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ABSTRACT 

 

The performance of existing metal-based spintronic devices is limited primarily 

by two factors: low polarization of the ferromagnetic materials used to build the 

devices and inability to control charge motion in metals. The former can be resolved 

by using suitable half metals and the latter can be overcome if room temperature 

diluted magnetic semiconductors exist. This work has attempted to grow and 

characterize two types of potential materials for future spintronic devices: Fe3O4 and 

Ge1-xMnx. The former is a kind of half metal, while the latter a Ge-based diluted 

magnetic semiconductor.  

The work on Fe3O4 was focused on the understanding of electrical transport 

mechanism across antiphase boundaries through processing the thin film into 

nanowires and then studying their transport properties. Prior to this work, intensive 

studies have been carried out on the preparation and characterization of Fe3O4 thin 

films and their application in spin valves and magnetic tunnel junctions. However, the 

magnetoresistance ratio of Fe3O4-based spintronic devices was significantly lower than 

the value which one would expect if the Fe3O4 thin films employed were fully 

polarized half metals. Through detailed dynamic conductance measurements, we were 

able to reveal that the poor performance of Fe3O4-based spintronic devices obtained so 

far was mainly caused by the low average polarization due to the existence of 

randomly distributed antiphase boundaries. We further revealed that the electrical 

transport mechanism across the antiphase boundaries was dominated by tunnelling, 
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through detailed studies on nanowires samples. A model was proposed to account for 

the experimental results. 

The work on Ge1-xMnx was focused on understanding of the origin of 

ferromagnetism in this material system. Prior to this work, near or above room 

temperature ferromagnetism in Ge1-xMnx has been reported by several groups. 

However, the mechanism of ferromagnetic ordering is still controversial. In this study, 

amorphous Ge1-xMnx thin films with or without secondary phases, granular thin films, 

and δ-doped amorphous thin films have been fabricated and characterized.  

The amorphous samples were found to consist of a low-temperature highly 

ordered spin-glass-like phase and a high-temperature cluster dopant phase. The 

magnetization of the low-temperature phase was found to be coupled 

antiferromagnetically with that of the high-temperature phase, leading to the 

appearance of a negative thermal remanent magnetization. Detailed magnetic and 

electrical transport measurements revealed that the low-temperature highly ordered 

spin-glass-like phase consists of both spin-glass-like phase and ferromagnetically 

ordered regions. The amorphous samples also exhibited a negative magnetoresistance 

and an anomalous Hall effect at low temperatures.  

The samples grown at 300 oC were found to consist of amorphous Ge1-xMnx, Ge 

crystallites, and high TC secondary phases. These samples were ferromagnetic near or 

above room temperature and exhibited a positive MR effect. There was no anomalous 

Hall effect observed in these samples. Electrical transport across the interface between 

high TC secondary phases and the host semiconductor matrix was studied in 

Ge0.88Mn0.12 nanowires with different diameters. Although the existence of a Schottky 

barrier at the nanoparticle / host matrix interfaces and carrier localization at low 
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temperatures were observed, the transport across the interfaces was of spin-

independent nature.   

In the δ-doped amorphous Ge1-xMnx thin films, it was found that the spacing 

between magnetic impurities had a strong effect on the magnetic properties. The 

electrical transport properties and ordering temperature (T*
C) were found to be closely 

related to both the Mn concentration and the ratio of Ge and Mn layer thicknesses.  

In spite of the large structural differences, one common result observed for these 

materials was that the T*
C values were very close to those reported for epitaxially 

grown samples. This suggested that the so-called Curie temperature reported in 

literature was not an indicator of global ordering but rather the ordering temperature of 

magnetic clusters in the Ge1-xMnx system.   

Some preliminary results were also obtained for a spin valve with amorphous 

Ge0.67Mn0.33 as one of the electrodes. Typical spin-valve-like M-H curves were 

obtained in this structure.  

 



List of tables 

xi 

 

LIST OF TABLES 

 

Table  1.1 Some half-metallic materials and their properties 8 

Table  1.2 The list of some milestones in the DMSs research 12 

Table  2.1 Various preparation methods for Fe3O4 thin films 30 

Table  2.2 Device application of Fe3O4 thin films 31 

Table  3.1 Literature review about the research work on Ge:Mn 60 

Table  3.2 Details of the samples under study in this chapter 64 

Table  4.1 The parameters of the samples studied in this chapter 114

Table  5.1 Growth conditions and parameters of the δ-doped amorphous 

Ge:Mn samples  

149

 



List of figures 

xii 

 

LIST OF FIGURES 

 

FIG. 1.1  Schematic representation of spin-polarized transport from a 

ferromagnetic metal, through a nonmagnetic metal, into the 

second ferromagnetic metal. [After G. A. Prinz, 1998, Ref. 3] 

 3 

FIG. 1.2 Schematic illustration of the density of states at the Fermi level 

for different kinds of half metals. [After J. M. D. Coey, 2004, 

Ref. 23] 

 9 

FIG. 1.3 Computed values of the Curie temperature TC for various p-

type semiconductors containing 5% of Mn and 3.5×1020 holes 

per cm3. [After T. Dietl, 2000, Ref. 57] 

 12 

FIG. 1.4 Classification of DMSs materials.  13 

FIG. 1.5 Illustration of the mechanism of the carrier-induced 

ferromagnetism in diluted magnetic semiconductors. [After A. 

H. Macdonald, 2005, Ref. 75] 

 15 

FIG. 1.6 Interaction of two bound magnetic polarons. The polarons are 

shown with gray circles. Small and large arrows show 

impurity and hole spins, respectively. [After S. D. Sarma, 

2002, Ref. 76] 

 15 

    

FIG. 2.1 1/4 Fe3O4 unit cell of inverse spinal structure. A and B sites 

are tetrahedral and octahedral position, respectively. [Ref. 1] 

 28 

FIG. 2.2 Schematic representation of the formation of antiphase 

boundaries of a Fe3O4 film on MgO (100) substrate. [After F. 

C. Voogt, 1998, Ref. 40]  

 33 

FIG. 2.3 Schematic illustration to show the electrical transport 

difference between (a) a thin film and (b) a nanowire, where 

 33 



List of figures 

xiii 

the solid black and red lines denote the antiphase boundaries 

and current direction, respectively.  

FIG. 2.4 Schematic diagram of EW-5 MBE system.  34 

FIG. 2.5 Schematic illustration of the fabrication process of Fe3O4 

nanowires. 

 36 

FIG. 2.6 FIB images of Fe3O4 nanoconstrictions with a width of (a) 150 

nm and (b) 80 nm, and a length of 1 µm. 

 36 

FIG. 2.7 XRD pattern of Fe3O4 thin films. Inset: the rocking curve of 

(222) peak. 

 37 

FIG. 2.8 (a) Plane-view dark-field high resolution TEM image of Fe3O4 

thin films. The black lines are antiphase boundaries; (b) 

magnified APBs as indicated by the arrow. 

 38 

FIG. 2.9 ZFC and FC curves of Fe3O4 thin films with an applied 

magnetic filed of 100 Oe. The direction of the magnetic field 

is along the sample plane. 

 39 

FIG. 2.10 M-H curves of Fe3O4 thin films at different temperatures.  40 

FIG. 2.11 Temperature-dependent coercivity ( cH ) and remanence ( rM ) 

of Fe3O4 thin films. 

 40 

FIG. 2.12 Parallel and perpendicular M-H loops at 300 K of Fe3O4 thin 

films. 

 41 

FIG. 2.13 Normalized R-T curves for both a thin film and a nanowire. 

The inset shows the dependence of resistance on 4/1−T  for 

both a thin film and a nanowire. 

 42 

FIG. 2.14 Normalized MR curves for both thin films and nanowires at 

300 K (Nanowire_P: field parallel to the wire axis; 

Nanowire_V: field perpendicular to the nanowire axis. 

 43 

FIG. 2.15 MR ratios of the original nanowire and nanoconstriction. 1: 

original nanowire with a diameter of 300 nm; 2: nanowire after 

first FIB etching with a nanoconstriction of 150 nm; 3: 

nanowire after second FIB etching with a nanoconstriction of 

 44 



List of figures 

xiv 

80 nm. 

FIG. 2.16 Dependence of 0/ RRH  at various temperatures of a Fe3O4 

nanowire. 

 45 

FIG. 2.17 Temperature-dependent MR ratios of a nanowire at different 

applied magnetic fields. 

 46 

FIG. 2.18 Bias dependence of differential conductance for a nanowire at 

130 K with applied magnetic fields of 0 and 5 T, respectively. 

Solid curve: fitted data according to the Simmons equation. 

Solid circles: experimental data at zero field; open circles: 

experimental data at 5 T. 

 47 

FIG. 2.19 Bias dependence of G´ at 130 K.  48 

FIG. 2.20 Normalized dynamic conductance-voltage curves of Fe3O4 

thin films at different temperatures. Inset: the normalized 

conductance-voltage curve at 60 K 

 49 

FIG. 2.21 Bias dependence of MR for a nanowire at 110, 120, and 130 

K. Inset: comparison of bias dependence of MR for the thin 

film (solid circles) and nanowire (open circles) at 110 K. 

 50 

FIG. 2.22 MR ratio curve at 130 K fitted to a V2 dependence.  51 

FIG. 2.23 A simple model to explain the experimental results: (a) spin 

distribution at different situations, (b) spatial profile of 

tunnelling barrier. 

 52 

    

FIG. 3.1 Schematic illustration of the process flowchart for a Hall bar 

fabrication. The arrow in (i) indicates the current direction. 

 64 

FIG. 3.2 HRTEM image for sample A4.  65 

FIG. 3.3 Raman spectra of samples A1, A2, A3, A4, A6 and bulk Ge. 

The dotted lines indicate the peak positions of amorphous Ge 

and GaAs substrate at the position of 275, 267 and 292 cm-1, 

Ge nanocrystal and bulk Ge at the position of around 298 and 

301.5 cm-1, respectively. 

 66 



List of figures 

xv 

FIG. 3.4 AFM image for sample A4.  67 

FIG. 3.5 Normalized M-H curves at 5 K for the samples under study.  68 

FIG. 3.6 Temperature dependence of coercivity for sample A5. Insets: 

M-H curves at 10 (above) and 70 K (below). 

 69 

FIG. 3.7 Normalized in-plane and out-of-plane M-H loops measured at 

5 K for sample A5. 

 69 

FIG. 3.8 Temperature-dependent magnetization curves for the samples 

under study with an applied magnetic field of 20 Oe (200 Oe 

for A1). (a) Sample A1, (b) sample A2, (c) sample A3, (d) 

sample A4, (e) sample A5, and (f) sample A6. The inset in (f) 

shows the FC curve at the temperature range from 150 to 300 

K. 

 71 

FIG. 3.9 ZFC, FC and TRM curves for sample A5. (a) ZFC curve 

(cooled at zero field, measured at 20 Oe); (b) FC curve (cooled 

and measured at 20 Oe); (c) TRM (cooled and measured at 

zero field); (d) TRM (cooled at 20 Oe from 300 to 5 K, 

measured at zero field); (e) TRM (cooled at 20 Oe from 300 to 

31 K and at zero field from 31 to 5 K, measured at zero field); 

(f) TRM (cooled at 100 Oe from 300 to 5 K, measured at zero 

field); (g) TRM (cooled at 1000 Oe from 300 to 5 K, measured 

at zero field); (h) TRM (cooled at 5000 Oe from 300 to 5 K, 

measured at zero field). 

 73 

FIG. 3.10 ZFC and FC curves for sample A5 with different fitting fields 

of 1000 and -2000 Oe before measurements. 

 74 

FIG. 3.11 (a) ZFC and FC curves at different magnetic fields for sample 

A4; (b) the ordering temperature T*
C as a function of the 

applied magnetic field in sample A4. 

 76 

FIG. 3.12 Normalized M-T curves for amorphous samples A1, A2, A3, 

A4, and A6 at a magnetic field of 2 T.   

 78 

FIG. 3.13 (a) Simulation results of normalized M-T curves with different  79 



List of figures 

xvi 

µ  values ( 1.0=σ  nm and 5.0=H T); (b) simulation results 

of normalized M-T curves at different applied magnetic fields 

( 3=µ   nm and 1.0=σ   nm). 

FIG. 3.14 TRM relaxation curves for sample A4 at different 

temperatures. 

 81 

FIG. 3.15 Temperature dependence of (a) real part (χ´) and (b) imaginary 

part (χ˝) of the ac susceptibility for sample A4 at different 

frequencies ranging from 1 to 500 Hz.  The inset in (a) shows 

the central part of the frequency-dependent shift in χ´. 

 83 

FIG. 3.16 Temperature dependence of (a) real part (χ´) and (b) imaginary 

part (χ˝) of the ac susceptibility for sample A4 at different dc 

fields and a frequency of 10 Hz. 

 84 

FIG. 3.17 Temperature dependence of the real part (χ´) of the ac 

susceptibility with a dc field of 4 Oe at different frequencies 

(the black lines) for sample A6. The imaginary part (χ˝) at a 

frequency of 10 Hz is also shown in the figure (open circle). 

 85 

FIG. 3.18 Temperature dependence of both (a) real part (χ´) and (b) 

imaginary part (χ˝) of the ac susceptibility at different dc fields 

and a frequency of 10 Hz for sample A6. 

 86 

FIG. 3.19 Schematic illustration for interpreting the origin of negative 

TRM. The spins of the magnetic clusters are shown with gray 

circles. The small arrows indicate the spins in the amorphous 

Ge1-xMnx matrix. 

 89 

FIG. 3.20 FC curves with a magnetic field of 20 Oe for different H2 

plasma annealing time for sample A5. 

 90 

FIG. 3.21 ZFC (open circles) and FC (solid circles) curves at different 

magnetic fields for sample A5 after 4 hours H2 plasma 

annealing at 160 oC. 

 91 

FIG. 3.22 M-H curves at 20, 30 and 70 K for sample A5 after 4 hours H2 

plasma annealing.  

 93 



List of figures 

xvii 

FIG. 3.23 R-T curves of the samples under study. (a) Sample A2, (b) 

sample A3, (c) sample A4, (d) sample A6. 

 94 

FIG. 3.24 Dynamic conductance-voltage curves at different temperatures 

for the samples under study. (a) Sample A2, (b) sample A3, (c) 

sample A4, (d) sample A6. 

 96 

FIG. 3.25 Temperature-dependent G´ curves for different samples. The 

critical point (T´
C) is defined as the cross point of the slopes at 

high- and low-temperature regions. (a) Sample A2, (b) sample 

A3, (c) sample A4, (d) sample A6. 

 96 

FIG. 3.26 (a) MR curves of sample A4 at different temperatures; (b) MR 

ratio as a function of temperature for sample A4; (c) MR 

curves for samples A2, A3, A4, and A6 at 4.2 K.  

 98 

FIG. 3.27 (a) Hall effect for sample A4 at different temperatures; (b) 

coercivity as a function of temperature for sample A4; (c) 

normalized temperature dependence of anomalous Hall 

resistance for samples A4 and A6; (d) Hall resistance as a 

function of temperature at different magnetic fields for sample 

A6. 

 99 

FIG. 3.28 Comparison of anomalous Hall resistance at different 

temperatures for samples A4 and A6. 

 101

FIG. 3.29 Carrier densities at different temperatures for samples A4 and 

A6. 

 103

    

FIG. 4.1 Cross-sectional TEM images of sample Mn24.8%. (a) Dark-

field TEM micrograph of this film. The bright spots enclosed 

by white dotted lines are Ge crystallites. The dark areas are the 

amorphous Ge1-xMnx matrix; (b) HRTEM image of one bight 

area in (a). The regions enclosed by white dotted lines show 

Ge crystallites with (111) orientation; (c) electron diffraction 

pattern taken from one of the bright spots in the dark-field 

image. The rings are indexed as 111, 220, and 311 orientations 

 115



List of figures 

xviii 

of Ge crystallites. The strong and bright spots are from GaAs 

(100) substrate. 

FIG. 4.2 Raman spectrum of the samples studied in this chapter. The 

arrow points to the lower Mn doping concentrations. The 

dotted lines indicate the peak position of Ge nanocrystal at the 

position of around 298 cm-1 

 116

FIG. 4.3 (a)-(f) AFM images of the samples with different Mn 

concentrations. 

 117

FIG. 4.4 The relation between the surface roughness (Ra) and Mn 

concentrations. 

 118

FIG. 4.5 (a) and (b) normalized M-T curves of the samples with 

different Mn concentrations. The ferromagnetic to 

antiferromagnetic transition point for Mn11Ge8 phase is 

indicated by the arrow in (a). 

 119

FIG. 4.6 ZFC and FC curves for sample Mn12% at different applied 

magnetic fields. 

 121

FIG. 4.7  ZFC, FC, ZFC-FC, and TRM curves for sample Mn12% at an 

applied magnetic field of 100 Oe. 

 122

FIG. 4.8 M-H curves for sample Mn12% at different temperatures.  122

FIG. 4.9 M-T curves for samples Mn28.1%, Mn24.8%, and Mn1.5% at 

an applied magnetic field of 2 T. 

 123

FIG. 4.10 R-T curves for the selected samples with different Mn 

concentrations. (a) Sample Mn1.5%, (b) sample Mn12%, (c) 

sample Mn24.8%, and (d) sample Mn28.1%. 

 124

FIG. 4.11 Dynamic conductance-voltage curves at different temperatures 

for the samples under study. (a) Sample Mn1.5%, (b) sample 

Mn24.8%, (c) sample Mn28.1%. 

 126

FIG. 4.12 Temperature-dependent 'G curves for different samples. (a) 

Sample Mn1.5%, (b) sample Mn24.1%, and (c) sample 

Mn28.1%. 

 126



List of figures 

xix 

FIG. 4.13 MR curves for sample Mn24.8% at different temperatures.  128

FIG. 4.14 MR ratios for samples Mn1.5%, Mn24.8%, and Mn28.1% at 

different temperatures. 

 128

FIG. 4.15 Normalized log-scale R-T curves of the thin film, nanowires 

with diameters of 5, 1, and 0.1 µm of sample Mn12%. 

 130

FIG. 4.16 Dynamic conductance-voltage curves for 5 µm nanowire at 

different temperature ranges: (a) 5 to 80 K; (b) 80 to 300 K; 

(c) 300 to 400 K. 

 132

FIG. 4.17 Dynamic conductance-voltage curves for 1 µm nanowire at 

different temperature ranges: (a) 5 to 145 K; (b) 145 to 305 K; 

(c) 315 to 395 K. 

 133

FIG. 4.18 Dynamic conductance-voltage curves for 0.1 µm nanowire at 

different temperature ranges: (a) 5 to 105 K; (b) 105 to 285 K; 

(c) 305 to 400 K. 

 135

FIG. 4.19 Schematic illustration of the granular structure.  136

FIG. 4.20 Bright-field cross-sectional TEM image of the Ge0.76Mn0.24 

thin film. The arrow points to a granule with a diameter of ~ 5 

nm. 

 137

FIG. 4.21 ZFC and FC curves measured at an applied magnetic field of 

100 Oe at the temperature range from 5 to 320 K for the 

granular Ge0.74Mn0.26 thin film. 

 138

FIG. 4.22 M-H curves measured at 20, 150 and 280 K for the granular 

Ge0.74Mn0.26 thin film. 

 138

FIG. 4.23 Normalized M-H curves at 20 K for the Ge0.74Mn0.26 granular 

sample (solid circles), amorphous Ge0.58Mn0.42 sample A5 

(open circles), and amorphous Ge0.58Mn0.42 sample A5 after 4 

hours H2 plasma annealing (solid triangles). 

 139

FIG. 4.24 R-T curve of the granular Ge0.74Mn0.26 thin film at the 

temperature range from 5 to 300 K. Inset: the plot of Rlog  

versus  1−T  . 

 140



List of figures 

xx 

FIG. 4.25 (a) Dynamic conductance-voltage curves at different 

temperatures for the granular Ge0.74Mn0.26 thin film; (b) 

enlarged portion near the zero-bias region below 100 K. 

 141

    

FIG. 5.1 Schematic illustration of the δ-doped thin film structure.  148

FIG. 5.2 (a) Raman spectra of group B samples. The dotted lines in the 

figure indicate the peak positions of amorphous Ge, GaAs 

substrate, and Ge crystalline phase at the positions of 275, 292 

and 299 cm-1, respectively. (b) HRTEM image for sample B1. 

 150

FIG. 5.3 The relationship between the Mn layer thickness and the 

electrical conductivity for different groups of samples studied 

in this chapter.  

 151

FIG. 5.4 Normalized log-scaled R-T curves for group B samples.   152

FIG. 5.5 (a) ZFC and FC curves for samples B1 to B5 at an applied 

magnetic field of 20 Oe at the temperature range from 5 to 200 

K. (b) Normalized ZFC and FC curves for samples B2 to B5. 

 154

FIG. 5.6 (a) ZFC and FC curves for group A samples at the temperature 

range from 5 to 200 K at a magnetic field of 20 Oe. Inset: ZFC 

and FC curves for samples A1 and A2; (b) ZFC and FC curves 

for group C samples at the temperature range from 5 to 200 K 

at a magnetic field of 20 Oe. 

 155

FIG. 5.7 (a) M-H curves for group B samples at 5 K with a maximum 

magnetic field of 5000 Oe. (b) Coercivity as a function of 

temperature for group B samples. 

 157

FIG. 5.8 Real and imaginary parts of the ac susceptibility for sample 

B5. 

 159

FIG. 5.9 TRM curves with a cooling magnetic field of 200 Oe for group 

B samples. 

 160

FIG. 5.10 Ordering temperatures (T*
C) versus Mn layer thickness for 

different groups of samples. 

 161



List of figures 

xxi 

FIG. 6.1 Schematic illustration for a spin-valve structure. The arrows in 

the “pinned layer” and “free layer” point to the magnetization 

direction [After Y. H. Wu, Ref. 14].   

 166

FIG. 6.2 Schematic illustration of (a) M-H and (b) MR curves for a 

typical spin-valve structure. Hex: exchange-bias field; Hin: 

interlayer coupling field between the pinned and free layers; 

( )21
FL
c

FL
c HH − : coercivity of free layer; ( )21

PL
c

PL
c HH − : 

coercivity of the pinned layer. The bold red and blue arrows 

points to the magnetization orientation of the pinned layer and 

free layer, respectively. [After  Y. H. Wu, Ref. 14] 

 167

FIG. 6.3 Schematic illustration of the fabricated spin-valve structure 

discussed in this chapter. The arrows point to the 

magnetization orientation.  

 168

FIG. 6.4 M-H curves at 20, 50, and 100 K for the spin valve with the 

structure of Ge0.67Mn0.33 (30 nm)/Cu (2.4 nm)/NiFe (3 

nm)/IrMn (8 nm). The solid and dashed lines present the 

magnetization orientations of NiFe and Ge0.67Mn0.33 layers, 

respectively.  

 169

FIG. 6.5 R-T curves for the spin-valve structure of Ge0.67Mn0.33 (30 

nm)/Cu (2.4 nm/NiFe (3 nm)/IrMn (8 nm) at the applied 

magnetic fields of 100 Oe (solid circles) and -100 Oe (open 

circles). The solid and dashed lines present the magnetization 

orientations of NiFe and Ge0.67Mn0.33 layers, respectively. 
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FIG. 6.6 ∆R ratio as a function of the temperature for the spin-valve 

structure of Ge0.67Mn0.33 (30 nm)/Cu (2.4 nm)/NiFe (3 

nm)/IrMn (8 nm). The inset is the FC curve of the amorphous 

Ge0.67Mn0.33 thin film at an applied magnetic field of 100 Oe.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE SURVEY 

 

1.1 Background 

It is well known that an electron has charge, spin, and orbits. Nowadays 

information processing and communication are mainly based on charge-based Si 

devices such as diodes and transistors, in which the spin degree of freedom of electrons 

has been neglected. Moore’s law predicated that the number of transistors on a chip 

would double roughly every 18 months. [1] According to the international roadmap for 

semiconductors, the minimum feature size will reach 40 nm in 2010; [2] In addition to 

the size effect, theoretical analyses suggest that thermal dissipation will probably be the 

ultimate limiter of CMOS scaling and new types of devices based on different operating 

principles will be required. Among many of the possible candidates, the idea of using 

spin in electronics, i.e., spintronics, has attracted great attention. [3,4]  

Spintronics involves the study of active control and manipulation of spin degree of 

freedom in materials and devices. [5] As in this case, the information is carried by both 

the spin and charge degree of freedoms of an electron, it offers opportunities for a new 

generation of devices combining standard microelectronics with spin-dependent effects. 

Adding the spin degree of freedom to conventional semiconductor charge-based 

electronics or using the spin degree of freedom alone will add substantially more 

capability and performance to electronic products, which has the advantages such as 

nonvolatility, increased data processing speed, decreased electric power consumption, 
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and increased integration densities. [4] In comparison with the existing charge-based 

microelectronics technology, the ability to control and manipulate the dynamics of both 

charges and spins by external electric, magnetic or optical fields is expected to lead to 

novel spintronic devices. Spintronics is a very broad field including all types of 

electronics that make use of both charges and spins. In general, it can be classified into 

three subgroups: (1) Nanomagnetism, (2) GMR-based electronics or magnetoelectronics 

and (3) semiconductor-based spintronics. As nanomagnetism is out of the scope of this 

thesis, we only provide an overview for magnetoelectronics and semiconductor-based 

spintronics in this chapter.  

 

1.2 Magnetoelectronics  

1.2.1. GMR effect and spin-polarized transport 

The era of spin electronics began almost exactly from 1988 with the discovery of 

giant magnetoresistance (GMR) effect by Fert et al. [6] and Grünberg et al. [7]. GMR 

effect was observed in artificial multilayer structures composed of alternate 

ferromagnetic (FM) metal and nonmagnetic (NM) metal layers. The resistivity change 

is strongly influenced by the relative orientation of the magnetization between the 

magnetic layers. In GMR multilayers, it was found that FM - NM interfacial scattering 

played a crucial role in determining the MR ratio. [8] Interfacial scattering is dependent 

on the bandstructure of FM and NM metals at the Fermi level. If the bandstructure 

between FM and NM matches one of the spin states, a lower resistance can be obtained; 

otherwise, a higher resistance will be obtained [see Fig. 1.1]. In principle, the GMR 

effect is a structural instead of a material property. The GMR effect can be understood 

with the two-current model proposed by Mott, [9] where the conduction is considered as 
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the sum of two independent and unequal current channels for spin-up and spin-down 

electrons. In other words, the current is spin-polarized.  

 

 

 

FIG. 1.1 Schematic representation of spin-polarized transport from a ferromagnetic 
metal, through a nonmagnetic metal, into the second ferromagnetic metal. [After G. A. 
Prinz, 1998, Ref. 3] 

 

Spin-polarized transport will appear in the materials for which there is an imbalance 

of the spin population for the spin-up and spin-down electrons at the Fermi level. In the 

normal metal, there is no imbalance of the spin polarization at the Fermi level, i. e., 

equal numbers for spin-up and spin-down electrons at the Fermi level. Thus, spin-

polarized transport is not expected for them. However, in ferromagnetic metals such as 

Fe, Co, Ni and their alloys, the imbalance appears. Although the density of states of the 

spin-up and spin-down electrons are often identical, the states are shifted in energy with 

respected to each other. The shift leads to an unequal filling of the bands, which is the 

origin of the net magnetic moment, but it can also cause the spin-up and spin-down 

carriers at the Fermi level to be unequal in number, character, and mobility. [3] A net 

spin polarization is produced due to the inequality in charge transport for different spins. 

The spin-polarization ratio ( P ) is defined as 
↓↑

↓↑

+
−

=
NN
NN

P  to show the spin asymmetry 

Low 
resistance 

High 
resistance 
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at the Fermi level, where )(↓↑N  is the number of the carriers that are in spin-up or spin-

down states.  

Although very large resistance changes can be obtained in the GMR multilayer 

structures, they are not suitable for practical device applications. A very high magnetic 

field (2 T for (Fe30 Å/Cr 9 Å)60 structure [6]) has to be applied to achieve the MR effect 

as the two ferromagnetic layers are magnetically decoupled. The sensor in the spintronic 

devices requires having a response to a small applied magnetic field. To meet the 

requirement, several GMR-based devices, including spin valves and magnetic 

tunnelling junctions (MTJs) have been invented and already been applied to commercial 

products. In the following sections of 1.2.2 and 1.2.3, we will have a brief review about 

spin valves and MTJs.   

 

1.2.2. Spin valves  

In 1991, Parkin et al. [10] invented the spin valve, a GMR-based device, where two 

ferromagnetic layers are separated by a thin nonmagnetic metal such as Cu or Ru. One 

of the two magnetic layers is pinned by an antiferromagnetic (AFM) layer, which means 

that the magnetization in this layer is relatively insensitive to moderate magnetic fields. 

Therefore, this layer is called “pinned layer”. The other magnetic layer is named as the 

“free layer”. When applying a relative small magnetic field, the magnetization direction 

in the “free layer” can be changed easily. Thus, the change in the relative magnetization 

direction in the two magnetic layers leads to a resistance change. Dependent on the 

current direction, spin-valves are classified as CIP (current in the plane) and CPP 

(current perpendicular to the plane). In comparison with CIP spin valves, CPP spin 

valves are more promising for future device application.  
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Bass and Pratt [11] obtained the following equation in the case where the spin 

diffusion length was much larger than the layer thickness for CPP spin valves, which 

included both the interface and bulk spin-dependent scattering:  

AP
NFFMFM

R
ARdM

RA
2222 )]1/(2)1/([ γγβρβ −+−

=∆ −          (1.1)  

)1/(2)1/(
)]1/(2)1/([

22

222

γγβρρ
γγβρβ
−+−+

−+−
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−

−
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NFFMFM

ARdd
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where dFM  and  dN  are the thicknesses of the ferromagnetic and non-magnetic layers. 

The bulk spin asymmetry coefficient (β ) and interface spin asymmetry coefficient (γ ) 

are defined as: 
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We can simplify the equation by neglecting the interface scattering,  
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ρ
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2

2

2 )(
1

,            (1.4) 

 

Thus, we can find two methods to improve the sensitivity of CPP spin valves: (1) 

increasing number of layers and get a higher M; (2) increasing value ofβ . For the ideal 

case, we can get 1=β , which means that only spin-up or spin-down electrons are 

scattered at the Fermi level.   

 

1.2.3  Magnetic tunnelling junctions 

Another type of magnetoelectronic device is magnetic tunnelling junctions, where 

the two ferromagnetic layers are separated by an ultrathin insulating material such as 
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aluminium oxide (Al2O3) or magnesium oxide (MgO) instead of nonmagnetic metals in 

the spin valves. [12,13] With the switching of magnetization of the two magnetic layers 

between parallel and antiparallel states, the differences in the tunnelling resistance of 

the junction are produced and thus the MR effect could be achieved. The electrical 

conduction in MTJs is based on the spin-dependent tunnelling effect, different from the 

spin-dependent scattering effect in spin valves. Recently, giant tunnelling 

magnetoresistance (TMR) of > 350% at room temperature and 575% at 4.2 K were 

achieved by Parkin et al. with MgO (100) barriers. [14]  

The tunnelling conductance in MTJs can be calculated using the transfer 

Hamiltonian approach and the following results can be obtained (15): 

)()()()()0( 2121 FFFF ENENENENG ↓↓↑↑↑↑ +∝ ,     (1.5) 

for the parallel case and    

)()()()()0( 2121 FFFF ENENENENG ↑↓↓↑↑↓ +∝ ,         (1.6) 

for the antiparallel case. Here, )(1 FEN ↑  ( )(1 FEN ↓ ) and )(2 FEN ↑  ( )(2 FEN ↓ ) are the 

density of states at the Fermi level of the majority (minority) electrons of the two 

electrodes. The junction magnetoresistance (JMR) is given by 

21

21

1
2

)0(/1
)0(/1)0(/1

PP
PP

G
GGJMR

+
=

−
=

↑↓
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,        (1.7) 

Here  )]()(/)]()([ 11111 FFFF ENENENENP ↓↑↓↑ +−= ,      (1.8) 

)]()(/)]()([ 22222 FFFF ENENENENP ↓↑↓↑ +−= ,       (1.9) 

This model was proposed by Jullière in 1975. [16] According to equation 1.7, we 

can obtain the maximum JMR ratio of 100% when 121 == PP . This means that only one 

kind of spin state exists at the Fermi level. Note that, in addition to JMR, TMR is often 

used in literature, which is defined as 
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It is apparent that TMR is larger than JMR and approaches infinity when 121 == PP .  

 

1.2.4 Half-metallic materials and classification  

 The simple theoretical analysis above suggests that ferromagnetic materials with 

high spin polarization are crucial to achieve a higher MR ratio in the spintronic devices. 

Traditional 3d ferromagnets such as Fe, Co, Ni and their alloys have a spin polarization 

of P  of only 40% to 50%. Thus, it is necessary to find higher spin-polarized conducting 

ferromagnetic materials, in ideal case with 100% spin polarization, for which only one 

spin channel is available at the Fermi surface and all the currents must be carried by 

these majority spins. This kind of materials is called half metals.  

 The term of half metal was proposed by de Groot et al. on the basis of electronic 

structure calculations for the Heusler alloy NiMnSb. [17] Only several ferromagnets can 

satisfy the criterion of half metallicity and their properties are summarized in Table 1.1. 

In fact, it is difficult to find direct experimental evidence for half metallicity because all 

the common experimental methods for measuring spin polarization, including 

photoemission, [18] point-contact magnetoresistance, [19] tunnelling magnetoresistance, 

[20] Andreev Reflection [21] or tunnelling in a planar superconducting junction (Tedrov-

Meservey experiment) [22] are encountered by some degree of experimental difficulty 

and uncertainty. In general, electronic structure calculation is the best method to identify 

the half metallicity. [23]  
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Table 1.1 Some half-metallic materials and their properties 
 

 

There are five kinds of half metals dependent on the electron states of the spin-up 

and spin-down electrons at the Fermi level, which is summarized as follows: 

(1) Only spin-up electrons exist at the Fermi level as shown in Fig. 1.2(a). 

CrO2, (Co1-xFex)S2 and half-heusler alloy NiMnSb are some of the 

materials fall under this category.  

(2) Only spin-down electrons exist at the Fermi level as shown in Fig. 1.2(b). 

Those half metals include Sr2FeMnO6 and the heusler alloy NiMnV2. 

(3) Only localized electrons exist at the Fermi level as shown in Fig. 1.2(c). 

As the spin-down electrons are in the localized state, the electron 

transport is dominant by the thermal assisted hopping. Fe3O4 (magnetite) 

belongs to this kind of half metals.  

(4) Both spin-up and spin-down electrons exist at the Fermi level, but only 

one spin population is localized and the other is delocalized as shown in 

Materials ↑ electrons ↓ electrons TC (K) N↑-N↓ P (%) Reference

CrO2 3d-t2g(Cr) - 396 2 85-100 24-27 

Sr2FeMoO6  5d-t2g(Mo) 421 4 >85 28,29 

(La0.7Sr0.3) 

MnO3 3d-eg (Mn) 3d-t2g (Mn) 280-380 3.7 72-95 30-35 

Fe3O4 - 3d-t2g(Fe) 860 4 39-85 36-39 

Tl2Mn2O7 Mn (t2g) Tl (6s) 120 6 66 40,41 

(Co1-xFex) S2 Co (eg) - 100 -  42 

NiMnSb - Ni (eg) 730 4 58 22,43 

Mn2VAl Mn (t2g) - 760 2  44 

Co2MnSi - - 985 - 54 45,46 

Co2MnGe - - 905 - - 47 
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Fig. 1.2(d). The current is carried overwhelmingly by electron of a single 

spin polarization. An example is the manganites (La0.7A0.3)MnO3 with 

A=Ca, Sr,…..  

(5) Both spin-up and spin-down electrons exist at the Fermi level, but with 

different effective masses as shown in Fig. 1.2(e). Tl2Mn2O7 is so far the 

only material which satisfies the criterion, for which the holes are 

localized and have a larger effective mass than that of electrons. 

 

(a) (b) (c)

(d) (e)

(a) (b) (c)

(d) (e)

(a) (b) (c)

(d) (e)

 

FIG. 1.2 Schematic illustration of the density of states at the Fermi level for different 
kinds of half metals. [After J. M. D. Coey, 2004, Ref. 23] 

 

A prerequisite to use half metals for practical devices is to have TC in excess of 

500 K. [23] Fe3O4 is one of the half metals to meet this requirement, for which TC is ~ 

860 K. Intensive studies have been done on the fabrication and integrating it into GMR-

based spintronic devices. However, the MR ratios in Fe3O4-based GMR devices were 

still low, for which the existence of antiphase boundaries may be one of possible 
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reasons. In this thesis, epitaxially-grown Fe3O4 thin films and nanowires were fabricated 

and the effect of antiphase boundaries on the electrical transport properties was studied 

to explore the possible reasons for the low MR ratios.  

 

1.3 Semiconductor-based spintronics 

1.3.1 Diluted magnetic semiconductors 

Although GMR-based spintronic devices have made great progress recently, the 

lack of the ability in charge control limits their further application. At the same time, the 

semiconductors used for devices and integrated circuits do not contain the magnetic 

ions and are nonmagnetic. Very high magnetic fields have to be applied in order to 

create a useful difference in energy between the spin-up and spin-down electrons. If we 

can combine the properties of ferromagnetism and semiconductors, some novel 

magneto-optical and magneto-electrical devices, which can easily be integrated with 

current semiconductor technology, can be developed. However, difference in crystal 

structure and chemical bonding make this goal very difficult to be realized. [48, 49] By 

introducing magnetic elements into nonmagnetic semiconductor matrixes to make them 

magnetic, a new kind of materials named diluted magnetic semiconductors (DMSs) has 

been obtained. [50] After successful epitaxial growth of uniform (In, Mn)As films on 

GaAs substrates in 1989 [51] with partial ferromagnetic order, and ferromagnetic (Ga, 

Mn)As in 1996 [52] by Ohno group, numerous papers have been published in this 

research field from both in experiment and theory. Since magnetic properties in DMSs 

are a function of carrier concentration in the materials, it is possible to have the 

electrically or optically controlled magnetism through field-gating of transistor or 

optical excitation to alter the carrier density. Recently, several breakthroughs have been 

achieved based on InMnAs and GaMnAs, including electrical-field controlled 



Chapter 1 Introduction and literature survey 

11 

magnetization, [53] spin injection using GaAsMn, [54] current-induced domain-wall 

switching, [55] and optical control of magnetization in InMnAs [56].  

 

1.3.2 Classification of diluted magnetic semiconductors 

Although great breakthroughs discussed above have been achieved in InMnAs and 

GaMnAs, their low Curie temperatures limit their practical application into spintronic 

devices. A theoretical predication by Dietl et al. [57] demonstrated that the Curie 

temperature can be increased above room temperature in some p-type semiconductor-

based DMSs [see Fig. 1.3].  Owing to the recent intensive studies, new DMSs with near 

or above room temperature ferromagnetism have been discovered such as Mn-doped 

GdGeP2, [58] zinc-blende-CrAs, [59] TiCoO2, [ 60] ZnCoO, [61] and ZnNiO [62]. 

Table 1.2 lists some milestones in DMSs research.   

Figure 1.4 shows different types of DMSs. After the pioneering work on III-V 

group DMSs, other kinds of DMSs have been fabricated by different groups, which 

include II-VI, IV-VI, IV, oxides based and others. Some examples of different groups 

are also shown in Fig. 1.4. DMSs materials should be far more than those listed in this 

figure. Most of the 3d transition metals and 4f rare earth metals can be doped into the 

different semiconductor matrixes, leading to the ferromagnetic behaviour. DMSs with 

co-doping of different magnetic impurities, such as Ge:(Mn, Co) [63] and (Mn0.03, 

Co0.07)Zn0.90O [64], have also been studied.  
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FIG. 1.3 Computed values of the Curie temperature TC for various p-type 
semiconductors containing 5% of Mn and 3.5x1020 holes per cm3. [After T. Dietl, 2000, 
Ref. 57] 
 
 

 
Table 1.2 The list of some milestones in the DMSs research 

 
 

Materials Year TC  (K) Reference 

InAs: Mn 1989 35 51 

GaAs: Mn 1996 110 52 

CaB6: la 1999 600 65 

TiO2: Co 2001 400 60 

ZnO: Co 2001 Above 300 61 

CrAs and CrSb 2001 Above 300 66 

GaN: Mn 2001 940 67 

Ge: Mn 2002 116 68 

(Ga, Mn)P: C 2002 270 K 69 

ZnTe: Cr 2003 300 ± 10 70 

SnO2: Co 2003 650 71 

Cu2O: (Co, Al) 2003 > 300 72 

HfO2 2004 > 500 73, 74 
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FIG. 1.4 Classification of DMSs materials. 
 

Recently, special attention both in experiment and theory has been given to 

group-IV Ge1-xMnx diluted magnetic semiconductor due to its compatibility with 

mainstream Si-based electronics. So far, near or above room temperature 

ferromagnetism in Ge1-xMnx has been reported by several groups after the initial report 

of ferromagnetism in Ge1-xMnx [68]. However, various magnetic properties in Ge1-xMnx 

were obtained dependent on preparation methods. The mechanism of the ferromagnetic 

ordering in Ge1-xMnx system still remained controversial. In this thesis, amorphous Ge1-

xMnx thin films, thin films of coexistence of amorphous Ge1-xMnx, Ge crystallites, and 

high TC secondary phase, granular Ge0.74Mn0.26 thin film, and δ-doped amorphous Ge1-

xMnx thin films have been fabricated and characterized to explore the origin of 

ferromagnetism in Ge1-xMnx system and possible application into spintronic devices.  

 

Diluted Magnetic Semiconductors 

III-V II-VI IV-VI IV Oxides

GaMnAs 
InMnAs 
GaMnP 
GaMnN 
… 

PbMnTe 
PbSnMnTe 
… 

GeMn 
SiMnC 
… 

ZnO: Mn 
ZnO: Co 
TiO2: Co 
SnO2: Co 
HfO2: Co 
Cu2O: Co 
… 

ZnMnSe 
ZnCrTe 
ZnCrSe 
CdMnTe 
CdMnSe 
… 

Others 

CdGeMnP2 
ZnGeMnP2 
ZnSnMnAs 

… 
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1.3.3 Ferromagnetism origin in diluted magnetic semiconductors  

The origin of ferromagnetism in DMSs has been described by two main theoretical 

models. The first is based on mean-field theory with the assumption that DMSs are 

more-or-less random alloys. The second suggests that the magnetic atoms form small 

clusters or bound magnetic polarons (BMPs) that produce the observed ferromagnetism.  

Figure 1.5 shows the schematic illustration of the mechanism of the carrier-

mediated ferromagnetism. [75] When Mn substitutes Ga in the GaAs lattice, it acts as 

an acceptor, providing holes that mediate a ferromagnetic interaction between the local 

moments in the Mn atoms. Here the Mn atoms provide both the carriers and magnetic 

moments. At least 2% Mn atoms are necessary to provide a sufficiently high hole 

density. [75] The spin-spin coupling is assumed to be a long-range interaction, which 

allows the use of a mean-field approximation. As the direct interaction between Mn 

atoms is antiferromagnetic, the Curie temperature is a result of competition between the 

ferromagnetic and antiferromagnetic interactions. For most (II, Mn)VI semiconductors, 

subtitutional Mn impurities have 2+ valence states. The interaction between these 

moments is weak, and spin-orientations are random [see Fig. 1.5(a)]. In (III, Mn) V 

semiconductors, the Mn2+ ions can be as acceptors which localized a valence band hole 

[see Fig. 1.5(b)]. The valence-band spins tend to spread out. If the density of the valence 

hole is high enough and they are sufficiently to spread out to the whole system, they can 

mediate the effective interactions between nearly all subtitutional Mn moments and 

ferromagnetism appears [see Fig. 1.5(c)].  

In the BMP model, the carrier concentration is assumed to be much less than the 

Mn density. The formation of BMPs results from the exchange interaction of localized 

holes with magnetic impurities. Thus, a BMP consists of a localized hole and some 

surrounding impurity spins [see Fig. 1.6]. The localized holes (large arrows) produce an  
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FIG. 1.5 Illustration of the mechanism of the carrier-induced ferromagnetism in diluted 
magnetic semiconductors. [After A. H. Macdonald, 2005, Ref. 75] 

 

effective field for the impurity spins (small arrows). The energy minimum and the field 

maximum are achieved in this system when the direction of impurity spins is parallel or 

antiparallel to the effective field. [ 76 ] Although the interaction between holes is 

antiferromagnetic, the interaction can be ferromagnetic when the concentration of the 

magnetic impurities is high enough. BMPs begin to form at a certain temperature and 

their diameter will increase with decreasing temperature and eventually spreads out the 

whole system at the Curie temperature to produce ferromagnetism.  

 

 

FIG. 1.6 Interaction of two bound magnetic polarons. The polarons are shown with gray 
circles. Small and large arrows show impurity and hole spins, respectively. [After S. D. 
Sarma, 2002, Ref. 76] 
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1.4 Objectives and motivation  

In this study, we focused on the fabrication and characterization of two kinds of 

spintronic materials: Fe3O4 and Ge1-xMnx. The former is a kind of half metal, while the 

latter is a type of DMS. Both of them have the potential for the application in the 

spintronic devices, and can be deposited in our two-chamber molecular beam epitaxy 

(MBE) system.  

Epitaxially-grown Fe3O4 thin films and nanowires based on the thin films were 

fabricated. Structure, magnetic, and electrical transport properties were characterized. 

The effect of antiphase boundaries on the electrical transport properties was studied in 

detail to explore the possible reasons of the low MR ratios obtained in Fe3O4-based 

GMR devices until now.  

Amorphous Ge1-xMnx thin films, thin films of coexistence of amorphous Ge1-

xMnx, Ge crystallites, and high TC secondary phases, granular Ge0.74Mn0.26 thin film, and 

δ-doped amorphous Ge1-xMnx thin films were fabricated. Structure, magnetic, and 

electrical transport properties were characterized. Our studies aimed to answer the 

following unsettled questions in the Ge1-xMnx system: (a) What is the true origin of 

ferromagnetism? (2) What determines the various characteristic temperatures? (3) What 

kinds of properties will one obtain if the Mn concentrations can be increased further 

without the formation of dominative precipitates? (4) What is the role of disorder and 

carrier localization? (5) What is the spin-dependent transport across the interface 

between high TC secondary phases and the host semiconductor matrix? (6) What is the 

effect of dimension on the spin-dependent transport? (7) How will the spacing between 

magnetic impurities affect the magnetic properties? (8) What is the possibility of 

applying it into practical spintronic devices?  
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1.5 Organization of this thesis 

The outline of the thesis is as following: 

 

Chapter 1: Introduction and literature survey 

Some background information about spintronics and spintronic devices were 

introduced. Half metals and DMSs as two kinds of promising material candidates were 

reviewed, including the classification of different types of materials, recent 

breakthroughs, and some basic theoretical models. Based on these backgrounds, we 

stated clearly the objective and motivation of this work, followed by the outline of this 

thesis.  

 

Chapter 2: Fabrication and characterization of Fe3O4 nanostructures 

Epitaxially-grown Fe3O4 thin films and nanowires based on thin films were 

fabricated. Structure, magnetic and electrical transport studies were performed with 

emphasis on the effect of antiphase boundaries on electrical transport properties. A 

model was proposed to explain the obtained experimental results.  

 

Chapter 3: Magnetic and electrical transport properties of amorphous Ge1-xMnx thin 

films 

Amorphous Ge1-xMnx thin films ( )42.0153.0 << x  were fabricated. Detailed 

studies on structural, magnetic and electrical properties were carried out. The 

amorphous system was found to be composed of two phases: the high-temperature 

“cluster dopant” and the low-temperature highly ordered spin-glass-like phases. The 
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antiferromagnetic coupling between the two phases was invoked to explain the observed 

magnetic and electrical transport properties. Although anomalous Hall effect was 

observed in these amorphous samples, it did not origin from the homogeneous DMS 

phase. 

 

Chapter 4: Magnetism and electrical transport properties of amorphous Ge1-xMnx thin 

films embedded with Ge crystallites and high TC secondary phases and granular thin 

film 

Amorphous Ge1-xMnx thin films embedded with Ge crystallites and high TC 

secondary phases ( %1.56%5.1 << x ) were fabricated. The magnetic properties were 

dominated by the secondary phases. Structural, magnetic and electrical transport 

properties of as-grown thin films were discussed. The thin film samples were further 

processed into nanowires with diameters of 5, 1, and 0.1 µm and their electrical 

transport properties were studied using the dynamic conductance technique. The work 

was also extended to the fabrication and characterization of a Ge0.74Mn0.26 granular thin 

film.  

 

Chapter 5: Magnetism and electrical transport of amorphous δ-doped Ge:Mn thin films 

Amorphous δ-doped Ge:Mn thin films with varying Ge and Mn layer thicknesses 

were fabricated. Structural, magnetic and electrical transport properties were discussed. 

It was found that the T*
C values were very similar in both epitaxial and amorphous films. 

This suggests that the so-called Curie temperature reported in literature was not an 

indicator of global ordering, but rather the ordering temperature of magnetic clusters in 

the Ge1-xMnx system.  
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Chapter 6: A spin valve with amorphous Ge0.67Mn0.33 thin film as one of electrodes 

 A spin valve with the structure of Ge0.67Mn0.33 (30 nm)/Cu (2.4 nm)/NiFe (3 

nm)/IrMn (8 nm) was fabricated. Typical spin-valve-like M-H curves was obtained with 

this structure.  

 

Chapter 7: Conclusions and recommendation for future work  

  Some suggestions for future work were given after summarizing the main results 

obtained in this work. 
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CHAPTER 2 

 FABRICATION AND CHARACTERIZATION OF 

Fe3O4 NANOSTRUCTURES 

 

2.1 Introduction 

Magnetite (Fe3O4), historically known as lodestone, is the first known magnetic 

material with a Curie temperature of 858 K. It has a well-known ferrimagnetic spinel 

structure, in which the moment of Fe3+ localized on tetrahedral sites are aligned 

antiparallelly to the moments of the equal mixture of Fe2+ and Fe3+ on octahedral sites 

[see Fig. 2.1]. [1] Thus, the net moment is 4.0 µB per formula unit. 

 

 

FIG. 2.1 1/4 Fe3O4 unit cell of inverse spinal structure. A and B sites are tetrahedral and 
octahedral position, respectively. [Ref. 1] 
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In 1939, Verwey discovered the metal-to-insulator transition at about 120 K in 

Fe3O4, where the resistivity increased sharply by two orders of magnitude. [2] This 

transition was named as Verwey transition. Verwey postulated that charge order-

disorder on the octahedral sites was the origin of this transition. However, the 

mechanism about Verwey transition remained controversial despite the intensive studies 

more than half a century. [3-8] 

Recently, Fe3O4 has received a renewed interest because band structure calculations 

indicate that it has a half-metallic or fully spin-polarized structure, [9,10] where the 

Fermi level lies in the ↓ t2g band of octahedral irons [see Fig. 1.2(c)]. [ 11 ] 

Experimentally, spin-polarization ( P ) value as high as 80% has been obtained in the 

photoemission measurements [12] and large magnetoresistance was also found in point 

contacts at room temperature from which the value of P as large as ~72% can be 

inferred. The half-metallic property makes Fe3O4 a promising material as electrode for 

the application in various spintronic devices, such as spin valves and MTJs.  

Various thin film growth techniques, including MBE, [13,14] sputtering, [15] ion 

beam deposition system, [16] evaporation, [17] and pulsed laser deposition (PLD), 

[18,19] have been employed to fabricate epitaxial and polycrystalline Fe3O4 thin films on 

a variety of substrates (Al2O3, MgO, Pt, Si, SrTiO3, etc.). Most of the epitaxial [20-22] 

and polycrystalline films [23, 24] exhibit a clear Verwey transition near 120 K and a 

large negative MR under a high magnetic field at room temperature. There are several 

Fe:O compounds besides Fe3O4 such as FeO, α-Fe2O3 and γ-Fe2O3. The existence of 

other Fe:O phases in Fe3O4 thin films will significantly impair half-metallic property. 

Therefore, it is necessary to optimize the preparation conditions to avoid the formation of 

other Fe:O phases. Electrical transport and magnetic properties measurements can 

provide direct evidences to tell if other phases exist in Fe3O4 thin films, which will be 
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discussed later. Table 2.1 summaries the various preparation methods for Fe3O4 thin 

films.  

 

Table 2.1 Various preparation methods for Fe3O4 thin films 

 

Methods Target P (O2) Ts (K) Substrate Film Quality Reference 

Fe 10-6 mbar - MgO (100) Epitaxy 13 
MBE 

Fe 10-5 Pa 523  α-AL2O3 (0001)
MgO (100) Epitaxy 25 

Fe3O4 10-6 Torr 573  MgO (100) Epitaxy 26 

Fe3O4 
2.5x10-3 

mbar 603  
Si (001) with 

TiN/MgO buffer 
layer 

Epitaxy 27 

α-Fe2O3 - - Si Polycrystal 28 

PLD 

α-Fe2O3 1x10-5 Torr 843  α-Al2O3 (0001) 
SrTiO3 

Epitaxy 20 

Fe3O4 
and 

Fe2O3 
- - Si (001) and 

glass Polycrystal 29 

Fe3O4 - 573  MgO (100) 
Epitaxy but 

with γ-Fe2O3 
Phase 

30 
Sputtering 

 

Fe - 273  Glass and 
Kapton Polycrystal 15 

Polarized 
neutron 

reflectivity 
Fe - - Pt (111) Epitaxy 31 

UHV Ion 
Beam 

deposition 
system 

 3x10-4 Torr 623 MgO (110) Epitaxy 16 

 

Although Fe3O4 is theoretically regarded as an ideal material for use in the spintronic 

devices, the results of integrating Fe3O4 into spin valves and MTJs have not tallied with 

the expectation. A MR ratio of only 0.04% at room temperature was obtained in the CPP 

spin valve with the structure of Au (10 nm) /Ni80Fe20 (NiFe) (5 nm) /Au (5 nm)/ Fe3O4 

(d nm)/Au (100 nm) on MgO (100) substrate. [32] A lower MR ratio of 0.16% at 90 K 

was observed in the spin valve of Fe3O4/Au/Fe3O4 and Fe3O4/Au/Fe on MgO  (001) 
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Table 2.2 Device application of Fe3O4 thin films 

 

Methods Structure Substrate Results Reference

Rf-sputtering 
Au (10nm) / Ni80Fe20 (NiFe) 

(5nm) / Au (5nm)/ Fe3O4 
(dnm)/Au (100nm) 

MgO (100) MR (%)=-0.04% at RT, 
∆RA=1.5 mΩ µm2 32 

Dc-sputtering Fe3O4/Au/Fe3O4 and 
Fe3O4/Au/Fe MgO(100) MR=-0.16% at 90 K 33 

MBE Fe3O4 / MgO/ Fe3O4 MgO (100) MR (%)=0.5% at RT 
MR (%)=1.5% at 150 K 34 

MBE  CoxFe3-

xO4/Fe3O4/MgO/Fe3O4 
MgAl2O4 

(001) MR<0.4% at RT 35 

PLD Fe3O4 / CoCr2O4 (CCO) / 
La0.7Sr0.3MnO3 

STO (110) 
and (100) 

MR (%)=-25% at 60K, 
MR (%)=-1% at 275K, 36 

UHV ion 
Beam 

Deposition 
System 

V (10nm)/ Ru (60nm)/ 
Fe3O4 (25-

100nm)/AlO/CoFe/NiFe/Ru
 MgO (110) MR (%)=14 % at room 

tremperature 16 

Rf-sputtering 
Fe3O4 (50nm)/ AlOx 

(1.2nm) / Co75Fe25 (10nm) 
 

MgO (110) 
buffered 
with TiN 
(300nm) 

MR (%)=10% at RT 37 

PLD  Fe3O4/Mg2TiO4/LSMO STO (110) MR(%)=26% at 70 K 
MR(%)<5% at RT 38 

 

substrate. [33] In comparison with the spin valves, the MR ratios in MTJs with Fe3O4 

electrodes were also disappointing. The MR ratios at room temperature in the epitaxial 

MTJs with the structure Fe3O4/MgO/Fe3O4 on MgO (100) substrate were lower than 1%. 

[34,35] Various other Fe3O4-based MTJs with the barrier materials of CoCr2O4, [36] 

AlOx, [16,37] and Mg2TiO4 [38] have produced a highest MR ratio of only 14% at room 

temperature. Table 2.2 summaries the results related to the attempts of integrating Fe3O4 

as an electrode for spin valves and MTJs. The low MR ratios have been attributed to the 

issues of stoichoimetry, crystal defects in Fe3O4, and the structural disorder in the 

interface between the multilayers. The presence of random spin direction at the interface 

would defeat the high spin-polarized property and the interface scattering in these 
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multilayer structures, which will lead to a lower MR ratio. However, MR ratios have 

been still low although a sharp interface was observed in high resolution transmission 

electron microscope (HRTEM). [21,39] In addition, Mössbauer spectroscopy has shown 

that there were no significant difference between the interfaces and the interior of the 

Fe3O4 layers in both the composition and magnetic structure. [40]  

The most possible reason for the low MR ratio is the presence of antiphase 

boundaries (APBs) in Fe3O4 thin film. Margulies et al. first found APBs in Fe3O4 

epilayer grown on MgO substrate. [41] After Margulies et al., Zhou et al. and Moussy 

et al. also observed APBs in Fe3O4 thin films grown on Si and Al2O3 substrates, 

respectively. [24, 42 ] Now it is commonly believed that APBs are the intrinsic 

consequence of nucleation and growth defects independent of preparation methods and 

substrates. As shown in Fig. 2.2, APBs are due to the result of the coalescence of 

islands, which are either rotated over 90º with respect to each other, or shifted, or both. 

New antiferromagnetic 180º Fe-O-Fe superexchange paths which are not present in the 

bulk Fe3O4 samples are formed and indicated with solid lines in Fig. 2.2. Because the 

exchange interaction is antiferromagnetic across APBs, [13] the presence of APBs will 

block the path of the spin-polarized electrons, and make spin directions random. The 

presence of APBs is responsible for many abnormal magnetic and electrical phenomena 

observed in Fe3O4 thin films, such as the unsaturated magnetization in high fields [41] 

and the resistivity increase in the epitaxial Fe3O4 thin films [43].  

So far, the work on APBs has been focused on thin-film samples, which makes it 

difficult to elucidate the electron transport mechanism due to the existence of too many 

randomly distributed APBs or tunnel junctions in a two-dimensional plane. In this 

chapter, we report a systematic study of structure, magnetic, and electrical transport 

properties of both epitaxial Fe3O4 thin films and nanowires grown on α-Al2O3 (0001)  
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FIG. 2.2 Schematic representation of the formation of antiphase boundaries of a Fe3O4 
film on MgO (100) substrate. [After F. C. Voogt, 1998, Ref. 40] 
 

substrates. The latter allows one to confine the APBs or tunnel junctions in a one-

dimensional nanowire, which reduces substantially the number of antiphase boundaries, 

or junctions. A schematic illustration to show the electrical transport difference across 

APBs between a thin film and a nanowire is shown in Fig. 2.3. This study will elucidate 

the effect of APBs on the electrical transport properties in Fe3O4 thin films, which is 

crucial to understand MR mechanism so as to further increase MR ratios in Fe3O4-based 

spintronic devices.  

 

   

FIG. 2.3 Schematic illustration to show the electrical transport difference between (a) a 
thin film and (b) a nanowire, where the solid black and red lines denote the antiphase 
boundaries and current direction, respectively.  
 

a b 
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2.2 Experiments 

2.2.1 Experimental setup 

Fe3O4 thin films were fabricated by MBE (Model EW-5 of EIKO Corporation Ltd. 

of Japan). Its schematic diagram is shown in Fig. 2.4. It consists of two chambers: the 

loadlock chamber and the main chamber. Both rotary pump (RP) and turbo molecular 

pump (TMP) are used to evacuate the loadlock and the main chambers. The base 

pressures in the loadlock and the main chambers are 2x10-7 and 1x10-9 Torr, 

respectively. 

 

FIG. 2.4 Schematic diagram of EW-5 MBE system.  
 

As shown in Fig. 2.4, the main chamber is equipped with three cells: an e-gun cell, 

a Knudsen-cell (K-cell), and a radical beam cell. In the e-gun cell, a tungsten filament is 

placed in the vicinity of a carbon crucible. When a high voltage is applied, the electrons 

from the filament will be accelerated toward the crucible and bombard the source 

materials, which causes local heating and evaporation of the source materials. If the 

mean free path of the evaporated source materials is larger than the distance between the 
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substrate and the crucible, the source materials will finally deposit on the substrate 

surface. In the K-cell, a conducting crucible, containing the source materials, is heated 

electrically with a high current to make the materials evaporate. The radical cell can 

generate O2 plasma, which helps to oxidize the evaporated materials towards the heated 

substrate in the chamber. During the deposition, the substrate can be heated to as high as 

1100 ºC so that the evaporated materials can be distributed evenly on the substrate. And 

the substrate holder can rotate continuously during the deposition to ensure a uniform 

growth of the thin film.  

 

2.2.2 Experimental details 

The Fe3O4 thin films (around 150 nm) were prepared on α-Al2O3 (0001) single 

crystal substrates. During the growth, the iron metal was evaporated by an electron 

beam with an oxygen partial pressure of 1.0×10-5 Torr. The deposition rate was about 

0.04 nm/s with a substrate temperature of 573 K. Structural, magnetic, and electrical 

transport properties of the as-grown thin films were characterized by a Cu Kα radiation 

(λ=0.15418 nm) x-ray diffraction (XRD) and HRTEM, quantum design MPMS XL 

superconducting quantum interference device (SQUID) magnetometer, vibrating sample 

magnetometer (VSM), and dc four-probe techniques, respectively.  

The Fe3O4 nanowires were fabricated using electroplated Ni nanowires (average 

diameter of 200 nm and a length of 30 µm) as the hard mask. The typical fabrication 

processes involved dispersing the Ni nanowires on the as-grown Fe3O4 thin film, ion 

milling of uncovered film, ultrasonic cleaning of the Ni nanowires and electrode 

formation using a double-layer resist process. The location of nanowires, positioning 

and deposition of electrodes (Ti (20 nm) / Au (100 nm)) were performed with laser 

writer (LW-2002) and e-beam evaporator (Edwards Auto 306), respectively. The finally 
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finished Fe3O4 nanowire exhibited a width of about 300 nm. Schematic illustration of 

the fabrication process of a nanowire was shown in Fig. 2.5. After the fabrication of the 

nanowire, it has further been etched by focused ion beam (FIB) to a smaller dimension 

to study MR effect. Nanoconstrictions with widths of 150 and 80 nm were obtained by 

consecutively etching the original nanowire. The FIB images of the nanowires with 

nanoconstriction were shown in Figs. 2.6(a) and 2.6(b).  

 

 

FIG. 2.5 Schematic illustration of the fabrication process of Fe3O4 nanowires.  

 

       
 
FIG. 2.6 FIB images of Fe3O4 nanoconstrictions with a width of (a) 150 and (b) 80 nm, 
and a length of 1 µm. 
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2.3 Results and discussion 

2.3.1 Structural properties  

Figure 2.7 shows the typical XRD spectrum of Fe3O4 thin films grown on α-Al2O3 

(0001) substrate. Only the [111] peaks are observed in the figure without detecting any 

other peaks belonging to other Fe:O compounds such as FeO, α-Fe2O3 and γ-Fe2O3. The 

inset of Fig. 2.7 shows the rocking curve of (222) peak. The full width at half maximum 

of ~ 0.28o is obtained, indicating that high quality Fe3O4 thin films have been fabricated.  

 

 

FIG. 2.7 XRD pattern of Fe3O4 thin films. Inset: the rocking curve of (222) peak. 

 

Figure 2.8(a) shows the plane-view dark-field high resolution TEM image. The 

black lines in the figure are antiphase boundaries, which are irregular with an average 

size of ~ 100 nm. No other defects are found except APBs, which is consistent with the 

XRD results shown in Fig. 2.7. In comparison with the domain size of the thin film 

sample by Moussy et al., [42] our sample shows a larger average domain size due to 
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thicker film. In Fig. 2.8(b), we can observe more clearly APBs by magnifying one of 

them along the arrow direction.  

 

 

FIG. 2.8 (a) Plane-view dark-field high resolution TEM image of Fe3O4 thin films. The 
black lines are antiphase boundaries; (b) magnified APBs as indicated by the arrow. 
 

2.3.2 Magnetic properties 

The magnetization versus temperature curves of zero-field-cooled (ZFC) and field-

cooled (FC) of the thin film with an applied magnetic field of 100 Oe are shown in Fig. 

2.9. The ZFC curve is taken by first cooling the sample from 300 to 2 K at zero field 

and then measuring the magnetization at an applied field of 100 Oe. The FC curve is 

taken by the same procedure except that the cooling was done with an applied field of 

100 Oe. Three temperature-dependent magnetization behaviours can be observed that 

reflects the various interaction mechanisms that are involved. These regions are (I) 2 K 

<T < 120 K; (II) 120 K <T < 130 K; (III) 140 K <T < 400 K. In region (I), the moment 

is almost constant; in region (II), the sharp increase in the magnetic moment around 120 

K can be clearly observed. This is another indication of good stoichiometry and high 

100 nm (a)100 nm (a) 2 nm (b)

APB

2 nm (b)

APB
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crystalline phase of the fabricated thin film. In region (III), the moment decreases with 

increasing temperature.  
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FIG. 2.9 ZFC and FC curves of Fe3O4 thin films with an applied magnetic filed of 100 
Oe. The direction of the magnetic field is along the sample plane.   
 

Figure 2.10 shows the M-H curves at different temperatures of Fe3O4 thin films. A 

clear ferromagnet-like hysteresis loop is seen with a coercivity of 300 Oe at room 

temperature. Figure 2.11 shows cH  and rM  at different temperatures. From the graph 

we can see that the coercivity decreases by only 60 Oe from 300 to 130 K. However, it 

undergoes a sudden change from 130 to 110 K, increasing from 220 Oe at 130 K to 730 

Oe at 110 K. It shows a change of anisotropy due to Verwey transition around 120 K 

where a structural change from cubic to monoclinic occurs. In comparison with the 

change in cH , rM  increases from 0.00171 emu at 300 K to 0.0026 emu at 130 K. 

Below Verwey transition, a plateau is observed, which is consistent with single 

crystalline data. [44] 
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FIG. 2.10 M-H curves of Fe3O4 thin films at different temperatures. 
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FIG. 2.11 Temperature-dependent coercivity ( cH ) and remanence ( rM ) of Fe3O4 thin 
films. 
 

     Figure 2.12 shows the M-H curves measured at 300 K when the magnetic field is 

parallel and perpendicular to the sample plane. It can be found that the magnetization in 

the perpendicular direction is more difficult to achieve saturation than that in the 
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parallel direction. The more slowly saturation in the perpendicular direction should be 

due to the strong in-plane anisotropy. Liu et al. [15] also observed the strong in-plane 

anisotropy in their polycrystalline thin films.  

 

 

FIG. 2.12 Parallel and perpendicular M-H loops at 300 K of Fe3O4 thin films. 
 

2.3.3 Electrical transport properties 

We now turn to the electrical transport properties. Since the ultimate purpose of the 

work on Fe3O4 is to integrate it into current spin valves or MTJs using their features of 

high spin polarization and high Curie temperature, it is of great importance to carry out 

the electrical transport studies, especially the transport across the APBs.  The resistivity 

of our film is ~ 0.008 Ω cm, which is a little higher than the bulk value of 0.005 Ω cm, 

and much less than 0.18 Ω cm of the polycrystalline samples reported [15]. Figure 2.13 

shows the temperature dependence of the resistance RT normalized to the room 

temperature resistance R300 K for both a thin film and a nanowire. A clear Verwey 

transition is seen in both curves at 120 K. In comparison with the stoichoimetric single 
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crystals, our sample shows a slightly broader transition which might be caused by the 

departure of Fe:O stoichoimetry or large lattice mismatch between Fe3O4 and α-Al2O3 

(0001) substrate. Although it is not so obvious, the nanowire indeed shows a slightly 

sharper transition compared to the thin film, which is expected due to the decrease in 

randomness inside a smaller volume of sample. Drabble et al. [45] and Gong et al. [22] 

found that the transport at low temperatures in Fe3O4 obeyed a variable hopping 

mechanism [ 4/1
0 )/exp( TRR α= ]. We replot the temperature dependence of resistivity 

as Rlog versus 4/1−T  of both the thin films and nanowires in the inset of Fig. 2.13. Both 

curves show nonlinear relation around the Verwey transition temperature, which is 

different from the grain boundary tunnelling mechanism observed in the polycrystalline 

samples by Liu et al. [15] 

 

 
FIG. 2.13 Normalized R-T curves for both a thin film and a nanowire. The inset shows 
the dependence of resistance on 4/1−T  for both a thin film and a nanowire. 
 

Figure 2.14 shows the typical MR curves at 300 K. The MR is defined as 
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where RH and R0 are the resistance at an applied field and zero field. The in-plane MR is 

isotropic for thin films, but it is anisotropic for the nanowires. The MR ratio of thin 

films is about 1% at a magnetic field of 6000 Oe. The nanowire exhibits an almost same 

MR as that of the thin film in the longitudinal direction, but a somewhat reduced MR in 

the traverse direction. The former shows a shape which is universal to almost all the 

Fe3O4 films grown by different techniques. [13, 15, 18, 19] This can be understood as 

being caused by the AFM coupling across APBs as discussed in Refs. 13 and 18. 

Depending on the domain size, the spins at the centre of the grains may switch earlier or 

easier than those at the boundaries. This may explain the difference in the MR curves at 

low and high fields. This argument is also supported by the slow change of transverse 

MR of nanowires at the low field which can be understood as being caused by the shape 

anisotropy in the centre region of the domain, whereas in the high-field region the MR 

curve is almost the same as that in the longitudinal direction.   
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FIG. 2.14 Normalized MR curves for both thin films and nanowires at 300 K 
(Nanowire_P: field parallel to the wire axis; Nanowire_V: field perpendicular to the 
nanowire axis. 
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Figure 2.15 shows the MR curves of a nanowire before and after FIB etching. 

Although the basic shapes are almost same, the MR ratios in both longitudinal and 

transverse directions decrease with reduced dimension. Due to the smaller width, APBs 

may have a more pronounced effect on the electrical transport. The current has to pass 

across the APBs and by-pass current across APBS will be further reduced due to a 

smaller width. As for the transverse direction, the shape anisotropy will become more 

pronounced when the dimension decreases.  
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FIG. 2.15 MR ratios of the original nanowire and nanoconstriction. 1: original nanowire 
with a diameter of 300 nm; 2: nanowire after first FIB etching with a nanoconstriction 
of 150 nm; 3: nanowire after second FIB etching with a nanoconstriction of 80 nm. 

 

Figure 2.16 shows the nanowire 0/ RRH  curves at a high magnetic field at different 

temperatures, where R0 denotes the zero-field resistance and RH denotes the resistance at 

an applied field. The MR ratio increases with decreasing temperature. A maximum MR 

ratio of 9.1% is obtained at 110 K when a magnetic field of 7 T is applied. It can be 

seen that the MR curve is unsaturated even at an applied field of 7 T, which is 
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consistent with most observations that the Fe3O4 magnetization is difficult to saturate 

due to the existence of atomically sharp antiphase boundaries. It is interesting to note 

that the large MR at high fields does not correspond to a large change of magnetization 

in the same field range. In other words, the MR at high field is caused mainly by the 

spin alignment at the boundaries instead of the centre region of the domains. As it will 

be discussed shortly in the dynamic conductance studies, the transport across the APBs 

is dominated by tunnelling.  
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FIG. 2.16 Dependence of 0/ RRH  at various temperatures of a Fe3O4 nanowire. 
 

Figure 2.17 shows the temperature-dependent MR ratios at different applied magnetic 

fields of 0.5, 1, 2, and 5 T, respectively. The MR ratios are obtained by repeating 

measurements of the temperature-dependent resistance curves at different magnetic 

fields. The peaks around Verwey transition for the different fields are consistent with 

the other groups’ results. [20-22] Below the transition, the MR ratio increases slowly at 

low magnetic fields. However, the MR ratio increases more rapidly when a magnetic 

field of 5 T is applied. 



Chapter 2 Fabrication and characterization of Fe3O4 nanostructures 

46 

100 150 200 250 3000.00

0.02

0.04

0.06

0.08

M
R

 ra
tio

T (K)

 0.5 T
 1 T
 2 T
 5 T

 

FIG. 2.17 Temperature-dependent MR ratios of a nanowire at different applied magnetic 
fields. 
 

The typical differential conductance-voltage curve for a nanowire is shown in Fig. 

2.18, which was measured at a temperature of 130 K. The curves at other temperatures 

ranging from 110 to 300 K exhibit almost the same parabolic shape except for the 

absolute values, which are dependent on temperature. As shown in Fig. 2.18, the 

conductance-voltage curve can be fitted almost perfectly to a parabola using Eq. 2.2: 

,0
2 GVVGV ++= βα                  (2.2) 

where α  and β  are constants, and 0G  is the zero-bias conductance. Although it is not 

shown here, a similar degree of agreement between experimental and fitted curves has 

also been obtained for the conductance curves at all other temperatures which we have 

investigated. β  is negligibly small compared to α at the entire temperature range 

suggesting that the transport is dominated by tunnelling across APBs. Also shown in the 

figure is the conductance curve taken at an applied field of 5 T. If we assume a 

rectangular shape of potential barrier with a height of φ  and thickness d , then according 
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to the Simmons model, [46] one has dG /10 ∝  and φα /d∝ . The increase of zero-bias 

conductance with an external field may be attributed to a decrease of barrier thickness. 
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FIG. 2.18 Bias dependence of differential conductance for a nanowire at 130 K with 
applied magnetic fields of 0 and 5 T, respectively. Solid curve: fitted data according to 
the Simmons equation. Solid circles: experimental data at zero field; open circles: 
experimental data at 5 T. 

 

Shown in the Fig. 2.19 is the bias voltage dependence of 
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Substituting dG /10 ∝ and φα /d∝  into the equation, one can find 

)0(/)0()(/)( 22 φφ dTHd < . As the potential barrier will either not change or decrease 

with the external field, it implies again that the barrier thickness decreases with the 

external field.   
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FIG. 2.19 Bias dependence of G´ at 130 K. 
 

We now turn to the dynamic conductance-voltage curves of thin films which are 

shown in Fig. 2.20. The conductance is normalized as )1()( / VVV GGG == . Although the 

overall shape resembles well those of the nanowire, it exhibits a large asymmetry which 

can hardly be fitted to a parabola. This might be caused by the fact that the current path 

in the thin film is not well defined due to the random distribution of APBs boundaries. 

A certain portion of the current may bypass the junctions if the boundary-free regions 

exceed a certain percolation threshold. As to how the current will bypass or cross the 

antiphase boundaries, to a certain degree, depends on the polarity of the current which 

results in the asymmetry of the conductance curves. As the conductance of the thin film 

is still within the measurable range below the Verwey transition temperature, we have 

also measured the conductance curves below 120 K. The parabola gradually evolves 

into a straight line when the temperature decreased from 110 to 60 K. A close-up view 

of the low-voltage region at 60 K is shown in the inset of Fig. 2.20, which suggests that 

the transport mechanism has changed from tunnelling near or above the Verwey 
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transition temperature to transport in a disordered system at low temperature which 

eventually vanishes as the temperature decreases further.  

 

 

FIG. 2.20 Normalized dynamic conductance-voltage curves of Fe3O4 thin films at 
different temperatures. Inset: the normalized conductance-voltage curve at 60 K. 

 

It is well known from the work on magnetic tunnel junctions that the MR ratio 

normally decreases with the bias voltage. Fig. 2.21 shows the bias dependence of MR 

ratio  
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at 110, 120, and 130 K for the nanowire sample. It was obtained by first measuring the 

I-V curve at zero field and then repeating the measurement at an applied field of 5 T. 

The MR shows a maximum value at 120 K which is consistent with the results in Fig. 

2.17. The MR ratio decreases with increasing bias, which is a typical behaviour of 

magnetic tunnelling junctions. The thin film also shows the same bias dependence of 

MR though it is not as obvious as the nanowire case [see the inset of Fig. 2.21]. As it is 
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shown in the inset, we also observed a zero-biased MR anomaly at 110 K for the 

nanowire sample that is not well understood at present. 

 

 

FIG. 2.21 Bias dependence of MR for a nanowire at 110, 120, and 130 K. Inset: 
comparison of bias dependence of MR for the thin film (solid circles) and nanowire 
(open circles) at 110 K. 
 

Figure 2.22 shows the bias-dependent MR curve at 130 K fitted with V2 (Voltage). 

The fitting result is better at the high-bias region than at the low-bias region. Céspedes 

et al. [47] also observed the V2 dependence of MR in their Fe3O4 nanoconstrictions with 

the width of 20-50 nm patterned by FIB. They argued that hopping or tunnelling across 

the domain walls at the nanoconstriction regions were the dominant transport 

mechanism. However, they did not take the APBs into account to explain the 

phenomenon. As discussed above, tunnelling is the dominant transport mechanism 

across APBs whether or not a magnetic field is applied. Applying a magnetic field only 

decreases the barrier height and leads to a lower resistance. Therefore, the V2 

dependence of MR provides further evidence that the dominant transport mechanism 

across APBs is tunnelling.  
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FIG. 2.22 MR ratio curve at 130 K fitted to a V2 dependence. 
 

2.3.4 Our model to explain the experimental results 

Based on the discussion above, we propose a simple model to explain the universal 

MR curves observed so far in Fe3O4 thin films prepared by various techniques. In fact, 

several groups, such as Eerenstein et al. [13] and Ziese et al. [18], have already 

proposed their models to explain the MR effect. As it is illustrated in Fig. 2.23 above 

the Verwey temperature, Fe3O4 thin film may be considered as consisting of 

ferromagnetic domains separated by very strong antiferromagnetically coupled APBs. If 

the coupling is very strong and the boundary is atomically sharp, a spin-dependent 

potential barrier will appear even when there is no insulating phase at the boundary. 

When a small external field is applied to the sample, the spins far away from the 

boundary will try to align along the direction of the magnetic field due to the small 

anisotropy in the center region. This will cause a sharp drop of resistance across the 

boundary just as the case in a normal magnetic tunnel junction. The only difference is 

that the electrons will be scattered by electrons with different spin directions while they 
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are crossing the boundary. The application of a large field will reduce the width of the 

domain wall formed between the centre regions of APBs with neighbouring domain, 

which leads to a further decrease of the resistance. The resistance will saturate once the 

atomically sharp APBs are erased magnetically which requires a very large magnetic 

field. 

 

 

 

FIG. 2.23 A simple model to explain the experimental results: (a) spin distribution at 
different situations, (b) spatial profile of tunneling barrier. 
 

2.4 Summary 

In summary, our systematic study of the magnetic and electrical transport properties 

of Fe3O4 thin films, nanowires, and nanowires with nanoconstrictions suggested that 

APBs had a strong effect on electrical transport properties in Fe3O4 nanostructures. 

Antiferromagnetic coupling across APBs was responsible for the universal shape of the 

MR curves and the transport mechanism across APBs was dominated by tunnelling. The 

antiferromagnetically coupled regions might be responsible for the low MR ratios 

obtained from Fe3O4-based spin valves and MTJs.  
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CHAPTER 3 

MAGNETIC AND ELECTRICAL TRANSPROT 

PROPERTIES OF AMORPHOUS Ge1-xMnx THIN 

FILMS 

 

3.1 Introduction 

As we discussed in Chapter 1, DMSs are promising materials for future spintronic 

applications. Depending on the host materials, DMSs that have been investigated so far can 

be divided into the following categories: III-V, II-VI, IV-VI, IV, and oxides, etc. Among 

all these DMSs, the Ge-based system has recently received special attention due to its 

possibility of being integrated with the mainstream Si-based electronic devices. After the 

report of ferromagnetism in Ge1-xMnx system (TC = 25 ~ 116 K), [1] further studies on the 

Ge1-xMnx system have been performed by several groups [see Table 3.1 for the details]. [2-

15] Most of the work has been focused on materials preparation and fundamental property 

studies, though Tsui et al. have demonstrated a Ge-based heterojunction diode of which the 

rectifying property can be controlled by either the bias voltage or an external magnetic 

field. [16] Through these studies, it is now commonly believed that secondary phases (such 

as Mn5Ge3 and Mn11Ge8) will form once the Mn concentration exceeds the solubility limit 

(~ 9%). [7] However, the mechanism of the ferromagnetic ordering in samples with a Mn 

concentration lower than the solution limit still remains controversial.  
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Table 3.1 Literature review about the research work on Ge:Mn 

 
Fabrication 
Technique 

Growth 
temperature and 

growth rate 

Mn 
concentration Sample features Magnetic 

properties 

MBE [1] 70 ºC, 
~ 5 Ǻ/min 0.006 to 0.035 Epitaxial 

p-type TC ~25-116 K 

MBE [2] 250 to 350 ºC, 
5-6 Ǻ/s 0.006 Mn11Ge8 embedded 

in Ge1-xMnx 
TC ~295 K 

Sinter [3] 1050 ºC less than 0.06 Single crystal TC ~285 K 

MBE [4] 
Solid-phase 

epitaxy, 300-650 
ºC annealing 

- Mn5Ge3 epitaxial on 
Ge (111) TC ~295 K 

Sinter [5] 1050 ºC Less tan 0.06 Single crystal TC ~285 K 

MBE [6] 160 ºC, 
0.02 nm/s 0.01 to 0.051 Epitaxial TC > 280 K 

MBE [7] 50 to 85 ºC, 
2-4 Ǻ/min Less than 0.09 Epitaxial 

T*
C =112 K, 

TC = 12 K 
( 05.0=x ) 

Chemical 
method [8] - 0.01 to 0.05 Nanowires TC = 300 K 

Thermal 
evaporator [10] 

100 ºC, 
35 nm/min 0.036 to 0.31 Amorphous 80 K< TC <160 

K 

MBE [11] 225 ºC, 
1.0 Ǻ/s 0.03 

Mn5Ge3 clusters in 
epitaxially grown Ge: 

Mn matrix 

T*
C =290 K, 

TC = 16 K 
( 03.0=x ) 

MBE [12] 110 to 225 ºC, 
0.1 to 1 Ǻ/s 0.04 and 0.2 

Mn5Ge3 clusters in 
epitaxially grown Ge: 

Mn matrix 

fT =12 and 15 

K, bT =210 and 
270 K 

 

Kang et al. [5] observed the phase separation between the Mn-rich and Mn-

depleted regions and concluded that the ferromagnetism observed in Ge1-xMnx may not be 

of an intrinsic nature, but arose from the magnetic properties of the Mn-rich phases in 

phase-separated Ge1-xMnx. Pinto et al. [6] reported that the magnetic and electrical 

transport properties of Ge1-xMnx (0.010 < x < 0.051) grown on Ge substrates could be 

explained by a BMP percolation model. Based on this model, an infinitely percolative 

BMP formed at low temperatures, which divided into finite size regions gradually when 

the temperature increased. Depending on the size of the BMPs, they may behave either like 

a ferromagnet or a paramagnet. Li et al. [7] reported that ferromagnetism in Ge1-xMnx (0 < 

x < 0.09) was characterized by two different ordering temperature TC (12 K for x ~ 0.05) 
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and T*
C (112 K for x ~ 0.05), where TC was the onset temperature of global ferromagnetic 

phase. The magnetism between TC and T*
C was thought of being originated from “clustered 

dopants” due to inhomogeneous distribution of Mn impurities. In all reported cases, no 

evidence of Ruderman-Kittel-Kasuya-Yoshida (RKKY)-type ferromagnetism was found at 

room temperature, though theoretical models based on the RKKY mechanism have 

predicated Curie temperatures ranging from 134 to 400 K, depending on the distance 

between the Mn ions. [17,18] 

These reports pose a series of questions here: (1) what is the true origin of 

ferromagnetism in Ge1-xMnx; (2) what determines the various characteristic 

temperatures; (3) what kind of properties will one obtain if the Mn concentrations can 

be increased further without the formation of dominative precipitates; and (4) what is 

the role of disordering and carrier localization in the Ge1-xMnx system? In order to shed 

some light on these issues, in particular, (3) and (4), in this chapter we report on a 

systematic study of heavily doped Ge1-xMnx thin films (with a Mn concentration at the 

range of 15.3% - 42%). Due to the extremely high Mn compositions, all the films grown 

at a substrate temperature of 160 oC are amorphous which provides a convenient way to 

study the effect of randomness and disordering on the magnetic and electrical transport 

properties of Ge-based DMS. [10] On the other hand, at a substrate temperature of 300 

oC the as-grown samples are amorphous Ge1-xMnx embedded with Ge crystallites and 

high TC secondary phases (Detailed discussion on these samples will be presented in 

chapter 4). These samples are mostly ferromagnetic near or above room temperature 

due to the formation of secondary phases such as Mn5Ge3 and Mn11Ge8. The samples 

grown at 200 oC belong to intermediate cases which consist of an amorphous Ge1-xMnx 

matrix embedded with Ge crystallites and Mn5Ge3 phase. The main difference between 
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the samples grown at 300 oC and those at 200 oC are that the magnetic properties of the 

latter are still dominated by the amorphous phase.  

The temperature dependence of magnetic properties reveals that the amorphous 

samples consist of a low-temperature highly ordered spin-glass-like phase with an 

ordering temperature TC ~ 20 K (x ~ 0.39) and a high-temperature “clustered dopant” 

phase [7] with an ordering temperature of T*
C ~ 104 K (x ~ 0.39), both of which increase 

with the Mn concentration. The ordering temperature T*
C of the high-temperature phase 

increases monotonically with the external applied field up to ~ 5000 Oe beyond which it 

saturates at ~ 200 K;  at low applied field, T*
C is very close to the so-called Curie 

temperature or T*
C reported so far for relatively lightly-doped and epitaxially grown 

Ge1-xMnx thin films. [1,7] Due to the disorder and “magnetic discontinuity” of the high-

temperature phase, the magnetization of the low-temperature phase couples 

antiferromagnetically with that of the high-temperature phase, leading to the appearance 

of a negative thermal remanent magnetization (TRM). Detailed magnetic and electrical 

measurements reveal that the low-temperature highly ordered spin-glass-like phase 

consists of both spin-glass-like phase and ferromagnetically ordered regions. All the 

amorphous samples exhibit a negative magnetoresistance and an anomalous Hall effect 

(AHE) at low temperatures. The magnetoresistance is almost constant below TC; it then 

decreases with increasing temperature and reaches almost zero at T*
C. The clear 

correlation between carrier localization and magnetic properties at low temperatures 

agrees well with the report in literature that the low-temperature phase originated from 

carrier-mediated coupling mechanism, [6,7] while the strong field dependence of T*
C 

suggests that the high-temperature phase is due to magnetic clusters of different sizes.  
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3.2 Experiments 

The samples were prepared using MBE at different growth temperatures on GaAs 

(001) substrates. Amorphous Ge1-xMnx, and coexistence of amorphous Ge1-xMnx, Ge 

crystallites and high TC secondary phases (Mn11Ge8 and Mn5Ge3) [19] were obtained at 

substrate temperatures of 160 and 200 oC, respectively. The thicknesses of all samples 

were around 30 nm with a growth rate of 0.5 Å/s. Elemental Ge and Mn were used as 

the source materials and were evaporated by an electron gun and a Knudsen cell, 

respectively. The Mn composition was adjusted by controlling the K-cell temperatures. 

The structural properties of the samples were characterized by Raman scattering 

(Renishaw micro-Raman) and high resolution TEM. The surface morphology was 

obtained by a Digital Instruments atomic force microscopy (AFM) operated in tapping 

mode. The concentration of Mn was determined using both x-ray photoelectron 

spectroscopy (XPS) and Rutherford backscattering spectrometry (RBS). Details of the 

samples under study are tabulated in Table 3.2. The magnetic properties of the samples 

were characterized using SQUID. Electrical transport properties were obtained from the 

measurements on standard Hall bars with six Au electrical contacts in a Janis cryostat in 

the temperature range of 1.7 – 300 K and with a magnetic field up to 7 T. The distance 

between the two current contacts was 320 µm and that between the two voltage probes 

was 80 µm. The width of the Hall bar was 80 µm.  

Figure 3.1 shows the typical process flow chart for Hall bar fabrication: (a) Ge1-

xMnx thin film deposition by MBE, (b) resist coating on the Ge1-xMnx thin film by spin 

coater, (c) Hall bar patterning with a laser writer, (d) resist development to expose the 

Hall bar pattern, (e) deposition of a thin layer of Al2O3 to protect the Hall bar, (f) 

removal of the uncovered film by ion milling, (g) electrode patterning, and (h) 

deposition of 200 nm gold to form the electrodes, (i) SEM image of a completed Hall 
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bar, in which the red arrow shows the current flow direction. Electrodes (I) and (IV) 

serve as the current probes. The Hall voltage (Vxy) and longitudinal voltage (Vxx) are 

measured by electrodes (III) and (V) and electrodes (II) and (III), respectively.  

 

Table 3.2 Details of the samples under study in this chapter 
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FIG. 3.1 Schematic illustration of the process flowchart for a Hall bar fabrication. The 
arrow in (i) indicates the current direction.  

Sample 
name Tsub ( o C ) Resistivity at RT 

(Ω cm) Mn composition (%) Phase 

A1 160 0.421 15.3 Amorphous 

A2 160 0.03177 28.1 Amorphous 

A3 160 0.005151 33.2 Amorphous 

A4 160 0.001746 39.1 Amorphous 

A5 160 - 42 Amorphous 

A6 200 
 

0.00113 
 

42 
Coexistence of amorphous, 
Ge crystallites, and Mn5Ge3 

phase 
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3.3 Results and discussion 

3.3.1 Structural and surface morphology properties 

As it is mentioned above, the samples grown at 160 and 200 oC are in amorphous, 

and coexistence of amorphous Ge1-xMnx, Ge crystallites, and Mn5Ge3 phase, which have 

been confirmed by both TEM and Raman studies. Figure 3.2 shows the typical cross-

sectional TEM image of the amorphous sample with a Mn concentration of 39 %. 

Although Yu et al. have reported that Mn crystallites formed in their amorphous Ge1-

xMnx thin films with a Mn concentration higher than 31%, [10] we could not observe 

any crystallites in the amorphous samples.  

 

5 nm5 nm
 

FIG. 3.2 HRTEM image for sample A4. 
 

Figure 3.3 shows the Raman spectra of the amorphous samples with different Mn 

doping concentrations. The samples A1-A4 exhibit a broad peak at the position of 275 

cm-1, which is corresponding to the typical peak position of amorphous Ge. [20] The 

peaks at 267 and 292 cm-1 are due to the GaAs substrate. The intensity of Raman peak 

decreases with increasing Mn concentration. Also shown in the same figure is the 
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Raman spectrum of sample A6. The appearance of a sharp peak at about 298 cm -1 with 

a redshift of about 3 cm-1 from that of bulk Ge indicates that the host matrix consists of 

Ge crystallites. [21,22] As we will discuss later about the magnetic properties, Mn5Ge3 

phase is embedded in the amorphous Ge1-xMnx matrix in sample A6.  
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FIG. 3.3 Raman spectra of samples A1, A2, A3, A4, A6 and bulk Ge. The dotted lines 
indicate the peak positions of amorphous Ge and GaAs substrate at the position of 275, 
267 and 292 cm-1, Ge nanocrystal and bulk Ge at the position of around 298 and 301.5 
cm-1, respectively. 
 

Figure 3.4 presents the typical AFM image of sample A4 with the scan area of 1 µm 

× 1 µm. A very flat surface is obtained in our amorphous Ge1-xMnx thin film with a 

surface roughness (Ra) value of 0.296 nm, indicating the uniform growth of our 

amorphous thin film. Although Park et al. [1] and Li et al. [7] had an indication of a 

predominately two-dimensional growth from the observation of reflection high energy 

electron diffraction (RHEED) pattern during the film deposition, they did not carry out 

a morphological investigation on their epitaxially grown samples at the end of the 

deposition. Pinto et al. [23] and Gunnella et al. [24] studied the surface morphology of 
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the epitaxial GeMn alloys on Ge (111) substrates. They observed a characteristic pin-

hole on the surface although clear streaky RHEED patterns were observed. Our 

amorphous samples have a higher growth rate (0.5 Å/s) in comparison with that of the 

epitaxially grown samples (typically less than 0.5 Å/min), which may result in the low 

surface roughness.  

 

 

FIG. 3.4 AFM image for sample A4. 
 

3.3.2 Magnetic properties 

3.3.2.1 M-H curves 

Figure 3.5 shows the normalized field-dependent magnetization curves at 5 K for 

samples under study in this chapter. Typical hysteresis behaviour is clearly observed in 

all the samples, which is a clear sign of ferromagnetic ordering. The coercivity increases 

with the doping concentration from samples A1 to A4, which is around 360 Oe for 

sample A1 and 1550 Oe for sample A4. As can be seen from the figure, along with 

coercivity, the squareness also increases with increasing Mn concentration. However, 
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the coercivity for sample A6 becomes smaller than that of sample A4 although the 

squareness still increases with increasing Mn concentration.  
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FIG. 3.5 Normalized M-H curves at 5 K for the samples under study. 
 

We now look at the detailed field-dependent magnetization properties for sample 

A5. This sample exhibits well-defined hysteresis curves below 120 K, which is also the 

ordering temperature determined through fitting the high-temperature tail of the dc 

susceptibility to the Curie-Weiss law [ )/(/ θ−= TCHM ]. This temperature is very 

close to the global or local ferromagnetic transition temperature reported in either 

uniform or disordered Ge:Mn samples. [1, 7] However, what is peculiar in our sample is 

that inverted hysteresis curves were observed at temperatures above 30 K below which 

a normal hysteresis curve is observed. The coercivity decreases rapidly with increasing 

temperatures from 5 K, reaches zero at 30 K, then increases slightly in the negative 

direction and finally returns to zero again at about 120 K, as shown in Fig. 3.6. To 

illustrate this phenomenon, the insets show the hysteresis curves at 10 and 70 K,  
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FIG. 3.6 Temperature dependence of coercivity for sample A5. Insets: M-H curves at 10 
(above) and 70 K (below).  
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FIG. 3.7 Normalized in-plane and out-of-plane M-H loops measured at 5 K for sample 
A5. 

 

respectively. In contrast to a normal hysteresis curve at 10 K, the curve at 70 K is 

inverted, as indicated by the directions of the arrows. This might be understood as being 
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originated from two magnetic phases coupled in antiparallel, which will be discussed 

later. Figure 3.7 shows the normalized in-plane and out-of-plane hysteresis loops 

measured at 5 K for sample A5. In comparison with the in-plane direction, a smaller 

coercivity and squareness are observed in the out-of-plane direction, indicating that 

amorphous Ge1-xMnx is an easy plane magnet.  

 

3.3.2.2 ZFC, FC and TRM 

 Figures 3.8(a)-3.8(f) show the magnetic properties for samples A1-A6. Shown in 

each figure are three curves: ZFC (open circle), FC (filled circle), and TRM (star) 

curves. ZFC curves were obtained by first cooling the sample in zero field from room 

temperature to 5 K and then measure the magnetic moment while warming up the 

sample with the presence of a magnetic field of 20 Oe (200 Oe for sample A1 due to the 

weak signal). FC curve was obtained in a similar procedure except that the sample was 

cooled with the presence of a magnetic field of 20 Oe (200 Oe). On the other hand, the 

TRM curve was obtained by cooling the sample with a magnetic field of 20 Oe (200 Oe) 

and then the magnetic moment was measured while warming up the sample without a 

field. Some typical features of the magnetic properties of the amorphous samples are 

summarized as follows: (a) a hump appears in ZFC curves of the high Mn composition 

samples (A3-A6) which shifts to lower temperatures with decreasing Mn composition. 

The hump eventually evolves into a cusp at the lower doping concentration (samples A1 

and A2). The temperatures at which the hump (cusp) shows a maximum are 11, 21, 38, 

60, 66, and 70 K for samples A1-A6, respectively; (b) irreversibility of ZFC and FC is 

observed in all the samples; (c) a negative TRM was found in samples A2-A6 above a 

certain temperature. The temperatures at which the magnetization changes sign are 18, 

27, 33, 37, and 103 K for samples A2-A6,  
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FIG. 3.8 Temperature-dependent magnetization curves for the samples under study with 
an applied magnetic field of 20 Oe (200 Oe for A1). (a) Sample A1, (b) sample A2, (c) 
sample A3, (d) sample A4, (e) sample A5, and (f) sample A6. The inset in (f) shows the 
FC curve at the temperature range from 150 to 300 K.  
 

respectively; (d) a flat region appears in the FC curves at the temperature range from 5 

K to 13, 17, 20, 21, and 25 K for sample A2-A6, respectively. We define TC as the 

highest temperature point in the flat region for sample A2-A6. For sample A1, TC is 

defined at the temperature of the cusp at the ZFC curve (11 K). Comparing to the other 
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samples, FC and ZFC curves of sample A6 is slightly different and can be divided into 

two regions: (I) 5 K < T  < 150 K and (II) 155 K < T  < 320 K. In region (I), the 

magnetic properties are dominated by the features due to the amorphous phase as 

discussed above. Shown in the inset of Fig. 3.7(f) is the FC curve in region (II). The 

sample exhibits a Curie temperature of about 295 K which is probably due to the 

existence of Mn5Ge3 phase, whose TC  is 295 K. 

The negative TRM is an abnormal phenomenon and has not been observed in 

other Ge:Mn systems. Detailed measurements for sample A5 have been performed to 

study this abnormal phenomenon. The TRM curves are measured without a field after 

the sample is either zero-field cooled or field cooled at different applied fields ranging 

from 20 to 5000 Oe. For the case of 20=H  Oe, the magnetic field is first applied at 

300 K but turned off at different temperatures after which the sample is continuously 

cooled to 5 K without a magnetic field. For the sake of clarity, in Fig. 3.9, only the 

curve which is obtained by stopping the applied field at 31 K is shown. The most 

striking feature of the ZFC curve is that the magnetic moment becomes negative below 

27 K [see curve (a)]. To shed a further light on this, we measure the TRM curves with 

zero-field cooling. As can be seen from curve (c) in Fig. 3.9, the zero-field cooled TRM 

is negative in the entire temperature range from 5 to 150 K. A question naturally arises 

here: why is the zero-field cooled TRM negative? We find that whether the zero-field 

cooled TRM is negative or positive is determined by the polarity of the field that is used 

to fit the measurement curves of SQUID at room temperature. A positive fitting field 

gives a negative zero-field cooled TRM and vice versa [see Fig. 3.10]. The reason why 

the application of a magnetic field far above the ordering temperature still affects the 

magnetic properties of the sample at low temperature is not well understood at present.  
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FIG. 3.9 ZFC, FC and TRM curves for sample A5. (a) ZFC curve (cooled at zero field, 
measured at 20 Oe); (b) FC curve (cooled and measured at 20 Oe); (c) TRM (cooled and 
measured at zero field); (d) TRM (cooled at 20 Oe from 300 to 5 K, measured at zero 
field); (e) TRM (cooled at 20 Oe from 300 to 31 K and at zero field from 31 to 5 K, 
measured at zero field); (f) TRM (cooled at 100 Oe from 300 to 5 K, measured at zero 
field); (g) TRM (cooled at 1000 Oe from 300 to 5 K, measured at zero field); (h) TRM 
(cooled at 5000 Oe from 300 to 5 K, measured at zero field). 
 

Next we looked at how the cooling history affects the TRM curve. To this end, we 

measure a series of TRM curves by cooling the sample from 300 K with an applied field 

of 20 Oe. However, the field is removed at different temperatures of 70, 42, 31, 20, and 

15 K, while the cooling process is continued until the temperature reached 5 K. The 

TRM curves obtained when the magnetic field is stopped above 41 K follow exactly 

curve (c), i.e., the ZFC-TRM curve. However, for the cases where the magnetic field is 

stopped below 41 K, the TRM is almost constant below the temperature point where the 

magnetic field is removed. As one of the examples, the TRM that is obtained when the 

field is removed at 31 K during cooling is shown in curve (e) in Fig. 3.9. As can be seen 

from the figure, above 31 K the curve traces back exactly the same TRM curve when 

the field is applied in the entire temperature range [see curve (d)]. Finally, we study the 
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effect of the strength of the applied field on the TRM curves. As can be seen from 

curves (f), (g) and (h), the effect of field strength is mainly confined to the low 

temperature region; it has essentially no effect on the curves above 31 K, in particular 

when the field is below 1000 Oe. As is with the case of hysteresis curves, the TRM 

curves can also be understood as being caused by the existence of two phases which are 

coupled in antiparallel. The two phases have different onset temperatures, magnetic 

moments and coercivity fields. So now the question is: what are the two possible phases? 

To answer this question, we have carried out the following studies about the high-

temperature and the low-temperature phases, respectively.  
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FIG. 3.10 ZFC and FC curves for sample A5 with different fitting fields of 1000 and -
2000 Oe before measurements.  

 

3.3.2.3 High temperature phase 

A. ZFC and FC curves at different magnetic fields 

 In Fig. 3.11(a), we plot the ZFC and FC curves at different magnetic fields for 

sample A4 of which the major features can be summarized as follows. Firstly, the 
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merging point of ZFC and FC curve shifts to lower temperatures with increasing applied 

magnetic field, and the two curves completely overlap with each other at an applied 

field of > 1 T. These behaviours are not expected for ferromagnets and are thus 

indicating the presence of magnetic nanoclusters in the film or spin-glass nature of the 

system. [ 25 - 27 ] Secondly, the hump gradually becomes smaller and eventually 

disappears at a field of > 1 T. A sharp increase of the magnetization below 15 K is also 

observed at an applied field of 2 T. Bihler et al. also observed the same increase in the 

Mn0.03Ge0.97 epilayer with Mn5Ge3 secondary phase, and attributed it to a DMS formed 

by Mn atoms incorporated substitutionally into the Ge matrix. [11] As we will discuss 

later in the dynamic conductance analysis, below 15 K there is a strong localization of 

carriers in this region. Due to the antiferromagnetic coupling between the high-

temperature and low-temperature phases, the later becomes observable only when a 

strong magnetic field is applied. This is further confirmed by the fact that the net 

increase of moment at 2 T at low temperature is almost equal in magnitude to the drop 

of moment in the same temperature region at the low applied field. Finally, the high-

temperature tail increases in magnitude and its position shifts to higher temperature with 

increasing field. We obtained the ordering temperature T*
C values by fitting the curves 

with Curie-Weiss law. As shown in Fig. 3.11(b), the ordering temperature of the high-

temperature phase in sample A4 increases monotonically from 104 K at low field to 

about 190 K at 0.5 T beyond which it saturates at ~ 200 K. The ordering temperature at 

the low field agrees well with the values reported for crystalline samples with much 

lower Mn compositions in Refs. 1 and 7.  
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FIG. 3.11 (a) ZFC and FC curves at different magnetic fields for sample A4; (b) the 
ordering temperature (T*

C) as a function of the applied magnetic field in sample A4. 
 

B. Saturation M-T curves 

Figure 3.12 shows the normalized saturation M-T curves for the amorphous samples 

A1, A2, A3, A4, and A6 at a magnetic field of 2 T. The magnetizations of all samples 

saturate at such a high applied magnetic field, i.e. ZFC and FC curves overlap with each 
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other. For the lowest Mn concentration of sample A1, a concave M-T curve is observed, 

which is typical for the localized system. [28] For samples A2, A3, and A4, the curves 

almost coincide above the temperature of 180 K, below which the curves become more 

convex with the increased Mn concentration. For sample A6, the magnetization curve is 

different from those of other amorphous samples and a pronounced convex curve is 

observed. The ferromagnetic behaviour is even observed above 330 K. In addition, an 

obvious increase in the magnetization below 15 K can be observed in all samples. And 

the increase becomes less pronounced with increasing Mn concentration. The 

mechanism should be the same as those discussed above for sample A4. Further 

discussion will be presented in the section of dynamic conductance studies. The above 

saturation magnetization behaviour can be understood as follows. For sample A1, no 

negative TRM is observed in this sample, indicating that a single low-temperature phase 

exists in the film. With increasing Mn concentration, Mn-rich nanoparticles begin to 

form in sample A2 although we cannot observe them from both high resolution TEM 

and low-field magnetic measurements. The Mn-rich nanoparticles will exhibit a more 

pronounced response to the external field with increasing Mn concentration (The details 

will be discussed in the following simulation section). When the secondary phase forms, 

as in sample A6, it will have a contribution to both the high-temperature and low-

temperature magnetic properties.  

 

C. Simulation results 

 In this section, we will discuss the simulation results about the magnetic field 

effect on the nanoparticles. The above-mentioned behaviours, in principle, can be 

understood as being caused by a wide-range distribution of the cluster sizes. In order to 

understand quantitatively this behaviour, we have simulated the temperature  
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FIG. 3.12 Normalized M-T curves for amorphous samples A1, A2, A3, A4, and A6 at a 
magnetic field of 2 T.   
 

dependence of magnetic moment at different applied magnetic fields. Here, we assume 

that the sizes of the nanoclusters follow a normal distribution and there is no interaction 

among the clusters.  Under these assumptions, we only need to consider the competition 

between the Zeeman and thermal energies. At a given temperature and magnetic field, 

the average moment for clusters with a normal distribution is given by: 
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where H is the applied magnetic field, r  is the radius of the cluster, BK  is the 

Boltzmann constant, T  is the temperature in Kelvin, µ  is the mean and σ  is the 

standard deviation of the normal distribution, and sM  is the saturation magnetization  
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FIG. 3.13 (a) Simulation results of normalized M-T curves with different µ  values 
( 1.0=σ  nm and 5.0=H  T); (b) simulation results of normalized M-T curves at 
different applied magnetic fields ( 3=µ  nm and 1.0=σ  nm).  
 

which can be estimated from the average saturation magnetization of samples grown at 

300 oC with Mn concentration 24.8% and 25.1% [see the details in chapter 4]. Figure 

3.13(a) shows the simulated temperature dependence of magnetization for different µ  

values (average cluster size) with 1.0=σ  nm and 5.0=H  T. As it is expected, the 
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larger the average clusters size, the higher the ordering temperature. The effect of 

magnetic field is shown in Fig. 3.13(b), in which we have assumed that µ  = 1.5 nm and 

σ  = 0.1 nm. The simulation results agree well qualitatively with the experimental 

results shown in Fig. 3.11(a), even though we have not taken into account the 

interactions among the clusters. This further confirms that ferromagnetism of the high-

temperature phase indeed originates from secondary phases. 

 

3.3.2.4 Relaxation 

We now turn to the discussion of the low-temperature phase. Considering the 

structure of the sample, it is plausible to interpret the low-temperature phase as a spin 

glass. However, the high squareness (typically 0.72 at 5 K) of M-H curves at low 

temperature makes the sample distinguishable from the pure spin-glass behaviour, 

though we cannot exclude the possibility that in certain regions such as those without 

magnetic clusters, the spin glass will form. In order to confirm this, we have performed 

the ac susceptibility and TRM relaxation measurement for sample A4. The TRM 

measurements have been performed by using the following procedures: the sample is 

field cooled with a magnetic field of 1000 Oe from 300 K to the desired temperature; 

after temperature stabilization and a waiting time of 300 s, the external field was 

switched off and the magnetization was recorded as a function of the elapsed time. The 

magnetization of the first point is denoted as M(t1) to which M(t) (the magnetization at 

time t) is normalized to show the decay of the magnetization. The results for different 

temperatures are presented in Fig. 3.14. At the lowest temperature of 5 K, the 

magnetization is almost constant and no decay is observed. With the increase of 

temperature, an obvious time-dependent decay can be observed and the decay rate 

reaches the maximum at 25 K.  In the temperature range from 25 to 30 K, TRM is too 
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small to allow a precise measurement of the temperature dependence. However, when 

the temperature reaches 35 K and above, the TRM becomes negative and there was no 

decay of magnetization observed.  
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FIG. 3.14 TRM relaxation curves for sample A4 at different temperatures. 
 

3.3.2.5 Ac susceptibility  

A. Sample A4  

Although the irreversibility in ZFC and FC curves and time-dependent relaxation 

are often interpreted as fingerprints of the spin-glass system, [29-33] the frozen state 

can further be elucidated by the measurement of the ac susceptibility. The ac 

susceptibility of both real part (χ´) and imaginary part (χ″) for sample A4 is shown in 

Figs. 3.15(a) and 3.15(b) with the ac excitation amplitude of 5 Oe and a dc field of 8 Oe 

at different frequencies ranging from 1 to 500 Hz.  In the real part (χ´) of the ac 

susceptibility (Fig. 3.15(a)), the curve shape is very similar to that of ZFC curve shown 

in Fig. 3.8(d). A hump is also observed around 60 K coinciding with the temperature in 

the ZFC measurement. A frequency-dependent shift is observed at the temperature 
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range between 25 and 55 K, and at other temperatures, the curves overlap with each 

other at different measuring frequencies. In the imaginary part (χ″) of the ac 

susceptibility [see Fig. 3.15(b)], a peak at 45 K was observed at 500 Hz and shifts to the 

lower temperature with decreasing frequency. We obtained the value of 

046.0]log/[ '' ≈∆∆ fTT ff , where '
fT  is the peak position at frequency .f  This value is 

very close to other reported spin-glass systems [34] and smaller than the value of ≈ 0.28 

obtained for a superparamagnet system [35]. The behaviour of frequency-dependent 

shift in the real and imaginary part measurements is observed in many spin-glass 

systems and is regarded as the fingerprint for the spin-glass behaviour. [29-33] However, 

the frequency-dependent behaviour in our amorphous Ge1-xMnx thin films is different 

from both the traditional spin-glass and cluster-glass materials. The former exhibits a 

frequency-dependent cusp in the real part. [33, 36 ] The latter present a two-peak 

structure. [31,37]  The peak at high temperature indicates a paramagnetic (PM) to 

ferromagnetic transition. The peak at low temperature is attributed to the frustration of 

the long-range antiferromagnetic state. [31] Although a frequency-dependent peak is 

observed in the imaginary part, no peak is observed in the real part of the ac 

susceptibility for our amorphous GexMn1-x system. Jaeger et al. [12] also observed both 

the frequency-dependent ac susceptibility behaviour and relaxation effects of the 

magnetization in both samples of Ge0.96Mn0.04 and Ge0.8Mn0.2. They suggested that the 

formation of ferromagnetic clusters (BMPs) occurs at high temperature and these local 

ferromagnetic regions grow in size, finally leading to a disordered freezing glassy state 

at low temperature. In this case, according to our results, the spin-glass-like phase may 

have formed at the peak temperature position of imaginary part (χ″). However, the spins 

should be more ordered than those in normal spin glasses; otherwise, it is difficult to 
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explain the large squareness of M-H curves and negative TRM to be discussed in the 

following section.  

   

 
FIG. 3.15 Temperature dependence of (a) real part (χ´) and (b) imaginary part (χ″) of the 
ac susceptibility for sample A4 at different frequencies ranging from 1 to 500 Hz. The 
inset in (a) shows the central part of the frequency-dependent shift in χ´. 
 

In Figs. 3.16(a) and 3.16(b), the temperature dependence of real part (χ´) and 

imaginary part (χ″) of the ac susceptibility for sample A4 at different dc fields at a 

frequency of 10 Hz are shown. At the low dc magnetic fields, the real part (χ´) of the ac 

susceptibility at the temperature range from 40 to 80 K is enhanced obviously and 

reaches a maximum at 8 Oe. When the field is further increased, the suppression of the 

real part and the broadening of the susceptibility hump are observed. When the field is 

increased to 100 Oe, the curves become almost flat. The same trend is also observed in 
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the imaginary part (χ″). The intensity of peak reaches a maximum at the dc field of 8 Oe 

and become very small at the dc field of 100 Oe. The decline of the real part (χ´) and 

imaginary part (χ″) under a magnetic field is observed in many spin-glass systems. [38-

41 ] Sahana et al. argued that a field saturated the FM contribution to the initial 

susceptibility and suppressed the energy barriers and therefore reduced the freezing 

temperature. [41] However, the authors in Refs. 38 to 38 failed to observe the 

enhancement of ac susceptibility when a small dc field was applied. Thus, our 

amorphous Ge1-xMnx system is really different from the traditional spin-glass and 

reentrant spin-glass systems.   
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FIG. 3.16 Temperature dependence of (a) real part (χ´) and (b) imaginary part (χ″) of the 
ac susceptibility for sample A4 at different dc fields and a frequency of 10 Hz. 
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B. Sample A6 

The temperature dependence of the real part (χ´) of the ac susceptibility with a dc 

field of 4 Oe at different frequencies for sample A6 is shown in Fig. 3.17. The ac 

susceptibility behaviour is obviously different from the sample A4. For all frequencies, 

the real part (χ´) increases until 60 K and subsequently shows a plateau-like behaviour 

up to 120 K. Then, a peak around 135 K is observed and the position of the peak is 

almost independent of the applied ac frequency. The peak position is very close to the 

ordering temperature (~ 140 K) obtained from the fitting with the Curie-Weiss law. 

Above this peak temperature, the susceptibility decreases rapidly to zero around 150 K, 

the same temperature at which Mn5Ge3 phase appears in the ZFC and FC curves. The 

frequency-dependent behaviour is observed between 60 and 140 K. The curves overlap 

at other measured temperatures. The imaginary part (χ″) at a frequency of 10 Hz is also 

shown in Fig. 3.17. The imaginary part exhibits a similar shape with the real part except 

that it peaks at 133 K, 4 K lower than that in the real part.  
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FIG. 3.17 Temperature dependence of the real part (χ´) of the ac susceptibility with a dc 
field of 4 Oe at different frequencies (the solid lines) for sample A6. The imaginary part 
(χ″) at a frequency of 10 Hz is also shown in the figure (open circle). 
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FIG. 3.18  Temperature dependence of both (a) real part (χ´) and (b) imaginary part (χ″) 
of the ac susceptibility at different dc fields and a frequency of 10 Hz for sample A6.  

 

In Figs. 3.18(a) and 3.18(b), the temperature dependence of both the real part (χ´) 

and imaginary part (χ″) of the ac susceptibility at different dc fields with an ac 

frequency of 10 Hz for sample A6. When a small dc field of 4 Oe is applied, an upward 

shift can be clearly observed at the temperature range from 31 to 145 K and the 

intensity of peak increases dramatically. When the magnetic field is further increased to 

20 Oe, the height of the peak begins to decrease. However, the height of the plateau-like 

region at the temperature range of 31 to 111 K still increases. The different response of 

the real part (χ´) to a dc field at low and high temperature range indicates that at least 

two phases coexist in the thin film. However, the interaction mechanism between the 

Mn5Ge3 clusters and amorphous Ge1-xMnx matrix is not understood now. When a 
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magnetic field of 60 Oe is applied, the real part (χ´) is suppressed and becomes flat. In 

Fig. 3.18(b), the imaginary part (χ″) at different frequencies is also shown. The height of 

the peak exhibits the same trend as that of the real part (χ´). 

 

3.3.2.6 Our model for the explanation of the observed abnormal magnetic 

phenomena 

So far, several groups have reported the negative TRM in different magnetically 

inhomogeneous systems, including amorphous Gd-Co films, [42] (Ni, Fe)-SiO2 granular 

films, [ 43 ] Dy50Fe50/ (Ti or Ga) multilayers, [ 44 ] bulk materials (samarium (III) 

gadolinium (III) hexacyano-chromate (III) system), [45] and Cr2O3 coated with CrO2 

particles [46]. A number of models [43, 44, 46-48] have been proposed to explain the 

negative TRM and the accompanying inverted hysteresis phenomena. Based on these 

models, the negative TRM in our samples can be understood as following with the 

assistance of the schematic shown in Fig. 3.19. In the following discussion, the 

magnetization contribution of two different magnetic phases will be considered, 

including the high-temperature magnetic cluster phase and low-temperature highly 

ordered spin-glass-like phase. During the field cooling process, the magnetic clusters 

(gray circles) become gradually aligned with the external field when the temperature 

decreases [see section (I) of Fig. 3.19]. After the temperature reaches a certain critical 

value, the carrier-mediated spin ordering will occur in some localized regions due to 

electrical potential fluctuation in the sample. Without the influence of clusters, the spins 

will align along the external field direction and these regions will grow and eventually 

merge to form a global ferromagnetic phase. However, with the presence of magnetic 

clusters, the spins in the proximity of clusters will couple antiferromagnetically with the 

spins of the clusters [see section (II) of Fig. 3.19]. These spins will then serve as 
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“anchor” points for other spins so that all the spins near the non-cluster regions will 

eventually be aligned antiparallelly to the magnetization direction of the clusters. In 

reality, the spin-freezing process may take place simultaneously with the carrier-

mediated and cluster-assisted FM ordering process; therefore, the spin-glass phase may 

form in regions which are far away from FM clusters and with low carrier density. The 

competition between FM ordering and spin-glass formation will eventually lead to a 

material with the coexistence of spin-glass phase and FM regions. The latter in the 

proximity of FM clusters is coupled antiferromagnetically to the FM clusters [see 

section III in Fig. 3.19]. In order to differentiate it from the normal spin-glass phase, we 

call it a highly ordered spin-glass-like phase.  

Consider now that, the magnetic field is switched off at 5 K and the sample is 

warmed up to take the TRM. As the antiferromagnetically coupled system is formed 

when an external field is applied, its magnetization will be flipped or flopped [49] by 

thermal agitation when the field is removed [see section (IV) of Fig. 3.19]. This results 

in the initial decay and eventually reversal of direction of the net magnetization. Once 

the magnetization flipping / flopping process is completed, the magnitude of the net 

magnetization will decrease as the temperature continues increasing and it will 

eventually disappear at the temperature where the magnetic moment appears during the 

cooling process [see section (V) of Fig. 3.19]. Although it is not shown here, we have 

confirmed that a positive TRM will appear when a negative field is applied during the 

field cooling process. It is readily to understand that the antiferromagnetic coupling 

between the two phases also accounts for the M-T curves shown in Figs. 3.8(b)-3.8(f) 

and 3.11(a).   
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FIG. 3.19 Schematic illustration for interpreting the origin of negative TRM. The spins 
of the magnetic clusters are shown with gray circles. The small arrows indicate the spins 
in the amorphous Ge1-xMnx matrix. 

 

3.3.2.7 Effect of H2 plasma annealing 

A. ZFC-FC curves 

The effect of hydrogen on nonmagnetic materials has been studied extensively. It 

has been found that hydrogen forms complexes with defects and dopants and passivates 

their electronic properties. Goennenwein et al. have incorporated hydrogen into Ga1-

xMnxAs thin films. The incorporation of hydrogen electrically passivated the Mn 

acceptors and removed the holes crucial to the itinerant ferromagnetism. [50] They 

observed ferromagnetism to paramagnetism transition in Ga0.963Mn0.037As after the 

hydrogenation. [50] Thus, such a hydrogenation provides us a new way to control the 

ferromagnetic properties in DMSs. In our studies, sample A5 was hydrogenated using 
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remote dc H2 plasma of 500 W for 4 hours. During the plasma annealing process, the 

sample was heated to 160 oC, well below the growth temperature of 200 oC, in a CVD 

system (Type: CN-CVD-100, ULVAC Japan Ltd). After annealing, the sample was 

taken out to measure the magnetic properties. All the magnetic measurements were 

performed on the same piece of sample. 
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FIG. 3.20 FC curves with a magnetic field of 20 Oe for different H2 plasma annealing 
time for sample A5.  

 

In Fig. 3.20, we plot the FC curves with a magnetic field of 20 Oe for different 

annealing durations. In comparison with the as-grown sample, an obvious reduction of 

the moment is observed and become more obvious with the increase of the annealing 

time, though the shapes of the curves below 200 K are almost same. The magnetization 

drops to around 25% of the as-grown sample after 4 hours H2 plasma annealing. 

Goennenwein et al. argued that the Mn acceptors could be deuterated quantitatively, 

leading to a reduction of the hole density in Ga1-xMnxAs system. [50] Similar 

phenomenon may also happen in our amorphous Ge1-xMnx thin film system.  
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FIG. 3.21 ZFC (open circles) and FC (solid circles) curves at different magnetic fields 
for sample A5 after 4 hours H2 plasma annealing at 160 oC.  

 

However, Mn5Ge3 phase was observed after 4 hours hydrogenation process, which 

can be clearly seen in Fig. 3.21(a). ZFC and FC curves at an applied magnetic field of 

20 Oe in Fig. 3.21(a) are obviously different from those in the as-grown sample shown 

in Fig. 3.8(e) and exhibit a Curie-temperature of 295 K, which is a typical feature of the 

Mn5Ge3 phase. The ZFC and FC curves remains separated until 285 K, a little lower 

than the Curie temperature of the Mn5Ge3 phase. Crystalline Ge peak at the position 

around 298 cm-1 is also observed for the sample after 4 hours H2 annealing in the 

Raman measurement. Sriraman et al. observed the hydrogen-induced crystallization in 
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the amorphous Si thin film. [51] They argued that during H exposure of a-Si:H the 

reactions that occur include surface H adsorption, surface H abstraction, etching of 

surface silicon hydrides, dangling-bond-mediated dissociation of surface hydrides, 

surface H sputtering/desorption, diffusion of H into the a-Si:H film, and insertion of H 

into strained Si–Si bonds, which will stimulate the crystallization of the amorphous Si. 

[51] It seems that hydrogen plasmas have similar effect on our amorphous Ge1-xMnx 

system and can also stimulate the crystallization of both amorphous Ge and Mn5Ge3 

phase. Also shown in Figs. 3.21(b) to 3.21(e) are the ZFC-FC curves at different 

magnetic fields of 100, 200, 500, and 1000 Oe, respectively. The major features can be 

summarized as the following: (1) a jump in both ZFC and FC curves around 70 K can 

be found when applying a magnetic field of 100 Oe, and the jump become more 

pronounced with increasing magnetic field; (2) a dramatic drop in both ZFC and FC 

curves at low temperatures can be observed when a magnetic field of 500 Oe is applied; 

(3) The drop disappears and upturn curves are observed when a magnetic field of 1000 

Oe is applied.  

  

B. M-H curves 

Figure 3.22 shows M-H curves for sample A5 at 20, 30 and 70 K after 4 hour H2 

plasma annealing. Clear hysteresis loops can be observed until 70 K, and the coercivity 

decreases with increasing temperature and become almost zero at 70 K. These are 

similar to those in the amorphous Ge1-xMnx samples discussed in the section 3.3.2.1. 

However, several differences, in comparison with the amorphous Ge1-xMnx samples, 

can be observed in the annealing sample and summarized as follows: (1) no inverted M-

H curve at 70 K is observed; (2) the shapes of M-H curves are irregular. Irregular M-H 

curves are generally observed in the inhomogeneous magnetic system, which indicates 
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that at least two magnetic phases coexist in the same system. As discussed in the section 

of ZFC and FC curves, amorphous Ge1-xMnx and Mn5Ge3 phases coexist in the 

annealing sample. Thus, both of them have contributions to M-H curves. At the low 

temperatures and low magnetic fields, the contribution from the amorphous phase is 

dominant. At the high temperatures and high magnetic fields, the dominant contribution 

is from the Mn5Ge3 phase; (3) higher coercivities are obtained in the annealing sample, 

which is due to the additional contribution from the Mn5Ge3 phase.  
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FIG. 3.22 M-H curves at 20, 30 and 70 K for sample A5 after 4 hours H2 plasma 
annealing.  
 

3.3.3 Electrical transport properties  

3.3.3.1 Temperature-dependent resistivity 

Figures 3.23(a)-3.23(d) show the temperature-dependent resistivity curves for 

samples A2, A3, A4, and A6. The resistivity of all the samples increases with 

decreasing temperature. Although the magnetization shows a hump (cusp) or drop at 

intermediate temperatures, the resistivity does not show a corresponding change in the 

same temperature region. This again suggests that the high-temperature phase is due to 



Chapter 3 Magnetic and electrical transport properties of amorphous Ge1-xMnx thin films 

94 

the extrinsic origin. Among four amorphous samples (A2, A3, A4, and A6), sample A2 

exhibits the highest resistivity and a sharp increase of the resistivity at low temperature. 

In comparison, samples A3, A4, and A6 have a much lower resistivity and show a 

relatively slow increase when the temperature decreases. This difference is to be 

compared with the shape of the ZFC curves in which sample A2 exhibits a cusp at low 

temperatures while the other three samples show a hump at relatively higher 

temperatures. As the cusp shape is normally observed for spin glasses, it suggests that 

the ferromagnetic interaction in sample A2, if any, is much weaker than those in the 

other three samples. It is well known that the transport properties of an inhomogeneous 

metal or semiconductor are generally dominated by variable range hopping at low 

temperature. In the cases of highly disordered DMSs, in addition to the normal hopping 

mechanism, one should also consider the scattering due to magnetic impurities. Thus, 

the temperature dependence of resistivity is a quite complex issue in these samples. 
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FIG. 3.23 R-T curves of the samples under study. (a) Sample A2, (b) sample A3, (c) 
sample A4, (d) sample A6. 
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3.3.3.2 Temperature-dependent conductance 

In addition to the temperature dependence of resistivity, we are particularly 

interested in the dynamic conductance as a function of bias voltage because it is 

sensitive to carrier localization and inhomogeneity of the samples. Figures 3.24(a) - 

3.24(d) show the dynamic conductance curves for four samples under study. Due to the 

strong dependence on bias voltage, the conductance for samples A2 is normalized to its 

value at zero bias, while for other samples we show the absolute values. Almost all the 

curves show a V-shape at low temperatures, and became flattened as the temperature 

increases. The V-shape conductance-voltage curves were observed in many 

inhomogeneous systems [52-55] and were interpreted as being caused by the carrier 

localization due to the potential disorder. With the decrease of the Mn composition, the 

nonlinearity becomes more prominent, i.e. the 0/ GGV  value increases at the same 

temperature as the Mn composition decreases ( VG : the conductance at voltage V, 0G : 

zero-bias conductance). In order to characterize quantitatively the degree of localization, 

we plot in Figs. 3.25(a)-3.25(d) the normalized temperature dependence of 

)/)/()/(' 2.4,02.4,5.2,0,5.2 KKVTTV GGGGG = ,                                         (3.4) 

where TVG ,5.2  ( TG ,0 ) and KVG 2.4,5.2 ( KG 2.4,0 ) are the conductance at temperature T and 

4.2 K when the bias is 2.5 V (0 V). We define a critical temperature (T´C) as the cross- 

point of the slope at low- and high-temperature regions in the temperature-dependent 

curves.  It can be observed that T´C  increases with increasing Mn composition. T´C is 10, 

14, 18, and 31 K for samples A2, A3, A4, and A6, respectively. These temperatures are 

very close to TC, the highest temperatures where the flat regions in the FC curves appear 

in Fig. 3.8. It indicates that the magnetic properties in the amorphous samples at low 

temperature are closely related to the carrier localization. 
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FIG. 3.24 Dynamic conductance-voltage curves at different temperatures for the 
samples under study. (a) Sample A2, (b) sample A3, (c) sample A4, (d) sample A6. 
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FIG. 3.25 Temperature-dependent 'G  curves for different samples. The critical point 
(T´

C) is defined as the cross point of the slopes at high- and low-temperature regions. (a) 
Sample A2, (b) sample A3, (c) sample A4, (d) sample A6. 
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3.3.3.3 Magnetoresistance effect  

Figure 3.26(a) shows the MR curves of sample A4 at different temperatures with 

a maximum field of 6 T, where the magnetic field is applied perpendicular to the sample 

surface. The MR is defined as  

H

H

R
RR

MR 0−
= ,                                            (3.5) 

where 0R  denotes the zero-field resistance and HR  denotes the resistance at an applied 

field. A negative MR is observed for all the amorphous samples. The MR ratio for 

sample A4 is 0.51% at 4.2 K and decreases with increasing temperature to almost zero 

at 200 K. A maximum MR ratio or resistivity value has been observed around TC in the 

manganese perovskites or (Ga, Mn)As [56,57]. However, we do not observe any similar 

critical points in the temperature-dependent resistivity or MR measurements in 

amorphous Ge1-xMnx alloy thin films. In the samples under study, the MR should come 

from both the low- and high-temperature phases. When a magnetic field is applied, the 

spins of low-temperature phase as well as the magnetization of the clusters will align 

along the direction of the magnetic field, leading to a smaller resistance or negative MR. 

Figure 3.26(b) shows the temperature dependence of MR ratio of sample A4. The MR 

ratio is almost constant below the ferromagnetic ordering temperature (TC), but 

decreases rapidly at high temperatures. Again here we can see that there is a difference 

between the low- and high-temperature regions.  Figure 3.26(c) compares the MR ratio 

for all the amorphous samples studied at 4.2 K. Although it is not so obvious, the MR 

ratio increases slightly with decreasing Mn composition. This can be understood as 

being caused by the increased contribution from the low-temperature and reduced 

contribution from the high-temperature phase. 
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FIG. 3.26 (a) MR curves of sample A4 at different temperatures; (b) MR ratio as a 
function of temperature for sample A4; (c) MR curves for samples A2, A3, A4, and A6 
at 4.2 K.  



Chapter 3 Magnetic and electrical transport properties of amorphous Ge1-xMnx thin films 

99 

3.3.2.4 Hall effect 
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FIG. 3.27 (a) Hall effect for sample A4 at different temperatures; (b) coercivity as a 
function of temperature for sample A4; (c) normalized temperature dependence of 
anomalous Hall resistance for samples A4 and A6; (d) Hall resistance as a function of 
temperature at different magnetic fields for sample A6. 
 

Next we turn to the Hall effect. The Hall resistance in a ferromagnet is generally 

expressed as 

 MRBRR Sxy 00 µ+= ,                                            (3.6)                        

where B is the magnetic induction, 0µ  is the magnetic permeability, M  is 

magnetization, R0 and SR  are the normal and anomalous Hall coefficients, respectively. 

The first term represents the ordinary Hall effect (OHE) linear in B, and the second term 

represents the AHE. The AHE is thought to be originated from either intrinsic or 

extrinsic spin-orbit couplings. Figure 3.27(a) shows the Hall resistance for sample A4 at 
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various temperatures with a maximum magnetic field of 6 T. The nonlinear Hall 

response is observed up to 200 K. In the samples under discussion, there should be two 

different sources for AHE. The response at low temperature should consist of the 

contributions from both the highly ordered spin-glass-like phase and the clusters phase. 

However, at high temperature, the contribution from the clusters should dominate. In 

Fig. 3.27(b), we plot the coercivity obtained form the AHE curves as a function of 

temperature for sample A4. It can be found that the coercivity decreases rapidly with 

increasing temperature (varying from 1000 Oe at 4.2 K to 10 Oe at 40 K). If we draw 

two slopes to the low- and high-temperature portions of the curves, again we found that 

the two straight lines cross each other at a temperature of 16 K, which is very close to 

the temperature of TC and T’
C obtained from the magnetic measurements and dynamic 

conductance study, respectively. This suggests that the AHE at low temperature 

originates from a coupled phase of the clusters and the host matrix, while that at high 

temperature originates from the uncoupled clusters. The additional contribution from 

the coupled phase at low temperature can also be seen from additional increment of 

AHE below 15 K, as shown in Fig. 3.27(c) for samples A4 and A6, respectively where 

TAHR ,  (anomalous Hall resistance at temperature T) is obtained from the extrapolation 

of the linear portion of xyR  (Hall resistance) at high fields to B = 0 and normalized to its 

value at 4.2 K. Figure 3.27(d) shows the temperature dependence of AHE at different 

magnetic fields for sample A6. At low magnetic fields of 0.05 and 0.1 T, it can be 

observed that xyR  decreases with decreasing temperature. The decrease of xyR  becomes 

less prominent with the increase of the magnetic field and an increase of xyR  replaces 

the decrease when the magnetic field is higher than 0.6 T. This is in good agreement 

with the model we proposed earlier, i.e., the low-temperature phase couples 
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antiferromagnetically with the high-temperature nanocluster phase below T*
C at low 

field.  
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FIG. 3.28 Comparison of anomalous Hall resistance at different temperatures for 
samples A4 and A6.  
 

 In Fig. 3.28, the anomalous Hall resistance for samples A4 and A6 at different 

temperatures are presented. Clear hysteresis behaviour can be observed at 4.2 K in both 

samples [see Fig. 3.28(a)]. With the increase of temperature, the coercivities of both 

samples become smaller and disappear above 100 K [see Fig. 3.28(b)]. Figure 3.28(c) 
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shows the AHE curves at 150 K. Clear hysteresis behaviour is observed again in sample 

A6 and the coercivity becomes larger at 200 K, then decreases again at 250 K and 

finally disappears at 300 K. The temperature of the appearance of coercivity at around 

150 K in sample A6 corresponds to that of the appearance of Mn5Ge3 phase [see Fig. 

3.8(f)]. It is obvious that the hysteresis behaviour above 150 K in sample A6 originates 

from Mn5Ge3 secondary phase. In general, the secondary phase should also have a 

contribution to Hall effect at low temperature although it is not the dominant one. 

However, we do not observe this phenomenon at low temperature. For samples grown 

at 300 oC (The details will be discussed in Chapter 4), where the magnetic properties are 

dominant by the secondary phases, we cannot observe any AHE effect. The true role of 

Mn5Ge3 secondary phases in AHE effect in amorphous Ge:Mn system is recommended 

for the future studies.  

Figure 3.29 displays the carrier density variation at different temperatures for 

samples A4 and A6. The carrier density is obtained from equation 3.7: 

edV
IBn = ,               (3.7) 

where n  is the carrier density, I  is the applied current, 191060.1 −×=e  C, d  is the 

sample thickness, V  is the Hall voltage, B  is the applied magnetic field. Due to the 

heavily doped Mn, both samples exhibit high carrier density at room temperature. The 

carrier densities at room temperature are 1.33×1021 and 1.11×1021 cm-3 for sample A4 

and A6, respectively. Three different regions can be observed in the curves. (I) 200 

K <<T  300 K. In region (I), the carrier density deceases very fast with decreasing 

temperature; (II) 40 K << T 200 K. In region (II), the carrier density first increases with 

decreasing temperature and reaches the maximum around 100 K. Then, the carrier 

density slightly decreases with decreasing temperature; (III) <T  40 K. In this region, 
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the carrier density is almost constant and the carrier localization occurs at this 

temperature range, which agrees well the results of the dynamic conductance studies. 

This provides further evidence that the magnetization at low temperatures is a carrier-

induced phenomenon. The overall curve shape of temperature-dependent carrier density 

below 200 K is very similar to that of the FC curve at an applied magnetic field of 20 

Oe. This again indicates the close correlation between the magnetic and electrical 

transport properties, even though we have not taken into account the magnetic scattering 

effect in this system.   
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FIG. 3.29 Carrier density at different temperatures for samples A4 and A6.  

 

3.4 Summary 

We have systematically studied structural, magnetic and electrical transport 

properties of amorphous Ge1-xMnx (x = 15.3% - 42%) alloy thin films. Focusing on the 

correlation between magnetic and electrical transport properties, we have shown that the 

amorphous samples consist of a low-temperature highly ordered spin-glass-like phase 
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and a high-temperature “clustered dopant” phase. The magnetizations of the two phases 

were found to be coupled antiferromagnetically with each other at low temperature. The 

good agreement between the values of TC and T*
C for amorphous samples and those of 

the two characteristic temperatures reported in literature for epitaxially grown samples 

suggested that the ferromagnetic phase of the latter observed in the temperature range of 

110 - 120 K is of extrinsic origin. The high-temperature phase was of characteristic 

nature of the Ge:Mn system, independent of crystalline structure and Mn composition 

unless secondary phases were formed uniformly in the sample. Carrier localization only 

occurred at low temperature, which has been confirmed by the dynamic conductance 

and Hall effect studies. The dynamic conductance measurements could also be applied 

to study other types of inhomogeneous DMSs system. 
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CHAPTER 4 

MAGNETISM AND ELECTRICAL TRANSPORT 

PROPERTIES OF AMORPHOUS Ge1-xMnx THIN 

FILMS EMBEDDED WITH Ge CRYSTALLITES 

AND HIGH TC SECONDARY PHASES AND 

GRANULAR Ge0.74Mn0.26 THIN FILM 

 

4.1 Introduction 

After discussing the amorphous Ge1-xMnx thin films, we will discuss another 

Ge1-xMnx structure (amorphous Ge1-xMnx thin films embedded with Ge crystallites and 

secondary phases) in this chapter. Although much effort has been made to epitaxially 

grow Ge1-xMnx thin films with low Mn doping concentrations, so far only two groups 

have successfully reported the epitaxial growth of Ge1-xMnx thin films. [1,2] Growth 

rate and growth temperature are the two crucial factors which determine the growth 

mode of Ge1-xMnx thin films. Ge:Mn secondary phases will form once the Mn 

concentration exceeds the solution limit (> 9%) and the substrate temperature is higher 

than 70 oC. [2] Among different Ge:Mn secondary phases, Mn5Ge3, Mn11Ge8 and 

M3.4Ge have Curie temperatures of near or above room temperature. Although the 

secondary phases are undesirable for forming uniform Ge-based DMSs, thin films with 
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high TC secondary phases are of great interest from the point of view that they serve as 

ideal systems to study the spin-dependent transport across the interface between high TC 

secondary phases and the host matrix. Furthermore, we can continue to find the possible 

solutions for the two key unsettled problems in Ge1-xMnx, i. e. (1) what are the origins 

of ferromagnetism and characteristic temperatures; (2) what is the correlation between 

magnetic and electrical transport properties. In this chapter, we firstly discussed the 

fabrication and characterization of amorphous Ge1-xMnx thin films embedded with Ge 

crystallites and different types of high TC secondary phases. Detailed structural, surface 

morphology, magnetic, and electrical transport properties have been studied. Then, the 

nanowires with diameters of 5, 1, and 0.1 µm were fabricated with sample Mn12% 

(Sc29), and the spin-dependent transport properties were investigated with the dynamic 

conductance technique. Finally, a Ge0.74Mn0.26 granular thin film was fabricated and its 

structural, magnetic, and electrical transport properties were investigated.  

 

4.2 Experimental details 

Amorphous Ge1-xMnx thin films embedded with Ge crystallites and different types 

of high TC secondary phases were grown by MBE at a substrate temperature of 300 oC. 

Samples with Mn concentrations ranging from 1.5% to 56.1% were obtained by varying 

the K-cell temperatures. The thickness of the as-grown films was around 34 nm with a 

growth rate of 0.009 nm s-1. The surface morphology and Mn composition of the as-

grown films were characterized by AFM and XPS, respectively. Raman scattering and 

HRTEM were used to characterize the structural properties. The measurements of 

magnetic properties were performed with SQUID. In order to study electrical transport 

properties, the samples were fabricated into standard Hall bars using the same process 

described in chapter 3. The electrical measurements were performed in a Janis cryostat 
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at the temperature range from 1.7 to 300 K and with a magnetic field up to 7 T. Table 

4.1 listed the parameters of the samples that have been studied in this chapter. The spin-

dependent transport across high TC secondary phases and host matrix interface was 

studied using sample Mn12% (Sc29). In order to confine the current into a narrow path, 

the sample was firstly fabricated into a strip with a width of 5 µm using a laser writer. 

The typical nanowire fabrication procedure was similar to that of the Hall bar 

fabrication discussed in Fig. 3.1. The fabricated strips were further narrowed down to 1 

and 0.1 µm by both ion-milling and FIB techniques. The dynamic conductance 

(G=dI/dV) curves at different strip widths were measured to study the spin-dependent 

transport properties.  

 
Table 4.1 The parameters of the samples studied in this chapter 

 

 

 

 K-Cell 
Temperature (oC)

Resistivity  
(Ω.cm) 

Mn concentration 
(%) 

Secondary phases 
in the thin film 

SC24 750  0.000394 56.1 Mn11Ge8 and 
Mn3.4Ge 

SC25 730 0.000883 46.7 Mn11Ge8 and 
Mn5Ge3 

SC26 710 0.002242 28.1 Mn11Ge8 and 
Mn5Ge3 

SC27 690 0.005028 24.8 Mn11Ge8 and 
Mn5Ge3 

SC28 670 0.006401 18.5 Mn5Ge3 

SC29 650 0.024462 12.0 Mn3.4Ge 

SC30 630 0.129105 10.9 Mn3.4Ge 

SC31 610 0.118315 5.85 Mn3.4Ge 

SC32 590 0.131144 1.5 Mn3.4Ge 
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4.3 Results and discussion 

4.3.1 Structural and surface morphology properties 

 

 

FIG. 4.1 Cross-sectional TEM images of sample Mn24.8%. (a) Dark-field TEM 
micrograph of this film. The bright spots enclosed by white dotted lines are Ge 
crystallites. The dark areas are the amorphous Ge1-xMnx matrix; (b) HRTEM image of 
one bight area in (a). The regions enclosed by white dotted lines show Ge crystallites 
with (111) orientation; (c) electron diffraction pattern taken from one of the bright spots 
in the dark-field image. The rings are indexed as 111, 220, and 311 orientations of Ge 
crystallites. The strong and bright spots are from GaAs (100) substrate. 
 

Figure 4.1 shows the typical cross-sectional TEM image of sample Mn24.8%. The 

dark-field TEM image of the thin film is shown in Fig. 4.1(a). Some bright regions can 

be clearly observed in this figure. Figure 4.1(b) shows HRTEM image of one of the 
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bright spots in Fig. 4.1(a), which clearly shows the presence of Ge crystalline phase 

with (111) orientation. In contrast with the bright areas, the dark regions in Fig. 4.1(a) 

are totally in the amorphous state and any crystallites cannot be found. Figure 4.1(c) is a 

selected-area diffraction pattern taken from one of the bright spots in the dark-field 

image. Spots corresponding to 111, 220, and 311 diffractions of cubic Ge structure can 

be clearly seen. The strong and bright spots are from GaAs (100) substrate. We cannot 

observe any secondary phases in TEM images although it can be inferred from the 

magnetic measurements. There may be two possible reasons for this: (1) the secondary 

phases are too small to be seen, and (2) the secondary phases may be too dilute in 

density which cannot be picked up easily by TEM.  
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FIG. 4.2 Raman spectrum of the samples studied in this chapter. The arrow points to the 
lower Mn concentrations. The dotted lines indicate the peak position of Ge nanocrystal 
at the position of around 298 cm-1. 

 

Figure 4.2 shows Raman spectrum of the samples under study in this chapter. The 

arrow points to the lower Mn concentration. A peak at the position of around 298 cm-1 
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with an asymmetry at the lower frequency can be clearly observed in the low doping 

concentration samples. The asymmetric shape of the peak is a typical characteristic of 

small Ge crystallites, [3,4] which agrees well with TEM results. The intensity of the 

peaks decreases with the increase of the Mn concentration and the peak becomes almost 

invisible in sample Mn56.1% (Sc24) with the highest Mn concentration. The peak 

position of Ge crystallites shifts to the lower frequency with increasing Mn 

concentrations.  
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FIG. 4.3 (a)-(f) AFM images of the samples with different Mn concentrations. 
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Figures 4.3(a)-4.3(f) show AFM images of the selected samples with different Mn 

concentrations. The scanned areas are 1 µm x 1 µm for all the samples. A wide 

distribution of particle sizes can be observed in different Mn concentrations. Typical 3- 

D island growth can be observed in all samples. The particles size is uniform even in the 

highest Mn concentration and decreases with the decrease of the Mn concentrations. In 

comparison with the amorphous samples studied in chapter 3 (grown below 200 oC), the 

samples grown at 300 oC have a higher surface roughness.  

Figure 4.4 shows the relation between the surface roughness (Ra) and the Mn 

concentrations. In the highest Mn concentration samples (Mn56.1% and Mn46.7%), Ra 

values are 11.064 and 6.793 nm, respectively. With the decrease of Mn concentration, 

Ra value dramatically drops to 2.221 nm for sample Mn28.1%. A minimum of 1.238 nm 

is obtained in sample Mn18.5%. Then, Ra  slightly increases with the decrease of Mn 

concentration. 
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FIG. 4.4 The relation between the surface roughness (Ra) and Mn concentrations.  
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4.3.2 Magnetic properties 
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FIG. 4.5 (a) and (b) normalized M-T curves of the samples with different Mn 
concentrations. The ferromagnetic to antiferromagnetic transition point for Mn11Ge8 
phase is indicated by the arrow in (a). 

 

Figures 4.5(a) and 4.5(b) show the normalized temperature-dependent FC curves for 

different samples at an applied magnetic field of 100 Oe. Different temperature-
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dependent magnetic behaviours can be observed in the figures. Researchers have made 

detailed studies about the magnetic behaviour of different Ge:Mn secondary phases. [5-

11] Thus, we can infer which kind of the secondary phase is embedded in the samples 

from FC measurements. In Fig. 4.5(a), the magnetization of the sample with Mn56.1% 

first decreases gradually with increasing temperature and a steep increase at 145 K is 

observed. After that, the magnetization decreases with the increase of the temperature 

and becomes zero around 365 K. It is well known that Mn11Ge8 exhibits a ferromagnetic 

to antiferromagnetic transition around 145 K. Thus, we can tell that Mn11Ge8 phase 

exists in this sample. However, Mn11Ge8 has a TC of only 274 K, which is lower than the 

experimental value. Therefore, Mn3.4Ge phase with a TC of 365 K [11] should also 

coexist in the films. When the Mn concentration further decreases, the transition around 

145 K becomes less pronounced and cannot be observed at sample Mn18.5%. Samples 

Mn46.7%, Mn28.1%, Mn24.8%, and Mn18.5% have the same TC  of 295 K. It is well 

known that Mn5Ge3 has a TC around 296 K. [11] Thus, the ferromagnetism in these 

samples origins from the Mn5Ge3 secondary phase. In Fig. 4.5(b), FC curves of samples 

Mn12.0%, Mn5.85%, and Mn1.5% are shown. A TC  around 365 K is obtained in all 

three samples, independent of the Mn concentration. Thus, the ferromagnetism in these 

samples results from the Mn3.4Ge phase. The FC curves become more convex with the 

decrease of the Mn concentration and almost overlap for samples Mn5.85% and 

Mn1.5%. 
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FIG. 4.6 ZFC and FC curves for sample Mn12% at different applied magnetic fields.  
 

Figure 4.6 shows ZFC and FC curves for sample Mn12% at applied magnetic fields 

of 500, 1000, and 10000 Oe. With the increase of applied magnetic field, the separation 

points between ZFC and FC curves shift to lower temperatures and overlap when a 

10000 Oe magnetic field is applied. We obtain the same Curie temperature of 365 K by 

fitting FC curves at different magnetic fields with the Curie-Weiss law, which is a 

typical ferromagnetic behaviour different from the amorphous Ge1-xMnx system 

discussed in chapter 3.  

Figure 4.7 exhibits ZFC, FC, ZFC-FC, and TRM curves for sample Mn12% with an 

applied magnetic field of 100 Oe. No negative TRM is observed in this sample and 

TRM is very close to the value of MFC-MZFC, which is different from amorphous Ge1-

xMnx thin films discussed in chapter 3. Although the amorphous phase is also observed 

in TEM images, the magnetic properties are still dominant by the Mn3.4Ge secondary 

phase.    
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FIG. 4.7 ZFC, FC, ZFC-FC, and TRM curves for sample Mn12% at an applied 
magnetic field of 100 Oe.  
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FIG. 4.8 M-H curves for sample Mn12% at different temperatures.  
 

In Fig. 4.8, field-dependent magnetization curves at different temperatures for 

sample Mn12% are shown. Clear hysteresis behaviours can be observed until 340 K, 

indicating the ferromagnetic behaviour. The remanence at 5 and 340 K are 
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approximately 53% and 35%. The coercivity at 5 and 340 K are 950 and 200 Oe. There 

is no obvious difference in the magnetization between in-plane and out-of-plane 

orientations.  
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FIG. 4.9 M-T curves for samples Mn28.1%, Mn24.8%, and Mn1.5% at an applied 
magnetic field of 2 T.  
 

Figure 4.9 exhibits the normalized temperature-dependent magnetization for 

samples Mn28.1%, Mn24.8%, and Mn1.5% at an applied magnetic field of 2 T. The 

magnetizations of all three samples saturate at such a high applied magnetic field and 

ZFC and FC curves overlap with each other. It is interesting that a sharp increase below 

25 K (shown with an arrow in the figure) is observed in all three samples although the 

magnetizations in the high-temperature region are completely different. Bihler et al. [12] 

observed a steep magnetization increase below 16 K in their sample of Ge0.97Mn0.03, in 

which Mn5Ge3 clusters are embedded in epitaxially grown Ge crystalline matrix. They 

attribute it to a DMS formed by Mn atoms incorporated substitutionally in the Ge 

matrix. Li et al. [13] thought that to be a characteristic for Ge-based DMSs based on the 
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BMP model. We also observed the same steep increase in the amorphous samples as the 

discussion in chapter 3. It seems that this is a characteristic of Ge1-xMnx thin film 

systems independent of Mn concentrations and structure properties. The steep increases 

in the magnetization can also be explained with the carrier localization, [14] which will 

be discussed in the following section of electrical transport properties.  

 

4.3.3 Electrical transport properties 

4.3.3.1 Temperature-dependent resistivity  
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FIG. 4.10 R-T curves for the selected samples with different Mn concentrations. (a) 
Sample Mn1.5%, (b) sample Mn12%, (c) sample Mn24.8%, and (d) sample Mn28.1%. 
 

Figures 4.10(a)-4.10(d) show the temperature-dependent resistivity curves for four 

samples with different Mn concentrations. Semiconducting-like behaviour is observed 

in all the samples. The semiconducting-like behaviour becomes less prominent with the 
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increase of the Mn concentrations, and a lower ratio of ρ300 K / ρ 5 K is obtained in the 

samples with the higher Mn concentration.  

 

4.3.3.2 Temperature-dependent conductance 

Figure 4.11 shows the dynamic conductance-voltage curves for three samples with 

different Mn concentrations. V-shape curves can be observed in all three samples, 

which is similar to the amorphous samples discussed in chapter 3. Due to the strong 

dependence on the bias voltage, the conductance for sample Mn1.5% is normalized to 

its value at zero bias, while for other samples we show the absolute values. We also plot 

the figures of )//()/(' 2.4,02.4,5.2,0,5.2 KKVTTV GGGGG = and get the critical temperatures 

(T´
C) using the same method in chapter 3. The critical temperatures (T´

C) of 9, 12, and 

15 K [see Fig. 4.12] are obtained for samples Mn1.5%, Mn24.8%, and Mn28.1%, 

respectively. The temperature range of the critical temperatures obtained from dynamic 

conductance studies is very close to the TC or Tf  reported by other groups. [2,15] It 

seems that the critical temperatures are independent of the Mn concentrations and the 

secondary phases, suggesting that may be the intrinsic property of Ge1-xMnx thin film 

system. The results obtained from the electrical measurements agree well with those 

from the magnetic measurements in Fig. 4.9 although the temperature of the sharp 

increase in the magnetization is a little higher than the critical temperatures obtained 

from the dynamic conductance studies.  
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FIG. 4.11 Dynamic conductance-voltage curves at different temperatures for the 
samples under study. (a) Sample Mn1.5%, (b) sample Mn24.8%, (c) sample Mn28.1%.  
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FIG. 4.12 Temperature-dependent 'G  curves for different samples. (a) Sample Mn1.5%, 
(b) sample Mn24.1%, and (c) sample Mn28.1%. 
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4.3.3.3 Magnetoresistance effect 

In contrast to the negative MR obtained in the amorphous Ge1-xMnx thin films in 

chapter 3, a positive MR was obtained in all three samples under study in this chapter 

although the Mn concentration and embedded high TC secondary phases are different. 

The MR curves at different temperatures for sample Mn24.8% are shown in Fig. 4.13. 

The MR ratio is about 1.2% at 4.2 K, decreasing with the increase of the temperature 

and becoming almost zero at 155 K. Several groups have also observed the positive MR 

behaviour and proposed different explanations to account for this effect: (i) Zeeman 

splitting in Ti1-xCoxO2-δ, [16], (ii) s-d exchange interaction in Zn1-xCoxO, [17] (iii) spin-

related scattering in BMP in (Mn0.03, Co0.07)Zn0.90O, [ 18 ] (iv) geometric 

magnetoresistance of Ge:Mn nanoclusters in a diluted magnetic semiconductor matrix, 

[19] and (v) quantum interference effects in Fe0.85Co0.15Si [20].The positive MR effect 

in the samples under studies may be understood with the BMP model similar to that 

reported in Ref. 18. In this model, BMPs play a role as spin-disorder scattering centres 

and the spin-dependent scattering will be enhanced when a magnetic field is applied, 

which gives a higher resistance. In Fig. 4.14, we plot the temperature-dependent MR 

ratios for three samples. The MR ratios decrease with the increase of both the Mn 

concentrations and temperatures.  
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FIG. 4.13 MR curves for sample Mn24.8% at different temperatures. 
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FIG. 4.14 MR ratios for samples Mn1.5%, Mn24.8%, and Mn28.1% at different 
temperatures.  
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4.3.4 Electrical transport properties for Ge:Mn nanowires 

4.3.4.1 Temperature-dependent resistivity 

Figure 4.15 shows the log-scale normalized temperature-dependent resistivity for 

the thin film, nanowires with the widths of 5, 1, and 0.1 µm based on sample Mn12% 

(Sc29). The conduction behaviors are a little different although the typical 

semiconducting-like behaviors can be observed in all the samples. R-T curves for the 

thin film and 5 µm nanowire are very similar. With the decrease of the dimension, the 

R-T curve for 1 µm nanowire is a little different from that of 5 µm nanowire. A steeper 

resistance increase at low temperatures can be observed, which indicates that the carrier 

localization becomes more pronounced at low temperatures when the dimension 

decreases. This can also be observed in the dynamic conductance studies and will be 

discussed later. For 0.1 µm nanowire, the conduction behavior is completely different 

from others. A flat region below 150 K can be observed. Then, the resistance decreases 

with the increase of the temperature. During the fabrication process of 0.1 µm nanowire, 

FIB is used to etch 1 µm Ge0.88Mn0.12 nanowire to a smaller dimension. Ga2+ ions may 

be implanted into the nanowire during the etching process, leading to the change of the 

carrier density in the Ge0.88Mn0.12 nanowire. As magnetic and electrical transport 

properties of DMSs materials are a function of the carrier density, a completely 

different R-T curve may be obtained when the carrier density changes. Although the 

mechanism how Ga2+ ions mediate the carrier density and electrical transport properties 

in this Ge:Mn system is not understood now, it may provide a new way to control the 

magnetic and electrical transport properties in DMSs except adding the magnetic 

impurities into the semiconductor matrixes. Further studies about it are recommended 

for future work.  
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FIG. 4.15 Normalized log-scale R-T curves for the thin film, nanowires with diameters 
of 5, 1 and 0.1 µm of sample Mn12%.  

 

4.3.4.2 Temperature-dependent conductance 

A. 5 µm nanowire  

Figures 4.16(a)-4.16(c) show the temperature-dependent dynamic conductance-

voltage curves at different temperature ranges for 5 µm nanowire. The dynamic 

conductance-voltage curves can be divided into three temperature regions: (I) 5 

K << T 80 K [see Fig. 4.16(a)]; (II) 80 K << T 300 K [see Fig. 4.16(b)]; (III) 300 

K << T 400 K [see Fig. 4.16(c)]. In regions (I), V-shape curves can be observed and 

becomes less pronounced with the increase of the temperature. As discussed before, V-

shape curves are an indication of the carrier localization. In region (II), the curves 

become flatter and conductance increases with the increase of the temperature. In region 

(III), the conductance-voltage curves from 300 to 360 K are a little different from those 

in regions (I) and (II). The conductance is almost constant at the center part of the 

curves. However, the dynamic conductance suddenly increases at the high bias, then 
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decreases to some value higher than that at the center part. The phenomenon is most 

obvious at 360 K. Above 360 K, the curves become flat again. As discussed before, the 

Curie temperature of this sample is around 365 K. Thus, the change in the dynamic 

conductance-voltage curves may have some relations with the change in the magnetic 

properties.  
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FIG. 4.16 Dynamic conductance-voltage curves for 5 µm nanowire at different 
temperature ranges: (a) 5 to 80 K, (b) 80 to 300 K, (c) 300 to 400 K.  
 

B. 1 µm nanowire 

Figures 4.17(a)-4.17(c) shows the dynamic conductance-voltage curves for 1 µm 

nanowire at different temperature ranges. The dynamic conductance-voltage curves can 

also be separated into three regions: (I) 5 K << T 145 K [see Fig. 4.17(a)]; (II) 145 

K << T 305 K [see Fig. 4.17(b)]; (III) 315 K << T 395 K [see Fig. 4.17(c)]. In region (I), 

V-shape curves are also observed and become flatter with the increase of the 

temperature. In comparison with the curves for 5 µm nanowire, the dips of V-shape 

curves become more obvious at low temperatures and the temperature that the curves 

become flat is higher, which indicates that the carrier localization becomes more 

pronounced when the dimension decreases. In region (II), the curves become flatter and 

conductance increases with the increase of the temperature, which is similar to the 5 µm 

nanowire. In region (III), the dynamic conductance also suddenly increases at the high 

bias, then decreases to some value higher than that at the center part. The increase of the 

conductance becomes more obvious with the increase of the temperature and become 

the most pronounced at 395 K.  
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FIG. 4.17 Dynamic conductance-voltage curves for 1 µm nanowire at different 
temperature ranges: (a) 5 to 145 K, (b) 145 to 305 K, (c) 315 to 395 K.  
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C. 0.1 µm nanowire 

Figures 4.18(a)-4.18(c) shows the dynamic conductance-voltage curves for 0.1 µm 

nanowire at different temperature ranges. The dynamic conductance-voltage curves can 

also be divided into three regions: (I) 5 K << T 105 K [see Fig. 4.18(a)]; (II) 105 

K << T 285 K [see Fig. 4.18(b)]; (III) 305 K << T 400 K [see Fig. 4.18(c)]. When the 

dimension becomes smaller, more pronounced carrier localization is expected at low 

temperatures. However, V-shape curves observed in 5 and 1 µm nanowires at low 

temperatures cannot be found for 0.1 µm nanowires at low temperatures. Instead, the 

dynamic conductance is almost constant with a little oscillation until 95 K. The 

oscillation in the curves is due to the high resistance noise. Because Ga2+ ions are 

implanted into Ge0.88Mn0.12 thin films and leads to a higher carrier density, the carrier 

localization does not happen again at low temperatures. However, V-shape curves are 

observed in region (II) and become more pronounced with the increase of the 

temperature. Generally, the carrier localization will become less pronounced with the 

increase of the temperature. This abnormal phenomenon cannot be understood now. The 

dynamic conductance-voltage behavior in region (III) is similar to that of 1 µm 

nanowire.  

 

        

-6 -4 -2 0 2 4 6
9.9x10-8

1.0x10-7

1.1x10-7

G
 (

oh
m

-1
)

Voltage (V)

5 K-95 K

105 K

(a)

 



Chapter 4 Magnetism and electrical transport properties of amorphous Ge1-xMnx thin films embedded with Ge 
crystallites and high TC secondary phases and granular Ge0.76Mn0.24 thin film 

135 

-4 -2 0 2 4

2.0x10-7

4.0x10-7

6.0x10-7

8.0x10-7 (b)

105 K

195 K
205 K
215 K
225 K
245 K

265 K

G
 (

oh
m

-1
)

Voltage (V)

285 K

 

-6 -4 -2 0 2 4 6
0.0

3.0x10-6

6.0x10-6

9.0x10-6

1.2x10-5

1.5x10-5
(c)

305 K
325 K
345 K
365 K

385 K

G
 (

oh
m

-1
)

Voltage (V)

400 K

 

FIG. 4.18 Dynamic conductance-voltage curves for 0.1 µm nanowire at different 
temperature ranges: (a) 5 to 105 K, (b) 105 to 285 K, (c) 305 to 400 K.  

 

4.3.5 Ge0.74Mn0.26 granular thin film 

4.3.5.1 Introduction 

In this section, a granular Ge0.74Mn0.26 thin film was fabricated. The sample was 

grown at 300 oC. In comparison with the samples discussed before, a higher growth rate 

(0.07 nm/s) favoured the formation of the granular structure. A schematic illustration of 

the granular materials is shown in Fig. 4.19, where some granular materials are 

uniformly distributed in the matrix material. The granular thin-film structure is a very 

well controlled nanostructure and has promising applications for spintronic devices. 
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Intensive studies in this field have been done and numerous papers have been published 

every year. Among them, nanogranular composite materials formed by combining the 

magnetic and nonmagnetic elements exhibit some exciting physical properties and are 

of particular interest in data-storage technology (e.g., hard disk drives) as well as for 

fundamental studies concerning new phenomena induced by the nanostructure. [21-25] 

 

                          

FIG. 4.19 Schematic illustration of the granular structure.  

 

4.3.5.2 Structural properties 

Figure 4.20 shows the bright-field cross-sectional TEM image of the 

Ge0.74Mn0.26 thin film. Different crystalline orientations can be seen clearly in the TEM 

images, indicating the polycrystalline nature of the thin film. As indicated by the arrow, 

granules with a diameter of ~ 5 nm embedded in the crystalline matrix can be seen 

clearly. Although the structure of the clusters can not be determined by the TEM image, 

as we will discuss shortly, the magnetic property measurements suggest that they are 

Mn5Ge3.  
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FIG. 4.20 Bright-field cross-sectional TEM image of the Ge0.76Mn0.24 thin film. The 
arrow points to a granule with a diameter of ~ 5 nm.  

 

4.3.5.3 Magnetic properties  

Figure 4.21 shows the temperature-dependent magnetization of both ZFC and FC 

curves in the temperature range from 5 to 320 K at an applied magnetic field of 100 Oe. 

The sample exhibits a ferromagnetic ordering temperature of approximately 300 K. The 

separation between ZFC and FC curves is observed at ~ 285 K. According to the 

discussion before, the granules in this system should be Mn5Ge3, whose TC is 296 K.  

The hysteresis loops of the Ge0.74Mn0.26 granular sample are measured at different 

temperatures with a maximum magnetic field of 10000 Oe [see Fig. 4.22]. Clear 

hysteresis loops have been observed up to 280 K. The slow saturation at low 

temperatures and small squareness (Mr=0.21 Ms at 20 K) of the curves provide further 

evidence that the ferromagnetism originates from the magnetic granules.  
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FIG. 4.21 ZFC and FC curves measured at an applied magnetic field of 100 Oe at the 
temperature range from 5 to 320 K for the granular Ge0.74Mn0.26 thin film. 
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FIG. 4.22 M-H curves measured at 20, 150 and 280 K for the granular Ge0.74Mn0.26 thin 
film. 

 

In Fig. 4.23, the normalized M-H curves for the granular sample (Ge0.76Mn0.24), 

amorphous sample A5 (Ge0.58Mn0.42), and amorphous sample A5 after 4 hours 
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annealing are plotted together for comparison. After annealing, the coercivity increases. 

However, the M-H shape is irregular, indicating the inhomogeneous properties. Both 

amorphous and Mn5Ge3 phases contribute to the magnetization behaviour. For the 

granular sample Ge0.74Mn0.26, the coercivity becomes higher and the magnetization is 

more difficult to saturate.  
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FIG. 4.23 Normalized M-H curves at 20 K for the Ge0.74Mn0.26 granular sample (solid 
circles), amorphous Ge0.58Mn0.42 sample A5 (open circles), and amorphous Ge0.58Mn0.42 
sample A5 after 4 hours H2 plasma annealing (solid triangles).  

 

4.3.5.4 Electrical transport properties  

Figure 4.24 shows the R-T curve of the granular Ge0.74Mn0.26 thin film. As can 

been seen from the figure, the resistance increases with decreasing temperature, which 

is a typical semiconducting behaviour. The rate of resistance change can be divided into 

two regions: (I) 5 K < T < 100 K and (II) 100 K < T < 300 K. In comparison with region 

(I), the resistance increases more rapidly with the decrease of temperature in region (II). 

As was reported in Ref. 26, Mn5Ge3 epitaxial thin film shows a metallic behaviour and 
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the resistivity ratio ρ300 K / ρ 4 K is ~ 12. Thus, the competition between the metallic 

granules and the semiconductor matrix may result in a slow change of resistance below 

100 K. The inset of Fig. 4.24 shows the plot of Rlog  versus 1−T . Clearly, the 

temperature-dependent resistance can be well fitted with an Arrhenius function 

),/exp(0 kTEaρρ =  where Ea is the activation energy, suggesting that the transport is 

dominated by a thermal activation mechanism.  

 

 

FIG. 4.24 R-T curve of the granular Ge0.74Mn0.26 thin film at the temperature range from 
5 to 300 K for the granular Ge0.74Mn0.26 thin film. Inset: the plot of Rlog versus 1−T .  

 

The thermally activated process can be seen even more clearly in the dynamic 

conductance-voltage curves at different temperatures [see Fig. 4.25]. The nonlinear I-V 

curves and corresponding asymmetry between the forward and reverse bias curves are 

observed at all measured temperatures. At the high temperature range, the conductance 

increases sharply with the increase of the bias. The curves become broader when the 

temperature decreases. A flat region appears at low bias when the temperature is below 
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FIG. 4.25 (a) Dynamic conductance-voltage curves at different temperatures; (b) 
enlarged portion near the zero-bias region below 100 K. 

 

100 K, suggesting the existence of a Schottky barrier at the nanoparticles / host matrix 

interface. The enlarged portion near the zero-bias region at low temperatures is shown 

in Fig. 4.25(b). A sharp dip near zero bias appears below 30 K. The dip becomes less 

pronounced when the temperature increases and disappears above 30 K. Different 
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causes of the conductance dip have been discussed before, [27,28] which include the 

localization in amorphous materials or ultrathin film, tunnelling through an intermediate 

state, and magnetic scattering in the electrodes or in the barrier. In our case, the charge 

localization resulting from the disordered granular system may be the cause of the 

anomaly observed. 

 

4.4 Summary 

Amorphous Ge1-xMnx ( %1.56%5.1 << x ) thin films embedded with Ge crystallites, 

and different high TC secondary phases were fabricated. The magnetic properties were 

dominated by the high TC secondary phases. Semiconducting-like conducting behaviors 

were observed in all samples. Dynamic conductance studies revealed that the carrier 

localization happened at low temperatures. A sharp increase of the magnetization was 

observed below 25 K. The critical temperatures (T´
C) obtained from dynamic 

conductance study were independent of the Mn compositions and the secondary phases 

and were very close to TC or Tf  reported in literature for the epitaxially grown Ge1-xMnx 

thin films. The spin-dependent transport properties were studied in the nanowires with 

diameters of 5, 1, and 0.1 µm. Structure, magnetic, and electrical transport properties of 

a Ge0.74Mn0.26 granular thin film were discussed in details. Existence of a Schottky 

barrier at the nanoparticles / host matrix interface and the carrier localization at low 

temperatures were observed.  
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CHAPTER 5 

MAGNEITC AND ELECTRICAL TRANSPORT 

PROPERTIES OF δ-DOPED AMORPHOUS  

Ge1-xMnx THIN FILMS 

 

5.1 Introduction 

The δ-doping (or digital doping) technique has been widely used in semiconductor 

research in order to separate the carriers from the dopants which in some circumstances 

lead to superior electrical properties. Aiming at controlling the spacing between the 

magnetic impurities, the same technique has also been used to fabricate diluted 

magnetic semiconductors. [1-6] In previous chapters, we have discussed the magnetic 

and electrical transport properties of amorphous Ge1-xMnx thin films and thin films with 

the coexistence of amorphous Ge1-xMnx, Ge crystallites and high TC secondary phases. 

In this chapter we will discuss the δ-doped amorphous Ge1-xMnx thin films. The main 

objective of studying the δ-doped samples is to investigate if and how the spacing 

between magnetic impurities will affect the magnetic properties in the amorphous Ge1-

xMnx thin films and the possible origins of the ferromagnetism and characteristic 

temperature in G1-xMnx.  Figure 5.1 shows the schematic structure of the δ-doped thin 

films. The thickness of Ge layers ranges from 1 to 2 nm, and the thickness of Mn layers 

ranges from 0.125 to 0.5 nm in our δ-doped amorphous Ge1-xMnx samples.    
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FIG. 5.1 Schematic illustration of the δ-doped thin film structure.  

 

5.2 Experimental details 

The samples have been prepared using MBE at a substrate temperature of 200 oC 

on GaAs (001) substrates. Prior to loading the samples into the chamber, the substrates 

were cleaned by acetone, alcohol iso-propylinque (iso-proponol) and deionized water, 

respectively. The Ge source material was heated by an electron beam at a current of 30 

mA. The Mn was evaporated by a K-cell at a temperature of 800 oC. Three series of 

samples were fabricated by varying Ge and Mn layer thicknesses [see Table 5.1 for 

details]: (a) {Ge (1 nm)/Mn (0.125, 0.25 and 0.375 nm)}50, (b) {Ge (1.5 nm)/Mn (0.125, 

0.25, 0.375, 0.45, and 0.5 nm)}40, and (c) {Ge (2 nm)/Mn (0.25, 0.375, and 0.5 nm)}40. 

Here, the numbers outside the brackets are numbers of growth cycles. The structural 

properties of the samples were characterized by Raman spectroscopy and HRTEM. The 

magnetic and electrical transport properties of the samples were characterized using a 

commercial SQUID magnetometer and a four-probe technique, respectively. 

 

5.3 Results and discussion 

5.3.1 Structural properties 

Figure 5.2(a) shows the Raman spectra of the samples in group B. Samples B1 to B4 

Mn 

Ge 

Substrate 
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Table 5.1 Growth conditions and parameters of the δ-doped amorphous Ge:Mn samples  

 

 

exhibit a broad peak at 275 cm-1, which is corresponding to the typical peak position of 

amorphous Ge. [7] The peak intensity decreases with increasing Mn concentration. The 

peaks at 292 cm-1 is due to the GaAs substrate. [12] Although the substrate also shows a 

peak at 267 cm-1, it is very weak in comparison with the peak at 292 cm-1. Although it is 

not well understood at the moment, a very sharp peak at 299 cm-1 appears when the Mn 

concentration is further increased (sample B5). The position of this peak is very close to 

the peak of nanocrystalline Ge. The same peak is also observed in sample C3, which is 

the sample with the highest Mn concentration in group C. This means that a higher Mn 

concentration actually improves the crystallinity of Ge. Figure 5.2(b) shows HRTEM 

Group Sample name Composition  No. of cycles Conductivity  
102 (Ωm)-1 

T*
C (K)

A A1 Ge (1 nm)/Mn (0.125 nm) 50 2.93 30 

A A2 Ge (1 nm)/Mn (0.25 nm) 50 17.73 100 

A A3 Ge (1 nm)/Mn (0.375 nm) 50 14.52 135 

B B1 Ge (1.5 nm)/Mn (0.125 nm) 40 0.39 10 

B B2 Ge (1.5 nm)/Mn (0.25 nm) 40 1.89 70 

B B3 Ge (1.5 nm)/Mn (0.375 nm) 40 3.3 100 

B B4 Ge (1.5 nm)/Mn (0.45 nm) 40 13.3 130 

B B5 Ge (1.5 nm)/Mn (0.5 nm) 40 259.58 140 

C C1 Ge (2 nm)/Mn (0.25 nm) 40 1.55 45 

C C2 Ge (2 nm)/Mn (0.375 nm) 40 3.04 90 

C C3 Ge (2 nm)/Mn (0.5 nm) 40 4.17 115 
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image of sample B1. We cannot see any crystalline phases in the figure, which is in 

good agreement with the Raman results. However, it is difficult for us to distinguish the 

Mn and Ge layers because the Mn layer is very thin.  
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FIG. 5.2 (a) Raman spectra of group B samples. The dotted lines in the figure indicate 
the peak positions of amorphous Ge, GaAs substrate, and Ge crystalline phase at the 
positions of 275, 292 and 299 cm-1, respectively. (b) HRTEM image for sample B1. 
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5.3.2 Electrical transport properties  

The relationship between the Mn layer thickness and the electrical conductivity is 

shown in Fig. 5.3. In general, the conductivity increases with the thickness ratio 

between Mn and Ge layers when either one of them is fixed. This may be understood as 

being caused by either the increase of hole concentration due to Mn doping or formation 

of metallic phase. The former is more likely happening in the lightly doped samples 

while the latter may also become possible when the thickness of the Mn layer increases. 

The rapid increase of conductivity in sample B5 may indicate that the highly conductive 

regions are reaching the electrical percolation threshold. 
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FIG. 5.3 The relationship between the Mn layer thickness and the electrical conductivity 
for different groups of samples studied in this chapter.  

 

Figure 5.4 shows the normalized R-T curves over a temperature range from 5 to 300 

K in group B. All samples exhibit a semiconducting-like behaviour, i.e., the resistance 

increases with the decrease of the temperature. In the sample B1 with the lowest Mn 
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FIG. 5.4 Normalized log-scaled R-T curves for group B samples.  

 

concentration, the resistance dramatically increases with decreasing temperature and is 

too high to be measured by the voltmeter below 20 K. When the Mn concentration 

increases further (samples B2 and B3), a sharp increase of the resistance at low 

temperatures is observed although the increase of the resistance is suppressed at the 

whole temperature range in comparison with sample B1. Samples of B2 and B3 exhibit 

similar temperature-dependent resistance behaviour. In sample B4, the increase of the 

resistance at low temperatures becomes less pronounced compared to sample B3. For 

sample B5 with the highest Mn concentration, the resistivity only slightly increases at 

low temperatures. Although the Mn layer in B5 is only a little thicker than that in B4, an 

obvious difference in the low-temperature conducting behaviour can be observed. The 

conduction behaviour in our δ-doped Ge:Mn thin films may be the competition result 

between Ge and Mn layers. At the lowest Mn concentration of sample B1, the 

conduction behaviour is dominated by Ge layers. Thus, an obvious semiconducting-like 

conducting behaviour can be observed. With increasing thickness of the Mn layer, the 
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semiconducting-like behaviour becomes less pronounced. Finally, the resistivity at low 

temperatures only slightly increases in sample B5, whose Mn concentration is highest.  

 

5.3.3 Magnetic properties 

Figure 5.5(a) shows both FC and ZFC curves of group B samples at the temperature 

range from 5 to 200 K with an applied magnetic field of 20 Oe. The magnetization for 

sample B1 is very weak and no hysteretic behaviour has been observed above 10 K. 

With increasing thickness of the Mn layer, the separation between ZFC and FC curves 

can be clearly observed in all the samples at low temperatures. The magnetization 

increases more rapidly in the higher Mn concentration samples, e.g., in samples B4 and 

B5. Figure 5.5(b) shows the normalized magnetization curves of samples B2 to B5. As 

can be seen clearly, the separation point between FC and ZFC curves increases with the 

increase of the Mn concentration. For the low Mn concentration samples (samples B2 

and B3), the FC moment increases and eventually saturates with decreasing temperature 

below the separation point of the ZFC-FC curves. However, for moderate to highly 

doped samples (samples B4 and B5), the FC moment drops at low temperatures. The 

ZFC curve shows a cusp for low doped samples, i.e., B2 and B3. However, the cusp 

evolves into a hump with increasing thickness of the Mn layers. The cusp or hump 

temperatures are 15, 20, 40, and 75 K for samples B2, B3, B4, and B5, respectively.  
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FIG. 5.5 (a) ZFC and FC curves for samples B1 to B5 at an applied magnetic field of 20 
Oe at the temperature range from 5 to 200 K. (b) Normalized ZFC and FC curves for 
samples B2 to B5. 

 

Figure 5.6(a) shows ZFC and FC curves for group A samples at the temperature 

range from 5 to 200 K with a magnetic field of 20 Oe. We can observe that there is also 

a rapid increase in the magnetization for sample A3 in comparison with those in sample  
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FIG. 5.6 (a) ZFC and FC curves for group A samples at the temperature range from 5 to 
200 K at a magnetic field of 20 Oe. Inset: ZFC and FC curves for samples A1 and A2; 
(b) ZFC and FC curves for group C samples at the temperature range from 5 to 200 K at 
a magnetic field of 20 Oe. 

 

A1 and A2. In order to see the M-T curves of samples A1 and A2 more clearly, the ZFC 

and FC curves of samples A1 and A2 are replotted and shown in the inset of Fig. 5.6(a). 

The separation between ZFC and FC curves can also be observed in all three samples. 

0 50 100 150 200

0

2

4

6

8

 A1_ZFC
 A1_FC
 A2_ZFC
 A2_FC
 A3_ZFC
 A3_FCM

 (
em

u/
cm

3 )

T (K)

H=20 Oe

(a)

0 50 100 150 200
0.0
0.3
0.6
0.9
1.2
1.5
1.8  A1_ZFC

 A1_FC
 A2_ZFC
 A2_FC

M
 (

em
u/

cm
3 )

T (K)



Chapter 5 Magnetic and electrical transport properties of δ-doped amorphous Ge1-xMnx thin films 

156 

With the increase of the Mn concentrations, the separation points shift to higher 

temperatures. The separation temperatures are 15, 20, and 40 K for A1, A2, and A3, 

respectively. The ZFC curves for samples A1 and A2 exhibit a cusp and the cusps 

evolve into a hump in sample A3 with increasing Mn layer thickness.   

In Fig. 5.6 (b), we show ZFC and FC curves of group C samples at the temperature 

range from 5 to 200 K with a magnetic field of 20 Oe. The ZFC curves for all three 

samples exhibit a cusp at low temperatures and no hump is observed even in sample C3 

with the highest Mn concentration, which is different from the samples in groups B and 

C. As discussed in Chapter 3, the hump in the ZFC curve is an indication of the 

formation of FM phase. Although the thickness of the Mn layer in sample C3 is higher 

than that of sample A3, the thickness of Ge layer is twice as that of sample A3. With the 

increase of the distance between the Mn layers, the long-range ordering may become 

weaker. Thus, the humps in samples A3, B4, and B5 cannot be observed in sample C3. 

The separation (cusp) temperatures of ZFC and FC curves increase with increasing Mn 

concentrations and are 15, 20, and 25 K for samples C1, C2, and C3, respectively.  

Now, we will briefly discuss the M-T behaviours observed in three group samples. 

Majority of the M-T graphs observed show the paramagnetic-like behaviour above the 

temperatures of 40 K, whereas only those samples of A3, B4 and B5 exhibit a hump 

above 40 K. The former shows a sharp peak in the ZFC curves, otherwise known as 

cusp, where ZFC and FC curves diverge. Below the cusp temperature, the magnetic 

spins may experience random interactions with other magnetic spins, producing a 

highly irreversible and metastable state. Both the cusp and the separation between ZFC 

and FC curves are typical spin-glass behaviours. [8-10] The lack of long-range order in 

the amorphous structure may result in the randomness of magnetic spins in these 

samples, creating spin-glass-like structures in the process. The separation temperatures 
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between ZFC and FC curves in the latter are higher and do not coincide with the hump 

temperatures. The negative TRM and a noticeable broad peak in their ZFC curves with 

the separation temperature ranging from 70 to 105 K are observed in the latter. As 

discussed in Chapter 3, the hump and the negative TRM are the indication of the 

formation of the high-temperature FM phase, which suggests that the long-range order 

or Mn-rich nanoclusters may begin to form when the Mn layer thickness increases.  
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FIG. 5.7 (a) M-H curves for group B samples at 5 K with a maximum magnetic field of 
5000 Oe. (b) Coercivity as a function of temperature for group B samples. 
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Figure 5.7(a) shows the normalized hysteresis curves at 5 K for group B samples. 

All samples exhibit a significant remanence, and the coercivity increases with the Mn 

concentration, which is around 350 Oe for sample B1 and 1100 Oe for sample B5. As 

can be seen from the figure, along with coercivity, the squareness also increases with 

the increase of the Mn concentration. In Fig. 5.7(b), the temperature-dependent 

coercivity as a function of temperature is exhibited. The coercivity decreases with 

decreasing Mn concentration at the same temperature and dramatically decreases with 

the increase of the temperature. The variation of the coercive field cH  with temperature 

is quite similar to the codoped Ge1-xMnx samples discussed in Chapter 3. 

AC susceptibility measurements have also been done for sample B5. The real part 

(χ´) of ac susceptibility for sample B5 at the temperature range from 5 to 200 K is 

presented in Fig. 5.8. In comparison with the dc ZFC magnetization, χ´ has an onset 

around 145 K and exhibits a maximum around 113 K, which is close to the temperature 

point of the irreversible temperature in the ZFC-FC measurements. The peak position is 

frequency-dependent and shifts to the lower temperatures with the increase of the 

frequency. Also shown in the figure is the imaginary part (χ˝) at the frequency of 10 Hz. 

The shape of the imaginary part is similar to that of the real part. A peak around 100 K 

is observed. Although ZFC and FC curves for sample B5 are quite similar to codoped 

amorphous samples A4 and A6 discussed in Chapter 3, the ac susceptibility is obviously 

different from them.  
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FIG. 5.8 Real and imaginary parts of the ac susceptibility for sample B5. 

 

Figure 5.9 shows TRM curves with an applied magnetic field of 200 Oe for 

samples B1 to B5. It can be observed that the remanent magnetization turns to negative 

values above a certain temperature and the Mn concentration, which is similar to the 

codoped amorphous Ge1-xMnx samples discussed in Chapter 3. In samples B1 and B2 

with the lowest Mn concentration, TRM was always positive before becoming zero. The 

TRM curves overlap with those of MFC-MZFC. With increasing Mn concentration, TRM 

becomes negative at the temperature of 20, 30, and 45 K for samples B3, B4, and B5, 

respectively. The temperatures of turning to the negative values increase with the 

increase of the Mn concentration. These temperature values correlate well with the 

temperatures at which the ZFC moment starts to drop rapidly. The TRM curves do not 

coincide with that of MFC-MZFC in these samples. Just as discussed in Chapter 3, the 

negative TRM results from the antiferromagnetic coupling between the low-temperature 

spin-glass-like phase and high-temperature clustered dopant phase. In the low Mn 

concentration, only spin-glass-like phase forms and no negative TRM is observed. With 
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the increasing of Mn concentration, the Mn-rich Ge:Mn nanocluster phase may form at 

the interfaces of Ge and Mn layers. The antiferromagnetic coupling between the high-

temperature and low-temperature phases leads to the appearance of the negative TRM.  
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FIG. 5.9 TRM curves with a cooling magnetic field of 200 Oe for group B samples 

 

5.3.4 Ordering temperature (T*C) 

Based on these results, we would like to comment on the so-called Curie 

temperature reported for Ge1-xMnx diluted magnetic semiconductors. Since the 

magnetization curves differ from the classic Brillouin behaviour for ferromagnets, we 

obtain the ordering temperatures (T*
C) by fitting the curves with the Curie-Weiss law at 

the high-temperature range. It can be observed from Fig. 5.10 that two factors will 

affect the ordering temperatures:  

(1) The greater the Mn concentration, the higher ordering temperatures;  

(2) The higher Mn to Ge ratio, the higher the ordering temperatures.  
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FIG. 5.10 Ordering temperatures (T*
C) versus Mn layer thickness for different groups of 

samples. 

 

This suggests that the thickness of the Mn layer and the distance between the Mn layers 

have a strong influence on the interactions between the Mn atoms within and between 

the layers. This is significantly different from the near linear TC − Mn concentration 

relationship for the epitaxially grown Ge1−xMnx thin film samples with low Mn 

concentrations as reported by Park et al. [11]. A possible reason for the observation 

might be that at a low Mn-layer thickness or a higher Ge-layer separation the interaction 

of Mn atoms within or between the Mn layers is weak. However, as the Mn layers 

increase in thickness or as the distance separating the Mn layers decreases, the 

interactions of Mn atoms within or between the Mn layers becomes stronger. These two 

factors could contribute to a higher T*
C. It is surprising that the T*

C values of the δ-

doped amorphous Ge:Mn samples are very close to those obtained from both the 

epitaxial [11-13] and amorphous Ge1-xMnx thin films [14]. This further suggests that the 

so-called Curie temperature reported in Ref. 11 may be not an indicator of the global 
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ordering of Ge:Mn DMSs, but rather the ordering temperature of magnetic clusters in 

the Ge1-xMnx system.  

 

5.4 Summary 

In summary, we have carried out a systematic study about structural, magnetic and 

electrical transport properties of the δ-doped amorphous Ge1-xMnx samples. 

Semiconducting-like conduction behaviour and low-temperature hysteresis loops were 

observed in all the samples. For the heavily doped samples, we have also observed the 

inverted hysteresis and negative TRM curves which were caused by the 

antiferromagnetic coupling between the high-temperature and low-temperature phases 

in this inhomogeneous system. T*
C values of the δ-doped amorphous Ge1-xMnx samples 

were very close to those obtained from both the epitaxial and codoped amorphous Ge1-

xMnx thin films, which suggested that the so-called Curie temperature reported in 

literature was not an indicator of the global ordering, but rather the ordering temperature 

of magnetic clusters in the Ge1-xMnx system.  
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CHAPTER 6 

A SPIN VALVE WITH AMORPHOUS Ge0.67Mn0.33 

THIN FILM AS ONE OF ELECTRODES 

 

6.1 Introduction 

The ultimate aim of research on half-metals and DMSs is to apply them to 

spintronic devices, such as spin-valves and MTJs. The fabrication of all-semiconductor 

spintronic devices has already been realized by Ohno and Tanaka groups. [1-3] In this 

chapter, we will discuss some preliminary results that we have obtained on a spin valve 

using the amorphous Ge0.67Mn0.33
 thin film as one of the ferromagnetic electrodes. 

Since the invention of spin valves by Parkin et al. in 1991, [4] great efforts have 

been made to achieve a higher MR ratio at room temperature both experimentally and 

theoretically. [5-13] Figure 6.1 shows the schematic of a typical spin-valve structure 

which consists of primarily two ferromagnetic layers separated by a non-magnetic layer. 

[14 ] One of the FM layers is pinned by an antiferromagnetic layer such that its 

magnetization is relatively insensitive to the presence of moderate external fields. On 

the other hand, the magnetization in the other FM layer is free to rotate so as to respond 

to an external field. The former is called “pinned layer”, while the latter “free layer”. 

When a relatively small magnetic field is applied, the direction of magnetization of the 

free layer changes accordingly, leading to the change of resistance.  
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FIG. 6.1 Schematic illustration for a spin-valve structure. The arrows in the “pinned 
layer” and “free layer” point to the magnetization direction [After Y. H. Wu, Ref. 14].   

 

Figures 6.2(a) and 6.2(b) show the schematic illustration of M-H and MR curves for 

a typical spin-valve structure. The red and blue arrows shown in the figures represent 

the magnetic orientations of the pinned and free layers. M-H and MR curves can be 

divided into three regions. In regions (I), the magnetizations of two magnetic layers are 

at the state of parallel alignment, where the resistance is at the minimum value. When 

sweeping the applied magnetic field to region (II), the magnetization of the free layer 

changes its orientation firstly due to its low coercivity field, leading to the antiparallel 

alignment of the magnetization between the two magnetic layers. The resistance reaches 

the maximum value. When the magnetic field is further increased to region (III), the 

magnetization of the pinned layer also changes its orientation. The magnetizations of 

two magnetic layers are at the state of parallel alignment again. The resistance is back to 

the minimum value.  
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FIG. 6.2 Schematic illustration of (a) M-H and (b) MR curves for a typical spin-valve 
structure. Hex: exchange-bias field; Hin: interlayer coupling field between the pinned and 
free layers; ( )21

FL
c

FL
c HH − : coercivity of free layer; ( )21

PL
c

PL
c HH − : coercivity of pinned 

layer. The red and blue arrows points to the magnetization orientation of the pinned 
layer and free layer, respectively. [After Y. H. Wu, Ref. 14].   
 

6.2 Experimental details  

A spin valve with the structure of Ge0.67Mn0.33 (30 nm)/Cu (2.4 nm)/NiFe (3 

nm)/IrMn (8 nm) was fabricated, where the numbers in the bracket denoted the layer 

thickness. The schematic structure of the fabricated spin valve was shown in Fig. 6.3. 

The amorphous Ge0.67Mn0.33 layer was deposited first by MBE, followed immediately 

by the growth of other layers in a UHV sputter system (ULVAC MB98-4801). Prior to 

the deposition of other layers, the Ge0.67Mn0.33 layer was pre-cleaned in the pre-clean 

chamber so as to remove the oxides at the surface. The magnetic and electrical transport 
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properties were measured using a commercial SQUID at the temperature range from 15 

to 300 K.  

 

 
 

FIG. 6.3 Schematic illustration of the fabricated spin-valve structure discussed in this 
chapter. The arrows point to the magnetization orientation.  

 

6.3 Results and discussion 

6.3.1 M-H curves 

Figure 6.4 shows M-H curves for the spin valve of Ge0.67Mn0.33 (30 nm)/Cu (2.4 

nm)/NiFe (3 nm)/IrMn (8 nm) at 20, 50, and 100 K, respectively. The solid and dashed 

lines in the figure represent the magnetization orientation of NiFe and Ge0.67Mn0.33 

layers, respectively. It can be observed that M-H curves are the combination of two 

magnetic subsystems, i.e., Ge0.67Mn0.33 and NiFe. The shape of M-H curves is similar to 

that shown in Fig. 6.2(a) for a standard spin-valve system. At region (I), the 

magnetizations of Ge0.67Mn0.33 and NiFe layers are parallel. At region (II), the 

magnetization of the Ge0.67Mn0.33 layer changes its orientation first, leading to 

antiparallel alignment between the two magnetic layers. When the magnetic field 

increases further, the magnetization of NiFe layer also changes its orientation, leading 

GaAs substrate 

Ge0.67Mn033 

IrMn 

NiFe 

Cu 

 30 nm 

3 nm 

8 nm 
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to the parallel alignment of the magnetizations between two magnetic layers at region 

(III).    

 

 

FIG. 6.4 M-H curves at 20, 50, and 100 K for the spin valve with the structure of 
Ge0.67Mn0.33 (30 nm)/Cu (2.4 nm)/NiFe (3 nm)/IrMn (8 nm). The solid and dashed lines 
present the magnetization orientations of NiFe and Ge0.67Mn0.33 layers, respectively.  

 

6.3.2 Electrical transport properties   

After discussing the magnetic properties, we now turn to the discussion about 

the electrical transport properties. Although we tried to measure MR curves at different 

temperatures, typical spin-valve MR curves as that shown in Fig. 6.2(b) cannot be 

obtained in our spin-valve structure. In the following section, we will briefly discuss the 

possible reason by simple calculations.  

The carrier density, density of states at Fermi level, and conductivity [14] can be 

expressed as in equations 6.1, 6.2, and 6.3:  
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where n is the carrier density, me is the electron effective mass, h  is the reduced 

Plank constant, EF is the Fermi energy, N (EF) is the density of state at the Fermi level, σ 

is the conductivity, FΛ is mean free path, Fν is Fermi velocity, and e is the electron 

charge. After substituting equations 6.1 and 6.2 into equation 6.3, we get equation 6.4.  

3/2
2 )

3
(3

neF
πσh

=Λ  .       (6.4) 

It can be found that the mean free path only relates to the conductivity and carrier 

density. The conductivity and carrier density of Ge0.67Mn0.33 thin film are around 1.7 

Ω cm  and 1.3×1021 3−cm , respectively. After substituting these values into equation 

6.4, we obtain the mean free path value of only 10-10 nm, which is too small to be 

considered. This may explain why the MR ratio is too small for this kind of spin-valve 

structure.  

Instead of measuring the MR curves at different temperatures, we tried to obtain 

the temperature-dependent resistance curves at different applied magnetic fields. Figure 

6.5 shows the temperature-dependent resistance curves measured at applied magnetic 

fields of -100 (upper curve) and 100 Oe (lower curve) at the temperature range from 20 

to 100 K. Because the coercivity field of Ge0.67Mn0.33 layer is less than 100 Oe, we can 

obtain the resistance values at the states of the parallel and antiparallel alignments of the 

magnetizations between Ge0.67Mn0.33 and NiFe layers after applying the magnetic fields 

of 100 and -100 Oe, respectively. An obvious resistance difference below 200 K can be 

observed in Fig. 6.5. Then, the ratio of resistance change (∆R%) in the states of 
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antiparallel and parallel alignments of the magnetizations between NiFe and 

Ge0.67Mn0.33 layers can be obtained after the definition in equation 6.5:  

%100% ×
−

=∆
P

PAP

R
RR

R ,                    (6.5) 

where APR and PR are the resistances at the states of antiparallel and parallel alignments, 

respectively.   

 

 

FIG. 6.5 R-T curves for the spin-valve structure of Ge0.67Mn0.33 (30 nm)/Cu (2.4 
nm/NiFe (3 nm)/IrMn (8 nm) at the applied magnetic fields of 100 Oe (solid circles) 
and -100 Oe (open circles). The solid and dashed lines present the magnetization 
orientations of NiFe and Ge0.67Mn0.33 layers, respectively.  

 

In Fig. 6.6, we plot the curve of ∆R% as a function of temperature. Below 60 K, 

∆R% is almost constant and keeps the value of ~ 4.9%. Then, ∆R% increases with the 

increase of the temperature and reaches the maximum of 6.7% around 100 K. Above 

100 K, ∆R% decreases with the decrease of the temperature. In comparison with the FC 

curve of amorphous Ge0.67Mn0.33 thin film at an applied magnetic field of 100 Oe shown 

in the inset of Fig. 6.6, a hump around 60 K is observed in both the temperature-
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dependent ∆R% curve of the spin valve and the FC curve of amorphous Ge0.67Mn0.33 

thin film. Fitting the FC curve of the amorphous Ge0.67Mn0.33 thin film with the Curie-

Weiss law, we obtain a T*
C  around 110 K, which is very close to the temperature of the 

highest ∆R%. This suggests that the change of resistance in this spin-valve structure 

may originate from the amorphous Ge0.67Mn0.33 thin film, instead of the spin-valve 

structure. 

 

 
FIG. 6.6 ∆R ratio as a function of the temperature for the spin-valve structure of 
Ge0.67Mn0.33 (30 nm)/Cu (2.4 nm)/NiFe (3 nm)/IrMn (8 nm). The inset is the FC curve 
of the amorphous Ge0.67Mn0.33 thin film at an applied magnetic field of 100 Oe.  
  

6.4 Summary 

Some preliminary results on the application of the amorphous Ge0.67Mn0.33 thin film 

into the spin valve have been obtained. A spin valve with the structure of Ge0.67Mn0.33 

(30 nm)/Cu (2.4 nm)/NiFe (3 nm)/IrMn (8 nm) was fabricated. Typical spin-valve M-H 

curves were obtained. The resistance change in this structure might originate from the 

amorphous Ge0.67Mn0.33 thin film, instead of the spin-valve structure.  
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATION FOR 

FUTURE WORK  

 

7.1 Conclusions 

The research conducted in this thesis focused on fabrication and characterization of 

two kinds of spintronic materials: Fe3O4 and Ge1-xMnx. Structure, magnetic, and 

electrical transport properties were investigated in detail to explore the possible 

application of these materials in spintronic devices. The important findings and 

conclusions were summarized as follows. 

(1) In epitaxially-grown Fe3O4 nanostructures, detailed studies of bias-

dependent and field-dependent dynamic conductance for both thin films 

and nanowires revealed that tunnelling was the dominant transport 

mechanism across antiphase boundaries near and above the Verwey 

transition temperature. Antiferromagnetic coupling across antiphase 

boundaries was responsible for the universal MR curve shape in Fe3O4. The 

antiferromagnetically coupled regions might be responsible for the low MR 

ratios obtained from Fe3O4-based spin valves and MTJs.  

(2) In amorphous Ge1-xMnx thin films, we found that the amorphous Ge1-xMnx 

samples consisted of a low-temperature highly ordered spin-glass-like 

phase and a high-temperature “cluster dopants” phase. The magnetization 
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of the two phases was found to be coupled antiferromagnetically with each 

other at low temperatures. The good agreement between the values of TC 

and T*
C for amorphous samples and those of the two characteristic 

temperatures reported in literature for epitaxially-grown samples suggested 

that the ferromagnetic phase of the latter observed in the temperature range 

of 110-120 K was of extrinsic origin. The high-temperature phase was of 

characteristic nature of the Ge:Mn system, independent of crystalline 

structure and Mn concentrations unless secondary phases were formed 

uniformly in the samples. Carrier localization only occurred at low 

temperatures, which has been observed in the dynamic conductance and 

Hall effect studies. The dynamic conductance technique might be applied to 

the study of other types of inhomogeneous diluted magnetic semiconductor 

systems.  

(3) In amorphous Ge1-xMnx thin films embedded with Ge crystallites and 

different types of secondary phases, we found that the magnetic properties 

were dominant by the high TC secondary phases. Dynamic conductance 

studies revealed that the carrier localization only happened at low 

temperatures. A sharp increase of the magnetization was observed below 25 

K. The critical temperature (TC´) was independent of the Mn composition 

and secondary phases and was very close to TC or fT  reported in literature. 

Spin-dependent transport across the interface between the high TC 

secondary phases and the host semiconductor matrix were studied in 

Ge0.88Mn0.12 nanowires with different diameters. Existence of a Schottky 

barrier at the nanoparticles / host semiconductor matrix interface and the 
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carrier localization at low temperatures were observed in granular 

Ge0.74Mn0.26 systems.   

(4) In δ-doped amorphous Ge1-xMnx samples, we found that magnetic and 

electrical transport properties were dependent on both the Mn concentration 

and the ratio of Ge and Mn layer thicknesses. For heavily doped samples, 

we also observed the negative TRM and inverted hysteresis loops, which 

were caused by the antiferromagnetic coupling between the low-

temperature spin-glass-like phase and the high-temperature nanoparticle 

phase in the inhomogeneous samples. It was surprising that the T*
C values 

were very similar to both the epitaxial and amorphous Ge1-xMnx thin films, 

which suggested that the so-called Curie temperature reported in literature 

was not an indicator of global ordering, but rather the ordering temperature 

of magnetic clusters in Ge:Mn system.  

(5) Some preliminary results about a spin valve with the structure of GeMn (30 

nm)/Cu (2.4 nm)/NiFe (3 nm)/IrMn (8 nm) were reported. Typical spin-

valve-like M-H curves were obtained in this structure.  

 

7.2 Recommendation for future work  

Recommendations for future work are as follows: 

(1)      To fabricate Fe3O4 thin films and nanowires with different thicknesses and 

change the widths between two voltage electrodes. The sizes of antiphase 

boundaries are dependent on the thickness of the thin films. Thus, the size 

effect of antiphase boundaries on the electrical transport properties can be 

obtained by fabricating samples with different thicknesses. By altering the 
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widths between two voltage probes, we can further study the size effect on 

the electrical transport properties across antiphase boundaries.  

(2)      To study magnetic and electrical transport properties of ion-implanted Ge1-

xMnx thin films with low Mn concentrations. Although some preliminary 

results have been published by other groups, detailed studies of magnetic 

and electrical transport properties have not been done yet. 

(3)      To further fabricate spin valves and MTJs with the amorphous Ge1-xMnx 

thin films with different Mn concentrations and film thicknesses as one of 

ferromagnetic electrodes.  

(4)      To fabricate amorphous Ge1-xMnx nanowires with different Mn 

concentrations to study the dimension effect on the electrical transport 

properties. So far, most of the research work about DMSs has focused on 

thin film samples. The studies of one-dimension DMS nanowires may help 

one to have a better understanding of the origin of ferromagnetism in Ge-

based DMSs.  

 




