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Abstract

Magnetic field-coupling promises a paradigm shift in nanoscale computing: information
is propagated and processed by magnetic interaction of single-domain ferromagnetic par-
ticles. It is a novel way for rad-hard, nonvolatile, dense and highly parallel digital infor-
mation processing. The feasibility of such structures, also referred to as nanomagnetic
logic (NML), has already been demonstrated experimentally by a magnetic majority
gate, lithographically fabricated from Permalloy dots.

By contrast, the objective of this work is the experimental demonstration of NML
devices based on ion-beam patterned magnetic multilayers with special focus on their
microelectronic integration. Ferromagnetic building blocks for NML devices in Co/Pt
multilayer stacks are experimentally demonstrated and their correct function substanti-
ated by calibrated micromagnetic modelling. Detailed magnetic force microscopy imag-
ing and Hall-effect measurements show that the characteristics of the nanomagnets are
well-controlled. This raises hope for realizing complex field-coupled structures with
a nanomagnetic dot density of up to 2.5 · 1011 cm−2 (20 nm × 20 nm islands). That
means in turn, that an ultimately scaled, programmable NAND gate would fit in a
100 nm × 100 nm area, by simultaneously superseding metallic interconnects to the in-
dividual computing elements. As-grown, thermally annealed and homogeneously ion
irradiated films are investigated and compared for a broad temperature range. They are
proven to keep their ferromagnetic characteristics up to more than 80 ◦C.

Special focus is put on the design and fabrication of electrical inputs/outputs and
an integrated clocking system. Submicron-scale electrical wires, buried under the mag-
netic layers, provide electrical input to field-coupled nanomagnets. Selective switching
of single-domain dots by means of electrical current pulses is demonstrated and backed
by analytical models to predict both temperature as well as time dependent switching
fields. Furthermore, electrical output is demonstrated by means of a sub-micron extraor-
dinary Hall-effect sensing element, utilizing a split-current geometry and allowing for
undisturbed field-coupling to the device under test. The nanomagnetic state is directly
sensed and details of the hysteretic switching are recorded. The application of angular
dependent Hall probing gives a deeper insight in the reversal mechanism of Co/Pt films
and dots. The fabrication of the magnetic computing components is compatible with
silicon technology and is promising to enhance the functionality of microelectronic sys-
tems by future hybrid CMOS/NML implementations. It will pave the way for complete
field-coupled computing systems implemented in ferromagnetic films.

i





Contents

1. Introduction 1
1.1. Ferromagnetic Logic in the ITRS ERD . . . . . . . . . . . . . . . . . . . 1
1.2. Logic with Inherent Memory . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1. Conservative metrics: Cost, size, speed . . . . . . . . . . . . . . . 3
1.2.2. Progressive characteristics of NML . . . . . . . . . . . . . . . . . 3

1.3. Field-Coupled Computing in Magnetic Multilayers . . . . . . . . . . . . 4
1.4. Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2. State-Of-The-Art in NML 7
2.1. Pioneering Work in Digital Magnetic Logic . . . . . . . . . . . . . . . . 7
2.2. Magnetic Domain Wall Logic . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3. Field-Coupled Logic and its Implementations . . . . . . . . . . . . . . . 9

2.3.1. Quantum Cellular Automata: QCA . . . . . . . . . . . . . . . . . 10
2.3.2. A magnetic QCA in soft-magnetic Permalloy . . . . . . . . . . . 10
2.3.3. A magnetic QCA in ‘perpendicular’ Co/Pt . . . . . . . . . . . . 12
2.3.4. Comparison between Py and Co/Pt NML implementation . . . . 14
2.3.5. Electrical in- and output for NML . . . . . . . . . . . . . . . . . 17
2.3.6. Clocking of NML devices . . . . . . . . . . . . . . . . . . . . . . 17

2.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3. Foundations of Thin Film Magnetism 19
3.1. Review Magnetostatics: Basic Field Equations . . . . . . . . . . . . . . . 19
3.2. Anisotropy and Energy Terms in Ferromagnetism . . . . . . . . . . . . . 21

3.2.1. Exchange energy . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.2.2. Anisotropy energy . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.2.3. External field energy . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3. Modeling Co/Pt ML Films . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.3.1. Hysteresis in Co/Pt films . . . . . . . . . . . . . . . . . . . . . . 24
3.3.2. 1D model for stripe domains . . . . . . . . . . . . . . . . . . . . 25
3.3.3. Single domain approximation and computing states . . . . . . . . 27

3.4. Demagnetization and Domain Reversal . . . . . . . . . . . . . . . . . . . 29
3.4.1. Steady-state demagnetization . . . . . . . . . . . . . . . . . . . . 29
3.4.2. Reversal mode for Co/Pt films . . . . . . . . . . . . . . . . . . . 29

3.5. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4. Fabrication Technology 31
4.1. Fabrication Overview Exemplified by a Hall Sensor . . . . . . . . . . . . 31
4.2. Description of Particular Technology Steps . . . . . . . . . . . . . . . . . 34

iii



Contents

4.2.1. Substrate issues and cleaning . . . . . . . . . . . . . . . . . . . . 34
4.2.2. Metallic contacts by FIB lithography . . . . . . . . . . . . . . . . 34
4.2.3. Sputter deposition of Co/Pt . . . . . . . . . . . . . . . . . . . . . 35
4.2.4. FIB direct etching and patterning of magnetic multilayer films . 37
4.2.5. Estimation of the FIB patterning resolution . . . . . . . . . . . . 39
4.2.6. Annealing of magnetic multilayer films . . . . . . . . . . . . . . . 39

4.3. Buried Metallization Wires . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3.1. Sol-Gel process for planarization . . . . . . . . . . . . . . . . . . 41
4.3.2. Damascene processing . . . . . . . . . . . . . . . . . . . . . . . . 43

4.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5. Magnetic Thin Film Metrology 45

5.1. Integral Techniques for Films . . . . . . . . . . . . . . . . . . . . . . . . 45
5.1.1. SQUID Magnetometry . . . . . . . . . . . . . . . . . . . . . . . . 46
5.1.2. The Hall measurement setup . . . . . . . . . . . . . . . . . . . . 48
5.1.3. Extraordinary Hall-effect . . . . . . . . . . . . . . . . . . . . . . 50

5.2. Domain Imaging Techniques . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.2.1. Magnetic force microscopy . . . . . . . . . . . . . . . . . . . . . . 54
5.2.2. Magneto-optical Kerr-effect . . . . . . . . . . . . . . . . . . . . . 61

5.3. Comparison and Future Demands on Magnetic Thin-Film Metrology . . 63
5.3.1. Comparison of the applied magnetic metrology . . . . . . . . . . 63
5.3.2. Future demands: Time resolved measurements . . . . . . . . . . 64

5.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6. Co/Pt Multilayer Films for NML 67

6.1. Microelectronic Integration . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.2. Characterizing Co/Pt Films . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.2.1. SQUID measurements of as-grown multilayers . . . . . . . . . . . 69
6.2.2. Natural domains in Co/Pt films . . . . . . . . . . . . . . . . . . . 72

6.3. Engineering 5 Multilayer Co/Pt Films . . . . . . . . . . . . . . . . . . . 72
6.3.1. Thermal annealing . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.3.2. Homogeneous FIB irradiation . . . . . . . . . . . . . . . . . . . . 75
6.3.3. Modelling FIB irradiation by micromagnetic simulations . . . . . 77

6.4. Temperature Dependent Measurements . . . . . . . . . . . . . . . . . . . 78
6.5. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

7. Field-coupled Magnetic Computing Structures 81

7.1. 2-Dimensional Field-coupled Patterns . . . . . . . . . . . . . . . . . . . . 81
7.1.1. Checkerboard patterns in 40 ML Co/Pt . . . . . . . . . . . . . . 82
7.1.2. Checkerboard patterns in 5 ML Co/Pt . . . . . . . . . . . . . . . 88

7.2. 1D Field-Coupled Patterns . . . . . . . . . . . . . . . . . . . . . . . . . . 95
7.2.1. Basic building blocks for field-coupled devices . . . . . . . . . . . 95
7.2.2. Towards complex computing gates . . . . . . . . . . . . . . . . . 97

7.3. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

iv



Contents

8. Microelectronic Integration of NML 99
8.1. Electrical Input by Current Carrying Wires . . . . . . . . . . . . . . . . 99

8.1.1. Oersted versus spin-torque switching . . . . . . . . . . . . . . . . 99
8.1.2. Field calculation for current carrying wires . . . . . . . . . . . . . 100

8.2. Magnetic Domain Switching by Ag Damascene Lines . . . . . . . . . . . 103
8.2.1. Domain switching experiment . . . . . . . . . . . . . . . . . . . . 103
8.2.2. Field calculation for two experiments . . . . . . . . . . . . . . . . 105
8.2.3. Coercivity as a function of time and temperature . . . . . . . . . 106
8.2.4. Modelling self-heating of a current carrying wire . . . . . . . . . 108

8.3. Switching of Single Domains by Means of an Au-wire . . . . . . . . . . . 110
8.4. Future Prospects of Input Devices . . . . . . . . . . . . . . . . . . . . . 113
8.5. Clocking Schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

8.5.1. Field direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
8.5.2. Field generation . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
8.5.3. Clocking implementation . . . . . . . . . . . . . . . . . . . . . . . 116
8.5.4. Spatial distribution of the clocking field . . . . . . . . . . . . . . 116
8.5.5. Internal dot configuration . . . . . . . . . . . . . . . . . . . . . . 117

8.6. Electrical Output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
8.6.1. Electrical transducers for magnetic domain sensing . . . . . . . . 117
8.6.2. Split-current Hall device geometry . . . . . . . . . . . . . . . . . 118
8.6.3. Extraordinary Hall-effect in 40 ML Co/Pt . . . . . . . . . . . . . 120
8.6.4. Refinements for single-domain sensing . . . . . . . . . . . . . . . 122
8.6.5. Probing a single-domain dot in 5 ML Co/Pt . . . . . . . . . . . . 123
8.6.6. Reversal mechanism in Co/Pt multilayers sensed by EHE . . . . 125

8.7. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

9. Conclusion 129

Acronyms 131

List of Symbols 135

A. Related Publications of the Author 139

B. References 141

C. Related Theses 153

v





List of Figures

1.1. Building blocks for electrically embedded FML . . . . . . . . . . . . . . 5

2.1. Magnetic domain wall logic as FML implementation . . . . . . . . . . . 9
2.2. Timeline of magnetic QCA implementations . . . . . . . . . . . . . . . . 11
2.3. Comparison of FML in Permalloy and perpendicular Co/Pt . . . . . . . 15

3.1. Illustration of a uniformly magnetized bar . . . . . . . . . . . . . . . . . 21
3.2. Flux density and field distribution of a bar magnet . . . . . . . . . . . . 22
3.3. Hysteresis loop definitions for a Co/Pt film . . . . . . . . . . . . . . . . 25
3.4. Model for a 1D stripe domain pattern in Co/Pt films . . . . . . . . . . . 26
3.5. Qualitative energy diagram for ferromagnetic states . . . . . . . . . . . . 27
3.6. Sketch of a Co/Pt stack tailored by focused ion beam irradiation . . . . 28

4.1. Sketch of typical technology process flow . . . . . . . . . . . . . . . . . . 32
4.2. Principle and definitions in FIB patterning . . . . . . . . . . . . . . . . . 37
4.3. Estimation of the FIB ‘pencil size’ by SRIM/TRIM . . . . . . . . . . . . 40
4.4. Process overview for Ag-CMP buried current carrying wires . . . . . . . 42

5.1. Sketch of the SQUID magnetometer measurement principle . . . . . . . 46
5.2. Background subtraction on a 10 ML Co/Pt hysteresis loop . . . . . . . . 48
5.3. Block diagram of the computer controlled Hall measurement setup . . . 49
5.4. Noise voltage determination for the Hall measurement setup. . . . . . . 52
5.5. Remanence versus continuous hysteresis loop measurements . . . . . . . 53
5.6. Principle modes in MFM measurements . . . . . . . . . . . . . . . . . . 55
5.7. Irreversible perturbation in MFM measurements . . . . . . . . . . . . . 58
5.8. Stray-field distribution of a standard MFM tip . . . . . . . . . . . . . . 59
5.9. Reversal of single domain dots due to strong MFM tip-sample interaction 59
5.10. Reversed contrast by altering MFM tip magnetization . . . . . . . . . . 60
5.11. Block diagram of the developed MOKE microscope . . . . . . . . . . . . 62

6.1. Principle of an integrated programmable magnetic logic gate . . . . . . . 68
6.2. Comparison of SQUID magnetometry and MOKE hysteresis loops . . . 69
6.3. SQUID hysteresis loops mapped to MFM images . . . . . . . . . . . . . 71
6.4. Different geometries for Hall-effect metrology . . . . . . . . . . . . . . . 73
6.5. Hysteresis loops before and after consecutive annealing . . . . . . . . . . 74
6.6. Illustration of coercivity reduced by FIB irradiation . . . . . . . . . . . . 76
6.7. Mapping of the anisotropy constant to the FIB irradiation dose . . . . . 77
6.8. Coercive fields plotted versus temperature . . . . . . . . . . . . . . . . . 78

vii



List of Figures

7.1. MFM on 40 ML Co/Pt checkerboard with varied pitch . . . . . . . . . . 82
7.2. MFM on 40 ML Co/Pt checkerboards with varied ion dose . . . . . . . . 83
7.3. Highly ordered 40 ML Co/Pt checkerboard pattern . . . . . . . . . . . . 84
7.4. Sketch of different demagnetization schemes . . . . . . . . . . . . . . . . 86
7.5. Best fit between modeled and measured SQUID hysteresis loop . . . . . 87
7.6. Checkerboard pattern in 5 ML Co/Pt . . . . . . . . . . . . . . . . . . . 89
7.7. MFM snapshots during 5 ML checkerboard reversal . . . . . . . . . . . . 91
7.8. Qualitative model for ordering phenomena in 5ML Co/Pt . . . . . . . . 93
7.9. MFM images of basic computing structures in Co/Pt . . . . . . . . . . . 96
7.10. Snapshots of computational states for a modeled majority gate . . . . . 97

8.1. Biot-Savart law applied to a buried current carrying wire . . . . . . . . . 101
8.2. Magnetic fields induced by a current carrying wire . . . . . . . . . . . . 102
8.3. Switching of domains in a 10 ML Co/Pt film by current through buried

silver wires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
8.4. Field calculation for a buried Ag-wire pulsed by a current . . . . . . . . 105
8.5. Nucleation field dependence calculated by the Sharrock formalism . . . . 107
8.6. Self heating of an insulated strip line . . . . . . . . . . . . . . . . . . . . 108
8.7. Joule self-heating of a buried wire at high current densities . . . . . . . . 110
8.8. Switching of nanomagnetic dots by means of current pulses . . . . . . . 112
8.9. Hall devices for field-coupled computing structures . . . . . . . . . . . . 119
8.10. Equivalent circuit of a current Hall device . . . . . . . . . . . . . . . . . 119
8.11. Hall sensor in 40 ML Co/Pt . . . . . . . . . . . . . . . . . . . . . . . . . 121
8.12. MFM image of FIB deep trench etching after Co/Pt sputter deposition . 122
8.13. ‘Split-current’ sensing scheme for submicron resolution . . . . . . . . . . 124
8.14. Simulation model for as-grown and FIB ‘cropped’ sensors . . . . . . . . 125
8.15. Angular dependent Hall measurements . . . . . . . . . . . . . . . . . . . 126

viii


