is listed in table 5.2. The mild temper-

ature annealing (823 K) only slightly increases the grain size of Ni. The annealing at 923 K

drastically decreases the peak area, while the grain size also decreases. Note that there is a

significant shift in the Ni(111) peak (labelled by dash lines), which indicates the relaxation

of lattice strain. The Ni NCs could be completely oxidized to amorphous state after 1073 K

annealing.
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Figure 5.8: XRD 2θ-θ scans: (a) Co implanted ZnO crystals with different annealing temperature. The
wide range XRD pattern for one of the samples (inset) reveals that no other crystalline phase (e.g.
CoO) could be detected. The arrow points the peak shoulder coming from fcc-Co(111) diffraction
in the sample of 823 K ann. (b) Ni implanted ZnO crystals with different annealing temperature.
The pattern of the sample annealed at 823 K is not shown to avoid overlapping. The inset shows a
comparison between as-implanted and 823 K annealed samples.
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Figure 5.9: (a) XRD φ-scans for hcp-Co(1011) (θ=23.78◦ and χ∼61.9◦), fcc-Co(002) (θ=25.76◦ and
χ∼54.8◦) and ZnO(1011) (θ=18.13◦ and χ∼61.6◦) reveal the in-plane orient relationship for Co NCs
respect to ZnO; (b) 2θ-θ scans for ZnO(1011) and hcp-Co(1011), those small sharp peaks are from
artificial noise in the measurements; (c) 2θ-θ scan for fcc-Co(002).
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Figure 5.10: (a) ZFC/FC magnetization curves at 50 Oe for the samples after implantation and an-
nealing at different temperatures. Solid symbols are FC curves, while open symbols are ZFC curves;
(b)-(d) M-H curves measured at 5 K for all samples: along ZnO[1010]‖hcp-Co[1010]‖fcc-Co[112]
(solid symbols) and ZnO[0001]‖hcp-Co[0001]‖fcc-Co[111] (open symbols). Implantation or anneal-
ing temperature is shown.

5.3.3 Evolution of magnetic properties

The structural phase transformation of Co NCs results in different magnetic properties as

revealed by SQUID. Figure 5.10(a) shows the ZFC/FC magnetization curves for all samples

annealed at different temperatures. Obviously, except the sample annealed at 1073 K, ZFC

curves show a gradual increase (deblocking) at low temperature, and reach a maximum at a

temperature of TB (shown in table 5.2), while FC curves continue to increase with decreasing

temperature. No significant magnetization response is detected for the sample annealed at

1073 K. Note that TB increases drastically above 330 K after annealing at 923 K. However

Jacobsohn et al. [138] reported a much lower TB (250 K) of hcp Co NCs with similar grain

size (∼10 nm). The higher TB could be due to some other anisotropy energy, which stablized

the superparamagnetism at higher temperature. This will be discussed in section 5.4.

Hysteresis loops were measured for all samples in both parallel (ZnO[1010]‖hcp-Co[1010]

‖fcc-Co[112]) and perpendicular (ZnO[0001]‖hcp-Co[0001]‖fcc-Co[111]) directions. Figures

5.10(b)-(d) reveal that the anisotropy and coercivity can be tuned by different annealing pro-

cedures. The as-implanted sample only consists of hcp Co NCs, which persist the bulk-like
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Figure 5.11: (a) ZFC/FC magnetization curves at 50 Oe for the samples after implantation and an-
nealing at different temperatures. Solid symbols are FC curves, while open symbols are ZFC curves;
(b) M-H curves measured at 5 K for all samples along ZnO[1010]‖fcc-Ni[112]; (c) and (d) M-H curves
measured at 5 K for all samples along ZnO[1010]‖fcc-Ni[112] (solid symbols) and ZnO[0001]‖fcc-
Co[111] (open symbols) after 823 K and 923 K annealing, respectively. Implantation or annealing
temperature is shown.
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anisotropy along [0001] direction with a high coercivity (Figure 5.10(b)). The sample an-

nealed at 823 K mainly consists of fcc-Co with easy axis is along the fcc-Co[112] direction

(Figure 5.10(c)). After annealing at 923 K, the sample shows an easy axis both along hcp-

Co[1010] and hcp-Co[0001], but a higher coercivity along the latter direction. The magnetic

properties of different samples are listed in table 5.2.

Figure 5.11 shows the magnetic properties of Ni implanted ZnO upon annealing. As

expected, the 823 K annealing increases TB in the ZFC curve due to the increase of crystallite

size. However upon annealing at 923 K, the shape of ZFC magnetization curve deviates

from others. There is no real maximum, but a broad plateau. The formation of Ni/NiO

core/shell structures could introduce an exchange coupling, which contributes to another

anisotropy energy. This will be discussed in the following section.

5.4 Discussion

5.4.1 Magnetic anisotropy of Co and Ni NCs

As shown before, the magnetic anisotropy of Ni NCs embedded in ZnO is drastically

different from bulk Ni. For bulk Ni, the magnetocrystalline anisotropy constant of K1 is

-5.7×103 J m−3 at 300 K. The [111] direction is the easy axis. For a single magnetic NC, the

magnetocrystalline, shape, and magnetoelastic anisotropy have to be considered.

In principle, a uniformly magnetized single domain spherical particle has no shape anisotropy,

because the demagnetizing factors are isotropic in all directions. However, a nonspherical

sample will be easier to be magnetized along a long axis than along a short one. The FWHM

of the Ni peak in XRD 2θ-θ scans is a measure of the crystallite size. Along the Ni[111] di-

rection, the crystallite size is estimated to be around 8 nm. For the in-plane direction, the

crystallite size could be estimated by measuring a diffraction plane not parallel to the sam-

ple surface. We chose the Ni(200) diffraction plane. Figure 5.12 shows the comparison of

the normalized Ni(111) and (200) peaks. Actually the Ni(200) is broader than (111), which

means that the crystallite size along the in-plane direction is even smaller than in the [111]

direction. Therefore, the shape anisotropy is not the key reason to induce the easy axis along

the in-plane direction.

Now we consider the strain anisotropy. This kind of anisotropy is often described by a

magnetoelastic energy term

kmagnetoelastic = −3
2

λSσ cos2 φ (5.2)

where λS is the magnetostriction constant, σ the stress, and φ the angle between magnetiza-

tion and the strain tensor axis [129]. The strain ε along the [111] direction of our Ni NCs can

be calculated according to XRD measurements.

The lattice spacing is given by Bragg’s law:

2dexp sin θ = λ (5.3)
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Figure 5.12: XRD 2θ-θ scan of Ni(200) and Ni(111).

Table 5.3: Comparison of magnetic-anisotropy energy density: magnetocrystalline K1, magnetoelas-
tic KME. λS is the magnetostriction coefficient, E the Young modulus, ε the elastic strain, and σ the
stress (σ = Eε).

Nanocrystals kME (103 Jm−3) k1 (103 Jm−3)a λS
a E (GPa)a ε σ (Gpa)

Ni (As-imp.) 54 -5.7 -24×10−6 200 0.011 2.2

Ni (823 K ann.) 50 -5.7 -24×10−6 200 0.010 2.0

Ni (923 K ann.) 25 -5.7 -24×10−6 200 0.005 1.0

hcp-Co (As-imp.) 125 500 -5.5×10−5 209 0.011 2.3

aData from Refs.[139][140].

where dexp is the lattice spacing, θ the Bragg angle, and λ=0.154 nm the wavelength of the

X-rays. θ is obtained from Figure 5.2. The strain is defined as follows

ε = (dexp − d)/d (5.4)

where d is the theoretical lattice spacing for bulk Ni or Co.

The magnetoelastic anisotropy constant is calculated using the approach and parameters

of refs. [139][140] (see table 5.3). For Ni NCs, the magnetoelastic anisotropy is one order

higher than the magnetocrystalline anisotropy. Therefore the magnetoelastic anisotropy en-

ergy dominates the total anisotropy energy. This finding demonstrates the possibility to

tune the magnetic properties by embedding magnetic NCs in different host matrix. The an-

nealing at 823 K does not change the strain status significantly. After annealing up to 923

K, the elastic strain is partially released. However, the magnetoelastic anisotropy energy

is still much higher than the magnetocrystalline one. Note the anisotropy change in Fig-

ure 5.11(d) after 923 K annealing by comparing with the 823 K annealing. There could be

another anisotropy source after 923 K annealing, which will be discussed in section 5.4.2.

For hcp-Co, the magnetocrystalline anisotropy constant is very large, and it is difficult to

be dominated by other anisotropy energy contribution (as shown in Table 5.3). Therefore

the hcp-Co NCs in the as-implanted sample still keep the bulk like anisotropy behavior.
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However, the annealing at 823 K resulted in coexistence of fcc-Co and hcp-Co NCs. Since fcc-

Co is a meta-stable state, only limited magnetic and mechanic data are available. Therefore

we will not discuss its magnetoelastic anisotropy energy. After annealing at 923 K, hcp-Co

is the only phase, and the elastic strain is not significantly changed compared with the as-

implanted state (see Figure 5.8(a)). However, the anisotropy is obviously changed. Like the

Ni case, there could be another anisotropy source, which will be discussed in section 5.4.2.

5.4.2 Annealing at 923 K

After annealing at 923 K, the magnetic properties, namely ZFC/FC magnetization, and

magnetic anisotropy, are changed significantly compared with other samples. For the Co

case, TB in the ZFC curve increases drastically, while the FC curve does not decrease mono-

tonically with increasing temperature. For the Ni case, there is a broad plateau in the ZFC

curve.

One explanation for the higher TB is the increase and broadening of the Co crystallite

size. Jacobson et al. calculated the ZFC curves by varying different parameters, including

the size distribution [84]. It is found that a slight broadening can result in a very broad and

high ZFC curve. This can well explain the ZFC magnetization, but not the FC magnetization.

Moreover the drastic changes in coercivity, and magnetic anisotropy cannot be explained in

such an approach. In addition, Table 5.2 lists the comparison of the XRD peak area and the

magnetization upon annealing. Note that the XRD peak area decreases drastically by almost

one order after 923 K annealing, which indicates the decrease of the amount of the Co or Ni

NCs, however the saturation magnetization only decreases slightly.

Another explanation is related to other anisotropic energy contributions. Skumryev et

al. have found that the exchange coupling between Co NCs and their CoO shells drastically

increases the blocking temperature [141]. In our XRD measurement, the amount of metallic

Co and Ni decreases after annealing at 923 K, which is very probably due to the oxidation.

Therefore we could assume the formation of a Co/CoO core/shell structure in our sample,

and the exchange coupling increases the blocking temperature. The exchange coupling is

further confirmed by the vertical shift of the magnetization loop (Figure 5.13). The loop-

curve is shifted along the magnetization axis after cooling from 350 K in an applied field.

The vertical shift of the magnetization loop is an evidence for the presence of an interfa-

cial interaction between an antiferromagnet (AFM) and a ferromagnet (FM) [142], i.e. the hcp

Co NCs are surrounded by CoO, which is amorphous, and therefore cannot be detected by

XRD. Dobrynin et al. [142] presented a model to discuss the exchange coupling of nanoscaled

Co/CoO core/shell structures. Below a critical size (12 nm) of Co cores, the interfacial ex-

change energy is larger than both the Zeeman energy of FM and the anisotropy energy of the

AFM due to a large surface-to-volume ratio of NCs, and consequently some spins in the FM

part can be frozen by the AFM part, leading to a vertical shift along the magnetization axis

after field cooling. This model well explains our Co/CoO system with an average diameter
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Figure 5.13: The sample annealed at 923 K shows a small vertical shift along the magnetization axis
after field cooling (H=2000 Oe) due to the exchange coupling between FM and AFM materials. The
field is along ZnO[0001] direction. The inset shows the temperature dependence of the vertical shift.

of 10 nm for Co NCs. The vertical shift of the magnetization loop decreases with increas-

ing temperature and disappears at a temperature between 200 and 300 K. This is consistent

with the Néel temperature of 290 K for CoO [141]. Such a vertical shift is also observed in

the FC-loop measured along ZnO[1010]‖hcp-Co[1010] (in-plane) (not shown).

For the Ni implanted sample annealed at 923 K, the hysteresis loop was also measured

under both ZFC and FC conditions (not shown). A similar shift along the magnetization axis

is observed. Therefore we would assume the formation of a Co/CoO (Ni/NiO) core/shell

structure. The exchange coupling between Co (Ni) and CoO (NiO) contributes another

anisotropy energy. This explains the high blocking temperature and the change in magnetic-

anisotropy after annealing at 923 K. Obviously a detailed investigation using transmission

electron microscopy could be directly prove this assumption.

Note that for both of cases, the magnetization is only slightly decreased after annealing at

923 K. This is controversial with the drastic decrease of the diffraction intensity (see Figure

5.8). One possible reason is the formation of small Co or Ni nanocrystals due to annealing.

As shown in Table 5.1, only around 10-40% of Co or Ni form as metallic nanocrystals and

others remain as dispersed ones. Annealing at 923 K, on one hand, oxidized some metallic

nanocrystals partially, on the other hand, could induce the gettering of dispersed Co and

Ni and result in small metallic nanocrystals. Below a critical size, nanocrystals are non-

detectable by XRD. Another reason could be that only a thin shell of Co or Ni nanocrystals

transforms into oxides, which results in the invisibility of oxides in XRD even they are crys-

talline. Obviously a detailed investigation using transmission electron microscopy or other

more sensitive techniques should be performed to clarify this controversy.
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5.5 Conclusions

A thorough characterization of the structural and magnetic properties has been presented

on Co and Ni implanted ZnO single crystals. The results by SR-XRD and SQUID magne-

tometery correlate well with each other. The major conclusions are summarized as follows.

(1) Co or Ni NCs have been formed in ZnO upon ion implantation. Their crystalline

sizes, generally below 10 nm, increase with increasing fluence. From several to 37% percent

of implanted Co or Ni is in metallic states, while the remaining could be diluted into ZnO

matrix. The Co or Ni NCs are the origin of the measured ferromagnetism.

(2) The Co and Ni NCs are crystallographically oriented with respect to the ZnO host

matrix. The orientation relationship is as follows: hcp-Co(0001)[1010]‖ZnO(0001)[1010], and

Ni(111)[112]‖ZnO(0001)[1010]. This well ordered structure of NCs could result in a rather

smooth interface between them and the ZnO host, and makes the hybrid of ferromagnetic

NCs and semiconductors promising for spintronics functionality.

(3) Magnetic anisotropy is observed for Co or Ni NCs in ZnO. Especially for the Ni NCs,

the anisotropy is different from the bulk crystals. The extra anisotropy energy is attributed

to the lattice strain impressed from the host matrix. This opens a route to artificially tune

the magnetic properties of nanoparticles by selecting substrate materials.

(4) The structure and magnetic properties of Co or Ni NCs embedded inside ZnO can

be tuned by post-annealing. For the Co case, 823 K annealing results in the co-existence of

fcc-Co and hcp-Co. The magnetic anisotropy is changed from out-of-plane to in-plane. An-

nealing at 923 K could have partially oxidized metallic Co and Ni, and results in Co/CoO

(Ni/NiO) core/shell structures. After annealing at 1073 K, no Co or Ni NCs can be de-

tectable, at the same time, the samples shows no pronounced ferromagnetism down to 5

K.
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Chapter 6

Suppression of secondary phase

formation

Formation of secondary phases is one of the major problems in diluted magnetic semi-

conductor (DMS) creation. In this chapter we show possibilities to avoid such phases in Fe

implanted and post-annealed ZnO(0001) single crystals.

This chapter has been published in following papers: (1) Appl. Phys. Lett., 91, 062107

(2007); (2) J. Appl. Phys. 103, 043901 (2008); and (3) J. Phys. D: Appl. Phys. 41, 105011

(2008).

6.1 Experiments

The formation of secondary phases in ZnO single crystals implant-doped with Fe can

be avoided by annealing the crystals prior to implantation. Moreover, weak ferromagnetic

properties are introduced that are not related to ordinary superparamagnetic nanoparticles.

The following sample set has been prepared from hydrothermal, commercial epi-polished

ZnO(0001) substrates purchased from Crystec:

1. "non pre" - non pre-annealed, i.e. as-polished

2. "O2 pre"- annealed in flowing O2 at 1273 K for 15 min

3. "vac. pre" - Annealed in high vacuum (base pressure < 1×10−6 mbar) at 1273 K for 15

min

O2-annealing at high temperatures is known to reduce lattice damage in the near sur-

face region of ZnO [143, 144]. Treatment 3, i.e. vacuum annealing, was chosen due to the

formation of free charge carriers from point defects. Such defects are expected to open a

path for indirect ferromagnetic coupling of the dispersed TM ions via s-d coupling as has

been reported earlier [23, 54]. Please note that mild vacuum annealing around 873 K usu-

ally introduces both O-vacancies and Zn-interstitials. Under high temperature annealing,

however, defects like Zn vacancies or Zn interstitials are not stable, i.e. the defects are dom-

inated by oxygen vacancies after such treatment. Following a recent paper [145], the latter
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do not mediate FM while the former two do. Thus, our approach, besides the suppression

of secondary phases, would give a confirmation of such different effects of various kinds of

defects. For further processing our samples were subjected to 57Fe ion implantation. The

implantation energy was 80 keV at an incident angle of 7◦ yielding a projected range of

38 nm and a straggling of 17 nm (TRIM [95]). The implanted Fe-fluence of 2×1016 cm−2

yielded a maximum atomic concentration of 5 %. In order to avoid magnetic secondary

phases already in the as-implanted samples, a low implantation temperature of 253 K was

used [71]. Post-implantation annealing for lattice recovery was performed in high vacuum

at a temperature of 823 K for 15 minutes. For that purpose, the samples were mounted at a

Mo holder of high purity that was cleaned by heating cycles at 1073 K for 2 h. The heater

below the holder was manufactured purely from tungsten isolated by Al2O3 ceramics. The

base pressure was below 1×10−6 mbar. The particular parameters for the post-annealing

have been chosen to avoid long-range diffusion and oxidation of the implanted Fe as have

been observed earlier for higher annealing temperatures [102]. For a detailed analysis we

applied different techniques.

• X-ray diffraction (XRD) using a Siemens D 5005 diffractometer

• Rutherford backscattering/channeling (RBS/C)

• Atomic force microscopy (AFM)

• Conversion electron Mößbauer spectroscopy (CEMS) at room temperature

• X-ray absorption spectroscopy (XAS) performed at beamline 8.0.1 of the Advanced

Light Source (ALS) in Berkeley

• SQUID-magnetometry.

6.2 Results and discussion

Structural analysis was performed by means of RBS/C, AFM, and XRD, respectively.

RBS/C revealed no significant change of the crystallinity after pre-annealing. In contrast,

AFM (not shown) reveals pronounced changes of the crystal surface morphology. After O2

pre-annealing the root mean square surface roughness (Rq) of the ZnO sample slightly in-

creases from 0.23 nm to 0.27 nm and regularily oriented steps appear. The latter is an indica-

tion for surface recrystallization [144]. Vacuum pre-annealing, in contrast, yielded a surface

roughness of 23 nm. While after implantation a slight increase of Rq is detectable, post-

annealing does not change Rq significantly for any of the samples. Thus, our post-annealing

treatment appears to be mild enough in order to not substantially change the condition of

the ZnO crystals while simultaneously producing partial recovery of the introduced lattice

damage. The latter statement is supported by RBS/C for both the pre-annealed and non

pre-annealed crystals: Fig. 6.1(a) shows a decrease of the minimum channeling yield (χmin)
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Figure 6.1: (a) Channeling RBS-spectra for the as-implanted and post-annealed ZnO single crystals.
Pre-implantation annealing is indicated. (b) Exemplary random spectra for the non pre-annealed
crystal for different post-annealing (y-shifted for better visibility). Although Fe has a smaller nuclear
mass than Zn, it is visible in the random spectra as a bump. Please note that mild annealing at 823
K does not shift the Fe profile, annealing at 1023 K, however, does. The spectra have been shifted in
y-direction for better clarity.

with post-annealing. The drop is largest for the non pre-annealed crystal and smallest for

the vacuum pre-annealed sample. The lowest χmin is achieved for the O2 pre-annealed crys-

tal. χmin directly reflects the crystalline homogeneity, i.e. while an amorphous sample shows

a min of 100 %, a perfect single crystalline sample exhibits 1-2 %. Diffusion of the implanted

Fe due to the post-annealing could be ruled out by means of RBS/C random spectra (Fig.

6.1(b)). Bumps originating from the implanted Fe are visible in all samples that allow us to

investigate the potential diffusion of the Fe inside ZnO. Upon post-annealing at 823 K these

bumps do not shift, i.e. Fe is not segregating over larger distances. In order to check the

potential formation of secondary phases, XRD of the implanted and post-annealed samples

has been performed. The presence of secondary phases has only been observed for the non

pre-annealed and post-annealed crystal (not shown), i.e. α-Fe nanoparticles of 7 nm mean

diameter, as calculated using the Scherrer formula [105].

In order to further prove that metallic nanoparticle formation has been avoided by our

pre-annealing, element specific spectroscopy was applied in order to determine the charge

states of the implanted Fe. We performed CEMS and XAS, respectively. While CEMS is more

bulk sensitive, XAS recording the total electron yield (TEY) is rather sensitive to the surface

region. The combination of both methods thus leads to a complete picture of the charge

states of the implanted Fe. Moreover, CEMS allows simultaneous detection of electronic

and magnetic properties at the implanted Fe. The CEM spectra of the as-implanted samples
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Figure 6.2: CEM spectra of the Fe implanted and post-annealed ZnO single crystals. (a) CEM spec-
trum of non pre-annealed sample. A pronounced magnetic hyperfine field distribution is visible.
The main peak in the magnetic distribution (inset) corresponds to the known value for α-Fe. The
ratio between Fe0 and Fe3+ is 48%:52%. (b) and (c) CEM spectra of the pre-annealed samples. The
ratio between the valence states is indicated.
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(not shown) look similar exhibiting mixed Fe2+ and Fe3+ valence states. No magnetic sextet

was detected for any of the samples. Thus, they are comparable to the ones from earlier

work [71, 134]. Fig. 6.2 shows CEM spectra for all the post-annealed samples. Only the

non pre-annealed one shows a magnetic hyperfine field with an isomer shift equal to that of

α-Fe. The value of the magnetic hyperfine field is distributed over a wide range so that it can

be assumed that a large part of the Fe ions also does not contribute to the full magnetic bulk

moment. In contrast, no indication for metallic Fe exists in the spectra of the pre-annealed

samples. They show similar hyperfine parameters dominated by a Fe3+ doublet. Please

note that after post-annealing Fe2+ states are only present for the pre-annealed crystals but

not for the non pre-annealed ones. The XAS measurements of the post-annealed samples

yield similar results (Fig. 6.3), i.e. ionic 2+ and 3+ valence states in all of the crystals with

a contribution from metallic Fe solely in the non pre-annealed sample. Also for the O2 pre-

annealed sample we find a good coincidence between the Mößbauer and XAS data. I.e., from

the multiplet structure of the corresponding Fe L2,3 XAS (third spectrum from the top in Fig.

6.3) one can conclude that Fe3+ ions are dominating in this sample, whereas the presence of

some Fe2+ ions can not be excluded. We find quite good agreement with the Fe L2,3 XAS

of Fe3O4 comprising 66.7% Fe3+ and 33.3% of Fe2+ ions. On the other hand we find some

differences in detail in case of the vacuum pre-annealed crystal. The bulk sensitive CEMS

suggests a very similar valence state as for the O2 pre-annealed sample, dominated by Fe3+

ions. The more surface sensitive XAS also suggests a mixed valence state, however involving

some more Fe2+ than Fe3+ states. The XAS of the O2 pre-annealed sample is very similar

to that of a Sr2FeMoO6 sample which has been found to have a mixed iron valence state

involving around 65% Fe2+ ions and 35% Fe3+ ions . This discrepancy could be explained by

different spatial distributions of the charge states for the different pre-annealing conditions.

From the above mentioned analysis we conclude that nanoparticle formation is suppressed

by either pre-annealing method. The mechanism of the suppression is not yet completely

clear. One possibility is the removal of such kinds of defects which can act as nucleation

centers, e.g. open volume defects [134], due to the pre-annealing.

Pronounced ferromagnetic properties were found only for the non pre-annealed crystal

after post-annealing (Fig. 6.4(a)). Magnetization reversal and zero field cooled / field cooled

temperature dependence (ZFC-FC) recorded at 50 Oe show typical behavior of superparam-

agnetic nanoparticles with size distribution. The non pre-annealed and the O2 pre-annealed

crystals do not show magnetic ordering for the as-implanted state (not shown). In con-

trast, after post-annealing a weak separation between ZFC and FC curve up to 70 K can

be observed for the O2 pre-annealed crystal and up to a temperature above 250 K for the

vacuum pre-annealed crystal (Fig. 6.4 (b-c)). Please note the pecularity that weak ferro-

magnetic properties occur already after implantation for the vacuum pre-annealed crystal

(Fig. 6.4(d)). The saturation magnetization extracted from hysteresis loops recorded at 5

K is below 0.025 µB per implanted Fe ion. The magnetic moment per implanted Fe ion is
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Figure 6.3: Fe L2,3 XAS of the non pre-annealed sample (top) and the two pre-annealed samples (3rd
and 5th from the top) after implantation and post-annealing. Several measurements on reference
compounds, namely Fe metal, Fe2O3, Fe3O4, and Sr2FeMoO6 are also shown for comparison (see
Refs. [146, 147]). Please note that only the non-pre annealed sample shows pronounced contributions
from metallic Fe.

about 20 times smaller as compared to the as-purchased crystal after post-annealing. The

shape of the ZFC-FC curve indicates ferromagnetic regions with rather inhomogeneous Fe

content as can be expected from the low temperature implantation. Post-annealing, how-

ever smoothes the ZFC-FC curve. The origin of the observed ferromagnetic properties is

rather speculative at this point. First, due to the very low saturation magnetization, we

conclude that a large amount of defects created by high temperature annealing, likely oxy-

gen vacancies, do not lead to pronounced ferromagnetic coupling of the implanted Fe ions.

Second, it is rather likely that implantation or implantation plus mild post annealing cre-

ates such defects, which ferromagnetically couple at least a small part of the implanted Fe

ions. It is noteworthy that possible sources for ferromagnetic properties other than ordinary

superparamagnetic nanoparticles or DMS are reported in the literature for similar systems.

Among them are exotic, i.e. low-dimensional secondary phases [148] or purely defect in-

duced magnetic moments [149]. Thus, further effort has to be applied in order to really

clarify the origin of the ferromagnetism in TM doped ZnO.

In order to directly clarify, whether Fe is chemically involved in the magnetic properties,

we applied XMCD measurements to sample Fe(10%):ZnO within max. 2 weeks after the

SQUID magnetometry. Figs. 6.5 shows the corresponding XMCD spectra recorded at 20

K. Apparently, no evidence for ferromagnetic order assigned to the implanted Fe could be

detected. The slight difference (b) does likely not originate from an XMCD effect as was
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Figure 6.4: ZFC-FC magnetization vs. time measurements and magnetic hysteresis loops (insets) for
all the Fe implanted and post-annealed ZnO single crystals (a-c). For the insets the diamagnetic back-
ground was subtracted. (a) non pre-annealed sample exhibiting -Fe nanoparticles (b)-(c) O2- and vac.
pre-annealed crystals after post-annealing. (d) As-implanted vac. pre-annealed crystal (for compar-
ison). The latter 3 show a weak separation in the ZFC-FC and very low saturation moment in the
hysteresis loops as compared to (a). For (c) and (d) the thermomagnetic irreversibility temperature
is above 250-300 K.
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Figure 6.5: (a) Sum, (b) difference, and (c) asymmetry of the magnetic field dependent total elec-
tron yield (TEY) induced by application of circularly polarized soft X-rays to the surface of sample
Fe(10%):ZnO. The magnetic field was switched between +2 kOe and -2 kOe for every datapoint. The
X-ray incindence angle was 60◦ to the sample surface normal.

found by recording the spectrum at opposite photon helicity (not shown). It most likely

originates from non-symmetric effects described by E. Goering et al. for TEY-measurements

in applied magnetic fields [150].

6.3 Conclusion

In summary we demonstrated that pre-annealing of commercial ZnO(0001) single crys-

tals in both, flowing O2 or vacuum suppresses metallic secondary phase formation after Fe

implantation and mild post-annealing in contrast to the non pre-annealed crystals. Weak fer-

romagnetic properties are induced in the vacuum and O2 pre-annealed crystals. Also, in our

previous publication [71], a weak ferromagnetic response has been detected in the sample

implanted with low Fe fluence at low implantation temperature (253 K), These properties

cannot be associated with ordinary superparamagnetic nanoparticles. By XMCD measure-

ment, we have not found any evidence for the chemical involvement of Fe in the magnetic

properties. Therefore, all these weak ferromagnetic response in ZnO could be purely defects

related. Moreover, this finding is in consistent with the presentations in 52th Magnetism and

Magnetic Materials conference (Nov. 2007, Tampa, Florida) by M. J. Coey and by S. Cham-

bers.

This pre-annealing approach has also been checked in Ni implanted ZnO. The formation

of metallic Ni nanoclusters is also sufficiently suppressed.
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Chapter 7

Transition metal implanted Si and

TiO2

In the study of transition metal implanted ZnO, the correlation between structural and

magnetic properties has been established, therefore the origin of the observed ferromag-

netism is clarified. The same approach was used to investigate other semiconductors, namely

Si and TiO2, implanted with transition metal. The magnetic precipitates and their thermal

stability have been clarified. In this chapter, a brief description of the study of Mn-implanted

Si and TM-implanted TiO2 (TM=Fe, Co, Ni) will be given, while the details have been re-

ported in Refs. [151, 152]

This chapter has been published in following papers: (1) Phys. Rev. B, 75, 085203 (2007);

and (2) J. Appl. Phys. 103, 083907 (2008).

7.1 Mn-implanted Si

7.1.1 Introduction

Comparing with compound semiconductors, Si-based DMS would be preferable due to

the availability of high quality Si in large sizes at relatively low costs. More importantly,

the fabrication of Si-based DMS is compatible with the mature microelectronics technique.

Very recently, Bolduc et al. [153] have reported room temperature ferromagnetism of Mn-ion

implanted Si. The ferromagnetic coupling was believed to be carrier-mediated. However,

the high-resolution structural characterization of the investigated Si:Mn systems was rather

limited. Generally Mn silicides are easily formed. E.g. if Mn is deposited on Si, an epitaxial

MnSi is formed [154]. Also transition metal (i.e. Co and Ni) implantation into Si can easily

lead to silicides [155]. Therefore a careful characterization of the Mn doped Si samples has

to be carried out in order to clarify the origin of the ferromagnetism, i.e. the formation of

nanoparticles or a DMS system. For this purpose, RBS/channeling, transmission electron

microscopy (TEM) and synchrotron radiation x-ray diffraction (SR-XRD) are used to clarify
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Figure 7.1: TEM-overview images show the implantation induced damage and nano-sized precipi-
tates after RTA: (a) 1×1015, (b) 1×1016 and (c) 5×1016 cm−2. The nano-sized precipitates are visible
as spot-like contrast, and they are growing with increasing fluence. The arrow marks the direction
towards the sample surface.

the possible origin of the ferromagnetism in Mn-implanted Si.

7.1.2 Experiments

The Mn-implanted Si samples were prepared from commercially available, Czochralski

grown single-crystal Si(001) wafers, which were p-type doped with a B concentration of

1.2×1019 cm−3. Mn+ ions were implanted at an energy of 300 keV with fluences of 1×1015,

1×1016 and 5×1016 cm−2 (later referred as 1E15, 1E16 and 5E16, respectively), which corre-

sponds to Mn peak concentrations of 0.08, 0.8 and 4 at %, respectively. After implantation,

rapid thermal annealing (RTA) was performed at a temperature of 800◦C for 5 min in a

forming gas of N2.

7.1.3 Results and discussion

Figure 7.1 shows typical TEM-overview images at lower magnification of samples after

RTA treatment. Nano-sized precipitates are unambiguously found in all annealed samples

with different fluence. They exhibit mean diameters of 5 nm for a fluence of 1E15, 10 nm

for 1E16, and 20 nm for 5E16. In addition, grazing incidence X-ray diffraction (GIXRD)

was performed in order to confirm the formation of Mn-silicide. Figure 7.2 shows GIXRD

patterns of all samples. The diffraction peaks at around 42◦ and 46.3◦ cannot be attributed

to the Si substrate, but to MnSi1.7. For the highest fluence sample (5E16), nanoparticles were

observed already in the as-implanted state, and they grew from around 5 nm to 15 nm in

grain size after annealing. MnSi1.7 was also found for a fluence of 1E16 after annealing,

while there is no indication of any crystalline nanoparticles in the lowest fluence sample

(1E15) even after annealing.

Figure 7.3 shows the magnetization versus field curves (M-H loops) recorded at 10 K. The

sample 1E16 RTA shows a clear hysteretic behavior with a saturation of 0.21 µB/Mn and a

coercivity of 275±25 Oe. In contrast, both samples of 5E16 Asimp and 5E16 RTA show very

weak hysteretic behaviors. All other samples (1E16 Asimp, 1E15 Asimp. and 1E15 RTA) did
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Figure 7.2: XRD grazing incidence scans of all investigated samples implanted with Mn. In some
samples two peaks arise, which can be attributed to Mn-silicide nanoparticles (MnSi1.7).

Figure 7.3: M-H hysteresis loops for Mn-implanted Si samples. Only the sample of 1E16 RTA exhibits
a clear hysteretic behavior. Inset: ZFC (open circle) and FC (solid line) magnetization curves reveal a
typical characteristic of a magnetic nanoparticle system for the sample 1E16 RTA.
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not show any detectable magnetism (not shown here). In Ref. [156], single crystalline Mn4Si7
(MnSi1.75) were reported to exhibit weak itinerant magnetism with an ordering temperature

of 47 K and with a very low saturation moment of 0.012 µB/Mn. For the nanoparticles em-

bedded in Si, i.e. with different surface/volume ratio and undergoing different pressure, the

magnetism can be much different from bulk crystals. During intense investigations on MnSi

(a weak itinerant magnetic material), the ordering temperature has been found to strongly

depend on lattice strain, induced, e.g., by hydrostatic pressure or by the lattice mismatch

with substrate [157, 158, 159, 160]. Considering the different grain size of MnSi1.7 in our

sample, i.e. different stress provided by the surrounding lattice, we could explain the de-

pendence of the magnetization on the Mn fluence and post-implantation annealing as fol-

lowing. Those MnSi1.7 nanoparticles in the sample (1E16 RTA) have a particular medium

grain size, i.e. particular lattice deformation or strain, therefore a higher ordering tempera-

ture and even a much higher moment (0.21 µB/Mn) than the bulk crystal (0.012 µB/Mn). In

contrast, the bigger nanoparticles in the sample 5E16 RTA are more bulk-like and have very

weak ferromagnetism. Those smaller MnSi1.7 nanoparticles in other samples (5E16 Asimp.

and 1E15 RTA) could be in a rather worse crystalline quality or different strain status, and

therefore only show weak or non-detectable ferromagnetism. However an unambiguous

reason for the anomalous dependence of the magnetization on the particle size is not yet

known.

7.1.4 Conclusion

By investigating Mn-ion implanted Si, the observed ferromagnetism is attributed to MnSi1.7

nanoparticles. The magnetization is maximized at a certain medium grain size of MnSi1.7

nanoparticles, which could result in a particular strain status, consequently a stronger fer-

romagnetic coupling.

7.2 TM-implanted TiO2 (TM=Fe, Co, Ni)

TiO2 is an alternative wide-bandgap semiconductor promising for DMS formation. The

bandgap is 3.0 eV for rutile TiO2 (3.2 eV for anatase) [161]. Transition metal doped rutile and

anatase TiO2 have been reported to be ferromagnetic above room temperature by various

groups [162, 163, 164, 165, 166, 167]. For a comprehensive review, see Ref. [14], in which the

controversial attribution of the observed ferromagnetism has been discussed. A correlation

between structural and magnetic properties obviously helps to clarify this question.

Figure 7.4 shows the phase transformation of precipitates in TiO2 upon TM implantation

and post annealing.

(1) Fe implanted TiO2: crystalline bcc-Fe and ilmenite FeTiO3 are detected in the as-

implanted state already. The annealing at 823 K does not enhance the formation of FeTiO3,

but yields more Fe NCs with smaller crystallite size. During annealing at 923 K, both phases
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Figure 7.4: SR-XRD symmetric 2θ/θ scans reveal the crystalline precipitates in TiO2 implanted with
(a) Fe (α-Fe and FeTiO3 form); (b) Co (hcp- and fcc-Co form) and (c) Ni (fcc-Ni forms). Annealing
temperatures are indicated.
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are growing in grain size, while the amount (peak area) of FeTiO3 is drastically increased.

After 1073 K annealing, FeTiO3 is the predominant precipitate at the cost of metallic Fe.

(2) Co implanted TiO2: Hcp-Co forms in the as-implanted state already, and increases

after annealing at 823 K. After annealing at 923 K, fcc-Co starts to form, and becomes the

predominant secondary phase during annealing at 1073 K. Note that the disappearance of

the hcp-Co(1012) peak.

(3) Ni implanted TiO2: Fcc-Ni is the only secondary phase, and is growing with increas-

ing annealing temperature.

The most noticeable difference between different TM nanocrystals in TiO2 is the oxidation

of Fe after annealing, while metallic Co and Ni nanocrystals are stable up to 1073 K. After

annealing at 1073 K, the average crystallite sizes of Co and Ni nanocrystals are above 15

nm. The samples are ferromagnetic above room temperature. The detailed structural and

magnetic properties will be reported in Ref. [152].
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Chapter 8

Conclusions and future trends

In this thesis, detailed investigations of the structure and the magnetic properties of tran-

sition metal (TM) implanted semiconductors, (i) as-purchased ZnO single crystals (ii) pre-

annealed ZnO and (iii) Si and TiO2, have been presented. Various experimental techniques,

such as XRD, RBS/channeling, SQUID magnetometry and Mössbauer spectroscopy, have

been employed to study the above systems. In an overview, the achievements in this thesis

can be summerized as follows: (1) clarify the origin of the ferromagnetism in TM implanted

ZnO, TiO2 and Si, (2) figure out the difficulty to detect nanocrystals embedded inside semi-

conductors, and (3) find an approach to suppress the formation of secondary phases. Based

on these findings, a suggestion for future work is given.

This chapter has been presented in 52 international magnetism and magnetic materials

conference as an oral talk, and was published in J. Appl. Phys. 103, 07D530 (2008).

8.1 Formation of magnetic secondary phases

Fe, Co, Ni and ZnFe2O4 nanocrystals have been formed inside ZnO upon implantation or

after post-annealing. They are responsible for the observed ferromagnetism. For Fe implan-

tation, different implantation fluences and temperatures and post-implantation annealing

temperatures have been chosen in order to evaluate the structural and magnetic properties

over a wide range of parameters. Three different regimes with respect to the Fe concentra-

tion and the process temperature are found: 1) Disperse Fe2+ and Fe3+ at low Fe concen-

trations and low processing temperatures, 2) FeZn2O4 at very high processing temperatures

and 3) an intermediate regime with a co-existence of metallic Fe (Fe0) and ionic Fe (Fe2+ and

Fe3+). Ferromagnetism is only observed in the latter two cases. The ionic Fe in the last case

could contribute to a carrier mediated coupling. However, their separation is too large to

couple ferromagnetically due to the lack of p-type carrier.

Concerning their orientation with respect to ZnO host matrix, Fe nanocrystals are differ-

ent from Co, Ni and FeZn2O4. Co, Ni and FeZn2O4 nanocrystals are crystallographically

oriented inside ZnO, while Fe is not. This is due to their crystalline symmetry. Hexagonal



90 Chapter 8. Conclusions and future trends

(a) (b) (c)

Figure 8.1: Schematic orientation of nanocrystalline precipitates with respect to the substrate.

ZnO(0001) is sixfold symmetric. Fcc- Co, Ni, and FeZn2O4 are also sixfold symmetric when

they are viewed along [111] direction.

For Co NCs, the orientation relationship is hcp-Co(0001)[1010]‖ZnO(0001)[1010]. The

samples show magnetic anisotropy, and the easy axis is along hcp-Co[0001], the same as

the bulk Co. After annealing at 923 K, fcc-Co is the predominant phase over hcp-Co. The

magnetic anisotropy is changed to in-plane. For Ni NCs, the orientation relationship is

Ni(111)[112]‖ZnO(0001)[1010]. The magnetic anisotropy is also observed, however, the easy

axis is along Ni[112], which is different from bulk Ni. The structure and magnetic proper-

ties are not significantly changed due to the annealing at 823 K. After annealing at 923 K,

both Ni and Co-implanted samples exhibit much different magnetic properties with respect

to the anisotropy, blocking temperatures and magnetization. The strain induced magnetic

anisotropy, and the formation of antiferromagnetic oxides (CoO, and NiO) have been dis-

cussed.

8.2 Detecting crystalline secondary phases

The orientation between nanocrystals and substrates has three categories as shown in

Figure 8.1. Figure 8.1(a) shows the case of crystallographical orientation, such as Ni and

Co in ZnO, with one diffraction plane with large structure factor parallel with the sample

surface. In the case of mis-oriented (e.g. Co in TiO2), the precipitates are also crystallograph-

ically oriented inside substrates, however, the diffraction planes with large structure factors

are not parallel with sample surface. The last case is random orientation. Obviously, in a

2θ-θ scan, the most often used method in phase identification by XRD, crystalline precipi-

tates are easy to be detected in the first case since all precipitates contribute the diffraction

intensity, but rather difficult in the last two cases.

8.3 Suppression of secondary phases

An approach, i.e. pre-annealing of ZnO substrates, has been established to avoid the for-

mation of secondary phase,. α-Fe nanoparticles are formed in as-purchased ZnO crystals af-

ter implantation and post-annealing. In contrast, the same implantation and post-annealing

leads the single phase formation in ZnO substrates, which are pre-annealed at high temper-

ature (1273 K) in O2 or in high vacuum. The saturation magnetization in the pre-annealed
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ZnO single crystals is about 20 times lower than for the as-purchased ones and assigned to

indirect coupling between isolated Fe ions rather than to clusters.

8.4 Suggestion on future work

8.4.1 Granular magnetic semiconductors

In this thesis, it has been shown that magnetic nanocrystals form inside semiconductors

upon transition metal implantation. A straightforward question would be whether granular

magnetic semiconductors (GMS) has any potential in spintronics application, which requires

the interaction between ferromagnetic inclusions and free carriers in semiconductors.

Actually such coupling has been observed between TM metal thin films separated by

a nonmagnetic metal layer. Depending on the thickness of the layers the magnetic films

couple ferromagnetically or antiferromagnetically [90]. The coupling mechanism, i.e. RKKY

interaction, leads to an oscillating polarization of the charge carriers.

An interaction between nanoparticles and free carriers in the host semiconductors, is also

expected. For instance, anomalous Hall effect, and giant magnetoresistance have been ob-

served in the GMS systems of MnAs precipitates embedded inside GaAs matrix [63, 67],

Fe nanoclusters inside ZnS [91], Co nanoclusters inside TiO2 [82], and GeMn nanocolumns

in Ge [92]. Therefore one would expect that ferromagnetic clusters can actually be used to

tailor desirable spintronic functionality [93]. In this thesis, the magnetic and structural prop-

erties of ferromagnetic nanocrystals inside ZnO have been carefully correlated. To measure

the magneto-transport properties of ferromagnetic nanocrystals inside ZnO would be a task

for future work.

8.4.2 Anomalous magnetism induced by defects

Traditional concept on magnetism is related to the spins of unpaired electrons. In this

thesis (chapter 6), a weak ferromagnetic response has been detected in pre-annealed virgin

ZnO. Such kind of anomalous magnetism has also been observed in Carbon [168], HfO2

[169], epitaxial thin films of oxides [170], nanoparticles of oxides [171], and Si [172], and has

been attributed to defects, i.e. the interface or the surface. This defect-induced magnetism is

usually temperature independent and high anisotropic. The saturation magnetization (per

atom at the interface or on the surface) is very large and decays quickly with time. This

direction would be an interesting topic in the point of view of fundamental physics.
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