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A 

Abstract  
 

Magnetic fields and their measurement are an important part of human 

technological evolution. Navigation in the seas and oceans for many years was based on 

the magnetic compass. MRIs (Magnetic resonance imaging), an essential tool for soft tissue 

imaging in medicine, rely on the different properties of each material when exposed to a 

magnetic field. For the above reasons it was considered appropriate to examine the 

possibility of a contribution to the field of magnetic measurements and magnetic sensors.  

As a contribution to the field of magnetic sensors, AMR (Anisotropic Magneto-

Resistor) magnetic sensor technology was chosen for a number of reasons. The two main 

reasons for the above selection are firstly that AMR sensors are compact and secondly their 

manufacturing method is compatible with integrated circuit (IC) manufacturing 

technology. In addition, the AMR sensor is commercially available in a discrete form and 

is widely used. Despite the widespread use of the AMR sensor, it seems that so far, its 

behavior has not been studied in depth. In order to arrive at the choice of the AMR sensor, 

an extensive literature search was first carried out as well as a study of other sensor 

technologies used to measure the magnetic field. A large part of the literature review was 

devoted to magnetic sensor technologies. The remaining part of it refers to the physical 

phenomena that govern the behavior of the magnetic materials used in magnetic sensors.  

This PhD thesis delves into the behavior of the AMR type sensor. The AMR sensor 

used is the Honeywell HMC100x (HMC1001 and HMC1002). Various circuits and 

experimental devices were developed to study the behavior of the above sensor. The 

behavior of the HMC100x sensor in continuous magnetic fields was investigated and 

characterized. A mathematical and circuit model was developed for its behavior at high 

frequencies, due to the problems of closed-loop instability at high frequencies. This 

instability is due to the flat construction of the AMR sensor under study. In addition, the 

response time of the sensor to high frequency current pulses was examined. These pulses 

were used to repolarize the sensor. Then, based on the previous results of the study, a new 

measurement architecture was developed which aims to improve the response of the sensor 

in question. Finally, three circuits based on this new architecture were developed. These 

circuits experimentally confirmed the correct and efficient operation of the new architecture 

in the response of the sensor. 

 

 

Keywords: AMR, Sensor, Sensors, Magnetic Sensors, Anisotropic Magnetoresistor, 

Magnetoresistor, Calibration, Magnetic Sensor Calibration. 

 

 

  



 

B  

ɄŮɟɑɚɖɣɖ 
 

ɇŬ ɛŬɔɜɖŰɘəɎ ˊŮŭɑŬ əŬɘ ɖ ɛɏŰɟɖůɐ Űɞɡɠ ŮɑɜŬɘ ɏɜŬ ůɖɛŬɜŰɘəɧ əɞɛɛɎŰɘ Űɖɠ 

Ŭɜɗɟɩˊɘɜɖɠ Ůɝɏɚɘɝɖɠ. ȼ ˊɚɞɐɔɖůɖ ůŰɘɠ ɗɎɚŬůůŮɠ əŬɘ ůŰɞɡɠ ɤəŮŬɜɞɨɠ ɓŬůɑůŰɖəŮ ɔɘŬ 

ˊɞɚɚɎ ɢɟɧɜɘŬ ůŰɖ ɛŬɔɜɖŰɘəɐ ˊɡɝɑŭŬ. ȷˊɧ Űɖɜ Ɏɚɚɖ ɞɘ ɛŬɔɜɖŰɘəɞɑ ŰɞɛɞɔɟɎűɞɘ, ɏɜŬ 

ŬˊŬɟŬɑŰɖŰɞ ŮɟɔŬɚŮɑɞ ɔɘŬ ŬˊŮɘəɧɜɘůɖ Űɤɜ ɛŬɚŬəɩɜ ɘůŰɩɜ ůŰɖɜ ɘŬŰɟɘəɐ, ɓŬůɑɕɞɜŰŬɘ ůŰɘɠ 

ŭɘŬűɞɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ əɎɗŮ ɡɚɘəɞɨ ɧŰŬɜ ŬɡŰɧ ŮəŰɑɗŮŰŬɘ ůŮ ɛŬɔɜɖŰɘəɧ ˊŮŭɑɞ. ũɘŬ Űɞɡɠ 

ˊɘɞ ˊɎɜɤ ɚɧɔɞɡɠ əɟɑɗɖəŮ ůəɧˊɘɛɞ ɜŬ ŮɝŮŰŬůŰŮɑ ɖ ŭɡɜŬŰɧŰɖŰŬ ůɡɜŮɘůűɞɟɎɠ ůŰɞɜ ŰɞɛɏŬ 

Űɤɜ ɛŬɔɜɖŰɘəɩɜ ɛŮŰɟɐůŮɤɜ əŬɘ Űɤɜ ɛŬɔɜɖŰɘəɩɜ ŬɘůɗɖŰɐɟɤɜ.  

ɆŰŬ ˊɚŬɑůɘŬ ůɡɜŮɘůűɞɟɎɠ ůŰɞɜ ŰɞɛɏŬ ɛŬɔɜɖŰɘəɩɜ ŬɘůɗɖŰɐɟɤɜ ŮˊŮɚɏɔɖ ɖ 

ŰŮɢɜɞɚɞɔɑŬ ɛŬɔɜɖŰɘəɞɨ ŬɘůɗɖŰɐɟŬ Űɨˊɞɡ ŬɜɘůɞŰɟɞˊɘəɐɠ ɛŬɔɜɖŰɘəɐɠ-ŬɜŰɑůŰŬůɖɠ AMR 

(Anisotropic Magneto-Resistor) ɔɘŬ ɛɘŬ ˊɚɖɗɩɟŬ ɚɧɔɤɜ. ȳɛɤɠ ɞɘ ŭɨɞ əɨɟɘɞɘ ɚɧɔɞɘ Űɖɠ ˊɘɞ 

ˊɎɜɤ Ůˊɘɚɞɔɐɠ ŮɑɜŬɘ ˊɟɩŰɞɜ Űɞ ɧŰɘ ɞɘ ŬɘůɗɖŰɐɟŮɠ Űɨˊɞɡ AMR ɏɢɞɡɜ ůɡɛˊŬɔɏɠ ɛɏɔŮɗɞɠ əŬɘ 

əŬŰɎ ŭŮɨŰŮɟɞɜ ɞ Űɟɧˊɞɠ əŬŰŬůəŮɡɐɠ Űɞɡɠ ŮɑɜŬɘ ůɡɛɓŬŰɧɠ ɛŮ Űɖɜ ŰŮɢɜɞɚɞɔɑŬ əŬŰŬůəŮɡɐɠ 

ɞɚɞəɚɖɟɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ (IC). Ⱥˊɘˊɚɏɞɜ, ɞ ŬɘůɗɖŰɐɟŬɠ Űɨˊɞɡ AMR ŮɑɜŬɘ ŭɘŬɗɏůɘɛɞɠ 

ůŮ ŭɘŬəɟɘŰɐ ɛɞɟűɐ ůŰɞ Ůɛˊɧɟɘɞ əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůɡɟɏɤɠ. ɄŬɟɎ Űɖɜ ŮɡɟŮɑŬ ɢɟɐůɖ Űɞɡ 

ŬɘůɗɖŰɐɟŬ Űɨˊɞɡ AMR, űŬɑɜŮŰŬɘ ɧŰɘ ɛɏɢɟɘ ůŰɘɔɛɐɠ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ŭŮɜ ŮɑɢŮ ɛŮɚŮŰɖɗŮɑ 

Ůɘɠ ɓɎɗɞɠ. ũɘŬ ɜŬ əŬŰŬɚɐɝɞɡɛŮ ůŰɖɜ Ůˊɘɚɞɔɐ Űɞɡ ŬɘůɗɖŰɐɟŬ Űɨˊɞɡ AMR ɏɔɘɜŮ ˊɟɩŰŬ ɛɘŬ 

ŮəŰŮɜɐ ɓɘɓɚɘɞɔɟŬűɘəɐ ɏɟŮɡɜŬ əŬɗɩɠ əŬɘ ɛŮɚɏŰɖ Ɏɚɚɤɜ ŰŮɢɜɞɚɞɔɘɩɜ ŬɘůɗɖŰɐɟɤɜ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖ ɛɏŰɟɖůɖ Űɞɡ ɛŬɔɜɖŰɘəɞɨ ˊŮŭɑɞɡ. ũɘŬ Űɘɠ ŰŮɢɜɞɚɞɔɑŮɠ ɛŬɔɜɖŰɘəɩɜ 

ŬɘůɗɖŰɐɟɤɜ ŬűɘŮɟɩɗɖəŮ ɏɜŬ ɛŮɔɎɚɞ ɛɏɟɞɠ Űɖɠ ɓɘɓɚɘɞɔɟŬűɘəɐɠ ŬɜŬůəɧˊɖůɖɠ. ɇɞ 

ɡˊɧɚɞɘˊɞ ɛɏɟɞɠ Űɖɠ ŬɜŬűɏɟŮŰŬɘ ůŰŬ űɡůɘəɎ űŬɘɜɧɛŮɜŬ ˊɞɡ ŭɘɏˊɞɡɜ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ 

ɛŬɔɜɖŰɘəɩɜ ɡɚɘəɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɞɡɠ ɛŬɔɜɖŰɘəɞɨɠ ŬɘůɗɖŰɐɟŮɠ. 

ȼ ŭɘŭŬəŰɞɟɘəɐ ŬɡŰɐ ŭɘŬŰɟɘɓɐ ŮɜŰɟɡűŮɑ ůŰɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ŬɘůɗɖŰɐɟŬ Űɨˊɞɡ 

AMR. Ƀ ŬɘůɗɖŰɐɟŬɠ Űɨˊɞɡ AMR ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŮɑɜŬɘ ɞ HMC100x (HMC1001 əŬɘ 

HMC1002) Űɖɠ Honeywell. ũɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ˊɘɞ ˊɎɜɤ ŬɘůɗɖŰɐɟŬ 

ŬɜŬˊŰɨɢɗɖəŬɜ ŭɘɎűɞɟŬ əɡəɚɩɛŬŰŬ əŬɘ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɘŬŰɎɝŮɘɠ. ȺɝŮŰɎůŰɖəŮ əŬɘ 

ɢŬɟŬəŰɖɟɑůŰɖəŮ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ŬɘůɗɖŰɐɟŬ HMC100x ůŮ ůɡɜŮɢɧɛŮɜŬ ɛŬɔɜɖŰɘəɎ 

ˊŮŭɑŬ. ȷɜŬˊŰɨɢɗɖəŮ ɛŬɗɖɛŬŰɘəɧ əŬɘ əɡəɚɤɛŬŰɘəɧ ɛɞɜŰɏɚɞ ɔɘŬ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ůŮ 

ɡɣɖɚɏɠ ůɡɢɜɧŰɖŰŮɠ, ɚɧɔɤ Űɤɜ ˊɟɞɓɚɖɛɎŰɤɜ ŬůŰɎɗŮɘŬɠ Űɞɡ əɚŮɘůŰɞɨ ɓɟɧɢɞɡ ůŮ ɡɣɖɚɏɠ 

ůɡɢɜɧŰɖŰŮɠ. ȼ ŬůŰɎɗŮɘŬ ŬɡŰɐ ɞűŮɑɚŮŰŬɘ ůŰɞɜ Űɟɧˊɞ Űɖɠ ŮˊɑˊŮŭɖɠ əŬŰŬůəŮɡɐɠ Űɞɡ ɡˊɧ 

ɛŮɚɏŰɖ ŬɘůɗɖŰɐɟŬ AMR. Ⱥˊɘˊɚɏɞɜ, ŮɝŮŰɎůɗɖəŮ ɞ ɢɟɧɜɞɠ Ŭˊɧəɟɘůɖɠ Űɞɡ ŬɘůɗɖŰɐɟŬ ůŮ 

ˊŬɚɛɞɨɠ ɟŮɨɛŬŰɞɠ ɡɣɖɚɐɠ ůɡɢɜɧŰɖŰŬɠ. Ƀɘ ˊŬɚɛɞɑ ŬɡŰɞɑ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɜ ɔɘŬ Űɖɜ 

ŮˊŬɜŬˊɧɚɤůɖ Űɞɡ ŬɘůɗɖŰɐɟŬ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɓŬůɘɕɧɛŮɜɞɘ ůŰŬ ˊɟɞɖɔɞɨɛŮɜŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

Űɖɠ ɛŮɚɏŰɖɠ, ŬɜŬˊŰɨɢɗɖəŮ ɛɑŬ ɜɏŬ ŬɟɢɘŰŮəŰɞɜɘəɐ ɛɏŰɟɖůɖɠ, ɖ ɞˊɞɑŬ ɏɢŮɘ ɤɠ ůəɞˊɧ Űɖ 

ɓŮɚŰɑɤůɖ Űɖɠ Ŭˊɧəɟɘůɖɠ Űɞɡ Ůɜ ɚɧɔɤ ŬɘůɗɖŰɐɟŬ. ɇɏɚɞɠ, ŬɜŬˊŰɨɢɗɖəŬɜ ŰɟɑŬ əɡəɚɩɛŬŰŬ 

ɓŬůɘɕɧɛŮɜŬ ůŮ ŬɡŰɐɜ Űɖ ɜɏŬ ŬɟɢɘŰŮəŰɞɜɘəɐ. ɇŬ əɡəɚɩɛŬŰŬ ŬɡŰɎ ŮˊɘɓŮɓŬɑɤůŬɜ əŬɘ 

ˊŮɘɟŬɛŬŰɘəɎ Űɖ ůɤůŰɐ əŬɘ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ɚŮɘŰɞɡɟɔɑŬ Űɖɠ ɜɏŬɠ ŬɟɢɘŰŮəŰɞɜɘəɐɠ ůŰɖɜ 

Ŭˊɧəɟɘůɖ Űɞɡ ŬɘůɗɖŰɐɟŬ.  

 

ȿɏɝŮɘɠ ȾɚŮɘŭɘɎ: AMR, ȷɘůɗɖŰɐɟŬɠ, ȷɘůɗɖŰɐɟŮɠ, ɀŬɔɜɖŰɘəɞɑ ȷɘůɗɖŰɐɟŮɠ, 

ȷɜɘůɞŰɟɞˊɘəɐɠ ɀŬɔɜɖŰɞŬɜŰɑůŰŬůɖɠ, ɀŬɔɜɖŰɞŬɜŰɑůŰŬůɖ, ȷɜɘůɞŰɟɞˊɘəɐɠ ɀŬɔɜɖŰɘəɐɠï

ȷɜŰɑůŰŬůɖɠ, əɨəɚɤɛŬ ˊɧɚɤůɖɠ, əɨəɚɤɛŬ ŮˊŬɜŬˊɧɚɤůɖɠ, ȸŬɗɛɞɜɧɛɖůɖ, ȸŬɗɛɞɜɧɛɖůɖ 

ɀŬɔɜɖŰɘəɞɨ ȷɘůɗɖŰɐɟŬ.        



 

C 

 

 

 

 

 

 

 

 

 

  

ȼ ůŮɚɑŭŬ ŬɡŰɐ ŮɑɜŬɘ ůəɧˊɘɛŬ ɚŮɡəɐ. 



 

D  

Acknowledgements 
 

First of all, I would like to thank my supervising professor of NTUA Mr. Sotiriadi 

Paul ï Peter for his guidance in the dark path of the academic world and in the field of 

electronics.  

I would also like to thank my second supervising professor of NTUA Mr. 

Hristoforou Evangelo for his support and help throughout my master's and doctoral 

work, as well as my initiation into the paths of magnetic measurements and magnetic 

sensors. Also, I owe a big thank you to Mr. Kossivaki Dimitrio, Ph.D. of the School of 

Mining and Metallurgical Engineering for his valuable help and undivided contribution 

to the completion of this work. I would be remiss if I did not thank Dr. Vourna Polyxeni 

and Dr. Elena Kyriakopoulou for their scientific assistance in the field of magnetic 

sensors and measurements.  

I would like to thank my co-candidates during the PhD, Kostantino Asimakopoulo, 

Dimitris Baxevanaki, Kostantinos Papafotis, Kostantinos Ustoglou, Kostantinos 

Touloupa, Nikolaos Temeno, Christos Dimas, Emmanuela Maggiorou, Spyros 

Angelopoulos, George Bani and Athanasia Chousou for the psychological and scientific 

support. As well as the scientific staff of the electronics laboratory Mania Garifalia and 

Voudouki Nikolao. 

Also, I would like to especially thank my parents Eleni Eliadou Hadjigeorgiou and 

Georgios Hadjiandrea Hadjigeorgiou who have supported me both in reading and 

financially for so many years. They read and recorded the lesson texts.  

I would like to thank the professor of the University of Cyprus (UCY) Julus 

Georgiou who trusted me and gave me access to his laboratory. Without this access it 

would have been very difficult to complete this doctoral study.  

I would like to thank the professor the scientific manager of the USRL (Unmanned 

Systems Research Laboratory) team of the Cyprus Institute Dr. Christos Kelesi for 

giving me access to the laboratory to connect the sensor system developed in the 

framework of this PhD to an unmanned aircraft. I would also like to thank the rest of the 

USRL team. Christos Constantinidis is responsible for the Unmanned Aircraft (UAV) 

software and for connecting the sensor to the telemetry system. Andreas Leonidou, 

designer of composite materials and MEA pilot. As well as the engineers Panagiota 

Antoniou and Evagoras Nearchou.  

I would like to thank my uncle Michalis Patatakos who inspired me with his 

technical skills.  

I would like to thank the technicians of the Cyprus Radio Foundation, Angelos 

Dikomitis, Michalakis Andreou, Roulis Zachariadis, Michalis Michaelidis, for the first 

guidance in the field of electronic science.  

I would like to thank the technicians of the Cyprus Meteorological Service, Andreas 

Stylianidis, Georgios Christodoulou, Giannakis Orphanidis. Characteristically, Andreas 

Stylianidis taught me how to test, repair and design circuits from my school days.  

I would like to thank Pavlos Pavlidis because he guided me in the field of computers 

and programming.  

I would like to thank Nikos Lygeros for guiding me through the depths of 

mathematics and Maple programming during my academic years.  

I would like to thank Eleni Rossidou for her guidance and help to overcome my 

dyslexia problems.  

In conclusion, I would like to thank all my friends for their help, Constantinidi 

Christo, Spyrou Charidimo, Konstantinou Despoina, Panagiotou Konstantina, Toumpa 

Kyriako, Haritidou Evi, Christou Mario, Politi Gerasimo, Agapiou Antonia.   



 

E 

ȺɡɢŬɟɘůŰɑŮɠ 
 

ȾŬŰô ŬɟɢɎɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ŮˊɘɓɚɏˊɞɜŰɎ ɛɞɡ, əŬɗɖɔɖŰɐ Űɞɡ Ⱥ.ɀ.Ʉ., ə. 

ɆɤŰɖɟɘɎŭɖ ɄŬɨɚɞ ï ɄɏŰɟɞ ɔɘŬ Űɖɜ əŬɗɞŭɐɔɖůɐ Űɞɡ ůŰŬ ɎŭɡŰŬ Űɞɡ ŬəŬŭɖɛŬɥəɞɨ əɧůɛɞɡ 

əŬɘ ůŰɞ ŰɞɛɏŬ Űɖɠ ȼɚŮəŰɟɞɜɘəɐɠ.  

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ŭŮɨŰŮɟɞ ŮˊɘɓɚɏˊɞɜŰɎ ɛɞɡ, əŬɗɖɔɖŰɐ Űɞɡ Ⱥ.ɀ.Ʉ., ə. 

ɉɟɘůŰɞűɧɟɞɡ ȺɡɎɔɔŮɚɞ ɔɘŬ Űɖ ůɡɛˊŬɟɎůŰŬůɐ Űɞɡ əŬɘ Űɖ ɓɞɐɗŮɘɎ Űɞɡ ůŮ ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ 

Űɖɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ əŬɘ ŭɘŭŬəŰɞɟɘəɐɠ ɛɞɡ ŮɟɔŬůɑŬɠ, əŬɗɩɠ əŬɘ Űɖɠ ɛɨɖůɖɠ ɛɞɡ ůŰŬ 

ɛɞɜɞˊɎŰɘŬ Űɤɜ ɛŬɔɜɖŰɘəɩɜ ɛŮŰɟɐůŮɤɜ əŬɘ ɛŬɔɜɖŰɘəɩɜ ŬɘůɗɖŰɐɟɤɜ. Ⱥˊɑůɖɠ, ɞűŮɑɚɤ ɏɜŬ 

ɛŮɔɎɚɞ ŮɡɢŬɟɘůŰɩӢ ůŰɞɜ ə. ȾɞůůɘɓɎəɖ ȹɖɛɐŰɟɘɞ, ŭɘŭɎəŰɞɟŬ Űɖɠ Ɇɢɞɚɐɠ ɀŮŰŬɚɚŮɘɞɚɧɔɤɜ 

ɀŮŰŬɚɚɞɡɟɔɩɜ ɀɖɢŬɜɘəɩɜ ɔɘŬ Űɖɜ ˊɞɚɨŰɘɛɖ ɓɞɐɗŮɘŬ əŬɘ Űɖɜ ŬɛɏɟɘůŰɖ ůɡɜŮɘůűɞɟɎ Űɞɡ 

ůŰɖ ŭɘŮəˊŮɟŬɑɤůɖ Űɖɠ ŮɟɔŬůɑŬ ŬɡŰɐɠ. ŪŬ ɐŰŬɜ ɛŮɔɎɚɖ ˊŬɟɎɚɖɣɐ ɛɞɡ Ŭɜ ŭŮɜ ŮɡɢŬɟɘůŰɐůɤ 

Űɖɜ ŭɘŭɎəŰɞɟŬ ə. ȸɞɡɟɜɎ Ʉɞɚɡɝɏɜɖ əŬɘ Űɖɜ ŭɘŭɎəŰɞɟŬ ə. ȾɡɟɘŬəɞˊɞɨɚɞɡ ȰɚŮɜŬ ɔɘŬ Űɖɜ 

ŮˊɘůŰɖɛɞɜɘəɐ Űɞɡɠ ɓɞɐɗŮɘŬ ůŰɞ ŰɞɛɏŬ Űɤɜ ɛŬɔɜɖŰɘəɩɜ ŬɘůɗɖŰɐɟɤɜ əŬɘ ɛŮŰɟɐůŮɤɜ. 

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ əŬɘ Űɞɡɠ ůɡɜɡˊɞɣɖűɑɞɡɠ ɛɞɡ əŬŰɎ Űɖɜ ŭɘɎɟəŮɘŬ Űɞɡ 

ŭɘŭŬəŰɞɟɘəɞɨ, ȾɤůŰŬɜŰɑɜɞ ȷůɖɛŬəɧˊɞɡɚɞ, ȹɖɛɐŰɟɖ ɀˊŬɝŮɓŬɜɎəɖ, ȾɤɜůŰŬɜŰɑɜɞ 

ɄŬˊŬűɩŰɖ, ȾɤůŰŬɜŰɑɜɞ ɃɨůŰɞɔɚɞɡ, ȾɤɜůŰŬɜŰɑɜɞ ɇɞɡɚɞɨˊŬ, ɁɘəɧɚŬɞ ɇɏɛŮɜɞ, ɉɟɑůŰɞ 

ȹɐɛŬ, ȺɛɛŬɜɞɡɏɚŬ ɀŬɔɔɘɩɟɞɡ, Ɇˊɨɟɞ ȷɔɔŮɚɧˊɞɡɚɞ, ũŮɩɟɔɘɞ ɀˊɎɜɖ əŬɘ ȷɗŬɜŬůɑŬ 

ɉɞɨůɞɡ ɔɘŬ Űɖɜ ɣɡɢɞɚɞɔɘəɐ əŬɘ ŮˊɘůŰɖɛɞɜɘəɐ ůɡɛˊŬɟɎůŰŬůɖ. ȾŬɗɩɠ əŬɘ Űɞɜ 

ŮˊɘůŰɖɛɞɜɘəɧ ˊɟɞůɤˊɘəɧ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ ɖɚŮəŰɟɞɜɘəɐɠ ɀŬɜɘɎ ũŬɟɡűŬɚɘɎ əŬɘ ȸɞɡŭɞɨəɖ 

ɁɘəɧɚŬɞ. 

Ⱥˊɑůɖɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɘŭɘŬɑŰŮɟŬ Űɞɡɠ ɔɞɜŮɑɠ ɛɞɡ Ⱥɚɏɜɖ ȼɚɘɎŭɞɡ 

ɉŬŰɕɖɔŮɤɟɔɑɞɡ əŬɘ ũŮɩɟɔɘɞ ɉŬŰɕɖŬɜŰɟɏŬ ɉŬŰɕɖɔŮɤɟɔɑɞɡ ˊɞɡ ŰɧůŬ ɢɟɧɜɘŬ ɛŮ ůŰɐɟɘɝŬɜ 

Űɧůɞ ůŰɞ ŭɘɎɓŬůɛŬ ɧůɞ əŬɘ ɞɘəɞɜɞɛɘəɎ. ȹɘɎɓŬɕŬɜ əŬɘ ɖɢɞɔɟŬűɞɨůŬɜ ŰŬ əŮɑɛŮɜŬ Űɤɜ 

ɛŬɗɖɛɎŰɤɜ. 

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞ əŬɗɖɔɖŰɐ Űɞɡ ɄŬɜŮˊɘůŰɐɛɘɞɡ Ⱦɨˊɟɞɡ (UCY) Ƚɞɨɚɘɞ 

ũŮɤɟɔɑɞɡ ɞ ɞˊɞɑɞɠ ɛŮ ŮɛˊɘůŰŮɨŰɖəŮ əŬɘ ɛɞɡ ɏŭɤůŮ ˊɟɧůɓŬůɖ ůŰɞ ŮɟɔŬůŰɐɟɘɞ Űɞɡ. ɉɤɟɑɠ 

ŬɡŰɐ Űɖɜ ˊɟɧůɓŬůɖ ɗŬ ɐŰŬɜ ˊɞɚɨ ŭɨůəɞɚɞ ɜŬ ɞɚɞəɚɖɟɤɗŮɑ ɖ ŭɘŭŬəŰɞɟɘəɐ ŬɡŰɐ ɛŮɚɏŰɖ.  

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ əŬɗɖɔɖŰɐ əŬɘ ŮˊɘůŰɖɛɞɜɘəɧ ɡˊŮɨɗɡɜɞ Űɖɠ ɞɛɎŭŬ Űɞɡ 

USRL (Unmanned Systems Research Laboratory) Űɞɡ ȽɜůŰɘŰɞɨŰɞɡ Ⱦɨˊɟɞɡ ŭɧəŰɞɟŬ 

ɉɟɑůŰɞ ȾŮɚɏůɖ ɔɘŬŰɑ ɛɞɡ ɏŭɤůŮ ˊɟɧůɓŬůɖ ůŰɞ ŮɟɔŬůŰɐɟɘɞ ɔɘŬ ɜŬ ůɡɜŭɏůɤ Űɞ ůɨůŰɖɛŬ 

Űɞɡ ŬɘůɗɖŰɐɟŬ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ůŰŬ ˊɚŬɑůɘŬ ŬɡŰɞɨ Űɞɡ ŭɘŭŬəŰɞɟɘəɞɨ ůŮ ɛɖ ŮˊŬɜŭɟɤɛɏɜɞ 

ŬŮɟɞůəɎűɞɠ. Ⱥˊɘˊɚɏɞɜ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ əŬɘ Űɖɜ ɡˊɧɚɞɘˊɖ ɞɛɎŭŬ USRL. ɇɞɜ 

ɉɟɑůŰɞ ȾɤɜůŰŬɜŰɘɜɑŭɖ ɡˊŮɨɗɡɜɞ ɔɘŬ Űɞ software Űɤɜ ɀɖ ȺˊŬɜŭɟɤɛɏɜɤɜ ȷŮɟɞůəŬűɩɜ 

(ɀȺȷ) əŬɘ ɔɘŬ Űɖɜ ůɨɜŭŮůɖ Űɞɡ ŬɘůɗɖŰɐɟŬ ɛŮ Űɞɜ ůɨůŰɖɛŬ ŰɖɚŮɛŮŰɟɑŬɠ. ɇɞɜ ȷɜŭɟɏŬ 

ȿŮɤɜɑŭɞɡ ůɢŮŭɘŬůŰɐ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ əŬɘ ˊɘɚɧŰɞ Űɤɜ MEA. ȾŬɗɩɠ əŬɘ Űɞɡɠ ɛɖɢŬɜɘəɞɨɠ 

ȷɜŰɤɜɑɞɡ ɄŬɜŬɔɘɩŰŬ əŬɘ ɁŮɎɟɢɞɡ ȺɡŬɔɧɟŬ.  

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞ ɗŮɑɞ ɛɞɡ ɀɘɢɎɚɖ ɄŬŰŬŰɎəɞ ˊɞɡ ɛŮ ŮɜɏˊɜŮɡůŮ ɛŮ Űɘɠ 

ŰŮɢɜɘəɏɠ Űɞɡ ɘəŬɜɧŰɖŰŮɠ. 

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɡɠ ŰŮɢɜɘəɞɨɠ Űɞɡ ɅŬŭɘɞűɤɜɘəɞɨ ȽŭɟɨɛŬŰɞɠ Ⱦɨˊɟɞɡ, Űɞɜ 

ȯɔɔŮɚɞ ȹɘəɤɛɑŰɖ, ɀɘɢŬɚɎəɖ ȷɜŰɟɏɞɡ, Ʌɞɨɚɖ ȻŬɢŬɟɘɎŭɖ, ɀɘɢɎɚɖ ɀɘɢŬɖɚɑŭɖ, ɔɘŬ Űɖɜ 

ˊɟɩŰɖ əŬɗɞŭɐɔɖůɖ ůŰɞɜ ŰɞɛɏŬ Űɖɠ ɖɚŮəŰɟɞɜɘəɐɠ ŮˊɘůŰɐɛɖɠ. 

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɡɠ ŰŮɢɜɘəɞɨɠ Űɖɠ ɀŮŰŮɤɟɞɚɞɔɘəɐɠ ɈˊɖɟŮůɑŬɠ Ⱦɨˊɟɞɡ, 

Űɞɜ ȷɜŰɟɏŬ ɆŰɡɚɘŬɜɑŭɖ, ũŮɩɟɔɘɞ ɉɟɘůŰɞŭɞɨɚɞɡ, ũɘŬɜɜɎəɖ ɃɟűŬɜɑŭɖ. ɉŬɟŬəŰɖɟɘůŰɘəɎ, ɞ 

ȷɜŰɟɏŬɠ ɆŰɡɚɘŬɜɑŭɖɠ ɛɞɡ ɏɛŬɗŮ ˊɤɠ ɜŬ ŮɝŮŰɎɕɤ, ɜŬ Ůˊɘŭɘɞɟɗɩɜɤ əŬɘ ɜŬ ůɢŮŭɘɎɕɤ 

əɡəɚɩɛŬŰŬ Ŭˊɧ ŰŬ ůɢɞɚɘəɎ ɛɞɡ ɢɟɧɜɘŬ.  

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ɄŬɨɚɞ ɄŬɡɚɑŭɖ ɔɘŬŰɑ ɛŮ əŬɗɞŭɐɔɖůŮ ůŰɞɜ ŰɞɛɏŬ Űɤɜ 

ɖɚŮəŰɟɞɜɘəɩɜ ɡˊɞɚɞɔɘůŰɩɜ əŬɘ Űɞɡ ˊɟɞɔɟŬɛɛŬŰɘůɛɞɨ.  

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞ Ɂɑəɞ ȿɡɔŮɟɧ ɔɘŬ Űɖɜ əŬɗɞŭɐɔɖůɐ Űɞɡ ůŰŬ ɎŭɡŰŬ Űɤɜ 

ɛŬɗɖɛŬŰɘəɩɜ əŬɘ ůŰɞɜ ˊɟɞɔɟŬɛɛŬŰɘůɛɧ Maple əŬŰɎ ŰŬ ŬəŬŭɖɛŬɥəɎ ɛɞɡ ɢɟɧɜɘŬ. 



 

F  

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɖɜ Ʌɤůůɑŭɞɡ Ⱥɚɏɜɖ ɔɘŬ Űɖɜ əŬɗɞŭɐɔɖůɐ Űɖɠ əŬɘ Űɖɜ 

ɓɞɐɗŮɘɎ Űɖɠ ɔɘŬ ɜŬ ɝŮˊŮɟɎůɤ ŰŬ ˊɟɞɓɚɐɛŬŰŬ ŭɡůɚŮɝɑŬɠ ˊɞɡ ɏɢɤ. 

ɃɚɞəɚɖɟɩɜɞɜŰŬɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ əŬɘ ɧɚɞɡɠ Űɞɡɠ űɑɚɞɡɠ ɛɞɡ ɔɘŬ Űɖɜ ɓɞɐɗŮɘɎ 

Űɞɡɠ, ȾɤɜůŰŬɜŰɘɜɑŭɖ ɉɟɑůŰɞ, Ɇˊɨɟɞɡ ɉŬɟɑŭɖɛɞ, ȾɤɜůŰŬɜŰɑɜɞɡ ȹɏůˊɞɘɜŬ, ɄŬɜŬɔɘɩŰɞɡ 

ȾɤɜůŰŬɜŰɑɜŬ, ȾɡɟɘɎəɞ ɇɞɨɛˊŬ, ɉŬɟɘŰɑŭɞɡ Ⱥɨɖ, ɉɟɑůŰɞɡ ɀɎɟɘɞ, ɄɞɚɑŰɖ ũŮɟɎůɘɛɞ, 

ȷɔŬˊɑɞɡ ȷɜŰɤɜɑŬ. 
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Table of Symbols 

SYMBOL  DESCRIPTION 
VALUE  

(MEASURING UNITS)  
   

╗ᴆ 
Magnetic Induction. 

ɀŬɔɜɖŰɘəɐ ȺˊŬɔɤɔɐ. 

ὃ

ά
 

   

║ᴆ 
Magnetic Field 

ɀŬɔɜɖŰɘəɧ ɄŮŭɑɞ 
(Tesla), ὡὦάϳ  

   

ᴆ 
Torque. 

Ʌɞˊɐ. 
ὔϽά 

   

□ᴆ 
Magnetic Dipole Moment.   

ɀŬɔɜɖŰɘəɐ ȹɘˊɞɚɘəɐ Ʌɞˊɐ. 

ὃϽά ὡὦϽά 
ὔϽά

Ὕ

ὐ

Ὕ
 

   

╜ᴆ 
Magnetization 

ɀŬɔɜɐŰɘůɖ 
(ɇ), (Tesla), ὡὦάϳ  

   

╗╒ᴆ 
Coercivity Field 

ɆɡɜŮəŰɘəɧ ɄŮŭɑɞ 

ὃ

ά
 

   

ɮ έὶ ɮ  
Magnetic Flux.  

ɀŬɔɜɖŰɘəɐ Ʌɞɐ. 
ὡὦ 

   

‘ 
Magnetic permeability of the vacuum. 

ɀŬɔɜɖŰɘəɐ ŭɘŬˊŮɟŬŰɧŰɖŰŬ Űɞɡ əŮɜɞɨ. 

4ˊ Ĭ 10ī7 
Ὄ

ά
 ȟ
 

΅
 

   

‘ ρ …  
Relative magnetic permeability 

ɆɢŮŰɘəɐ ɛŬɔɜɖŰɘəɐ ŭɘŬˊŮɟŬŰɧŰɖŰŬ 
 

   

…  
Magnetic Susceptibility 

ɀŬɔɜɖŰɘəɐ ȺˊɘŭŮəŰɘəɧŰɖŰŬ. 
 

   

╓ᴆ 
Electric Displacement or Electric Induction. 

ȼɚŮəŰɟɘəɐ ȺˊŬɔɤɔɐ. 
 

   

╔ᴆ 
Electric Field. 

ȼɚŮəŰɟɘəɧ ɄŮŭɑɞ. 
 

   

‐ 

The electric permittivity of free space 

(vacuum electric constant). 

ȼ ɖɚŮəŰɟɘəɐ ŭɘŬˊŮɟŬŰɧŰɖŰŬ Űɞɡ ŮɚŮɨɗŮɟɞɡ 

ɢɩɟɞɡ (ɖɚŮəŰɟɘəɐ ůŰŬɗŮɟɎ əŮɜɞɨ). 

8.854187818814×10ī12 

Ὂ

ά
 ȟ
ὅ Ͻί

ὯὫϽά
 

   

Ὡ ρ … 

Relative Electric Permittivity (Relative 

Dielectric Constant). 

ɆɢŮŰɘəɐ ɖɚŮəŰɟɘəɐ ŭɘŬˊŮɟŬŰɧŰɖŰŬ (ɆɢŮŰɘəɐ 

ŭɘɖɚŮəŰɟɘəɐ ůŰŬɗŮɟɎ). 

 

   

… 
Electric Susceptibility. 

ȼɚŮəŰɟɘəɐ ȺˊɘŭŮəŰɘəɧŰɖŰŬ. 
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SYMBOL  DESCRIPTION 
VALUE  

 (MEASURING UNITS)  

   

Ὤ 
Planck constant. 

ɆŰŬɗŮɟɎ Planck. 
6.62607015×10ī34  

ὐὌᾀϳ  ȟὯὫϽά ίϳ  
   

ᴐ
Ὤ

ς“
 

The reduced Planck constant. 

ȼ ɛŮɘɤɛɏɜɖ ůŰŬɗŮɟɎ Planck. 
1.054571817...×10ī34  

ὐὌᾀϳ  ȟὯὫϽά ίϳ  
   

ɮ
Ὤ

ςὩ
 

Magnetic Flux Quantum.  

ȾɓŬɜŰɘəɐ ɀŬɔɜɖŰɘəɐ Ʌɞɐ. 
2.0678...×10ī15 ὡὦ 

   

Ὡ 
The elementary charge of the electron. 

ɇɞ ůŰɞɘɢŮɘɩŭŮɠ űɞɟŰɑɞ Űɞɡ ɖɚŮəŰɟɞɜɑɞɡ. 
1.602176634×10ī19 ὅ 

   

ά  
The electron rest mass. 

ȼ ɛɎɕŬ ɖɟŮɛɑŬɠ ɖɚŮəŰɟɞɜɑɤɜ. 
9.109383713928 × 10ī31 ὑὫ 

   

ἔᴆ 
Electric Current. 

ȼɚŮəŰɟɘəɧ ɅŮɨɛŬ. 
ὃάϳ  

   

 ɚᴆ  
Magnetic Potential. 

ɀŬɔɜɖŰɘəɧ ŭɡɜŬɛɘəɧ. 
ὡὦάϳ  

   

ἐᴆ 
Mechanical Force. 

ɀɖɢŬɜɘəɐ ȹɨɜŬɛɖ. 
ὔ  

   

„ 
Electric Conductivity. 

ȼɚŮəŰɟɘəɐ ȷɔɤɔɘɛɧŰɖŰŬ. 

Ὓ

ά
 έὶ

ρ

ɱϽά
   

   

Ὢȟ‫ 
f the frequency and ɤ the angular frequency. 

f ɖ ůɡɢɜɧŰɖŰŬ əŬɘ ɤ ɖ ɔɤɜɘŬəɐ ůɡɢɜɧŰɖŰŬ. 

Ὢᴼ Ὄᾀ 

‫ᴼ
ὶὥὨ

ί
 

   

R 
Electric Resistor (Resistance). 

ȼɚŮəŰɟɘəɐ ȷɜŰɑůŰŬůɖ. 
ɱ  

   

X 
Reactance 

ȺˊŬɔɤɔɘəɐ ɖɚŮəŰɟɘəɐ ŬɜŰɑůŰŬůɖ. 
ÊϽɱ έὶÉϽɱ  

   

L 
Inductor, Inductance. 

ȺˊŬɔɤɔɏŬɠ (Ʉɖɜɑɞ), ȺˊŬɔɤɔɐ. 
Ὄ  

   

C 
Capacitor, Capacitance. 

ɄɡəɜɤŰɐɠ, ɉɤɟɖŰɘəɧŰɖŰŬ. 
Ὂ 

   

Z 
Impedance. 

Ⱥɛˊɏŭɖůɖ, ɆɨɜɗŮŰɖ ȷɜŰɑůŰŬůɖ. 

ɱ ÊϽɱ έὶ 
 ɱ ÉϽɱ       

   

w, W 
Energy. 

ȺɜɏɟɔŮɘŬ. 
ὐ 

   

P 
Power. 

Ƚůɢɨɠ. 
ὡ   

   

ύ ȟύ  
Energy Density (Spatial). 

ɉɤɟɘəɐ ˊɡəɜɧŰɖŰŬ ŮɜɏɟɔŮɘŬɠ. 

ὐ

ά
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Symbols used for Quantum & Physical Parameters. 
 

SYMBOL  DESCRIPTION 
VALUE  

 (MEASURING UNITS)  

   

ὑ 
Anisotropy Energy. 

ȺɜɏɟɔŮɘŬ ȷɜɡůɞŰɟɞˊɑŬɠ. 
□╙╬□ϳ  

   

ⱦ▼╪◄ 
Magnetostriction Coefficient 

ɆŰŬɗŮɟɎ ɀŬɔɜɖŰɞůɡůŰɞɚɐɠ. 
 

   

P 
Total quantum annular momentum. 

Ɇɡɜɞɚɘəɐ əɓŬɜŰɘəɐ ůŰɟɞűɞɟɛɐɠ. 
 

   

J 

The quantum number ὐ of the total angular 

momentum. 

Ƀ əɓŬɜŰɘəɧɠ Ŭɟɘɗɛɧɠ ὐ Űɖɠ ɞɚɘəɐɠ 
ůŰɟɞűɞɟɛɐɠ. 

 

   

L 

Total azimuthal (angular momentum) 

quantum number. 

Ƀɚɘəɧɠ ŬɕɘɛɞɡɗɘŬəɧɠ əɓŬɜŰɘəɧɠ Ŭɟɘɗɛɧɠ.  

 

   

S 

The total quantum spin number 

Ƀɚɘəɧɠ əɓŬɜŰɘəɧɠ Ŭɟɘɗɛɧɠ Űɖɠ 

ɘŭɘɞůŰɟɞűɞɟɛɐɠ. 
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Symbols used for Jiles ï Atherton Hysteresis Model. 
 

SYMBOL  DESCRIPTION 
MEASURING  

 UNITS 

   

ὓ 
Magnetization of material. 

ɀŬɔɜɐŰɘůɖ Űɞɡ ɡɚɘəɞɨ. 
ὃάϳ  

   

ὓ  
Saturation magnetization of material. 

ɀŬɔɜɐŰɘůɖ əɞɟŮůɛɞɨ Űɞɡ ɡɚɘəɞɨ. 
ὃάϳ  

   

ὓ  
Anhysteretic magnetization of material. 

ȷɜɘůŰŮɟɘŰɘəɐ ɛŬɔɜɐŰɘůɖ Űɞɡ ɡɚɘəɞɨ. 
ὃάϳ  

   

ὓ  
Reversable magnetization of material. 

ȷɜŬůŰɟɏɣɘɛɖ ɛŬɔɜɐŰɘůɖ Űɞɡ ɡɚɘəɞɨ. 
ὃάϳ  

   

ὓ  
Irreversible magnetization of material. 

ɀɖ ŬɜŬůŰɟɏɣɘɛɖ ɛŬɔɜɐŰɘůɖ Űɞɡ ɡɚɘəɞɨ. 
ὃάϳ  

   

Ὄ 
External applied magnetic field. 

ȺɝɤŰŮɟɘəɧ ŮűŬɟɛɞɕɧɛŮɜɞ ɛŬɔɜɖŰɘəɧ ˊŮŭɑɞ.  
ὃάϳ  

   

Ὄ  
Effective magnetic field. 

ȺɜŮɟɔɧ ɛŬɔɜɖŰɘəɧ ˊŮŭɑɞ. 
ὃάϳ  

   

Ὧ 

Quantifies average energy required to break pinning site 

in the magnetic material. 

ɄɞůɞŰɘəɞˊɞɘŮɑ Űɖ ɛɏůɖ ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ɜŬ 

ɝŮˊŮɟɎůŮɘ Űɖɜ ɗɏůɖ Ŭɔəɨɟɤůɖɠ ůŰɞ ɛŬɔɜɖŰɘəɧ ɡɚɘəɧ. 

ὃάϳ  

   

‌ 
Quantifies interdomain coupling in the magnetic material. 

ɄɞůɞŰɘəɞˊɞɘŮɑ Űɖ ůɨɕŮɡɝɖ Űɤɜ ŮɜŭɞŰɞɛɏɤɜ ůŰɞ 

ɛŬɔɜɖŰɘəɧ ɡɚɘəɧ. 

 

   

ὦ 
Quantifies domain walls density in the magnetic material. 

ɄɞůɞŰɘəɞˊɞɘŮɑ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɤɜ 

ɛŬɔɜɖŰɘəɩɜ ˊŮɟɘɞɢɩɜ ůŰɞ ɛŬɔɜɖŰɘəɧ ɡɚɘəɧ. 

ὃάϳ  

   

ὧ 
Magnetization reversibility. 

ȷɜŰɘůŰɟŮɣɘɛɧŰɖŰŬ ɛŬɔɜɖŰɘůɛɞɨ. 
 

   

 ‏

Kronecker delta which is ‏ ρ for increases H 

(magnetic field) and ‏ ρ for decreasing magnetic 

field. 

ȹɏɚŰŬ Űɞɡ Kronecker ɧˊɞɡ ŭ=+1 ɔɘŬ ŬɡɝɖŰɘəɧ H 

(ɛŬɔɜɖŰɘəɧ ˊŮŭɑɞ) əŬɘ ŭ=-1 ɔɘŬ űɗɑɜɞɜ ɛŬɔɜɖŰɘəɧ ˊŮŭɑɞ. 

 

   

 

  



 

xix  

Symbols used for e Stoner ï Wohlfarth  Hysteresis Model. 
 

SYMBOL  DESCRIPTION 
MEASURING  

 UNITS 

   

ὓ 
Magnetization of material. 

ɀŬɔɜɐŰɘůɖ Űɞɡ ɡɚɘəɞɨ. 
ὃάϳ  

   

ὓ  
Saturation magnetization of material. 

ɀŬɔɜɐŰɘůɖ əɞɟŮůɛɞɨ Űɞɡ ɡɚɘəɞɨ. 
ὃάϳ  

   

Ὄ 
External applied magnetic field. 

ȺɝɤŰŮɟɘəɧ ŮűŬɟɛɞɕɧɛŮɜɞ ɛŬɔɜɖŰɘəɧ ˊŮŭɑɞ.  
ὃάϳ  

   

Ὄ  
Effective magnetic field. 

ȺɜŮɟɔɧ ɛŬɔɜɖŰɘəɧ ˊŮŭɑɞ. 
ὃάϳ  

   

‘ 
Vacuumed magnetic permeability. 

ɀŬɔɜɖŰɘəɐ ŭɘŬˊŮɟŬŰɧŰɖŰŬ Űɞɡ əŮɜɞɨ. 
Ὄ άϳ  

   

Ὁ 
Energy of the system. 

ȺɜɏɟɔŮɘŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ. 
ὡ 

   

ὑ  
Anisotropy Parameter. 

ɄŬɟɎɛŮŰɟɞɠ ŬɜɘůɞŰɟɞˊɑŬɠ. 
 

   

ὠ 
Volume. 

ȳɔəɞɠ 
ά  

   

— 
The angle between the field and the magnetization. 

ũɤɜɑŬ ɛŮŰŬɝɨ Űɞɡ ɛŬɔɜɖŰɘəɞɨ ˊŮŭɑɞɡ əŬɘ Űɖɠ ɛŬɔɜɐŰɘůɖɠ. 
degrees 

   

— 
The angle between the field and the easy axes. 

ũɤɜɑŬ ɛŮŰŬɝɨ Űɞɡ ɛŬɔɜɖŰɘəɞɨ ˊŮŭɑɞɡ əŬɘ Űɞɡ Ůɨəɞɚɞɡ 

ɎɝɞɜŬ ɛŬɔɜɐŰɘůɖɠ. 
degrees 

   

‌ 

Quantifies average energy required to break pinning site 

in the magnetic material. 

ɄɞůɞŰɘəɞˊɞɘŮɑ Űɖ ɛɏůɖ ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ɜŬ 

ŬˊŮɚŮɡɗŮɟɤɗŮɑ Ŭˊɧ Űɖɜ ɗɏůɖ Ŭɔəɨɟɤůɖɠ ůŰɞ ɛŬɔɜɖŰɘəɧ 

ɡɚɘəɧ. 

 

   

ὴ 
Quantifies interdomain coupling in the magnetic material. 

ɄɞůɞŰɘəɞˊɞɘŮɑ Űɖ ůɨɕŮɡɝɖ Űɤɜ ŮɜŭɞŰɞɛɏɤɜ ůŰɞ 

ɛŬɔɜɖŰɘəɧ ɡɚɘəɧ. 
 

   

 

  



 

xx   

 

 

 

 

  



 

xxi  

 

 

 

 





 

1 

A  Introduction 

 

The present Ph.D. thesis focuses on developing a magnetic sensor system based on the 

Anisotropic Magneto Resistance effect (AMR). This sensor system has a compact size but 

accurate enough to be used in many applications such as Magnetic Compass, Magnetic Anomaly 

Detection (MAD), Ship Navigation, etc. which will be discussed later in the chapter. 

The earthôs magnetic field that is created by the earth core is well known in terms that it 

creates a physical shield from the ionized particles derived from solar storms [1]ï[9]. The earth's 

magnetic field permeates everything, and many living organisms rely on it for their survival [10]ï

[18]. As the magnetic field travels through the space can be attracted or can be repelled by 

materials which have magnetic properties such ferromagnetism, antiferromagnetic, paramagnetic, 

diamagnetism [1]ï[9]. 

The humanity has discovered the properties of magnetism and magnetic materials and 

developed different sensors and actuators to utilize those physical phenomena in order to improve 

the way of living. One of the magnetic sensors that has been discovered, the AMR sensor, which 

is the core of the magnetic sensor system, has been used for the present thesis to develop an 

innovative sensory system.  
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A.1 Magnetic Measurements 

Nowadays, Magnetic Measurements are a major field in science, which are spreading from 

material technology, mechanical and electrical engineering up to the everyday life. The magnetic 

measurements began as humanity discover the electric current in 1831 by Michael Faraday, and 

earn the ability to experiment with different magnetic fields independent of the earthôs magnetic 

field. Our modern civilization is based on the electric current and the magnetic field and this is 

maybe due to James Clerk Maxwell (1831-1879) who realized at his time, that the electric current 

and the magnetic field are closely related. 

Everyday appliances usually work in a closed-loop architecture, (i.e. the washing machine). 

To do that a system needs to measure the (i.e. the water level) physical size with a specific device 

called a ñsensorò and a system to control (i.e. the water flow) the physical property, called a 

ñtransducerò. Both sensors and traducers are required in a closed-loop system. Generally, this 

closed-loop architecture goes unnoticed by the public until an appliance malfunction. Usually this 

closed-loop architectures have better performance characteristics than open-loop architectures and 

that is the main reason that are so widely used. People question the purpose of a magnetic sensor 

or a magnetic actuator in everyday life, and where they are used. The choice of the sensor depends 

on the physical effect to be sensed and the response required. Magnetic sensors are often used to 

measure other physical properties. The next subsection will be presenting the applications of the 

magnetic measurements in a detail format.  

Magnetic measurements can be both easily and highly difficult to be contacted, depending 

on the demand for the dynamic range, the resolution and the frequency response in the specific 

application. Unlike other physical quantities such as temperature and humidity, Magnetic Field is 

a vector quantity, that means in order to be described it is need three parameters, the magnitude, 

the orientation and the direction [1]ï[9],[19]ï[22]. It may sound simple, but some magnetic sensor 

can measure only the magnitude, so they cannot sense the direction, and other can sense the 

magnetic field on a specific direction. Using the last type of sensor and combine at least three 

together in an orthogonal configuration the vector for the magnetic field can be reconstructed. The 

question arises as to whether the three sensors can indeed be perfectly perpendicular to each other. 

In fact, it does not have to be completely perpendicular, but this misalignment can be calculated 

and corrected through a rotation matrix after the calibration [matrix rotation].  The smallest 

magnetic flux that can be measured is the half of the magnetic flux quantum ɮ ςϳ , where ɮ  is 

ςȢπφχψσσ Æ7Â or ςȢπφχψσσ Ὢ
ὯὫϽά

ίϽὃ [1]ï[9],[19]ï[22]. Smaller magnetic flux quantities 

as far as today is impossible to measure. Generally speaking, in order for a physical property to 
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be measured, some specification need to be taken into account such as: i) the dynamic range, ii) 

the resolution, iii) the accuracy, iv) the offset, v) the noise vi) the frequency response vii) 

environmental conditions viii) cost. It is well known that if you try to improve a property you will 

lose at least one of the other properties. For this reason, the sensor outputs should be carefully 

examined to avoid any inconsistencies. The same contradictions can be found concerning the 

magnetic sensors. 

A.2 Application of Magnetic Measurements 

Magnetic measurements can be applied to a plethora of applications. Magnetic 

measurements are not only used to measure the earth's magnetic field or an object but are also 

used to measure other physical phenomena and sizes, such as length, velocity, etc. In this sub-

section some applications such as Magnetic Compass, Magnetic Anomaly Detection (MAD), 

Magnetic Camera, Nuclear Magnetic Resonance (NMR), Magnetic Resonance Imaging (MRI) 

and measuring other physical properties will be presented. 

A.2.1 Magnetic Compass. 

The Magnetic Compass is the most widely known and extensively used magnetic sensor. 

The magnetic compass is estimated to have been discovered between 300 and 200 BC during the 

Han dynasty in China. In the following years, the Song Dynasty used the magnetic compass for 

both inland and naval navigations purposes. This resulted in the Song dynasty obtaining an 

unparalleled advantage, which brought it great profit from the trading [23]ï[27]. It would probably 

be a big mistake not to mention the European seafarers, Vasco da Gama (1460 ï 1524), 

Christopher Columbus (1451 ï 1506) and et.al., whose, with the use of magnetic compass, carried 

out large exploratory campaigns. 

 

 

Figure A-1: The evolution of magnetic compass. 
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Over time, the flat magnetic compass was advanced to a three-dimensional magnetic 

compass. The latter became a valuable tool for all land and sea explorers, reaching the beginning 

of the last century to be used in aviation as well. In the late 20th century and today with the advent 

of electronics, microelectronics and electromechanical systems, the magnetic compass could not 

be left untouched. It changed its shape once again and took a more compressed form made of 3D 

magnetometers. Despite the evolution of other navigation systems such as a Global Positioning 

System (GPS), it has not lost its glamor, and remains an integral element in all inertial navigation 

systems. Inertial navigation systems incorporate an Inertial Measuring Unit (IMU). Some may 

wonder about the purpose of a magnetic compass or a magnetic sensor when we have GPS without 

realizing that most modern user-friendly GPS systems have an integrated magnetic compass. 

Figure A-1 shows the evolution of the magnetic compass. 

A.2.2 Magnetic Anomaly Detection (MAD). 

Magnetic Anomaly Detection (MAD) is a family of application concerning the 

deformation of the magnetic field. This deformation of the magnetic field occurs due to the 

presence of an object with magnetic properties in the earthôs magnetic field, or due to the 

deformation of the magnetic properties on a ferromagnetic material. In the literature, the term of 

MAD refers more frequently to the detection of moving vehicles, vessels and submarines. While 

a vessel travels in the sea, its keel, which is constructed by steel and it is a ferromagnetic material, 

attracts the magnetic field of the earth. Both are shown in Figure A-2. 

 

The MAD usually is used on traffic lights to detect the number of the cars in order to 

optimize their throughput. In the sea the MAD can detect vessels in harsh weather conditions 

when the radar cannot [28], [29], [38]ï[47], [30], [48]ï[57], [31], [58]ï[60], [32]ï[37]. 

 
Figure A-2: Distortion of the Magnetic Field due to the present of (a) a car and (b) a vessel. 

Magnetometer as a MAD 
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A.2.3 Magnetic Camera. 

The Magnetic Camera is a system with one or multiple magnetic sensors that capture the 

magnetic field of an object or area. In comparison to the well know image camera the magnetic 

camera does not have lenses that helped to focus on the image. Due to the absence of this type of 

technology magnetic cameras are constructed with a single layer or multiple parallel layers of 1D 

or 3D magnetic sensor array as it is presented in Figure A-3 [61]ï[63]. Moreover, Magnetic 

Cameras need to be moved during the measurements in different positions usually with a use of a 

robotic arm in order to capture a whole area. Examples of commercial magnetic cameras are 

shown in the Figure A-4 as well as an example of application [30], [64]ï[68]. 

 

 

Magnetic cameras are essential tools for Non-Destructive Testing (NDT). They are the mean to 

identify a magnetic anomaly and as reported in different literature, magnetic anomalies are related 

to mechanical stresses or cracks [69]ï[75]. 

 

A.2.4 Nuclear Magnetic Resonance (NMR). 

Nuclear Magnetic Resonance (NMR) is a technique that identifies an atom or a molecule. 

This can be achieved by applying the appropriate magnetic field and measuring its response. The 

first step towards the discovery of NMR was initiated by Isidor Isaac Rabi in 1938 at the Columbia 

University, who successfully measured the nuclear magnetic moments. He utilized the Magnetic 

Resonance absorption of molecular beams in order to measure the nuclear magnetic moments. 

Due to his discovery he was awarded by The Swedish Academy the Nobel Prize in Physics in 

 
Figure A-3: Magnetic sensors configuration for a Magnetic camera. 

(a) a single, (b) an 1D array and (c) 2D array of 3D magnetic sensors. Source: Melexis, Hackaday.io. 

(a) (b) (c)

 
Figure A-4: Commercial Magnetic Cameras (a) the module, (b) an application and (c) results. Source: MAGCAM. 

(a) (c)(b)
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1944. [76]. Also, the Felix Bloch and the Edward Mills Purcell were awarded the Nobel Prize in 

Physics in 1952 [77], for their work in 1946 of successfully demonstrating the NMR for condensed 

matter. This marked the beginning of a new era in the chemical identification [78]. 

 

Nuclear magnetic resonance (NMR) is the physical phenomenon in which the nucleus of 

an atom or molecule is resonate in specific frequency under the influence of an external strong 

magnetic field. The external magnetic field is constant during a specified measurement and is 

dependent by the technology of the NMR spectrometer and can vary from 1 Tesla up to tens of 

Tesla. The frequency that the nucleus resonates is from 3 MHz (HF) to 3GHz (UHF). NMR 

frequency is a specific magnetic property of certain atomic nuclei. NMR spectroscopy is widely 

used to identify the structure of organic molecules in solution, study molecular physics, and to 

characterized crystals as well as non-crystalline materials. NMR is the fundamental principle for 

the Magnetic Resonance Imaging (MRI) however, usually MRI scanner cannot identify the 

different molecule but only the soft and hard tissue. In Figure A-5 is presented the evolution in 

NMR spectrometer [79], [80].  

 

Under normal conditions the thermal energy that causes the nucleus of an atom to rotate 

around its axis has two effects, i.e. hydrogen in (Figure A-6): on the one hand, electricity is 

generated on its surface since the proton carries a positive charge and on the other because the 

proton has an atomic charge mass of one, also has angular momentum (ὒ). The current at the 

proton surface creates a small magnetic field whose magnitude is called magnetic moment (ά ). 

Both rotation and magnetic torque are vector sizes pointing in the same direction along the axis 

 
Figure A-5: The evolution of NMR. (a) First Generation JNM-1. (1956), (b) Second Generation JNM-60HL. (1963), (c) JNM-

GX400, a Fully automated spectrometer. (1981), (d) Modern Generation JNM-ECZR500 (2015). Source: JEOL [80]. 

(a) (b) (c) (d)

 
Figure A-6: The hydrogen nucleus under magnetic field. 
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of rotation as defined by the right-hand rule. To be a nucleus useful for the NMR, it must have 

both characteristics, so it is said that it has the Nuclear Magnetic Resonance (NMR) property. A 

nucleus with an NMR property can also be referred to as a spin, while a collection of such nucleus 

in space is known as a spin system. If a nucleus does not have these two characteristics, then it 

cannot be studied using magnetic resonance. [81]. 

 

A.2.5 Magnetic Resonance Imaging (MRI). 

Magnetic Resonance Imaging (MRI) is a technique that utilized the NMR phenomenon to 

create an image of an object. The MRI is more known to the public as a medical imaging technique 

to visualize different parts of the soft tissue of the human body. The Swedish Academy in 2003, 

awarded scientists Paul C. Lauterbur and Sir Peter Mansfield for their contributions to the MRI 

for medical application with the Nobel Prize in Medicine [82]. Additionally, Prof. Raymond V. 

Damadian, contributed to the MRI by using the NMR to create images that can separate cancer 

cells from normal cells by comparing their relaxation time [82]ï[85].  

 

The matter is composed from three different types of particles: the protons, the neutrons 

and the electrons. The first two make the nucleus of the atom and the electrons orbit it. Every atom 

has its own different nuclear structures and these different structures have different impact in the 

NMR. Living organisms have vast amount of water, therefore they have hydrogen atoms. In fact, 

the MRI does not measure the magnetization of individual hydrogen nuclei, but the total 

magnetization of nuclei present in the body under test. The MRI can only visualize atoms which 

their nuclei has the NMR property and hydrogen is one of them[81]ï[85].  

The MRI is required to reconstruct a 3D image of the body. This can be accomplished by 

a sequence of pulses that create different ñsliceò and measure their echo with a 3D array of 

magnetic sensors. First a strong constant magnetic field of some Tesla is applied as shown in 

Figure A-7a using the ñmagnetsò. These magnets are actually coils, where a current is passing 

 

Figure A-7: The MRI. (a) An MRI scanner sketch, (b) MRIôs RF and Gradient Coils, and (c)an image from an MRI scan. 

 Source: Nationalmaglab.org & Nobelprize.org. 
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throw them, to make the magnetic field more efficient and possible. The coils are made out from 

supper conductive materials in cryogenic temperatures. This strong magnetic field polarized and 

orients the atoms of the body. The RF coils stimulate the atoms that will be examined., i.e. 

hydrogen atoms. Next using the gradient coils in Figure A-7b, a magnetic pulse can be introduced 

in the body under test. The magnetic pulses divert the atom,.i.e. hydrogen atoms, from their stable 

orbit by offering them a perpendicular momentum. Other uses of gradient coils are the creation of 

the ñsliceò a specified spatial area under test.  As the atoms return to their stable orbit an echo of 

the previously applied pulse is transmitted. Sensitive magnetic sensors capture those echoes of the 

magnetic field and by combing them, using appropriate algorithm, can reconstruct the 3D spatial 

allocation of the specific atoms.  

 

A.2.6 Recording Devices. 

Magnetic Recording is by far the most well know and wild used application of magnetic 

sensors and actuators. Magnetic storage is belonging to the category of non-volatile memory, 

which means they can keep the data after power off the device or the media.  Magnetic storage 

devices utilize different patterns of magnetization in different magnetizable material, 

(ferromagnetic material), to store data with literally infinity cycles of read or write. Compare to 

other media like optical disks (Compact Disk (CD), Digital Video Disk (DVD)) and electrically 

erasable programmable read-only memory (EEPROM), flash storage has a finite number of write 

cycles. Even if the magnetic media is cable of infinity cycles of read or write, that does not mean 

that it cannot fail. In case of the mechanical device controlling the magnetic storage media, fails 

it will  lead to the damage of the media (Figure A-8 - Figure A-11). For example, the heads of the 

hard disk usually hit the magnetic plates scratching them Figure A-10 , or the plastic polymer 

(Figure A-8, Figure A-9), which the magnetic material is deposited, starts to decompose. Even 

more weather conditions, like humidity and temperature can also damage the media (Figure A-11). 

If the temperature is high enough (Curie Temperature Ὕ) the media loses its magnetic properties 

and as a result the stored data will be lost. However, if the temperature falls lower than the Ὕ the 

media is perfectly capable to store new data. In our days magnetic storage media is one of the 

most reliable read and write storage media in the world. In order not to be misled Optical Storage 

(in film or in plates), is the most reliable and long-lasting data media in the world until today, as 

far as we known. According to Fujifilm ñBlack-and-white microfilm is an archival medium with 

a Life Expectancy (LE) of at least 500 years when processed and stored according to 

recommended standard practices.ò [86]. The following Figure A-8, to Figure A-11 present 

different applications of magnetic recording devices. 
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The principal of the magnetic recording is dated since 1900ôs when the Danish engineer 

Valdemar Poulsen was able to record a speech in a steel wire. Following this invention, he 

developed the first magnetic telegraphone [87]. Another important milestone in magnetic 

recording was made by Olle Karlqvist in his publication in 1954 titled ñCalculation of the 

Magnetic field in the Ferromagnetic layer of a Magnetic Drumò [88]. In his publication he had 

solved a problem which trouble the scientific world at the time, the one relating to the gap between 

the magnetic media and the recording head, known as ñKarlqvist gapò. This discovery opened 

new pathways concerning the magnetic storage which are still used today. More information about 

 
Figure A-8: Audio Cassette and Recording/Playback device.  Source: Wikipedia. 

(a) (b)

 
Figure A-9: Video Home System (HSV) , (a) Tape, (b) Tape structure, (c) System, and (d) Reading heads. 

 Source: Wikipedia. 

(b)(a) (d)(c)

Reading/ Writing 
Heads

 
Figure A-10: Computer Storage. (a) Hard Disk Drives (HDD), (b) open HDD, (c) Hard Disk heads and (d) Heads pins 

Source: Wikipedia. 

 

(a) (b) (c) (d)

 
Figure A-11: Computer Backup Storage. (a) Digital Data Storage (DDS), (b) Linear Tape-Open (LTO) cartage, (c) LTO system. 

Source: Wikipedia , Britannica [90]. 

(b)(a) (c)
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the magnetic reading head and magnetic media can be found in the following bibliography [86]ï

[90]. 

 

A.2.7 Measuring other Physical Properties. 

Magnetic sensors are used to measure a plethora of different physical properties or 

phenomena. It is well known that magnetic sensors measure the magnetic field, however this is 

not the most frequently used application. The magnetic properties of the sensing element of the 

sensor or the magnetic properties of an object under testing and/or the magnetic field of the object 

can be varied due to different reasons. For example, mechanical stresses in the sensing element 

cause deforms on the molecule lattice therefore, deformation of the magnetic domains of the 

structure leads to the changed of the relative magnetic permeability (‘) of the sensing element. 

It is known from the physics, that the physicsô parameters are interdepended as the example above 

thus one type of sensor or different subcategories of sensors can be used to measure other 

phenomena. Occasionally, it is necessary to measure the sizes through other routes known as 

indirect methods. Such methods often produce better results in comparison to the traditional 

methods. Next, examples of these methods will  be presented involving magnetic sensors 

measuring other phenomena [1], [2], [3]ï[9], [19], [20]ï[22], [90], [91] . 

  

A.2.7.1 Current Meter 

Current Meter (current sensor) is an essential tool in many automations. There are two main 

types of electric current sensors. The first one is with the use of a shunt resistor (a small value 

resistor). When the current passes through a resistor, a voltage difference appears across its 

terminal, and this voltage is proportional to the current value. This may work very well in low 

currents but in high currents the shunt resistor should be lower in value but bulky in size, to avoid 

overhead [93], [94]. Another difficulty  is when the voltage between the resistor terminal and the 

ground is high, the voltmeter may not be able to measure it. Both difficulties can be overcome 

with the second type of current sensors, which are magnetic sensors measuring the magnetic field 

that is produced by the current [9],[19],[93]. This method of measurement is known as indirect 

method of measuring a physical property. In this case, the magnetic sensor offers an isolation 

between the high current / high voltage circuit with the measuring equipment. Moreover, there is 

no energy wasted in heat loss as in the case with the shunt resistor. The two different types of 

measuring the electric current are presented in Figure A-12 using also an example of commercial 

application. 
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A.2.7.2 Position, Displacement and Level Sensors 

Measuring the position or the displacement or the level of an object is paramount in daily 

living situations and industrial automatic control systems. The are many different ways to measure 

the position of an object such as using a variable resistor, an electrolytic cell, a light sensor, an 

optical encoder, a capacitive coupling, an ultrasound transceiver, a radio radar and a magnetic 

sensor. These measurement approaches can be found in literature [9],[19],[93]. However, this 

section of the paper focuses in finding out the type of the magnetic sensor that can be used to 

measure a linear and a circular position of an object. There are many types of as well as 

applications for the magnetic sensors relating to position or displacement meter but here only one 

example of their actually capacity will be presented. 

A.2.7.2.1 LVDT sensor as a linear position sensor. 

The Linear Vibrable Differential Transformer (LVDT) is a type of a transformer with a 

variable core. This sensor has the ability to accurately measure the position of the core 

displacement as well as to provide the absolute position. A typical structure of this sensor is shown 

in Figure A-13 among with a commercially available LVDT sensor.  

 

 
Figure A-12: Ways to measure the electric current in a circuit with  

(a) a shunt resistor or (b) a magnetic current sensor (Rogowski coils). 
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Figure A-13: LVDT sensor as a linear position sensor, (a) the physical diagram (b) the circuit diagram of LVDS and (c) industrial 

LVDTs sensors with their controller. 
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The LVDTs are constructed by three solenoidal coils placed end-to-end around a tube and 

a movable ferromagnetic core. The center coil is the primary one where the excitation signal is 

applied, and the two outer coils are the secondaries. The movable cylindrical ferromagnetic core 

can slide along the axis of the tube. This core is attached to the object whose position is to be 

measured. An alternating current stimulates the center coil and as a result a voltage is induced in 

each secondary coil. The voltage is proportional to the length of the core linking to the secondary 

coils. The current stimulating frequency is usually in the range 1 to 10 kHz [9],[19],[93]. 

When the core moves, the primary's coupling coefficient to the two secondary coils changes 

and consequently causes the inducted voltages to change. The output coils are connected so that 

the output voltage is the difference (hence "differential") between the left secondary voltage and 

the right secondary voltage as shown in Figure A-13. When the core is in the middle, equidistant 

between the two secondaries, equal voltages are inducted in the two secondary coils, but the two 

signals cancel, so the output voltage is theoretically zero. In practice minor variations in the way 

in which the primary coil is coupled, not only inductively but also capacitively, to each secondary 

coil, means that a small voltage is induced when the core is in central position. When it is properly 

designed this sensor offers a high accuracy position measuring. 

A.2.7.2.2 AMR / Hall sensor as a rotation position sensor. 

Rotation position of a rotor is also common in industrial applications. Imagine that there is 

a robotic arm that needs to be positioned in a specific spot in the space. The robotic arm has many 

rotating joins that need to be positioned in a specific pattern in order to achieve that. There is a 

need for high precision rotating sensors. There are two main types of rotating sensors, the absolute 

and the incremental one. The incremental sensors need to be initialized in every cycle while the 

absolute sensors do not need that. Both sensors can be developed based on different sensing 

principles such as, the rotating resistor, the encoding optical disk, or the rotating magnet. The 

Figure A-14 shows an example of the rotation sensor based on the magnetic effect [9],[19],[93].  

 

 

 

Figure A-14: Magnetic sensor as, (a) absolute and (b) incremental rotation position sensor. 
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A.2.7.3 Circular Velocity Sensors 

Circular Velocity sensors measure the rotation speed of a rotor. As in many applications 

there are different methods to measure the circular velocity as well. There are two main 

techniques, the optical one and the magnetic one. Taking as an example a magnetic technique, we 

can measure the absolute rotation speed by measuring the Electro Motive Force (EMF) of a motor. 

The EMF is proportional to the rotation speed and is given by the following equation: 

ὠ ὯϽ‫ 

where .is the angular speed, and the Ὧ is an electrical constant, which is inherent to the motor ‫ 

This technique is like using an analog approach for measuring the rotation speed. Another 

way to measure the rotation speed in a discreate approach is to place a small magnet in the shaft 

of a rotor. A magnetic sensor counts the passes of the magnet [9],[19],[93]. Both types of 

measuring the rotation speed are presented in Figure A-15. 

 

A.2.7.4 Flow Sensors 

Flow sensors can measure the flow of the air or the liquid traveling through a pipe. A flow 

sensor based on the electromagnetic principle, utilizes the Faraday-Henry effect in order to 

measure the flow. The Figure A-16 presents a diagram of such a sensor. In this case, the 

conductive media is the fluid which travels through the pipe and an external magnetic field is 

applied perpendicular on the flow. As a result, an Electro-Motive-Force (EMF) is generated in the 

conductor, (i.e. the fluid). The amplitude of the EMF is proportional to the velocity of the moving 

conductor. This method needs the fluid to be conductive in order to be applicable [9],[19],[93]. 

 

 
Figure A-15: Magnetic sensor to measure the circular velocity, (a) using a motor/generator/synchro and (b) with a magnetic 

sensor in a discreate way. 
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Figure A-16: Methodology to measure the flow based on the Electro-Motive-Force (EMF). 

V -

V+

D

Flow=kĿBĿDĿ(V+-V -)

k = Scale Factor



 

14 

A.2.7.5 Acoustic Sensors 

An acoustic sensor, or a microphone, are considered sensors that measure the sound both in 

water and in the air. There are many different types of microphones but in this section, focus will 

be given only to those that utilize the magnetic field to measure the acoustic wave. One of those 

is the microphone that is presented in Figure A-17. This type of microphone works with a solenoid 

coil moving inside of a magnet. When an acoustic wave comes, it hits the membrane of the sensors 

which the coil is connected to. As the coil is moving in a magnetic field an EMF voltage is created 

in its terminal. The voltage is proportional to the amplitude of the acoustic wave and the frequency. 

This type of acoustic sensor can also be used as an actuator [9],[19],[93]. 

 

 

 

A.2.8 Conclusion 

Undoubtedly, magnetic sensors are an important discovery for the humanity. Not only as 

they were originally discovered, using them in navigation, but also as means of measuring other 

physical properties. The magnetic sensorsô capabilities were presented in order for the readers to 

understand their value.  

  

 
Figure A-17: Magnetic sensor to measure the circular velocity. 
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A.3  Thesis Proposal  

The aim of this thesis is to study and design the proper electronic circuits for a magnetic 

sensor. It is attempting to invent the best circuit architecture for signal conditioning for the selected 

magnetic sensor. The sensor which was selected for this thesis is the Anisotropic Magneto Resistor 

(AMR) with the part number HMC100X produced by the Honeywell Inc. [95]. The circuit 

architecture that is going to be presented in this thesis will utiliz e the selected sensor and maximize 

its sensitivity and dynamic range while minimizing its noise. More specifically, the proposed 

circuit architecture provides the less thermal noise ρὪϳ  that is possible for the specific sensor 

and minimizes the noise introduced by the electronics thermal noise ρὪϳ  and white noise. 

A thorough study of different magnetic sensors was conducted. The two most suitable and 

fissile sensor technologies that were the best candidates for experimental testing were, the 

Magneto-Resistors and the Fluxgates sensors [19]ï[22]. Both of those technologies can be 

separated in different subcategories. The Magneto-Resistor or Magneto-resistor  (MR) of the 

magnetic sensors can be divided in the subcategories of, the Anisotropic Magneto Resistor (AMR) 

[8], [20], [22], [96]ï[98], the Giant Magneto Resistor (GMR) [20], [22], [98]ï[103], the Giant 

Magneto Impedance (GMI) [20], [22], [104]ï[109] and Tunnel Magneto Resistor (TMR) [20], 

[97], [110]ï[115]. The Flux-Gate or Fluxgate of the magnetic sensors can be divided in the 

subcategories of Parallel Fluxgates and Orthogonal Fluxgates. Further, the Parallel Fluxgates have 

additional subcategories that are identified as, the Single Rode Parallel, the Double Rode Parallel 

and the Ring Parallel [90], [115], [116], [117]ï[123], [124]ï[133], [134] . 

Numerus applications utilizing the AMR sensor can be found in bibliography [66], [67], 

[135]ï[142], [143]ï[149]. More relevant to this work have the publications that use different 

mechanisms to reduce the noise, the hystericizes, the cross-field and the offset of the AMR sensor 

[21], [67], [157]ï[163], [96], [141], [151]ï[156]. However, neither of those publications examine 

the sensors internal parasitic elements and coupling, nor the effect which the repolarization pulses 

have to the sensorôs performance or the closed-loop stability was studied. Most probably, these 

issues were not examined because sensors were used in low frequencies up to 1kHz, in which the 

effect of parasiticide does not emerge. Moreover, there are applications that the AMR sensor is 

used in frequencies up to 1MHz but there is no reference in literature relevant to the problems 

arising from the applications [164], [165]. During this research those issues were determined, 

studied, and published in different conferences and journals  [127], [166], [175]ï[177], [167]ï

[174]. .  

When reviewing the literature concerning the Fluxgate sensors someone can discover 

similar problems as with the AMR sensors. Lots of research consecrates in minimizing the noise 
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and the hysteresis from two different perspectives. The first one studies the technology of 

materials [20], [96], [98], [119], [144], [178]ï[180] and the second one studies the circuit topology 

and signal excitation [20], [21], [140], [141], [145], [148], [149], [151]ï[153], [157], [159], [67], 

[160]ï[163], [181]ï[186], [68], [187], [96], [101], [130], [133], [136], [139]. Surprisingly, 

although this type of sensor has been used since the 1940ôs, there is no information given in 

literature concerning any mathematical or circuit models for the parasitic coupling between the 

coils.  

In summary, the intention of this thesis is to design a competitive magnetic sensor that will 

enable pilots, archeologists, engineers in general to have a wide band magnetic sensor for better 

magnetic field measurements. This does not suggest that the attempt to create such a sensor also 

implies that it will be the perfect one for such applications as there is not a perfect system in the 

nature. This research also attempts to examine in all possible ways the Anisotropic Magneto 

Resistor (AMR) sensor and try to address the drawback that this sensor class has. The main issues 

that are trying to address here  

 

 

 

  



 

17 

A.4  Aims & Objectives of the Thesis  

Reviewing the literature, it is obvious that there is a gap as there is no magnetic sensor that 

can perform to its best capacity in a wide band of frequencies from constant magnetic field (DC) 

to some Mega Hertz (MHz). Therefore, the purpose of this research is to fulfil this gab by: 

1) Modeling the AMR parasitic element and parasitic coupling. This is useful for a closed-

loop topology to model any unwanted side effects like instability. 

2) Examine the AMR performance for short Set/Reset (S/R) pulsed and the effect that they 

have in the sensitivity and offset of the sensor. This is required to give useful information for faster 

S/R cycles in order to have a higher frequency response in an open or closed-loop. 

3) Presenting a new innovated advance circuit architecture that utilizes the above model of 

the AMR sensor, the sort S/R pulses to reduce the  noise, reduce the hysteresis and eliminate the 

offset. 

4) Designing a circuit base on the proposed circuit architecture. This will be presented, 

tested and measured and will address those issues.  

There are many magnetic sensors, which are comparably available, that perform very well 

in low frequencies (up to some kHz) such as Fluxgates sensors, magneto strictive delay lines 

(MDL) sensors, Giant Magneto Impedance (GMI) sensors, and other magnetic sensors that they 

need an AC expiation to perform [7], [19]ï[21], [96], [101], [115], [123], [151], [188]. Other 

sensors such as Search Coils cannot perform at all in DC magnetic field [7], [19]ï[21], [66], [96], 

[151], [152], [188], [189].  

The Anisotropic Magneto-Resistor (AMR) is a magnetic sensor that can perform in a wide 

frequency spectrum from DC up to 5MHz [95]. However, this does not come without cost. As all 

other magnetic sensors, it has thermal noise ρὪϳ  and especially for AMR sensor this type of 

noise is stronger in comparison to other sensors such as Fluxgates, GMRs, TMRs, GMIs, Search 

Coils, and, etc. [7], [9], [19]ï[21], [96], [188]. Another issue with the AMR sensor is that when it 

is exposed to a strong magnetic field it loses its ability to sense the magnetic field until it is 

repolarized [9], [19], [20], [182], [185]. AMR sensors are quite linear only near zero magnetic 

field and they also have hysteresis.  

As this thesis main focus is to address the problem of the AMR in a circuit architecture 

level, the sensing element was taken from the shelf. The AMR sensors that will be used for this 

purpose are the HMC100X produced by the Honeywell Ind [95]. The advance circuit architecture 

that is proposed in this thesis is not limited only to HMC100X sensor, but it can be applied to any 
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AMR sensor. Moreover, under some conditions in can apply to sensors of the magneto resistor 

family (MR), such as GMRs, TMRs and GMIs sensors. 

 It is attempting to invent the best circuit architecture for signal conditioning for the selected 

magnetic sensor. The sensor which was selected for this thesis is the Anisotropic Magneto Resistor 

(AMR) with the part number HMC100X produced by the Honeywell Inc. [Ref Honeywell]. The 

reasons behind selecting this particular sensor were first the fact that it has wide frequency 

response and second based on the bibliography it has a great potential for improvement in 

performance.   

To accomplish the aims of this thesis, the theoretical model of the AMR sensor must be 

reinvested and tested in order to design a new solid and durable circuit architecture of the AMR 

sensor. A series of experiments were necessary to be carried out in order to find how the sensor 

behaves in terms of magnetic perspective and the parasitic componence. 

The parasitic componence, such as capacitances, are produced from the lithography when 

the sensing elements are coming close together and greatly affect the sensorôs performance in high 

frequencies (frequencies above 1kHz). 

The results of these experiments created the idea that a new solid-state architecture was 

important to be developed in order to address all the drawbacks that the AMR sensor family has. 

Moreover, these series of experiments provided useful information for a better and precise model 

of the AMR sensor.  
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A.5  Chapter Organization ï Thesis Outline  

The thesis is organized in eight chapters. Each chapter is separated in different sections. 

The first chapter (the current one), gives an introduction to magnetic field and its everyday 

applications. Following this chapter, the proposal, the aims and objectives of the thesis are stated.  

The second chapter focuses in the literature review. It begins by presenting the 

conventional methods of measuring the magnetic field. The background of the magnetic sensors 

is given and, in the subsections, followed in the chapter, the theories of the magnetic fields in 

relation to the magnetic sensors, an analysis of the AMR sensor and the current electronic 

topologies used in AMR sensors are presented. At the end a suggested way to measure the 

magnetic field utilizing the AMR sensor is demonstrated.  

The following chapters are not listed in a chorological order, in which the experiments or the 

publications have been conducted. It is listed rather than in a more logical order which are: 

 AMR DC Characteristics. In this chapter the behavior of the AMR HMC100X is examine in 

a steady state. The hysteresis and magnetization of the AMR sensor have been examined and 

presented.  

AMR Parasitic Model in which a model that incorporated the parasitic capacitances and 

inductances of the AMR sensor is presented. The model is evaluated with a series of experiments. 

High Speed Agile Current Pulse Generator for AMR Set/Reset. Design and simulation of a 

high-speed agile pulse generator for AMR polarization is presented in this chapter. Additionally, 

experimental result for evaluated the thermal performance of the AMR sensor after repeated 

Set/Reset is presented. 

Design of AMR sensor system architecture that Optimizes itôs the performance. After 

extensive experiments literature review a measuring algorithm that offer the AMR a supreme 

performance is presented. An analog and a digital closed-loop architecture were developed to 

examine which of two has superior performance. Moreover, experimental results shown the 

advantages of the proposed algorithm.  

Apply the Sensor in the Field. During this thesis multiple design was tested and analysed. The 

digitally closed ï loop architecture of the previous chapter was selected and integrated in to a 

UAV.  

Finally, the conclusion for this thesis which is summarizes the result of all experiments.  
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B Literature Review 

 

 

 

The present Ph.D. thesis focuses on developing an innovative magnetic sensor system based 

on the Anisotropic Magneto Resistance effect (AMR). Magnetic sensors are essential tools to 

measure the magnetic field or its disturbances.  

In order to understand the different types of magnetic sensor, and how they work, a brief 

literature review about the physics behind the magnetism is essential and it will be presented here. 

To begin with, a short historical retrospection and follow up with what is well known today about 

the magnetism will be presented. Following this, a brief presentation of the magnetic effects that 

are been widely used in magnetic sensors will be reviewed. In the next subsection a literature 

review about different categories of magnetic sensors is illustrated. The AMR sensor that is been 

examined in this thesis will be analyzed and presented in detail, followed by different techniques 

for utilizing it in order to measure the magnetic field. Also, the most up-to-day circuit architecture 

topologies that are used for the AMR sensor and its signal conditioning are shown. Finally, the 

suggested ways to measure the magnetic field are also demonstrated.  
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B.1 Magnetism 

B.1.1 Discovery of Magnetism 

Nowadays, magnetism has become a well-known principle although it is not really known 

who discovered this phenomenon. The first scripts and references, suggest that magnetism was 

discovered in Greece prior to 600 BC. Diogenes Laërtius, Hieronymus of Rhodes, made a 

reference about the use of magnetic stones by Thales of Miletus. Aristotle, also talked about the 

use of lodestones (Fe3O4 ï Fe2O3) by Thales of Miletus [27]. The mineral lodestone was in 

abundance in Magnesia of Greece. According to the previous historians, magnetism received its 

name from Magnesia of Greece [26]. Nevertheless, there is another reference about the origin of 

magnetic stones (lodestone) by Pliny. Pliny assumed that magnetism was named after the shepherd 

Magnes, ñthe nails of whose shoes and the tip of whose staff stuck fast in a magnetic field while 

he pastured his flocks.ò [24]. However, this reference came much later and is relatively 

controversial. Another important milestone in the area of magnetism is the invention of the 

compass, which is dated between 300 and 200 BC during the Hanôs dynasty in China. Later on, 

the Song Dynasty used the compass for navigation purposes [190], [191]. It is obvious from the 

literature that philosophers and scientists were troubled about the origin of the magnetic and the 

electric field. Many of them tried to understand the source of the magnetic field [1], [24], [27], 

[190]ï[193]. Nevertheless, it was not only until the beginning of the 19o century that scientists 

were able to begin to understand the meaning of the magnetic field. The first completed work was 

published in 1873, by James Clerk Maxwell by the title ñA Treatise on Electricity and 

Magnetismò. Maxwell was revising his work to publish a second edition when he died in 1879. 

The revision was completed by William Davidson Niven and was published in 1881. A third 

edition was prepared by J. J. Thomson and was published in 1892. In his work, Maxwell improved 

and combined preexisting work by enhancing the Gaussôs and the Faradayôs Law of Induction 

in the electric field and the Gaussôs and the Ampereôs Circuital Law for magnetism. Today, we 

know that these four Laws are combined to form Maxwellôs related equations, and these are 

presented in the next subsection. Moreover, based on these equations and several experiments that 

followed, show that the source of the magnetic field is the motion of electric charges such as 

electrons and other particles. As a result, the magnetic monopoles do not exist. Some of the most 

common books in Classic Electromagnetics and Quantum theory of electromagnetic are [1]ï[7], 

[194], [195] and [19], [85], [97], [196]ï[200]. Currently, more complex and more precise systems 

are available for navigation and magnetic field sensing. 
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B.1.2 Magnetism as we know it today 

During the last few decades, the continuously increasing demand for accurate and reliable 

AC/DC magnetic field measurements, has paved its way for the development of various types of 

magnetic sensing systems as well as different measurement techniques. Sensorôs sensitivity and 

linearity, signal-to-noise ratio, measurement range, cross-talk between sensors in multi-sensor 

applications are only some of the aspects that have been examined in the past. 

Magnetic sensors are categorized primarily based on their sensing principle, which impacts 

directly the performance characteristics like measurement range, resolution, frequency response, 

working temperature and manufacturing cost. As an example, Hall Effect and ñpick up coilsò 

based sensors have been proven to be practical and cost-effective solutions in many common 

applications. Nevertheless, ñpick up coilsò are not appropriate for measuring low frequency 

magnetic fields, whilst Hall-effect devices cannot provide the resolution levels needed in 

demanding applications. On the other hand, Anisotropic Magnetoresistance (AMR), Giant 

Magnetoresistance (GMR), Giant Magneto-Impedance (GMI), Magneto-strictive and Flux-Gate 

sensors, although available at a high cost, are frequently employed in cases where higher 

resolution is required. Moreover, Superconducting Quantum Interference Devices (SQUID) offer 

the highest resolution and lower noise levels but requires cryogenic refrigeration. 

Many industrial applications today, use magnetic sensors as measuring systems. These 

sensors have several advantages such as the fact that they can easily operate under harsh 

environmental conditions and elevated temperatures, they are very reliable due to the absence of 

moving parts and they can be embedded inside building materials. Magnetic Sensors are 

commonly used for laboratory measurements, for both home and industrial physical 

measurements that utilized the changes in the magnetic field. Understanding the various types of 

magnetometers and their limitations is crucial for the best selection to a specific application.  

In laboratories, usually there is the flexibility of using more complex and delicate 

equipment. For accurate laboratory measurements, there is a need for a Gauss chamber to provide 

a magnetically clean environment. This chamber can be used for calibration of magnetic sensors, 

for measuring the noise level for a magnetic sensor, for identification of the magnetic signature of 

the Equipment Under Test (EUT). There are passive and active techniques to create a magnetically 

clean room and these depend on the shielding specifications/requirements. 

However, it is vital to understand the physics behind every sensor in order to identify the 

best sensor type for each application. Thus, an excellent knowledge of the magnetic ï physical 

principles is of paramount. For this reason, a brief overview of those physical principle ï laws will 

be presented.    
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B.1.3 Mathematical Description of Magnetic Field  

Mathematical description of the electric and magnetic field is vital in order to understand 

how the magnetic sensors work. Magnetic sensors can be both passive and active. The active 

magnetic sensors are working using an electrical current and consequently a magnetic field. The 

basics for the understanding of the electromagnetic theory is centered on Maxwellôs equations. 

B.1.3.1 Maxwell Equations 

The Maxwell equations describe the relationship between the electric field and the current 

one in relation to the magnetic field. In order to accomplish that Maxwell introduced the use of 

vector fields to combine the original equations to vector equations and their boundary conditions. 

He labeled the vectors as follow, and this code will be kept throughout this thesis. 

¶ Magnetic Potential Ἃᴆ: Magnetic Potential is defined as its curl is equal to the magnetic field and 

is measured in ὡὦάϳ  Weber per meter. In quantum mechanics, most equations use potentials 

rather than fields. 

¶ Magnetic Induction or Magnetic Field Ἄᴆ: The Magnetic Induction (field) is the result of the 

external apply magnetic field (force) H and the magnetic permeability of the material. The 

magnetic induction is measured in Ὕ Tesla. Alternative names that can be found in literature for 

the Magnetic Induction Ἄ are, Magnetic Field and Magnetic Flux Density. 

¶ Electric Current ἔᴆ: The Electric Current is measured in ὃάϳ  Amperes per meter square and 

is the motion of the particles with electric charge.  

¶ Electric Displacement Ἆᴆ: Electric Displacement Field or Electric Induction is measured in 

ὅάϳ  Coulomb per meter. It accounts for the effects of free and bound charge within materials. 

¶ Electric Field ï Maxwellôs Electromotive Intensity Ἇᴆ: An Electric Field is defined as the field 

which is generated and surrounds an electric charge, and exerts force on other charges in the field, 

attracting or repelling them and is measured in ὠ Volt per meter. 

¶ Mechanical Force ἐᴆ: Mechanical Force is measured inὔ  Newtons and is the force that a body 

attracts or repels. 

¶ Magnetic Field ï Maxwell's Magnetic Force ἒᴆ: The Magnetic Field is the result of moving 

electric charges and is measured in ὃάϳ  Ampere per meter. The Magnetic field also has 

alternative names in literature which are, Magnetic Field Intensity, Magnetic Field Strength and 

Magnetizing Field. 

Vectors Magnetic Induction ὄᴆ, Eclectic Field Ὁᴆ and Mechanical Force Ὂᴆ are fundamental 

since all contribute in the basic equation (1). 

Ὂᴆ ήϽὉᴆ ήϽὺᴆ ὄᴆᵾ
ὨὊᴆ

Ὠὠ
”ϽὉᴆ ὐᴆ ὄᴆ (1) 

Where ή is the charge and ὺ is the speed of an object.  

Ὀᴆ ‐ϽὉᴆ (2) ὄᴆ ‘ϽὌᴆ (3) 

ὐᴆ „ϽὉᴆ (4)   
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The vectors Electric Displacement $ᴆ and Magnetic Field (ᴆ are connected to the 

vectors of Magnetic Induction ὄᴆ, Electric Field Ὁᴆ through the equations (2),(3) respectively. 

TheⱠ  is the three ï dimensional tensor for the electric permittivity and is measured in Ὂάϳ  ḳ

ὅὦάϳ  , Farad per meter, or Coulomb per meter. The Ⱨ is the three-dimensional tensor for the 

magnetic permeability or just ñpermeabilityò and is measured in Ὄ άϳ  ḳὡὦ ὃϽάϳ  , Henry 

per meter, or Weber per AmpereĿmeter. The equation (4) expresses the relation between the 

electric current density ὐᴆ and the electric field Ὁᴆ through the tensor Ɑ. The tensor Ɑ is a 

three ï dimensional tensor of electric conductivity and is measured ɱ . If the medium is isotropic 

then Ⱡ, Ⱨ and Ɑ become scalar functions and in linear material they become constants. The 

relations (2), (3), (4) are also called ñconstitutive relationsò. 

By applying the above definitions and equations we can express the Maxwell equations. 

The Maxwell equations can be written into two forms, the integral form (5) and the derivative 

form (6). These equations express the conservation of the electric charge. 

Gaussôs Law 

Electric 
ὉᴆϽὨὛᴆ

”

‐
ϽὨὠ 

(5) 

ϽɳὉᴆ
”

‐
 

ϽɳὈᴆ ” 

(6) 

Gaussôs Law 

Magnetism 
ὄᴆϽὨὛᴆ π Ͻɳὄᴆ π 

Maxwell ï 

Faraday Law 

of Induction 
ὉᴆϽὨὰᴆ

‬ὄᴆ

‬ὸ
ϽὨὛᴆ ᶯ Ὁᴆ

‬ὄ

‬ὸ
 

Ampère's 

Circuital 

Law 
ὄᴆϽὨὰᴆ ‘Ͻὐᴆ

‬Ὀᴆ

‬ὸ
ϽὨὛᴆ ᶯ ὄᴆ

‘Ͻὐᴆ

‬‘Ͻ‐ϽὉᴆ

‬ὸ

 

The Maxwell derivative form needs boundary conditions so the equations can be exclusively 

solved in a unique approach. These boundaries conditions are expressed in the equations(7)ï(10).  

ὲᴆ Ὁᴆ Ὁᴆ π (7) ὲᴆ Ὄᴆ Ὄᴆ ὑ (8) 

ὲᴆϽὈᴆ Ὀᴆ ” (9) ὲᴆϽὄᴆ ὄᴆ π (10) 

Where ὑ is the current density at the surface, measured in ὃάϳ  and ” is the current density at 

the surface, measured in ὅὦάϳ . The ὲᴆ is the vertical unit vector on the two regions. From the 

equations, (5)ï(10) the conclusion can be drawn that the primary source of the electric field is the 

electric charges, and for the magnetic field is the motion of the electric chargers. The electric and 

the magnetic fields time variations make up the secondary sources of the magnetic field and the 

electric field respectively. This is known and as ñHuygens principleò. The devices that generate 
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the electric field are call ñCapacitorsò and are characterized by their capacityὅ, which, is 

measured in Ὂḳὅὦὠϳ  Farad. It describes the ability to convert the electric charge ”ὅὦάϳ  

density to electric flux ɰ ὅὦ. The dual element is the ñInductorò and is generating the 

magnetic field, which is characterized by its inductance ὒ and is measured in Henry. It describes 

the ability to convert the electric current to magnetic flux ɰ ὡὦ .  

Both Maxwell equation forms are equivalent, and they are connected through the equation 

(11) which expresses the Gauss Theorem and the equation (12) which expresses the Stokes 

Theorem. 

ὪᴆϽὨὛᴆ  ϽɳὪᴆϽὨὠ (11) ὪᴆϽὨὰᴆ  ᶯ ὪᴆϽὨὛᴆ (12) 

ύ  ὉᴆϽὨὈᴆ
ᴆ

 (13) ύ  ὌᴆϽὨὄᴆ
ᴆ

 (14) 

The electrical and the magnetic fields have in themselves a storage of energy per unit volume and 

are presented with ύ  and ύ  and are calculated from the equations (13) and (14) respectively.  

 

B.1.3.2  Gradient & Vector Potential  

The Potential vectors are preferred to be solved rather than the equations (5)ï(10) as they 

are easier. The equations (5)ï(10) are becoming difficult to be solved since the primary and 

secondary sources are presented in a complex way. By using the Potential vectors it is possible 

the separate the two fields, the electric and the magnetic. Then the calculation of their vectors can 

be done directly from the primary sources. Moreover, the Potential is a continues function even 

on surfaces where the vector function of Ὁᴆ, Ὀᴆ, (ᴆ and "ᴆ  discontinue. 

Letsô imagine a vector Ὢᴆ to which the equation ï condition (15) is true. A group of scalar 

functions Ὂ, can be defined and by applying the identity (16), then the vector Ὢᴆ is connected to 

the Ὂ by the equations (17). In the Ὂ group also the functions which have the form Ὂ Ὂ Ὧ, 

where Ὧᶰᴘ belong to the same group and satisfy the equation (15) . 

ᶯ Ὢᴆὶᴆ π (15) ᶯ &ɳ π (16) 

Ὢᴆὶᴆ  ɳὊὶᴆ ᵾ Ὂὶᴆ ὪᴆὶᴆϽὨὶᴆ (17) 

In the case of electrostatic field, the equation ï condition (15) is also true then the equation (17) 

can be used to export the gradient potential of the electric field, which is symbolized as ɮ and is 
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measured in ὠ Volts. The Electric Potential ɮ  is related to the source ” of the electrostatic 

field through the Poisson equation as it is shown in equation (18). We assume that the ‐ ‐.  

%ᴆ   ɳɮ,    Ͻɳ$ᴆ ʀϽɳ Ͻ ɮɳ ʀϽɳ ɮ ᵼᶯɮ  (18) 

If the Magnetic Potential Vector Ἃᴆ based on the Helmholtz conditions that the vectors ὄᴆ

ᶯ ὃᴆ and ɳ Ͻὃᴆ π are known then the vector can be defined in equation (19). The magnetic 

potential is symbolized as Ἃᴆ and is measured in ὡὦάϳ . The use of the identity (20) and the 

relation (21) which is applied in magnetostatic, can export the equation (22) assuming that ‘

‘. The equation (22) also connects the Magnetic Potential Vector Ἃᴆ and the sources of 

magnetostatic field which are the current ὐᴆ. 

ὄᴆ ᶯ ὃᴆ ,   ɳ Ͻὃᴆ π (19) 

​ ​ Ὢᴆ ​Ͻ​Ὢᴆ ​Ὢᴆ (20) ᶯ ὄᴆ ὐᴆ (21) 

​
ρ

‘
Ͻ​ ὃᴆ ὐᴆ   ᵾ  ​ὃᴆ ‘Ͻ ὐᴆ (22) 

The result from the equation (22) is that for each pair of vector components ὃ ὐ ȟȟ  of 

the !ᴆ and the *ᴆ , Poissonôs equation is applied. 

The time varying potentials can be defined as well as in the case of the time varying field. 

The electric field vector Ὁᴆ and the magnetic potential vector!ᴆ are related to each other by the 

first Maxwell equation (6), and this is presented in equation (23). Due to the identity ɳ Ὂɳ π 

and the equation (23), the gradient vector of the electric field is defined as (24). The second and 

third Maxwell equations can be written as (25) and (26) respectively. 

​ Ὁᴆ
‬ὄᴆ

‬ὸ

‬​ ὃ ᴆ

‬ὸ
 ᵾ ​ Ὁᴆ

‬ὃ ᴆ

‬ὸ
 π (23) 

Ὁᴆ
‬ὃ ᴆ

‬ὸ
​ ᵾὉᴆ ​ 

‬ὃ ᴆ

‬ὸ
 (24) 

​ ​ ὃ ᴆ ​ὃ ᴆ ​​Ͻὃ ᴆ ‘Ͻὐ ᴆ ‘Ͻ‐Ͻ​
‬ὃ ᴆ

‬ὸ
​
‬ 

‬ὸ
 (25) 

​ϽὉᴆ
”

‐
ᶯ 

‬​Ͻὃ ᴆ

‬ὸ
 (26) ​Ͻὃ ᴆ ‘Ͻ‐Ͻ

‬ 

‬ὸ
 (27) 

ᶯ  ‘Ͻ‐Ͻ
‬ 

‬ὸ

”

‐
 (28) ᶯὃ ᴆ ‘Ͻ‐Ͻ

‬ὃ ᴆ

‬ὸ
‘Ͻὐ ᴆ (29) 
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According to the Helmholtz principle, the determination of the vector ɳ Ͻ!ᴆ is mandatory in 

order to fully defined the magnetic potential vector !ᴆ. Moreover, the solving of equations (25) 

and (26)  become easier if the Lorentz principle is fulfilled and is presented in equation (27). In 

this case the (25) and (26) are becoming (28) and (29) respectively. The equations (28) and (29)  

also describe the potential waves which are spreading in the space with finite speed equal to 

Ã   ρϳʈϽʀ. The equations (28) and (29) are also called ñRetarded Potentialsò because they have 

a time delay to propagate in space due to its finite transmission speed ὧ. 

B.1.3.3 Calculating the Poisson equation. 

The integral form of the Poisson equation (18), (22), (28) and (29) are expressed in 

equations (30)ï(33). Where Ὑ is the distance of the calculation point and the elementary volume 

Ὠὠ that has the field sources. 

 
”

τ“‐Ὑ
Ὠὠ  (30) ὃ ᴆ

‘Ͻὐᴆ

τ“Ὑ
Ὠὠ (31) 

 
”Ͻὸ Ὑ

ὧ
τ“‐Ὑ

Ὠὠ (32) ὃ ᴆ
‘ϽὐᴆϽὸ Ὑ

ὧ
τ“Ὑ

Ὠὠ (33) 

The Poissonôs equation in a specific region ὠ of the space which is enclosed by a closed surface 

S and vector ὲᴆ can be solved in the following cases: 

1. If the potential value is known in the whole surface, this implies that the boundary conditions are 

Dirichlet type.  

2. If the derivative value along the ὲᴆ is known in each point of the surface, it implies that the 

boundary conditions are Neuman type.  

3. If the potential value is known on a part of the surface and on the other part the derivative value 

along the ὲᴆ is known, and it implies that the boundary conditions are mixed type.  

The calculation of the potentials in the volume ὠ can be done by solving the Poisson only 

knowing the source ” and ὐᴆ in the volume ὠ and the boundary contitions in the surface Ὓ. The 

knowledge of the sources outside of the volume ὠ are not necessary for the integral forms (30)ï

(33). The information about the external sources are provided by the boundary conditions. The 

theory of uniqueness says if a function satisfies the Poisson in the volume ὠ and the boundary 

contitions in the surface Ὓ then it is unique and there is no other function that can also satisfy the 

Maxwell equations. 

B.1.3.4 BiotïSavart Law 

The BiotïSavart Law states that when a current *ᴆ passes through a conductor a magnetic 

field is generated around the conductor and it is shown in equation (34). Figure B-1 shows the 
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BiotïSavart Law. The BiotïSavart Law can be exported using the ᶯ !ᴆ ὄᴆ and the equation 

(34). The unity vector is symbolized by Ὥ Ὑ Ὑϳ  and is directed from the elementary volume 

Ὠὠ or length Ὠὰ to the point where the "ᴆ is calculated. ) symbolizes the current that passes through 

the conductor L. 

 

B.1.3.5 Magnetic Sources and Equivalent Currents 

According to Maxwell equations there is not a source of North (positive) or South 

(negative) magnetic field. The magnetic sources always have both north and south magnetic fields 

both in nature and in the laboratory [1], [6], [92], [96], [191], [194], [200]ï[203]. That is a 

significant difference between the magnetic sources and electric sources hence the electric sources 

have positive and negative charges. For simplicity reasons, we set the amount of magnetic charge 

ή  so that the equation (35) is fulfilled. Base on the Coulomb law of the preservation of the 

magnetic charges the equation (6) can be revised as (36) in a way that is completely symmetrical 

to electric one.  

Ὂᴆ ή ϽὌᴆ (35) 

Ͻɳὄᴆ ” ᵾ ὄᴆϽὨὛᴆ ή ᵼὄᴆ
ή

τ“Ὑ
 (36) 

The above assumption, in most cases, can simplify the use of the Maxwell equation. 

Moreover, in the case where the magnetic charge Ἱἵ can be defined, it becomes as a primary 

source of the magnetic induction Ἄᴆ the same way as ἔᴆ is the primary source of the magnetic field 

ἒᴆ. The time variation of the electric displacement 
Ἆᴆ

 is still the secondary source for both Ἄᴆ 

and ἒᴆ. In case the electric chargers ”  are in the vacuum, then the Ⱨ ‘ τϽ“ϽρπὌ άϳ , 

then the ἒᴆ is through the Ἄᴆ from ”  are calculated from the (36) as ɳ ϽὌᴆ ” ‘ϳ . To avoid the 

use of the magnetic permeability tensor Ⱨ, the vector of Magnetism Ἑᴆ is defined and is measured 

in  Ὕ Tesla or  ὡὦάϳ  Weber per meter square and is presented in equation (37). Based on 

the equation (37) the corresponding Maxwell equation and the boundary conditions  are expressed 

as  (37) and (38) respectively.  

 

ὄᴆ ᶯ !ᴆ ᶯ
‘Ͻὐᴆ

τ“Ὑ
Ὠὠ

‘

τ“
Ͻ

ὐ ᴆ ᴆ

Ὑ
Ὠὠ 

ὄᴆ
‘ϽὍ

τ“
Ͻ

Ὠὰ ᴆ ᴆ

Ὑ
Ὠὰ 

(34) 

Figure B-1: The BiotïSavart Law 
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ὄᴆ ⱧϽὌᴆ ‘ϽὌᴆ ὓᴆᵼὌᴆ
ὄᴆ

‘
ὓᴆ (37) 

Ͻɳ‘ϽὌᴆ ὓᴆ πᵾ Ͻɳ‘ϽὌᴆ Ͻɳ‘Ͻὓᴆ (38) 

ὲᴆϽ‘ϽὌᴆ ‘ϽὌᴆ ὲᴆϽ‘Ͻὓᴆ ‘Ͻὓᴆ  (39) 

Also, the equation (37) and (38) have the same form of the Maxwell equation and boundary 

condition respectively in the case which in the vacuum space are present distributions of magnetic 

sources such as ” Ͻɳὓᴆ for the spatial density and ” ὲϽὓᴆ for the surface density. The 

effect of the matter in the vectors ἒᴆ and Ἄᴆ, which is described by the Maxwell equations through 

the magnetic permeability tensor Ⱨ or the equivalent Magnetization vector Ἑᴆ, have the same 

result with a specific distribution of magnetic sources in the vacuum. Consequently, every space 

that the matter occupies with any properties is possible to be replaced with a vacuum and a specific 

distribution of magnetic sources. Then the Maxwell equations have the form of (6) with the only 

correction of the equation presented in (36). The magnetic field ἒᴆ that is the result of the solution 

of the modified Maxwell equations is a complete solution to the problem.  Contrary to this, the 

vector Ἄᴆ is calculated by the summation of Magnetization Ἑᴆ and the integration of all the 

parameters as presented in equation (37).  Obviously, the magnetization is nonzero only in the 

region where the matter is. In the region where there is no matter the equation Ἄᴆ ‘Ͻἒᴆ  is true. 

If it is assumed that an infinitesimal volume of matter is removed from one point in space, the 

modified Maxwell equations provide a complete solution for both Ἄᴆ and ἒ ᴆat this point. 

ᶯ
ὄᴆ

‘
ὐᴆ
ρ

‘
Ͻɳ ὓᴆ

‬Ὀᴆ

‬ὸ
 (40) 

Îᴆ
ὄᴆ

‘

ὄᴆ

‘
Îᴆ

ὓᴆ

‘

ὓᴆ

‘
 (41) 

ᶯ Ὄᴆ ὐᴆᵾᶯ ᴆ` ᶯ ῼᴆ ‘Ͻὐᴆᵾᶯ ᴆ̈́ ‘Ͻὐᴆ ὐᴆ  (42) 

ὓᴆ …Ͻ‘ϽὌᴆ (43) 

In a similar way, using Maxwellôs equation (37), Maxwellôs second equation and the 

corresponding boundary condition take the form (40) and (41) respectively. Consequently, the 

material can be replaced by equivalent electric currents in vacuum with spatial distribution ὐᴆ

ᶯ ὓᴆ ‘ and surface distribution on discontinuous surfaces ὑᴆ Î ὓᴆ‘ . In this case, 

vector Ἄᴆ is fully calculated from the modified Maxwellôs equations, while in ἒᴆ the effect of the 

material should be added, based on the equation (37). Noted that equations (40) and (41) are 

generally valid even when matter is neither linear nor isotropic, so does the permeability of the 
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tensor Ⱨ. In this case ἔᴆ also includes the equivalent currents ἔᴆ□, as shown by equation (42). The 

magnetization vector Ἑᴆ describes the natural matter magnetization and it depends from the overall 

tension of the magnetic field H, as it is presented in the equation (43). The tensor ἦ is called 

susceptibility of matter. 

 

B.1.3.6 Dipole Magnetic Moment and Magnetization 

The two quantities that represent the response of magnetic materials in a magnetic 

induction are the magnetic moment and the magnetization. According to Ampereôs theory, a 

current in an electrical circuit generates a magnetic field. The simplest circuit that can generate a 

magnetic field, is a loop of a conductor carrying an electric current. If the cross-sectional area of 

the loop is  ╢ ά   and the loop carries a current ╘ ὃ, the magnetic dipole moment  □ ὃά is 

ά ὍϽὛ. In the magnetic induction ║ᴆ 4ÅÓÌÁ, the torque ᴆ  .Í applies on a magnetic dipole 

moment ἵᴆ !ϽÍ ÏÒ 7ÂϽÍ  is: 

†ᴆ άᴆ ὄᴆ (44) 

and in free space (vacuum): 

†ᴆ ‘Ͻάᴆ ὄᴆ (45) 

The magnetization ╜ᴆ (A/m) is the vector field that expresses the density of permanent or 

induced magnetic dipole moments in a magnetic material. The magnetization is generated by the 

magnetic moments in the material that can be either microscopic electric currents resulting from 

the motion of electrons in atoms, or the spin of the electrons or the nuclei. The material responds 

to an external magnetic field by rotating its unbalanced magnetic dipole to reduce the energy of 

the magnetic field (e.g. in ferromagnets). Magnetization is not uniform within a solid due to 

imperfections such us dislocations and solute atoms or even vacancies. Magnetization also 

describes how a material responds to an applied magnetic field as well as the way the material 

changes that magnetic field [4], [7], [9], [20], [204], [205]. 

Magnetization can be defined as the magnetic moment per unit volume of a solid: 

ὓᴆ
άᴆ

ὠ
 (46) 

where ὠ is the volume of the solid ά . Magnetization defines the auxiliary magnetic field 

strength  Ὄ as shown in the equation (37) that is simplified as: 

ὄᴆ ‘ϽὌᴆ ὓᴆ (47) 
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According to the Jiles-Atheron model for the magnetic hysteresis that appears in a 

material, the magnetization is composed of two components: one hysteretic and one anhysteretic. 

The hysteretic magnetization is the cause of a hysteresis in a BïH loop. The anhysteretic 

magnetization is composed by the isotropic magnetization and the anisotropic magnetization [4], 

[9], [26], [204], [205].  

 

To better understand the equation (44) let us observe the Figure B-2. A closed loop with a surface 

Ὓ of arbitrary shape, is penetrated evenly by a current Ὅ with intensity ȿὑȿϽὨ, where Ὠ is 

symbolized the width of the side. This loop is under the influence of an external applied magnetic 

field which it is symbolized as ὄ. Using the equation (1), it can be proved that the total torque ᴆ 

which is developed in the loop is given by the equation (17) and consequently the equation (44). 

It should be noted that  ὶᴆ  symbolizes the vector which connects the calculation point of the torque 

to the point of the vector Ὠὰᴆ, and expresses the elementary length in the side of the loop. 

†ᴆ ὶᴆ ὨὊᴆ ὶᴆ ὍϽὨὰ ᴆ ὄᴆ  ᵼ†ᴆ ‘Ͻάᴆ ὄᴆ (48) 

The equation (48) defines the vector of the magnetic dipole moment ἵᴆ as ἵᴆ  ‘ϽὍϽὛ. 

Assuming that the volume ὠ ὨϽὛ, is a part of a matter in which there is Magnetization ὓᴆ 

parallel to the vector of the surface Ὓ, then the surface current density is given by the equation 

ȿὑȿ ὓᴆ‘. In the case of the infinitesimal volume, the definition of the equation (49) is 

applied. Moreover, the ὄ ‘Ͻῷ  is true because the material have been replaced with vacuum 

and a distribution of equivalent currents. Both ὄ, Ὄ  come from the field, and the effect of the 

equivalent currents of the elementary loop are subtracted. 

Ὠὒᴆ ὓᴆ ὌᴆϽὨὠᵾὓᴆ
Ὠάᴆ

Ὠὠ

Ὠ‘ϽὍϽὛ ᴆ 

Ὠὠ
 (49) 

ύ
Ὠὡ

Ὠὠ

ὨάᴆϽὌᴆ

Ὠὠ
ὓᴆϽὌᴆ (50) 

 
Figure B-2: The definition of magnetic dipole moment άᴆ and its relationship with the magnetization vector ὓᴆ. 
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The dynamic energy ύ, of the elementary volume of the material Ὠὠ under the influence of a 

magnetic field is calculated with the equation (50). The energy of the vectors ὓᴆ and Ὄᴆ are 

minimized if there are parallel to each other due to the fact that the dynamic energy ύ has a 

negative sign. The application of equation (14) for the calculation of the volume density of the 

magnetostatic field energy in a region of the material with large area is presented in the equation 

(50). In this equation there is the assumption that the vector ὓᴆ is independent and unchangeable 

from the vector ὄᴆ. 

ύ ὌᴆϽὨὄᴆ
ᴆ ὄᴆ

‘
ϽὨὄᴆ

ᴆ ὓᴆ

‘
ϽὨὄᴆ

ᴆ ὄᴆ

ςϽ‘

ὓᴆϽὄᴆ

‘
 (51) 

The equation (51) can be driven if we assume that the elementary volume Ὠὠ which is under the 

influence of an external apply filed has a dynamic energy of ὓᴆϽὌᴆ. Due to the fact that the Ὄᴆ 

interacts with other magnetic sources inside the volume Ὠὠ, oudside of the volume Ὠὠ the ὄᴆ

‘ϽὌᴆ is true, consequently the dynamic energy of the magnetic dipole in the Ὠὠ is 
ᴆϽᴆ

. If in 

the same equation the field energy of the vacuum 
ᴆ

Ͻ
 is added, then the equation (51) is driven. 

This is also in the case of infinitesimal volume Ὠὠis also trueὄ ὄ. 

ὨὌᴆ
σϽὓᴆϽ Ͻ ὓᴆ

τ“Ͻ‘ϽὙ
ϽὨὠ (52) 

ὡ
ρ

τ“Ͻ‘ϽὙ
ϽάᴆϽάᴆ

σϽάᴆϽ ϽάᴆϽ

Ὑ
 (53) 

The equation (52) provides the intensity of the magnetic field, which is generated from a magnetic 

dipole Ὠάᴆ ὍᴆϽὨὠ, when is placed in the vacuum. Additionally, the above mentioned equation 

derives from the BiotïSavart Law of the equation (34). The dynamic energy of the system of the 

point sources of magnetic dipole in the vacuum is given by the equation (53). 
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B.1.4 Origin of magnetism in matter  

The origin of the magnetism in the matter as it is known today is the spin of particles and 

the movement of electric charges [4], [9], [26], [85], [204]. As it is presented in Maxwell equations 

(5) and (6), the motion on electric charge particle creates a magnetic field. Nowadays, it is 

common in our systems to use the electrons which have negative charge and move into a conductor 

i.e. metal, to create a magnetic field. This is the basic of all our modern systems, electric motors, 

electromagnetic actuators, etc. Furthermore, in electronic circuits the electrons are not the only 

source of electricity but also the holes which are the absence of electrons in the crystal latitude, 

hence the holes have positive charge.  

The motion of electric charge particles in not the only source of magnetism. Actually, in 

materials such as iron (Fe), cobalt (Co) and nickel (Ni) that exhibit magnetization, these can 

remain magnetized even in the absence of an electric current. In general, matter is made up of 

molecules, the molecules from atoms, atoms from protons, neutrons and electrons, whilst protons 

and neutrons are made up of quarks. The Figure B-3 shows the elementary particles the way they 

are known today. 

 

The magnetization in the mater comes from what we call ñspinò. The spin is an intrinsic form of 

angular momentum carried by elementary particles, composite particles (hadrons), and atomic 

nuclei. Therefore, magnetization is an intrinsic property of the matter. However, not all the 

material we know have magnetization. In the matter usually the atoms nuclei do not participate in 

the magnetic properties of the matter as the spin of the individual quarks are cancel out. In rare 

cases, such as an extremely high external apply field, the atoms nuclei can excite and participate 

 
Figure B-3: The Standard Model of Elementary Particles. Source: Wikipedia 
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in the magnetization prosses. This phenomenon is called Nuclear Magnetic Resonance (NMR) 

which has many applications as it was mention in the Introduction. Thatôs why in normal condition 

the matter dose not exhibit high magnetic field. The magnetization as we experience it in everyday 

life comes mainly for the electrons of the atoms, moreover, orbital electrons of the subshells 3d, 

and 4f usually have more impact to the magnetization of the atom [4], [9], [26], [85], [204]. 

B.1.4.1 The Quantum form of Atomic Magnetism 

The electrons have two kinds of motion, orbital and spin, and each has a magnetic moment 

associated with it. The orbital motion of an electron around the nucleus may be similar to a current 

in a loop of a wire having no resistance. The classical theory of Bohr (1913), suggests that the 

electrons which rotate around the nucleus in orbits, are called shells and are separated, as it is 

illustrated in Figure B-4(a).  

 

Today it is known that this motion ï state of electron in orbits is quantized and can be 

described by four quantities the ▪ which is the principal quantum number, the ■ πȟρȟȣȟὲ ρ  

which is the azimuthal (angular momentum) quantum number, the □■ ὰȟὰ

ρȟȣȟρȟπȟρȟȣȟὰ ρȟὰ which is the magnetic quantum number, and the ▼ which is the 

spin quantum number. The motion or electrons as it is described by the quantum theory is 

illustrated in Figure B-4(b). The quantization in the electronôs orbital vector has its impact on the 

electronôs quantum angular momentum and consequently, to the quantum electronôs magnetic 

dipole momentum. The quantum of the electronôs magnetic moment which is a  physical constant 

is called ñBohr Magnetronò,  and is symbolized as ʈ and its definition is shown in equation 

(58), where the ‘ is the magnetic permeability of the vacuum, the Ὡ which is the constant of the 

elementary charge of the electron, the ᴐ Ὤς“ϳ  which is the reduced Planck constant and the ά  

is the electron rest mass. 

 
Figure B-4: The electronsô motion for Iron ï Ferrite (Fe) atom in (a) the classical Bohr model and (b) the quantum Bohr model. 
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‘ϽὩ

ςϽά
Ͻὖ (54) ὓ ‘ Ͻά ϽᾀǶ (55) 

ȿὖȿ ᴐϽὰϽὰ ρ (56) ὖ ά ϽᴐϽᾀǶ (57) 

‘
Ͻᴐ

Ͻ
   ὃϽά  or ‘

ϽϽᴐ

Ͻ
   ὡὦϽά  (58) 

ὡ ȿὓȿϽὌ ά Ͻ‘ ϽὌ  (59) Ⱳ╛ᴆ ╜ᴆ■ ╗ᴆ (60) 

ᴆ
ὫϽ

ᴆ
ὓᴆ Ὄᴆ ,     ὓᴆ ὫϽὖᴆ (61) 

ὖᴆ ά Ͻ‫ ϽὶϽᾀǶ ά ϽὫϽὌ ϽὶϽᾀǶ  O   ὓᴆ ά ϽὫ ϽὌ ϽὶϽᾀǶ (62) 

ὖᴆ ίϽᴐϽᾀǶ ȟ ὖᴆ ᴐϽȿίȿϽȿί ρȿ ᴐϽЍσςϳ  (63) 

ὓᴆ ςϽ‘ ϽίϽᾀǶ (64) ὓᴆ ὫϽὖᴆ ‎Ͻ‘ Ͻ
‘ϽὩ

ςϽά
Ͻὖᴆ (65) 

The Bohr Magnetron constant is given in equation (58) and can be calculated based on 

equation (54), (55), (56) and (57). The equation (54), describes the magnetic dipole moment ὓᴆ 

which is developing due to the electronôs Ὡ angular momentum ὖ in the orbit based on the 

classical mechanics. In order to calculate the equation (55) which describes the quantum magnetic 

dipole moment in the z axis, we assume first that there is an external apply magnetic induction 

(magnetic field) in the z axis, ╗ᴆ Ὄ ϽᾀǶ. Then the projection of the angular momentum ὖ  in 

the z axis { equation (56)} , for the electron orbiting a trajectory base on the Bohr atomôs model 

and the quantum mechanics, will be ὖ  and is given in equation (57). 

 

The energy of the system is given by the equation (59) and it is getting larger when the 

magnetic quantum number □■ increases. This is known as the Zeeman effect. Based on the 

classical theory the dipole develops a momentum † , which is given in equation (60), and it is 

intended to change the total angular momentum. The variation of the angular momentum is given 

 

Figure B-5: The Larmor Motion, (Larmor Precession). 
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in equation (61) where the Ὣ is the gyromagnetic constant. The equation (61) also describes the 

rotation motion of the vector ὓᴆ around the vector Ὄᴆ with a constant angle that is equal with •

ÁÃÏÓά ὰϽὰ ρϳ  and constant circular frequency ‫ ὫϽὌ . This motion of the 

electron with respect to the imposed field Ὄᴆ happens anticlockwise and is illustrated in the Figure 

B-5. The rotational motion of the magnetization vector ὓᴆ of the electron which is shown in the 

same figure is called as the ñLarmor Motionò or ñLarmor Precessionò and the angular speed ‫  

is the ñLarmor Circular Frequencyò. The Larmor motion according to equation (62) causes an 

additional increase in the angular momentum. Further, this extra angular momentum causes 

additional magnetic dipole moment. In equation (62), ὶ denotes the distance of the electron from 

the atomic nucleus. Moreover, the electron does not only have angular momentum due to its 

circumferential (orbit) motion around the nucleus but also has angular momentum due to its 

rotation around itself (spin). The electron spin which is one of the four quantum numbers can take 

two values the  and . 

The equation (63), gives the relationship of the electronôs angular momentum ὖᴆ 

projection in the z axis due this motion. The equation (64) gives the vector magnetic dipole 

moment ὓᴆ for the Larmor motion. 

The ñgyromagnetic factorò, is defined in equation (65) and it can be calculated based on 

the equation x1 and x2. The ‎ , describes the source of the magnetic dipole moment ὓᴆ. If the ‎O

ρ then the orbital motion impacts more on the development of the ὓᴆ. In the case ‎O ς the ὓᴆ 

mainly comes from the electronôs spin.  

It is worth noting that these three different angular moments ὖᴆ and their bipolar moments 

generated by themselves, exist entirely independently, without affecting each other. 

 

B.1.4.2 Sum of Spin form of Atomic Magnetism 

The Magnetism in atoms comes from the combination of the individual electronsô 

magnetic dipole moment. According to the Pauliôs exclusion principle each electron has a unique 

quantum vector ὲȟὰȟάȟί as it is explained in the above subsection. Each electron is taking an 

orbit in such a way to minimize the total energy of the system, electrostatic, motion and 

magnetostatic energy (Zeeman effect) [4], [9], [26], [85], [204]. The vector of the total magnetic 

dipole moment ὓᴆ is the result of the individual electronôs spin vector and the electronôs orbital 

vector sum. Based on the quantum theory there are three electron interactions that the individual 

angular momentum sums up and they are known as Hund Rules [26], [85].  
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a) Spin ï Spin Interactions: The electrons in the open subshell maximize their total spin quantum number  

in order to minimize the total energy of the system [85]. This can be achieved when the total quantum 

spin number Ὓ is maximized according to the equation (66). The spin ï spin interaction is responsible 

for relaxation processes in the systems and makes a contribution to the width of Electron 

Paramagnetic Resonance (EPR) [198], [206].  

Ὓ ί (66) 

 

b) Orbit ï Orbit Interactions: The total energy, based on quantum mechanics theory, must be minimized 

and is described in literature [4], [5], [205]. This can be achieved when the total azimuthal (angular 

momentum) quantum number ὒ is maximized according to the equation (67) [85], [197], [207]. 

ὒ ὰ (67) 

 

c) Spin ï Orbit Interactions or Russell ï Saunders Coupling: If the  subshell (s, p, d, f) is occupied with 

less than the half of the electrons that can be accommodated by the shell, then for the quantum number 

ὐ of the total angular momentum of the equation (68) apply the . In the opposite case, when the 

shell has more than the half electrons than can be accommodated by the shell, then the applies to 

the equation (68).  

ὐ ὒ Ὓ (68) 

 

The total annular momentum Ἔ is characterized by the quantum number *. The magnitude 

of Ἔ and its projection in the ᾀǶ is presented in the equation (69).  

The Zeeman effect also is observable in atoms with multiple electrons, in the same way as 

in hydrogen atoms. Both spin and orbital angular momentum in each electron is closely related 

due to their interactions. Hence the total angular momentum has a constant magnitude and in an 

applied field it is reactant in the same way as the individualsô angular momentums. However, 

under the influence of extremely high magnetic field the offered energy is enough to overcome 

the magnetostatics energy of the system and alter the rules of Hund which govern the summation 

of the angular momentums. The Hund rules are presented in a hierarchical order, which implies 

that rule a is the most important, therefore, the rule b cannot violate rule a and rule c cannot violate 

the rules a and b. The Hund rules determine which place the electron will take in a subshell (s, p, 

d, f) and is the way how the quantum numbers ά  and ί are distributed. The quantum numbers ὲ 

and ὰ determined which place the electrons will take in shell (K, L, M) (Figure B-2). Both ▪ 

(principal quantum number) and ■  (azimuthal (angular momentum) quantum number) are 

determined fist from the summation of electrostatic and kinematic energy of the classical theory 

ὖᴆ ὮϽᴐϽᾀǶ  ȟ ὖᴆ ᴐϽὐϽὐ ρ  

where   Ὦ ὐȟὐ ρȟȣ ȟὐ ρȟὐ 
(69) 
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because the classical Coulomb interaction between nucleus and electrons are much stronger than 

the quantum interactions. 

Spin ï Orbit (Russell ï Saunders Coupling illustrated in Figure B-6) Interactions suggested 

that the electronsô spins total angular momentum ὖᴆ and the electronsô orbital total angular 

momentum ὖᴆ  are rotating anticlockwise (right turning) around the total angular momentum 

vector ὖᴆ (Larmor precession). The ὖᴆ also rotates anticlockwise around the vector of the applied 

magnetic field Ὄᴆ. The magnetic dipole moment ὓᴆ  from the spin and orbital angular 

momentum ὓᴆ  is given in equations (70) and (71) respectively. The total magnetic dipole 

moment is given in equation (73) and the ὓᴆ in (74) and is called ñEffective Magnetic Momentò. 

The gyromagnetic ratio ‎ is given in equation (72) and it is calculated by the vector sum of the 

ὓᴆ and ὓᴆ.  

ὓᴆ ςϽ‘ ϽὛϽὛ ρ (70) ὓᴆ ςϽ‘ ϽὒϽὒ ρ (71) 

‎ ρ
ὐϽὐ ρ ὛϽὛ ρ ὒϽὒ ρ

ςϽὐϽὐ ρ
 (72) 

ὡ ȿὓȿϽὌ ά Ͻ‘ ϽὌ  (73) ὓᴆ ‎Ͻ‘ ϽὐϽὐ ρ (74) 

 

 

 

Figure B-6: The Russel ï Saunders Coupling. Source: Physics of Ferromagnetism. 
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Letôs imagine a free atom, according to the equations (66) ï (69), the magnetic dipole 

moment can be existing only if the number of electrons is such that in a stable condition there is 

at least one subshell that is not fully completed. In this configuration the electronôs total magnetic 

dipole moment is not cancelling out. The transition elements, (d ï block of the periodical table) 

have intense magnetic behavior. These elements have electrons in external shells without their 

lower shells be complete, something that contradict the Bohr model. This can be explained due to 

the electron interactions of the lower shells, which in the hydrogen Bohr model it had been 

assumed that these are neglected. Now the electron interactions become more significant as the 

number of electrons increases. More precisely, the electrons of the lower shells have a spherical 

distribution around the nucleus, and they are considered as ñelectricò which means that they reduce 

the Coulomb interaction between the nucleus and the electrons in their orbit shells. Consequently, 

in order to minimize the energy of the atom the electrons of the external subshell (Ὠ or Ὢ) of the 

lower shell are moved to the internal subshell of the external shell (ί or ὴ) [4], [9], [26], [85], 

[204]. The transition elements are called σὨ, τὨ and for rare earth elements τὪ, υὨ this 

depends on which subshell is left incomplete. The elements of the Table 1, Fe, Co and Ni , exhibit 

the most intensive magnetization from all the other elements and all of them have empty slots 4, 

3, 2 in the 3d subshell respectively. It is almost certain that at least one of those three elements in 

Table 1, or a combination of their alloys will be present in a magnetic sensor, or an electromagnetic 

actuator. Additionally, the rare earth elements with electron configuration 

τὪ υί υὴ υὨ φί  also have very interesting magnetic properties as their empty 

subshell τὪ  which contributes to the magnetic dipole moment, is protected by the external 

electrons of the external shell and subshells. The reason is that the electrons of the external shells 

are integrated with the other electrons of the other atoms in different electron bonds and they leave 

the τὪ  subshell intact. Consequently, the atomic magnetic dipole moment stays intact in the 

crystal lattices. That is not the case for the σὨ elements, in which their electrons in the σὨ 

take part in the chemical bonds thus the magnetic dipole moment is not coming from the individual 

ions but from the mean value of the whole crystal [4], [9], [26], [85], [204].  

 

Table 1: The quantum number of angular momentum and gyromagnetic ration for the Fe, Co, Ni and Cu, Zn elements. 

 Element       

 Electrons Configuration σὨ S L J ɔ (MHzẗTī1) ‘ ÍÁØ 

Fe ρίςίςὴσίσὴσὨτί 6 4/2 2 4 1.378 200000 

Co ρίςίςὴσίσὴσὨτί 7 3/2 3 9/2 10.054 70 ± 250 

Ni ρÓςÓςÐσÓσÐσÄτÓ 8 2/2 3 4 -3.810 100 ± 600 

Cu ρÓςÓςÐσÓσÐσÄ τÓ 10 1/2 0 0 11.295 0.999 

Zn ρÓςÓςÐσÓσÐσÄ τÓ 10 0 0 0 2.669 0.9999.. 
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B.1.4.3 Magnetism in Solid State 

Magnetism in solid state may not have the same properties as the atoms that construct the 

solid matter. In accordance with the Pauli exclusion principle, the electrons in gas atoms, when 

they have enough distance between them, they sharply occupy deýned energy levels. In more 

detail, the Pauli principle states that no two electrons in the atom can have the same set of four 

quantum numbers ὲȟὰȟάȟί in other words, each energy level, contains a maximum of two 

electrons which have opposite spin [4], [9], [26], [85], [204].  

Typically, ýlling up of those energy levels, the elements from hydrogen to argon proceed 

normally with argon having 18 electrons and the σὴ at this point is filled up. However, when 

someone observed the optical spectrum of heavier elements, he would notice irregularities in the 

way that the σὴ and τί levels are ýlled. That is because these two subshells have nearly the 

same energy and they shift their relative positions almost from atom to atom. A typical example 

is the ferromagnetic elements which are a part of a transition elements presented in Table 1. These 

elements have the σὨ subshell incomplete and they are the ones that are of most interest for the 

magnetic properties.  

 

As the atoms are getting closer and take their position in a crystal lattice, new forces appear 

due to Coulomb interaction between the nucleus and the free electrons. The positions of the energy 

levels are modiýed. Letôs imagine that two atoms of iron approach each other with their ρί 

levels, each containing two electrons with exactly the same energy. When they come to a close 

proximity that their electron clouds begin to overlap, the Pauli principle applies to the two atoms 

as a unit and prevents them from having a single ρί level containing four electrons. Instead, the 

ρί level must split into two levels with two electrons in each. Similarly, when N atoms come 

together to form a solid, each level of the free atom must split into N levels, because the Pauli 

 
Figure B-7: The separation between the electronôs energy level versus the interatomic distance (a) and (b) The density of levels 

in the σὨ and τὨ bands. Source: Physics of Ferromagnetism. 

(a)

//

d0 d

E
le

c
tr

o
n
 E

n
e
rg

y
  
E

1s

2s
2p

3d
4s

A

B

C

D

3d 4s

E

N(E)-N(E) 0

A

B

C

D Zn

Cu

Ni
Co
Fe
Mn

(b)



 

42 

principle applies to the whole group of N atoms. However, the extent of the splitting is different 

for different levels, as indicated in Figure B-7(a). The energy that the electrons have in each level 

is denoted with Ὁ and the energy density is denoted as ὔὉ due to the fact that the energy density 

is not constant, but it is a function of the energy Ὁ. Figure B-7(b) illustrates the density level that 

some of the transition elements have. For example, in the transition elements, the outermost 

electrons are the σὨ and τί; these electron clouds are the ýrst to overlap as the atoms are 

brought together, and the corresponding levels are the ýrst to split. When the interatomic distance 

Ὠ has decreased to Ὠ, the equilibrium value for the atoms in the crystal, the σὨ levels are spread 

into a band extending from B to C, and the τί levels are spread into a much wider band, 

extending from A to D, because the τί electrons are farther from the nucleus. At the same atom 

spacing, however, the inner core electrons (ρί and ςί) are too far apart to have much effect 

on one another, and the corresponding energy levels show a negligible amount of splitting [85], 

[204].  

The above theory about the energy levels is known as ñThe Band Theoryò and attempts 

to explain a variety of physical properties, e.g. cohesive, elastic, thermal, electrical, and magnetic 

that the solids have. Moreover, this theory is applicable not only to metals, but also to 

semiconductors and insulators. Someone can also find that the Band Theory is applied speciýcally 

to magnetic problems, it is sometimes called ñThe Collective ï Electron Theoryò. This 

application of Band Theory was ýrst made in 1933 ï 1936 by E. C. Stoner and N. F. Mott, in the 

United Kingdom and by J. C. Slater in the United States [200], [204],. Base on the Band Theory 

the Fermi level can be explained and it is defined as the maximum distributed energy level at 

temperature of absolute zero πὑ , is symbolized as % and is given in equation (75) [4], [26], 

[204]. The equivalent temperature for the Fermi level is defined in equation (76). 

Ὁ
ᴐ

ςϽά
Ͻ
σϽ“ Ͻὔ

ὠ
 (75) 

Ὕ  
Ὁ

Ὧ
 (76) 

Ὁὔ Ὁ (77) 

Where ᴐ is the reduced Planck constant, ά  is the rest mass of each fermion, ὠ is the volume of 

the system, ὔ is the number of atoms, the Ὧ is the Boltzmann constant, Ὁ is the energy of the 

Fermi level and the Ὕ is the temperature, measured in Kevin. Typically, in most magnetic materials 

the equivalent temperature is several hundred Kelvin. The equation (77) defines the Fermi surfaces 

on a N-space of a crystal. 

The first approximation to carry out in order to understand the behavior of the electrons is 

to use the rigid ï band model, which makes the assumption that the shape of these bands does not 
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change much from one element to another when they come in range. Note that the ὔὉ curves, 

in Figure B-7(b), show the density of available levels. The extent to which these levels are 

occupied by electrons depends on the number of σὨ τί electrons in the atom. The σὨ band 

can hold a total of 10 electrons per atom, but in the transition elements it is never completely full. 

The Pauli Paramagnetism (weak spin paramagnetism) can also be explained based on this 

theory. Magnetic field cannot be formed from two electrons in each level, when they have opposite 

spins because they are cancelling each other out [4], [26], [204]. 

 

This situation is depicted in Figure B-8(a), where a band of levels are split into two columns, one 

for the up ï spin and one for the down ï spin electrons. When the external magnetic field is zero 

the two columns have equal numbers of spin ï up and spin ï down electrons. The external 

magnetic field Ὄ  is applied and the electrons have enough energy to change their spins. The 

energy that electrons need to change their spin as it is mentioned in the above subsection, is 

quantized. The magnetic moment per atom due to the spin imbalance is given in the two empirical 

equations (78) and the Figure B-8(c) illustrates this phenomenon.  

‘ Ͻ‘ ὥὸέάϳ   or  ‘ ρπὲ Ͻ‘ ὥὸέάϳ  (78) 

Ὁ ςϽ‘ ϽὌ  (79) 

Where ὲ is the number of imbalance electrons in σὨ, ὲ is the total electron in both σὨ and τί, 

‘  is the Bohr Magnetron and Ὄ  is the external applied magnetic field.  

 

 
Figure B-8: The Band Theory model for transition elements to explain the paramagnetic materials and the change in Fermi 

level. Source: Physics of Ferromagnetism.  
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Table 2: The quantum number of angular momentum and gyromagnetic ratio for the  Fe, Co 

and Ni elements. Source: [208], [209]. 

Element Fe (ferro) Co (ferro) Ni (ferri) Mn (anti) Cr (anti) 

‘  ‘ ὥὸέάϳ  2.2 1.7 0.6 1.0 0.6 

‎ ς“ϳ  ὓὌᾀὝϳ  1.3784 10.0538 -3.8101 10.5169 -2.4064 

‎ ὓὶὥὨὝϽίϳ  8.661 63.17 -23.94 66.08 -15.12 
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However, there is a limitation of how many electrons can exchange their spin. It appears that the 

exchange force cannot keep one half-band full of electrons if the other half-band is less than about 

half full. The imbalanced electrons have a direct effect in the Fermi level energy, which is given 

in equation (79) and in Figure B-8(b,d) and d shows the variation of the Fermi level. Table 2 also 

presents the values of magnetic moment for some of the transition elements. Consequently, those 

elements have empty subshells in the atomôs boundary, where the width of energy levels are 

increased under the influence of Coulomb forces. Hence, the increase in magnetization is due to 

spin interactions and the gyromagnetic ratio is ‎O ς [4], [26], [204].  

The magnetic properties for metal alloys are not a trivial thing to calculate. The Band 

Theory and other models such as the model of localized magnetic moment, failed to explain the 

paramagnetic properties of the transition element and their alloys. Moreover, in case of solid 

matter where there are many crystallin regions the estimation becomes more difficult. Multiple 

experiments need to be conducted in order to export an average estimation of the magnetic 

properties of the alloys. The magnetic properties of these alloys also change after thermal 

treatment and stress relief [4], [9], [200], [204], [205], [210]. 

 

 

 

  



 

45 

B.1.5 Type of Natural Magnetism. 

Materials that have magnetic properties are found in nature. Humans, realizing their 

importance and necessity have managed to synthesize some materials that are extremely rare to 

be found in nature. The magnetic materials can be classified in five different categories based on 

their bulk susceptibility … which is related with the magnetization mechanism. The five 

magnetization mechanisms that are known in nature are Diamagnetism, Paramagnetism, 

Ferromagnetism, Antiferromagnetism and Ferrimagnetism. The classification of the elements are 

presented on the periodic table illustrated in Figure B-9. Diamagnetic materials have their 

susceptibility ρ … π less than zero. Paramagnetic materials have positive susceptibility 

π …Ḻρ is positive but less than one. Ferromagnetic materials have susceptibility …ḻρ 

much higher than one. Antiferromagnetic materials have susceptibility small and positive 

π …Ḻρ. Ferrimagnetic materials have susceptibility much higher than one …ḻρ. More 

information conserving the properties of these materials can be found in literature [4], [9], [26], 

[85], [194], [204], [205]. 

 

 

  

 

Figure B-9: The elements of the periodic table classified by their magnetic susceptibility (Diamagnetic, Paramagnetic, 

Ferromagnetic, Antiferromagnetic and Ferrimagnetic). 
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B.1.5.1 Diamagnetism 

Diamagnetic materials have magnetic susceptibility that is usually negative and small. 

Such materials are consisted from atoms with closed shells and subshells. This means that each 

constituent atom has no permanent magnetic moment in the absence of an external magnetic field. 

Some examples of diamagnetic materials are some metals such as copper (Cu), silver (Ag) 

and gold (Au), alkalihalides, some covalent solid such as silicon (Si) and germanium (Ge) and 

organic materials such as polymers. Covalent crystals and many ionic crystals are also typical 

diamagnetic materials because their constituent atoms do not have unfilled subshells. 

Moreover, superconductors are also diamagnetic materials but when they are below a 

critical temperature, the magnetic susceptibility equals to minus one … ρ. This phenomenon 

is known as Meissner effect. That is the reason that superconductors have zero magnetic field 

inside them, and they are the ultimate magnetic shield. 

When a diamagnetic material such as copper is placed in a magnetic field, the 

magnetization vector ╜ᴆ in the material is in the opposite direction to the applied field ‘Ͻ╗ᴆ and 

the resulting field ║ᴆ within the material is less than the applied field. The negative susceptibility 

can be interpreted as the diamagnetic material, tries to expel the applied field from itself. When a 

diamagnetic material is placed in a nonïuniform magnetic field, and the magnetization vector ╜ᴆ 

of the material is in the opposite direction to ║ᴆ then the material experiences a net force toward 

smaller field. 

 

  

 
Figure B-10: Diamagnetism 
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B.1.5.2 Paramagnetism 

Paramagnetic materials have a small positive magnetic susceptibility π … ρ. In the 

absence of a magnetic field, the magnetic dipole moment ᴆ of a paramagnetic material is 

randomly oriented due to the random collision of the molecules. The magnetization of a 

paramagnetic material is zero. In the presence of an external magnetic field, the molecular 

magnetic moments take various alignments with the applied field and hence magnetization ╜ᴆ 

increases with the strength of the applied field ‘Ͻ╗ᴆ. Magnetization ╜ᴆ typically decreases with 

increasing temperatures because at higher temperatures there are more molecular collisions, which 

destroy the alignments of the molecular magnetic moments with the applied field. When a 

paramagnetic material is placed in a non-uniform magnetic field, the induced magnetization ╜ᴆ  is 

along ║ᴆ and there is a net force toward greater fields. For example, when a liquid oxygen, which 

is a paramagnetic material, is poured close to a strong magnet, the liquid becomes attracted to the 

magnet. Many metals are also paramagnetic, such as magnesium (Mg) with … ρς‘. The origin 

of paramagnetism (also called Pauli spin paramagnetism) in these metals is due to the alignment 

of the majority of the spins of conduction electrons with the field. 

 

 

 

  

 

Figure B-11: Paramagnetism. 
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B.1.5.3 Ferromagnetism 

Ferromagnetic materials such as iron (Fe), nickel (Ni), cobalt (Co), most of their alloys, 

and some compounds of rare earth metals, can possess large permanent magnetizations even in 

the absence of an applied external magnetic field. The magnetic susceptibility …  is typically 

positive and very large ρḺ … and also depends on the intensity of the external applied field. 

The relationship between the magnetization ╜ᴆ and the applied magnetic field ‘Ͻ╗ᴆ is highly 

nonlinear. On sufficiently high fields, the magnetization ╜ᴆ of the ferromagnet saturates ╜ᴆ╢. The 

origin of ferromagnetism is the quantum mechanical exchange interaction between the constituent 

atoms that result in regions of the material possessing permanent magnetization.  

A magnetic domain in ferromagnetic material i.e., Fe, is called the region of the material 

where all its atoms have their magnetization vector ╜ᴆ aligned. Also, the magnetic domain appears 

as a crystal domain. This crystal domain has magnetic ordering as all the atomic magnetic 

moments have been aligned parallel to each other.  

Ferromagnetism occurs below a critical temperature, which is called the Curie temperature 

Ὕ. At temperatures above Ὕ, ferromagnetism is lost, and the material becomes paramagnetic. 

 

 

  

 

Figure B-12: Ferromagnetism. 
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B.1.5.4 Anti-ferromagnetism 

Antiferromagnetic materials such as chromium (Cr) have a small but positive 

susceptibility. In contrast to ferromagnets, they cannot possess any magnetization in the absence 

of an applied field. Antiferromagnetic materials possess a magnetic ordering in which the 

magnetic moments of alternating atoms in the crystals align in opposite directions, as 

schematically depicted in Figure B-13. The opposite alignments of atomic magnetic moments are 

due to quantum mechanical exchange forces. The net result is that in the absence of an applied 

field, there is no net magnetization. Anti-ferromagnetism occurs below a critical temperature 

called the Néel temperature Ὕ. Above Ὕ, antiferromagnetic material becomes paramagnetic. 

 

 

  

 

Figure B-13: Antiferromagnetism 
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B.1.5.5 Ferrimagnetism 

Ferrimagnetic materials such as ferrites (e.g., Fe3O4) exhibit magnetic behavior similar to 

that of ferromagnetism when they are below a critical temperature, called the Curie temperature 

Ὕ. Above Ὕ they also become paramagnetic. The origin of ferrimagnetism is based on magnetic 

ordering, as schematically illustrated in Figure B-14. All X atoms have their spins aligned in one 

direction and all Y atoms have their spins aligned in the opposite direction. As the magnetic 

moment of an X atom is greater than that of a Y atom, there is net magnetization ╜ᴆ in the crystal.  

Unlike the antiferromagnetic case, the oppositely directed magnetic moments have 

different magnitudes and do not cancel out. The net effect is that the crystal can possess 

magnetization even in the absence of an external field. Since ferrimagnetic materials are typically 

nonconducting and therefore do not suffer from eddy current losses, they are widely used in high-

frequency electronic applications. All useful magnetic materials in electrical engineering are 

invariably ferromagnetic or ferrimagnetic. 

 

 

 

  

 

Figure B-14: Ferrimagnetism. 

T<TC

Ferrimagnetic

Atoms  have mixed 
parallel and 

antiparallel aligned 
magnetic moment

H Ÿ (A/m)

M
 Ÿ
 (

A
/m

)

 

T>TC



 

51 

B.1.6 Magnetic Anisotropy in Ferromagnetic 

Magnetic materials especially the Ferromagnetic materials are those which have the most 

applications in industry and in our life. However, this does not come without a cost, as almost all 

those materials have magnetic anisotropy. The exchange interaction between spins in ferroïor 

ferrimagnetic materials is the main origin of spontaneous magnetization. This interaction is 

essentially isotropic, so that the spontaneous magnetization can point in any direction in the crystal 

without changing the internal energy, if no additional interaction exists. However, in actual ferroï 

or ferrimagnetic materials, the spontaneous magnetization has an easy axis, or several easy axes, 

along which the magnetization chooses to lie. Rotation of the magnetization away from the easy 

axis is possible only by applying an external magnetic field. This phenomenon is called magnetic 

anisotropy. Generally, the magnetic anisotropy can be categorized as follow: 

1) Magneto Crystalline Anisotropy: The magnetization is oriented along specific crystalline axes. For 

example, Magnetic Sensors, and YIG (Yttrium Iron Garnet) Oscillators. 

2) Shape Anisotropy: The magnetization is affected by the macroscopic shape of the solid. 

3) Induced Anisotropy: 

a) Induced Magnetic Anisotropy: Specific magnetization directions can be stabilized by tempering 

the sample in an external magnetic field. For example, YIG Oscillators (YIG Sphere). 

b) Magnetic Annealing:  

c) Plastic Deformation:  

d) Irradiation :  

4) MagnetoïElastic Anisotropy (Magnetostriction): Magnetization leads to a spontaneous deformation. 

5) Surface and Interface Anisotropy: Surfaces and interfaces often exhibit different magnetic properties 

compare to the bulk due to their asymmetric environment.  

 

B.1.6.1 Crystal Anisotropy 

The term magnetic anisotropy is used to describe the dependence of the internal energy on 

the direction of spontaneous magnetization. The magnetic anisotropy can be expressed as a type 

of energy. Generally, the magnetic anisotropy energy has the same symmetry as the crystal 

structure of the material, and it is called a ñmagneto crystalline anisotropyò. The simplest case is 

uniaxial magnetic anisotropy. For example, hexagonal cobalt (Co) exhibits uniaxial anisotropy, 

as shown in Figure B-15(a), with the stable direction of spontaneous magnetization, or easy axis, 

parallel to the cïaxis of the crystal at room temperature. As the magnetization rotates away from 

the cïaxis, the anisotropy energy initially increases with —, the angle between the c-axis and the 

magnetization vector, then reaches a maximum value at — ωπ, and decreases to its original 

value at — ρψπ. In other words, the anisotropy energy when the magnetization points in either 

the positive or negative direction along the c-axis is minimum. We can express this energy by 
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expanding it in a series of powers of ÓÉÎ— where • is the azimuthal angle of magnetization in 

the plane perpendicular to the cïaxis: 

ύ ὑ ϽÓÉÎ— ὑ ϽÓÉÎ— ὑ ϽÓÉÎ— ὑ ϽÓÉÎ—Ͻὧέίφ• Ễ (80) 

ὥ ÓÉÎ—ϽÃÏÓ•

ὥ ÓÉÎ—ϽÓÉÎ•

ὥ ÃÏÓ—

ὥ ὥ ὥ ρ

 

(81) 

ύ ύ  

ᵼ 

ύ ὑ ὑϽὥϽὥ ὥϽὥ ὥϽὥ ὑϽὥϽὥϽὥ 

(82) 

ύ ὑ ὑϽÓÉÎ•  (83) Ὄ
ςϽὑ

ὓᴆ
 (84) 

    

 

The coefficients ὑ  ὲ  ρȟςȟȣ  are called anisotropy constants. The higher-order 

terms are small, and their values are not reliably known. If these constants are positive as in the 

case of cobalt, the crystalline anisotropy energy, ύ , increases with increasing angle —, so that ύ 

is minimum at — π. In other words, the spontaneous magnetization is stable when it is parallel 

to the cïaxis. Such an axis is called ñan axis of easy magnetizationò or simply an easy axis. If 

these constants are negative, the anisotropy energy is maximum at the cïaxis, so that it becomes 

unstable. In the latter case, the magnetization is stable when it lies in any direction in the c-plane 

(— ωπ). Such an axis is called ñan axis of hard magnetizationò or simply a hard axis. When 

we have a plane like this it is called a plane of easy magnetization or an easy plane. If ὑ π 

and ὑ π, the stable direction of magnetization forms a cone, which is called a cone of easy 

magnetization or an easy cone. 

 

 

 
Figure B-15: The hexagonal (HCP) cobalt (Co) exhibits uniaxial anisotropy (a),(b) the cubic (BCC) uniaxial anisotropy of Fe 

and (c) the cubic (FCC) uniaxial anisotropy of Ni. 
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For cubic crystals such as iron (Fe) and nickel (Ni), the anisotropy energy can be expressed 

in terms of the direction cosines ὥȟὥȟ ὥ  of the magnetization vector with respect to the three 

cube edges. There are many equivalent directions in which the anisotropy energy has the same 

value, as shown by the points A1, A2, B1, B2, C1, and C2 on an octant of the unit sphere in Figure 

B-15(b). Because of the high symmetry of the cubic crystal, the anisotropy energy can be 

simplified. The anisotropy energy can be express in a polynomial series based on the Tailorôs   

series in terms of a1, a2, and a3 as shown in equations (81) and (82). Those terms which include 

the odd powers of ai, must be alleviated, because a change in sign of any of the ai, should bring 

the magnetization vector to a direction which is equivalent to the original direction. The expression 

must also be invariant to the interchange of any two aiôs so that the terms of the form ὥ Ͻὥ Ͻ

ὥ  must combine with  l, m, n and the same coefficient for any interchange of i, j, k. This equation 

(82) expresses the energy of the anisotropy in a polynomial form. 

The solid state with crystal lattice, quantum mechanics predicts the phenomenon of 

freezing (quenching) of orbital electrons in the outer layers of orbits, for example of the electrons 

of the subshell (suborbital) Ὠ in the case of σὨ transition elements. In this phenomenon, the shape 

of the wavefunction of the 3d electron changes under the strong influence of the crystalline field, 

in such a way that the electrons can only be found in areas with a specific crystallographic 

orientation. Frozen orbitals do not produce bipolar momentum, as the rotation of the electrons is 

impossible.  The areas in which the electrons are allowed to be found do not adjacent, as it is 

impossible to form a closed orbit around the atomic nucleus. However, when the outer suborbital 

is not complete, as in the 3d transition elements, the electrons themselves can occupy positions 

alternately in areas described by different wavefunctions, so there is difficulty for bipolar torque 

to be produced due to the orbital motion of electrons. 

B.1.6.2 Shape Anisotropy 

The phenomenon of the Shape Anisotropy refers to an overall isotropic material but solely 

due to its nonïspherical shape has different easy magnetization axes. This occurs because the 

magnetization inside a material of a specific shape on its outer surface, magnetic chargers of 

surface density ” ὲϽὓᴆ are developed. These charges generate a magnetic field, which is 

called the ñdemagnetizing fieldò and is symbolized as Ὄ .  

Ὄᴆ ╓ Ͻὓᴆ (85) 

ύ ὓᴆϽὨὌᴆ ╓ ϽὓᴆϽ
ὓᴆ

ς

ᴆ

 (86) 

ύ ὌᴆϽὨὓᴆ
ᴆ

 (87) 
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The demagnetization field is calculated through the equation (85), in which the tensor 

demagnetization is denoted as ╓ᴆ. The tensor ╓ᴆ depends only on the shape of the material 

sample. The magnetic energy density due to the demagnetization field is calculated through the 

equation (86). The magnetic energy ύ  is minimized for specific directions of the magnetization 

vector ὓᴆ which are also the easy axes of the sample. 

The magnetic induction field Ὄ  is added to the externally applied magnetic induction field 

Ὄ  and forms with it the total field in the material. The presence of magnetic induction field Ὄ   

causes a decrease in the slope of the Ὄ ὓ loop, since Ὄ  has the opposite direction from 

magnetization ὓᴆ and therefore from the Ὄ . This is a result of the fact that during the artificial 

magnetization of the material, it forces the rotation and the orientation of the magnetization ὓᴆ 

with the applied external field Ὄ . Therefore, it leads to the storage of the magnetic energy in the 

volume expressed by the equation (86). This energy is given to the volume of the material by the 

source of the magnetic induction field Ὄ  and is calculated by the equation (87). The higher the 

Ὄ , the smaller the inclination of the Ὄ ὓ curve and therefore the greater the energy consumed 

by the Ὄ  source to magnetize the volume. To study the properties of matter regardless of shape, 

it is necessary to remove the effect of Ὄ  on the measured Ὄ ὓ curve as shown in Figure B-16. 

This process is also known as ñShearing Correctionò. Additionally, the Figure B-16 shows the 

demagnetization field in ellipsoids. It is well known from the literature and countless experiments, 

that the value of the coercive field Ὄ  is independent of the shape of the sample of a material and 

therefore characterizes the material itself. For this reason, in Figure B-16, the two loops intersect 

in both Ὄ  and ὓ  magnetization saturation. 

 

 

Figure B-16: The compensation result of the shape effect to the HïM hysteresis loop of a sample. 
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B.1.6.3 Magnetoelastic Anisotropy ( Magnetostriction) 

The Magnetoelastic Anisotropy or more well known as ñMagnetostrictionò is the effect that a 

magnetic sample changes its dimensions as a function of its crystallographic direction of its 

magnetization. The relative change of its dimensions is calculated by the equation (88), in which 

the tensor of magnetostriction is symbolized as ⱦ and its dimensions are φ σ. It should be also 

noted that the vectors of deformation Ὡᴆ and stresses „ᴆ have also six dimensions. The direction of 

both vectors, deformation Ὡᴆ vector and magnetization ὓᴆ vector, is expressed according to the 

crystallographic axis of the material. The magnetostriction is closely related with the crystalline 

anisotropy. In case the magnetization vector deviates from its stability position, which is forced 

by the ñfrozenò orbital ï shell electrons and their interactions spin ï orbital, then the atomic 

distances in the crystal lattice change in such a way that the quantum mechanics energy of the 

crystalline anisotropy is minimized. The minimization of the ύ  (83) is achieved by the 

modification of the atomic distances which are partially compensating for the increment of the 

elastic energy that is store in the solid, as it is predicted by the change of dimensions according to 

the Hooke law. The new stability point is determined by the minimization of both the quantum 

energy and the crystalline energy. In case a ferromagnetic sample is under the influence of 

mechanical stresses „ᴆ the total relative deformation is described by the equation (89). The equation 

(90) defines the internal stresses which are forced to the material as a reaction to the deformation, 

according to the magnetostriction. It should be noted that the mechanical stresses „ᴆ can also be 

expressed by using the directional cosine related to the crystallographic axes [4], [9], [200], [204], 

[205], [210]. 

Ὡᴆ ‗Ͻὓᴆ (88) 

Ὡᴆ Ὡᴆ ὛϽ„ᴆ (89) 

„ᴆ ὅϽὩᴆ ὅϽὩᴆ „ᴆ (90) 

ύ
ρ

ς
ϽὩᴆ Ͻ„ᴆ (91) 

 

The magnetoelastic energy density which is stored in the material due to the magnetostriction can 

be calculated according to the equation (91).  
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B.1.7 Magnetic Structure, Spin Distribution and Domain Walls. 

In ferromagnetic material the magnetic moments (Ⱳ) are organized in volumes containing 

large numbers of atoms, but these magnetic domains are still on the microscopic scale in most 

cases. The magnetic moments are permanent, and they are aligned parallel to each other inside the 

magnetic domains. 

On the macroscopic scale the bulk magnetization Ἑᴆ is clearly field induced. On the 

microscopic scale, there is a need to find how the magnetization varies within a ferromagnet. In 

the demagnetized state for example, the magnetization is not zero in all places. There are two 

possible origins for the atomic magnetic moments in ferromagnets.  

The material could already have small atomic magnetic moments within the solid which 

are randomly aligned (or at least give a ВⱲᴆ ) in the demagnetized state but which aligned 

under the action of a magnetic field. This was first suggested by Weber (1852) [4]. 

The second approach is that the atomic magnetic moments may not exist at all in the 

demagnetized state but could be induced on the application of a magnetic field as suggested by 

Poisson (1893), in his book ñMagnetic Induction in Iron and Other Methodsò [4]. The existence 

of saturation magnetization and remanence support the former idea, and in fact it has been 

established beyond doubt that in ferromagnets permanent magnetic moments exist on the atomic 

scale and that they do not rely on the presence of a field for their existence. The origin of the 

atomic moments was first suggested by Ampere (1827), in his book ñTheorie Mathematique des 

Phenomenes Electrodynamiques Uniquement Deduite de I'Experienceò [4], who with 

extraordinary insight, suggested that they were due to ñelectrical currents continually circulating 

within the atomò.  

 

 
Figure B-17: Various domain structures ï each subsequence state exhibits lower total energy. 

Decrease of magnetostatic energy
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 It should be noted that both paramagnets and ferromagnets have permanent atomic 

magnetic moments. It is however necessary to distinguish between them on a microscopic scale 

as it is known that on the macroscopic scale the permeabilities of ferromagnets are much higher. 

The properties of ferromagnets can be explained if long-range magnetic order exists within 

the solid. In this case, the magnetization Ἑ is simply the process of rearranging these volumes so 

that their magnetizations are aligned parallel. This phenomenon is illustrated in Figure B-17. The 

paramagnets, which also have permanent atomic magnetic moments, can then be distinguished 

from the ferromagnets because the paramagnets do not exhibit long-range order such as is found 

in ferromagnetic domains. In fact, in paramagnets the atomic magnetic moments are randomly 

aligned in the absence of a field due to the thermal, or Boltzmann, energy. 

 

B.1.7.1 Total Energy Equation in Matter 

In ferromagnetic materials, there are spontaneously magnetized micro-areas, which 

constitute the micro-dipoles. Moreover, a typical ferromagnetic/anti-ferromagnetic material is 

polycrystalline as it is composed of many crystallites (grains). Each crystallite exhibits the 

privileged direction of magnetization a so-called ñeasy axis of magnetizationò. These grains can 

be randomly oriented and therefore the bulk material is composed of large number of areas 

magnetized in random directions. However, even if we practically placed in order all crystallites 

in one direction, the whole body can be demagnetized due to the presence of the domain structure. 

The state of local magnetization depends on many factors such as grain structure, grain 

size, presence of impurities, local stress, and more importantly, the balance of local energy. Local 

energy can be composed of many components, for instance [4], [7], [9], [85], [194], [205]: 

Å Magnetostatic energy: energy associated with demagnetizing fields 

Å Magneto Crystalline energy: energy associated with anisotropy of crystals  

Å Exchange energy: exchange interaction between neighboring magnetic moments  

Å Magnetoelastic energy: energy associated with the magnetostriction effect  

Å Domain Wall energy: energy associated with interaction between neighboring electron spins 

All the above type of energies need to be minimized as a whole and not individually.  

In a design, is difficult to calculate a system to minimize all those parameters in a way that is 

needed. However, nature minimized in its way and is difficult to create a holistic prediction model 

for all these parameters. Until today, this problem is still under scientific research. 
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B.1.7.2 Magnetic Walls 

Magnetic material spontaneously creates small regions of the same direction of 

magnetization, so called magnetic domains, in order to ensure the minimum free energy. The 

process of formation of a domain structure sustains minimum flux leakage, so the magnetic 

domains need to be oriented in such way to canceled out. The magnetization averages zero and 

the whole magnetic energy is contained within the material. In real magnetic materials, domain 

structure can be extraordinarily complex due to the influence of grain (crystalline) boundaries, 

impurities, mechanical defects, etc. The boundary interface between magnetic domains with 

different spin value is called Magnetic Wall (also called, magnetic domain wall). The magnetic 

walls are thinner than ρπʈÍ. [4], [7], [9], [194], [201], [205]. 

There are two types of magnetic domain walls, the Bloch wall (or 180o wall) and the Nèel 

wall (or 90o wall) illustrated in Figure B-18. The domain wall is related with the magnetostatic 

energy of the materials, Figure B-19 illustrates the formation of the magnetic domains and their 

walls as the material loses energy. 

In Bloch wall the rotation of the magnetization occurs in a plane being parallel to the plane 

of the domain wall. While in the Néel wall the rotation of the magnetization vector takes place in 

a plane which is perpendicular to the plane of the domain wall. The Bloch wall assures a vanishing 

stray ýeld. 

 

 
The N¯el wall often occurs in ferromagnetic thin ýlm systems with an in-plane 

magnetization. The magnetization remains within the ýlm plane which is energetically favorable 

compared to the situation that the magnetization vector has. The Nèel wall is energetically 

favorable in thin ýlm systems exhibiting only a small thickness.   

 
Figure B-18: The creation of Magnetic Domain Walls, left Block Walls, and right Néel Walls. 

Bloch Wall Néel Wall

 
Figure B-19: Technical magnetization process with displacement of the Weiss domains from (a) to (c). (d) Weiss domains in a 

cubic crystalline anisotropy of a ferromagnetic material. (e) Weiss domains as it is seen from a microscope. 
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B.1.8 Technical Magnetization  

Most of the material used in engineering and in the sensors are ferromagnetic material with 

polycrystalline structure. In these materials the magnetic domain, is closely related with its crystal 

structure. As it mentioned in the above subsection, the ferromagnetic material when exposed to a 

magnetic field, does not generate more magnetic field, instead the magnetic domain in the material 

rotates and that is why their magnetization ╜ᴆ increases. 

The magnetization that changes under the influence of external field is also called technical 

magnetization. The technical magnetization is essentially achieved by a change in the direction of 

the domain magnetization and can be easily distinguished from a change in the intensity of 

spontaneous magnetization. During the technical magnetization the magnetic domain walls are 

rotated and moved. This process is called ñdomain wall displacementò or ñdomain wall nucleation 

and propagationò. The maximum magnetization is symbolized as ╜╢ᴆ . Most of the ferromagnetic 

material, such as Fe, are anisotropic, that means that they have different amount of magnetization 

in each crystalline axis. The maximum magnetization can be achieved when the small magnetic 

domain connects and creates a large single magnetic domain. The small magnetic domain is also 

called and ñWeiss domainò. Larger Magnetization than the saturation magnetization ὓ  can occur 

in rare cases where the applied magnetic field is extremely high and spin changes take place in 

the atom level [4], [5], [9], [26], [194], [205]. The following Figure B-20 illustrates the technical 

magnetization process. 

 

The magnetization process can occur with and without energy losses. The energy is lost 

when a domain wall attempts to move and finds resistance. The resistance that the domain wall 

finds is mainly due to the imperfection at the crystal boundaries, impurities from other atoms in 

the crystal lattice and dislocation of the crystal lattice. The impact of these imperfections not only 

occur when the material is magnetized but also when it is demagnetized. This is the main reason 

why a magnetic material still has remaining magnetism after the imposed magnetic field is 

removed. Most people may experience such phenomenon, when they magnetize an object, such 

as a screwdriver. The magnetization and demagnetization processes are known as magnetization 

curve loop (MïH) or (BïH).  

 
Figure B-20: Technical magnetization process with displacement of the Weiss domains. 
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B.1.8.1 Magnetic Curve (Hysteresis Loop) & Allocation of Magnetic Regions 

Magnetic materials of the categories of ferromagnetic and anti-ferromagnetic can exhibit 

large susceptibility and they are essential in the most electromagnetic and electro ï mechanical 

devices used today. However, the susceptibility ʔ and consequently the relative magnetic 

permeability ‘ , has a variable magnitude which is mainly dependent on the external applied 

magnetic field ʈϽἒᴆ. Magnetization is one of those physical process in which the hysteresis is 

obvious especially in (anti-) ferromagnetic materials [4], [9], [194], [201], [204], [205]. Hysteresis 

is a well know phenomenon in nature and it can be observed in other physical processes [1]ï[3]. 

In the following Figure B-21, the magnetization proses, the M-H Loop, of an ideal hysteretic  

(anti-) ferromagnetic material illustrates this variation.  

 

There are five main parameters that characterized the Magnetization Curve Loop (M-H 

Loop). Those are (a) the Magnetic Saturation ὓ , the Coercivity Field Ὄ , the Magnetic 

Residual ὓ , the Initial Magnetization Curve, and the Relative Permeability ‘ . 

As a (anti-) ferromagnetic material is submitted to a magnetic field the magnetic domains 

tend to align with the applied field, and as a result there is an increase of the materialôs 

magnetization up to a point. This point is called ñsaturation pointò or ñsaturation of magnetization 

Ἑἡò. The lower value of the magnetic induction ἒ  that the Ἑἡ is achieved is symbolized with ἒἡ. 

After this point all the magnetic domain of the material becomes parallel to each other and parallel 

to the external applied field. Some materials after they are subjected to extremely high magnetic 

field, can exhibit magnetization lager than that of the saturation Ἑἡ due to the atomôs level spin 

rotations.  

The second important characteristic of the hysteresis loop is the (intrinsic) coercivity field, 

which is symbolized as ἒἍ, and it is the maximum value of magnetic induction ἒ in which the 

magnetization Ἑ becomes zero. It can also be found in bibliography as the magnetizing field ἒἍ 

that is required to totally demagnetize a fully magnetized material.  

 
Figure B-21: The M-H ideal Hysteretic Loop (Magnetization Curve). 
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The third characteristic of the hysteresis loop is the remnant (remanent) or residual 

magnetization ἙἺ. The residual magnetization is the magnetization that the material can hold after 

it has been fully magnetized, and the external magnetic field is nil.  

The fourth characteristic of the hysteresis loop is the Initial Magnetization Curve. This can 

be measure only when the material is unmagnetized. The Initial Magnetization Curve is an 

important parameter of the magnetic material which gives especially useful information about the 

magnetic material. However, is difficult to be measured as is it complicated to unmagnetized a 

bulk material. For small sample the best way to measure this is to use a Vibrating Sample 

Magnetometer (VSM) [4], [7], [9], [19], [211]ï[217]. 

The fifth  characteristic of the hysteresis loop is the Relative Permeability ‘  which is 

the measure of the magnetic conductance of a material. It presents how easily a magnetic field is 

formed in the material. The relative permeability has a variable magnitude, and for the 

ferromagnetic materials, the higher the magnetic field strength the lower the relative permeability 

hence higher the resistance of the magnetic material. Also, it has a frequency and directional 

dependency. Usually, the maximum value of the relative permeability ‘   is referred as the 

‘  of the material.  

The shape of the hysteresis loop depends on the magnitude of the applied field in addition 

to the material and sample shape and size. Moreover, the ñPrimaryò (main) magnetization loop 

(blue), and the initial magnetization curve (red) as illustrated in Figure B-22, are intrinsic for a 

material. It can be said that the M-H loop of the material is its signature.  

 

The area that is enclosed within the hysteresis loop is the energy dissipated per unit volume 

per cycle of applied field. This implies that the energy of the magnetization process comes with 

losses thus the core of the power supply transformers become hot and need cooling. The induction 

header is more effective in material with large areas in their magnetization loop. 

  
Figure B-22: The M-H Loop (Magnetization Curve). 
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The question imposed here is why ferromagnetic materials present hysterics. During 

magnetization, the ferromagnetic material is subjected to changes in its crystal structure. In brief, 

a ferromagnetic material consists of many crystal domains joined together. In un-magnetized 

structure those domains are randomly oriented. When an external magnetic field is applied, these 

domains begin to align themselves to the field as a way that the total energy of the system is 

minimized. However, the magnetization process is interrupted continuously rather than 

uninterrupted. It comes to sudden pause due to the imperfection of the crystal lattice such as 

inclusions and dislocations. It begins again when the energy of the system overcomes the 

threshold. These sudden pauses and continuations are known as Barkhausen jumps or Barkhausen 

noise and they will be explained in detail in the next subsection.  

The magnetization process stores energy to the material and the demagnetization releases 

energy. However, the is an imbalance of the input and the output energy. The energy imbalance 

is due to loss in heat and sound and also to the imperfection of the crystal lattice and vibration of 

the magnetic core.  

In order to be better understood, in everyday language, the magnetic material resists the 

change of its state and as a result, eddy currents are created. These eddy currents cause heat in the 

material according to the Jouleôs law. The crystal lattice of the material as it is magnetized and 

demagnetized changes dimension with the rotation of the magnetic regions which also have as a 

consequence the release of heat and the production of acoustic waves. The higher the frequency, 

the greater the energy losses. This phenomenon is well known to electric transformers and their 

characteristic sound during their operation. 

 

B.1.8.2 Magnetic Wall Movement & Barkhausen Effect (Noise) 

The Magnetization Loop (M-H or B-H Loop), measurements are noisy and small shift can 

be observed. The main reason for those fluctuations while using measurements is due to the 

domain wall movement, the nucleation and the propagation. As the magnetic domain wall (Weiss 

domains), moves in the material under the influence of the external apply magnetic field, the grains 

find resistance due to the crystal boundaries, impurities from other atoms in the crystal lattice and 

dislocation of the crystal lattice. As the magnetic domain propagates and finds an obstacle 

(barrier), such as a lattice defect, the propagation of the specific domain stops until a magnetic 

field increases and supplies enough energy to the domain to overcome the obstacle (barrier). This 

phenomenon is known as ñBarkhausen Effectò or ñBarkhausen Noiseò [4], [7], [194], [218]ï[222]. 
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B.1.8.2.1 Magnetic Wall Motion 

The Magnetic Wall moves/propagates when the magnetic domains change their 

magnetization stage. When two neighbor magnetic domain regions align their spins, then the wall 

is moved to the new boundary of the two neighbors. While the applied magnetic field strength 

increases more and more the magnetic domains are aligned together to form a unified magnetic 

domain region. This magnetization process is interpreted when the magnetic wall comes near to 

an imperfection of the crystal lattice or to an impurity. Figure B-23 illustrates the magnetic wall 

and the elastic forces which can be attracting or repelling by the defects. 

 

The domain walls and the crystal imperfections interact with each other and two different 

events can occur [218]ï[226]. The first event that takes place is when a domain wall comes to a 

dislocation of the crystal lattice. This results into the appearance of two different forces, one being 

the tensile from the latticed and the other being the compressive from the magnetic field. The 

tensile and compressive strains cancel out, resulting in an unstrained lattice and hence a lower 

strain energy. This energetically favorable arrangement keeps the domain boundary close to the 

dislocation, therefore, it takes a greater magnetic field to overcome the boundary from the 

dislocation. This event is illustrated in Figure B-24(a,b). Domain Walls also interact with 

nonmagnetic impurities and inclusions. 

The second event that take place is when a Domain Wall comes to an impurity or 

inclusion. In this case an inclusion that finds itself in a domain becomes magnetized and a 

magnetic dipole is developed, as illustrated in Figure B-24(c). The Domain Wall may intersect 

the inclusion and in case it meets two neighboring domains around the inclusion, then the 

magnetostatic energy would lower energetically, resulting to a favorable event. The system tries 

to reduce its magnetostatic potential energy, meaning that it now taking greater force to move 

 
Figure B-23: Domain Wall Motion illustration  in ferromagnetic materials as it comes near to defects. 
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the domain wall past the impurity, as if the wall is ñpinnedò by the impurity.  The motion of 

Domain Walls in a crystal structure is therefore jerky or bumpy and not at all smooth. The wall 

becomes pinned somewhere by a defect or an impurity and then needs a greater applied field to 

break free. Once it overcomes the barrier, the domain wall is propagated until it is attracted by 

another type of imperfection. It is held there until the field increases further to snap it away 

again and this is happening repeatedly. Whenever, one of those phenomena take place a jump in 

the magnetization can be observed and is known as ñBarkhausen Effectò or ñBarkhausen 

Noiseò. Each time the Domain Wall is snapped loose, lattice vibrations are generated, which 

imply loss of energy in the form of heat. The wall therefore does not return to its original 

position after the magnetic field is removed hence the wall is in neutral equilibrium.  

 

B.1.8.2.2 Barkhausen Effect (Noise)  

The Barkhausen Effect was named after the German physicist Heinrich Barkhausen, who 

in 1919, discovered that when a ferromagnetic material such as an iron bar was magnetized a noise 

was produced. Then Barkhausen placed a pickup coil around the iron bar and a vacuum tube 

amplifier to amplify the signal from the coil and to drive a loudspeaker [7], [223], [224]. As the 

magnetic bar magnetized the loudspeaker produced a noise like a random signal but actually it 

was the movement of the magnetic domains that was nucleated and propagated in the iron bar 

[228]. Today it is known that the Barkhausen effect depends strongly on the microstructure, the 

mechanical stress, the aging of the material and therefore can be used for metal health monitoring 

and for crack prediction.  

 
Figure B-24: Domain Wall Motion in ferromagnetic materials and the two different crystal lattice imperfection. (a, b) Crystal 

lattice dislocation and (c) A non-magnetic inclusion in single-crystal iron film of 100nm thinkers. Source: [224],[227] 
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The Barkhausen effect is the phenomenon of discontinuous changes in the magnetization 

Ἑ  within a ferromagnet as the external applied magnetic field ʈϽἒ  is changing continuously. 

Even if the magnetization curve (M-H Loop) looks to be smooth, when it is magnified this is far 

from true. The variation of the magnetization Ἑ  under the influence of the external applied 

magnetic field ʈϽἒ  displays jumps. This is illustrated in Figure B-25, the magnetization jumps 

are clearly visible if the curve is magnified. In the bibliography of the Barkhausen effect can be 

found also as Barkhausen noise, due to the noise that was produced in the Barkhausen experiment. 

The sudden movement of the Domain Wall as it was presented in the above subsection, can also 

be found as Barkhausen jumps. 

There are two mechanisms that contribute to the Barkhausen effect. The first one, is the 

discontinued magnetization of increasing or decreasing which is attributed to the sudden 

discontinuous rotation of the direction of magnetization within a domain, a mechanism known as 

domain rotation. The second one, which is the most significant factor contributing to Barkhausen 

effect, is the discontinuous domain boundary motion. 

Bray and McBride in 1992, used the Barkhausen noise to conduct NonïDestructive 

Testing (NDT) [7]. Many scientists until today have shown the relation between the Barkhausen 

noise and the metal ageing, for NDT and some of their research can be found in literature [69], 

[70], [229]ï[233]. In addition, the Barkhausen noise is used to monitor and check the metal after 

thermal treatment to relieve the metal from internal stresses [75], [230]ï[233].   

 

Figure B-25: The Barkhausen effect and the M-H Loop. (a) The bumpy M-H Loop, (b) The first setup to hear the Barkhausen 

signal ï noise. (c) an example of the Barkhausen noise in time. Source: [7] ,[228]. 
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B.1.8.3 Magnetostriction 

Magnetostriction effect or simple Magnetostriction is a property of magnetic materials that 

cause them to change their shape or dimensions during the process of magnetization. Moreover, a 

magnetic material that exhibits Magnetostriction has different susceptibility … and different 

coercivity field Ὄ  in each magnetization ╜ᴆ axis. The one with the low coercivity field is 

called easy magnetization axis and the one with the large coercivity field is called hard 

magnetization axis. The Magnetostriction effect was first studied by James Joule in 1842 while 

he was observing a sample of iron under the influence of a magnetic field. He found that the 

percentage changed on the length of a magnetic material under the influence of a magnetic field. 

This phenomenon is symbolized with ‗ and is called ñmagnetoïstrictive strainò or ñmagneto-

strictive constantò, and is define as: 

‗Ὄ
ɝὰὌ

ὰ
 

where ɝὰ is the change in the length and the ὰ is the length of the unmagnetized material. The 

magnetostrictive constant ‗ is changing with the strength of the applied magnetic field change 

until it reaches a maximum value which is called ñsaturation magnetostriction strainò and is 

symbolized as ‗ . In Figure B-26 a typical change of the magnetostriction with the applied 

magnetic field is illustrated [7], [9], [204], [234], [235]. 

 

Except from dimension changing, Magnetostriction effect also causes energy loss due to 

frictional heating in susceptible ferromagnetic cores. The Magnetostriction effect is also 

responsible for the low-pitched humming sound that can be heard coming from transformers, 

where oscillating AC currents produce a changing magnetic field. As the core of a transformer is 

magnetized one way and then in the opposite direction under the influence of an alternating 

current, the alternating changes in the longitudinal strain, vibrate the surrounding environment, 

 

Figure B-26: The Magnetostriction effect vs the applied magnetic field. 
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air, oil, and so forth, and generate an acoustic noise at twice the main frequency of the AC current. 

This noise must not be confused with the Barkhausen noise. 

Magnetostriction effect as it is mentioned above, depends on the crystal structure and 

direction, and the magnetostrictive constant ‗ may be positive (extension) or negative 

(contraction). Further, ‗ depends on the applied magnetic field and can even change sign as the 

field is increased; for example, ‗ for iron along the crystal axis with direction [110] is initially 

positive and then, at higher fields, becomes negative. The crystal structure of the magnetic 

materials has different magnetization properties in each axis and thatôs why under the influence 

of a magnetic field the magnetization of the crystal, generates strains or changes in the physical 

dimensions of the crystal. The crystal structure can expand or contract on one axis and do the 

opposite on the other axis. For example, in very qualitative terms, when an iron crystal is 

magnetized along the [111] direction by a strong field, the atomic spins within domains are rotated 

from their easy direction toward the hard [111] direction. These electron spin rotations include 

changes in the electron charge distributions around the atoms and therefore, affect the interatomic 

bonding and hence the interatomic spacing. When an iron crystal is placed in a magnetic field 

along an easy direction [100], it becomes longer along this direction but contracts in the transverse 

directions [010], [001]. The nickel crystal has the reverse behavior. Table 3 summarizes the ‗  

values for Fe, Co, Ni along the easy and hard directions [7], [9], [204], [234], [235]. Finally, the 

Figure B-27 illustrates the behavior of the Fe, Ni, Co in their easy and hard axis.  

 

 

Table 3: Exchange interaction, magneto-crystalline anisotropy energy ὑ and saturation magnetostriction coefficient ‗  [9]. 

Material Crystal Axis 
Anisotropy Energy 

╚ □╙╬□ϳ  

Magnetostriction Coefficient 

ⱦ▼╪◄ ●  

Iron 

(Fe) 
BCC 

Easy  <100> 

Cube Edge 

48 

ρρ ͯςπ 

Hard  <111> 

Cube Diagonal 
ρσ ͯςπ 

Polycrystal ψ 

Nikel 

(Ni) 
FCC 

Easy  <111> 

Cube Diagonal 

5 

ςχ 

Hard <100> 

Cube Edge 
υπͯυς 

Polycrystal ςυͯτχ 

Cobal 

(Co) 
HCP 

Easy  (//) 

parallel to c axis 

450 

0 

Hard  (ƍ) 

perpendicular to c axis 
τυͯυς 

Polycrystal ---- 
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In literature someone can also find a list of different magnetoelastic effects that different materials 

may have under the influence of an external magnetic field. Those magnetoelastic effects are: 

Å Magnetostriction (Joule effect): The change of dimensions under the influence of the magnetic 

field. 

Å Villari effect (inverse magnetostriction): The change of permeability under the influence of 

the change of dimensions. 

Å Wiedemann effect: Twisting of the magnetic material under the influence of helical magnetic 

field.  

Å Inverse Wiedemann effect: The change of permeability of the twisted magnetic material.  

Å Matteucci effect: The generation of the voltage at the ends of the magnetic material under 

torsion. 

Å Wiegand effect: The switching of polarization (with an accompanying pulse) of the specially 

prepared wire, under the influence of the external magnetic field.  

Å Piezomagnetic effect: Generation of a magnetic field by applying mechanical stress to certain 

crystals. 

The magnetostriction and Wiedemann effects are extensively used for actuators, the inverse 

effects can be used for the stress, pressure, force, torsion for sensing elements. More information 

can be found in literature [4], [7], [9], [194], [204], [234], [235].    

 
Figure B-27: The Magnetostriction effect of pure iron (Fe) (a), pure Nickel (Ni) (b) and (c) pure Cobalt (Cu) crystal rods under 

the influence of a magnetic field.  

(a) Three single crystal pure Fe rods with different crystallographic axis. 

(b) Nickel single crystal disk with two different planetary (oblate) spheroids, the first one [011] solid lines and second one [001] 

dashed lines. 

(c) Cobalt single crystal and its strain ‗ is measured parallel to the field H, and the angle — between them and the hexagonal axis.   

Source: [234] . 
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B.2 Magnetic Hysteresis Curve and Modelling 

The magnetic Hysteresis Curve is an essential part in system design where a ferromagnetic 

material is being used for its magnetic properties. Modelling of the curve of Magnetic Hysteresis 

is paramount in order to simulate a system such as a power transformer, a magnetic sensor, etc. 

For this purpose, engineers and scientists developed different models to address the problem of 

approaching the hysteretic loop curve of a ferromagnetic material. Some models use mathematical 

approach methods, such as curve fitting techniques, of the experimental measurements of the 

loops. Those models do not take under consideration the physical processes taking place in the 

sample and the model parameters which give the specific form to the hysteria loop. However, they 

are quite accurate for the specific sample. On the other hand, other models take into consideration 

the physical processes. Those processes lead to specific behaviors of the ferromagnetic material. 

However, they need high processing power, and they are also difficult  to use. The combination of 

the two approaches has also been examined in which some physical parameters are calculated 

from the experimental curves [236]. The most wildly used models in the literature are: 

a) Jiles ï Atherton model [4], [218], [236]ï[239], 

b) Stoner ï Wohlfarth model [240]ï[244], 

c) Preisach model [245], [246], [255]ï[257], [247]ï[254], 

d) Globus model [236], [258]ï[260]. 

 

Table 4 presents a comparison of the abovementioned models. These models are used in 

combination with experiments to identify the best parameters for each material. Some models are 

easier to use, and others may have strong dependency in the initial condition to convergence. A 

brief description of these models will be expressed in the next subsections.   

Table 4: Comparison of models to describe the Magnetic Hysteresis Curve [236]. 

Models 

 

Characteristics 
Jiles ï Atherton 

Stoner ï Wohlfarth 

extended 
Preisach Globus modified 

Mechanism Not specified Rotation Not specified Wall Motion 

Anisotropy Multi ï Axis  Uniaxial Not specified Multi ï Axis 

Interaction Yes Yes Moving model No 

Pinning Yes Yes Not specified Yes 

Texture Isotropic Anisotropic / Isotropic Not specified Uniaxial (180o walls) 

Wall energy No No No Yes 

Reversibility Additional model Yes Additional model Yes 

Minor Loops Approximation Yes Yes ï 

Demagnetization Yes ï Yes ï 

Anhysteretic Yes Yes Yes Yes 

Grains Multi ï Domain Single ï Domain Not specified Bi ï Domain 

Computational Time + + + + + + + + + + 

Materials 
¶ Bulk Materials 

¶ Medium Ferrite 

¶ Hard Magnetic Materials 

¶ Thin Films 

¶ Recording 

¶ Thin Films 
¶ Soft Ferrites 
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B.2.1 Jiles ï Atherton Model of Hysteresis 

The Jiles ï Atherton model is also known as the J-A model. The model was introduced in 

1984 by David Jiles and D. L. Atherton [237] and is one of the mod popular models of magnetic 

hysteresis. The original Jiles ï Atherton model is suitable only for isotropic materials. 

Nevertheless, an extension of this model presented by Ramesh et al. [239] and corrected by 

Szewczyk [238] enabled the modelling of anisotropic magnetic materials. 

J-A model is used mainly for simulating the M-H hysteresis loop for samples in which the 

magnetization change depends primarily on the magnetic domain wallôs motion. However, the 

model parameters do not have a direct relation with the physical processes, but they have direct 

relation with the physical parameters. That is why the model is used to create a wide range of M-

H hysteresis loops that are quite different between them. Table 17 presents the modelôs parameters 

with a description that correlates to the physical property. 

 

In the J-A model the calculation of the magnetization ὓ is made in three basic steps in 

each cycle which are interdependent. The first step is the calculation of the effective magnetic 

field Ὄ  based on the interdomain coupling and the magnetization ὓ of the previous cycle. In the 

second step the anhysteretic magnetization ὓ  is calculated from the effective magnetic field Ὄ  

of the prior step. Finally, the magnetization ὓ for the next cycle is calculated by the solution of 

the ordinary differential equation which is dependent on the sign of the derivate of the magnetic 

field Ὄ. 

 

Table 5: The Jiles ï Atherton model parameters. 

Parameter Units (SI) Physical Meaning 

ὓ ὃάϳ  Magnetization of material. 

ὓ  ὃάϳ  Saturation magnetization of material. 

ὓ  ὃάϳ  Anhysteretic magnetization of material. 

ὓ  ὃάϳ  Reversable magnetization of material. 

ὓ  ὃάϳ  Irreversible magnetization of material. 

Ὄ ὃάϳ  External applied magnetic field. 

Ὄ  ὃάϳ  Effective magnetic field. 

Ὧ ὃάϳ  
Quantifies average energy required to break pinning site in the 

magnetic material. 

‌  Quantifies interdomain coupling in the magnetic material. 

ὦ ὃάϳ  Quantifies domain walls density in the magnetic material. 

ὧ  Magnetization reversibility. 

  ‏
Kronecker delta which is ‏ ρ for increases H (magnetic field) and 

‏ ρ for decreasing magnetic field. 
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The J-A model is based on two main assumptions which are expressed in equation (92) 

and (93). The first assumption of (92) is that the magnetic field that is developing in each point of 

the sample is equal with the external applied magnetic field increased by a factor ‌Ͻὓ. The 

second assumption of the (93) is that the energy lost in this hysteretic material is proportional to 

the increment of the magnetization. The energy lost takes place in an irreversible way.   The total 

magnetization ὓ is equal of the summation of the two components of the magnetization the ὓ  

and the ὓ . The ὓ  corresponds to the reversable part and the ὓ  corresponds to the 

irreversible part that is added to the sample as it is expressed in the equation (94). If the 

magnetization is increased only with reversable transition, then the total energy which is stored in 

the sample material will be equal to the energy that the source provides to the sample subtracted 

by total energy loses Ὁ . In the extreme case that the sample is completely anhysteretic then the 

energy can be assumed that it can be calculated from the anhysteretic curve of ὓ Ὄ . The 

equation of (95) expresses the law of energy conservation. The equation (96) is derive from the 

combination of the equation (95) and (93), where ‏ is the Croniker delta which is ‏ ρ for 

increases Ὄ (magnetic field) and ‏ ρ for decreasing magnetic field. The equation of the 

anhysteretic magnetization is expressed by the equation (97) and it is derived from the equation 

(96) assuming that Ὧ π and ‌  ρ. The b is a constant. The J-A model also implies that the 

reversable magnetization is related with the anhysteretic magnetization and the irreversible 

magnetization and this relation is expressed in the equation (98). The ὧ is a constant which give 

the ratio between the reversable and irreversible magnetization.  

Ὄ Ὄ ‌Ͻὓ (92) ὨὉ ὯϽὨὓ  (93) 

ὓ ὓ ὓ  ᵼ 
Ὠὓ

ὨὌ

Ὠὓ

ὨὌ

Ὠὓ

ὨὌ
 (94) 

Ὁ Ὁ Ὁ  ᵼ ὓ ϽὨὌ  ὓ ϽὨὌ ὯϽ
ὓ

ὨὌ
ϽὨὌ (95) 

Ὠὓ

ὨὌ

ὓ ὓ

ϽὯ‏ ‌Ͻὓ ὓ
 (96) 

ὓ ὓ ϽÃÏÔÈ
Ὄ

ὦ

ὦ

Ὄ
 (97) 

ὓ ὧϽὓ ὓ ᵼ
Ὠὓ

ὨὌ
ὧϽ
Ὠὓ

ὨὌ

Ὠὓ

ὨὌ
 (98) 

 

The equations (96), (98) and (94) are solved in sequence given the equation (97), whereupon the 

function ὓὌ  arises.    
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B.2.2 Stoner ï Wohlfarth Model of Hysteresis 

The StonerïWohlfarth model was introduced by Edmund Clifton Stoner and Erich Peter 

Wohlfarth which they published it in 1948 [244]. The researchers introduced in the model an 

integer number of randomly oriented magnets and a numerical calculation method to solve. 

Because at that era the computers were just under developing and computation was time 

consuming, they find a clever way to solve the problem by using quantized trigonometric tables 

and hand calculations. The StonerïWohlfarth model is mainly used for calculating the 

magnetization of a singleïdomain ferromagnetic. It is easily used to calculate the magnetic 

hysteresis and due to its simplicity is more useful to solve the magnetization on small magnetic 

particle rather than bulk magnetic mas [261]. Table 6 describes the model parameters and their 

correlation to the physical parameter. 

 

The Stoner - Wohlfarth model describes hysteresis loops of ferromagnetic samples, 

consisting of a complex of uniaxial and solitary grains, that interact weakly with each other. At 

first the model assumes a statistical orientation distribution of the easy grain axes, in other words 

let it assume that Ὢ—  is a probability density function for the angle —. The total magnetic field 

H applied on each grain is equal to the externally applied field Ὄ , increased by a factor ‌Ͻὓ as 

it expressed in equation (99). Whereas ‌ is denoted the constant of the interaction between the 

magnetization and grains. As ὓ is denoted the mean measured component of magnetism of the 

sample. The energy of system Ὁ is given in equation (100) and a mechanical equilibrium between 

the magnetic field and the rotation of the magnetic grains is occurs when the first derivative of the 

 

Table 6: The Stoner ï Wohlfarth model parameters. 

Parameter Units (SI) Physical Meaning 

ὓ ὃάϳ  Magnetization of material. 

ὓ  ὃάϳ  Saturation magnetization of material. 

Ὄ ὃάϳ  External applied magnetic field. 

Ὄ  ὃάϳ  Effective magnetic field. 

‘ Ὄ άϳ  Vacuumed Permeability  

Ὁ ὡ Energy of the system 

ὑ   Anisotropy Parameter 

ὠ ά  Volume 

— degrees The angle between the field and the magnetization. 

— degrees The angle between the field and the easy axes. 

‌  
Quantifies average energy required to break pinning site in the 

magnetic material. 

ὴ  Quantifies interdomain coupling in the magnetic material. 
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energy with respect to the magnetization direction is zero. Also, the fist derivative of the energy 

with respect to the angle of the grains gives the torque of the grains. 

Ὄ Ὄ ‌Ͻὓ (99) 

Ὁ ὑ ϽὠϽÃÏÓ— — ‘Ͻὓ ϽὌϽὠϽÃÏÓ— (100) 

ὑ  
‘Ͻὓ ϽὠϽὌ

ςϽὑ
 (101) 

†  
Ὁ

ςϽὑ Ͻὠ

ρ

τ
ϽÃÏÓ

ρ

ς
Ͻ— —

ρ

τ
ὦϽÃÏÓ— (102) 

Ὕ
‬Ὁ

‬—
ὑϽÓÉÎς— — ὓ ϽὌϽÓÉÎ— ὓϽὴ π (103) 

‬Ὕ

‬—
ςὑϽÃÏÓς— — ὓ ϽὌϽÃÏÓ— (104) 

ὓ ὓ Ͻ Ὢ— ϽÃÏÓ—Ὄȟ— ϽὨ— (105) 

 

The spatial torque density, which develops in the magnetization of each grain from the 

magnetic field is reduced by the ὴϽὓ factor, equation (103). Where ὴ is defined as a constant that 

express friction that developed in each grain due to the magnetization. The friction model assumes 

every type of interaction, beyond the anisotropy, which forbids the rotation of the magnetization. 

In fact, the torque due to friction is considered proportional to the mean value of magnetism. The 

equation (104) is the second derivative of the energy with respect to the magnetization direction, 

also known as second torque, is used to find the sing of the solution and determine between the 

maximum energy equilibrium and the minimum energy equilibrium. Figure B-28 illustrates the 

rotation of a magnetic grain and its equilibrium points. The solution of the equations (103) and 

(105) is made by taking into account the sing of equation (104). The result gives the dependence 

of magnetism on the external field ὓὌ  for each external applied magnetic field Ὄ . 

  
Figure B-28: The Stoner ï Wohlfarth Model. (a) Rotation of a magnetic particle and (b) Identified energy minimal.  
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The hysteretic loops that are calculated using the StonerïWohlfarth model approach very 

well the experimental loops of hard magnetic materials and samples with a single magnetic 

structure, such as thin films and magnetic fibers. Both parameter ὥ and parameter ὴ are not related 

to physical processes and are selected so that the loops are closer to the real ones. Moreover, the 

parameter ὴ was not initially in the first model and was introduced later in order to be able to 

simulate minor hysteretic loops. 

Modeling of the MïH hysteresis loop using the Stoner - Wohlfarth model is usually found 

application in modeling for magnetic storage, biomagnetism, rock magnetism and 

paleomagnetism where are often single magnetic structure or thin films [240]ï[244], [261]. 
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B.3 Magnetic Sensors 

A magnetic sensor (magnetometer) is a device that measures the magnitude, the direction, 

or the relative change of the magnetic field.  The earliest rudimentary magnetic field sensor is the 

compass, used for determining the direction of the Earth's magnetic field [6], [8], [24], [262]. It 

may be said that the first magnetometer was invented by Carl Friedrich Gauss in 1833, for the 

measurement of absolute magnetic intensity [8], [194], [204], [210], [262].  

It consisted of a permanent bar magnet suspended horizontally by a gold fiber. Gauss used 

it to determine the magnitude of the Earth's magnetic field. Along with Wilhelm Eduard Weber, 

they continued developing the magnetometer, further improving it until the late 1840s. 

Except from Gauss and Weber, several other scientists developed novel magnetic sensors 

during the 19th century. However, the technology of magnetometers radically changed at the 

beginning of the 20th century when the electrical current through certain coil structures was used 

to determine the properties of the local magnetic field [7], [8], [210], [262], [19]ï[22], [194], 

[201], [204], [205].      

This new approach enabled the development of more accurate magnetic sensors while it 

significantly reduced the measurement time. The advancement of materials science from mid-

20th century onwards led to very accurate, miniature-size magnetometers which are today 

considered key components of several systems [7], [9], [19]ï[22]. 

Magnetometer applications range from low-cost commercial devices to high-end 

industrial, marine, aerospace and military applications. They are used to measure the earthôs 

magnetic field in geophysical surveys, allowing mapping of underground structures and mineral 

deposits. In navigation, magnetometerôs data are exploited for attitude determination by 

measuring the earthôs field direction. They are used in archaeology for locating underground 

objects and buried sites, in the oil and gas industry for field surveys and in space exploration [9], 

[20], [30], [88], [142], [204], [229], [265], [266] and in many other fields. 

There are two main categories of magnetic field sensors: the scalar ones measuring only 

the magnitude of the field and the vector ones measuring both the magnitude and the orientation 

of the field. This work focuses on vector magnetic sensors. 

Vector magnetic sensors are categorized primarily based on their sensing principle, which 

directly impacts their performance characteristics like measurement range, resolution, frequency 

response, working temperature and manufacturing cost.  

They can also be grouped based on other criteria such as the operating frequency 

bandwidth, the sensing field strength, noise ï resolution, power consumption and cost of 



 

76 

production and maintenance [7], [19]ï[22], [98], [198], [206]. The most popular magnetic sensor 

technologies used today are the following: 

¶ Search Coils are based on the Induction Law. 

¶ Fluxgates are based on the Induction Law and the ferromagnetic core's properties. 

¶ Hall sensors are based on the Hall effect which is directly related with the Lorentz Force. 

¶ Magneto-resistors are based on the change of the electrical properties of a material when 

an external magnetic field is applied, which is also known as a Magento-transport Effect , 

and they are subdivide in the following categories: Anisotropic Magneto Resistor 

(AMR),Giant Magneto Resistor (GMR), Tunneling Magneto-resistor  (TMR) and Giant 

Magneto Impedance (GMI) sensors.  

¶ Superconducting Quantum Interference Device (SQUID) sensors are based on the 

Josephson Effect and the AharonovïBohm effect. 

This section discusses the most common magnetic sensors and the physical phenomena governing 

their operation. 

 

B.3.1  Anisotropic Magneto-Resistance Sensors (AMR) 

Magnetoresistance is the property of certain materials (often ferromagnetic) that their 

electrical resistance depends on the external magnetic field. It was first discovered by William 

Thompson (Lord Kelvin) in 1856  [7], [9], [20], [21]. While experimenting with pieces of metals 

(iron and nickel), he observed that the resistivity of the metal changes according to the angle 

between the electrical current and the magnetic field. This property is called anisotropic 

magnetoresistance and it belongs to the category of magneto-transport effects. It implies that the 

internal structure of the sensing element changes due to rotation of the magnetic domains under 

the influence of the  magnetic field [7], [9], [19]ï[22]. A popular ferromagnetic material with such 

a property is the Ni-Fe permalloy. To further increase its resistance sensitivity to magnetic fields, 

the sensing element is split into smaller sections interspersed with aluminum or copper [20]ï[22], 

[96]. 

The sensing element is typically built into very thin two-dimensional structures, suggesting 

that the element has two magnetization axes: the easy axis and the hard axis. 

 

 

Figure B-29: The structure of an AMR (a) a typical layout and (b) the magnetization axis of it. 
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Magnetoresistance has an even function behavior with respect to the polarity of the 

magnetic field and so a single magneto-resistor does not suffice to determine the field's polarity. 

To overcome this drawback, AMR magnetometers are typically formed of four magneto-resistors 

(sensing elements) in a Wheatstone-bridge configuration.  The magneto-resistors, manufactured 

with a thin-fil m Ni-Fe permalloy, are composed of several small sections.  Consecutive 

magneto-resistors in the bridge have their small sections axes  oriented in opposite, τυ angles. 

This structure is illustrated in Figure B-29 along with the easy and hard (sensing) magnetization 

axes of the bridge and it provides differential sensing capability, [20]ï[22], [95], [96], [144]. AMR 

sensors can be massively fabricated on a chip scale. They are popular and widely used as they are 

able to measure magnetic fields of low intensity, like the earth's magnetic field. Similar to all other 

magnetic sensors, they also have several drawbacks such as offset, hysteresis, cross-field 

sensitivity, axes misalignment etc. To improve performance, some AMR sensors are packaged 

with two extra coils; the Set-Reset and the Offset one, inductively coupled to the soft and the hard 

magnetization axes of the sensing element respectively, as shown in Figure B-30 [20], [21], [95], 

[96]. The coils are used to alleviate non-idealities of the sensing element (offset, hysteresis, cross-

field sensitivity etc.) [20], [21], [95], [96], [98], [182], [185]. The set-reset coil is used to 

(periodically) polarize the sensing element. This is important because the sensing element can be 

depolarized (e.g. in the present of strong external field or high temperature) leading to degradation 

of the sensor's performance [20], [21], [95], [96]. Applying a current to the set-reset coil generates 

magnetic field on the easy magnetization axis of the ferromagnetic material re-polarizing its 

magnetic domains. The set-reset coil can be used to reduce the impact of the offset, the hysteresis 

and other non-linearity effects to the measurement. This is done by measuring the sensor twice, 

once after a positive pulse and once after a negative one, and by taking their difference as the final 

outcome [20], [21], [163], [168], [175], [182], [185], [267], [95], [96], [153]ï[155], [157]ï[159].    

 

 

Figure B-30: Example of architecture for AMR sensor with improved performance, including set-reset and offset coils.  

Source: [168]. 
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The offset coil is commonly used to reduce the sensitivity variation and the static 

nonlinearity of the sensor. This is typically done by operating the sensor in a high-gain closed-

loop, where the internal magnetic field generated by the offset coil via feedback current almost 

cancels the external one [154], [168], [175]. The closed-loop may be analog or it may include 

digitization of the signals. 

Although the set-reset and offset coils packaged together with the sensing element can be 

used to achieve superior performance, one should be aware of the electrical and magnetic parasitic 

coupling between them and the sensing element [170]. The parasitic coupling may impact the 

measurements or even the stability of the closed-loop, if used. Also, it should be noted that 

although AMR sensing elements may have an intrinsic bandwidth of up to several MHz [21], [95], 

[198], [206], fast periodic polarization (set/reset) of the sensing element (with caution not to 

overheat it), combined with closed loop operation may result in significant reduction of the 

sensor's effective bandwidth. Modern AMR sensor architectures use a periodic alternating 

(set/reset) polarization in combination with closed loop operation to improve linearity and reduce 

noise [156], [164]ï[166], [168], [170]. Also, biasing of the sensing element is usually done with 

a constant voltage or current [19]ï[21], [95], [168], [175]; using AC biasing instead [101], [162] 

which has been proposed to further suppress the sensing element's ρὪϳ  noise. 
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B.3.2 Giant Magneto-Resistance Sensors (GMR) 

The giant magnetoresistance effect refers to the large change of the electrical resistance of 

a multilayer medium, composed of alternating ferromagnetic and non-magnetic conductive layers, 

due to an external magnetic field. In 1988 it was discovered by two independent groups. The group 

of Albert Fert observed the giant magnetoresistance effect on a Fe/Cr(001) multilayer medium 

while the group of Peter Grünberg worked on a Fe/Cr/Fe(001) three-layer medium [7], [9], [19]ï

[22]. The operating principle of the GMR sensor is based on the quantum theory of spin-spin 

interaction between two magnetic layers, the free and the pinned one. As with AMR, GMR sensors 

also belong to the category of magneto-transport effect sensors [9], [21], [103], [198], [268], [269]. 

The simplest GMR sensor consists of two layers of a ferromagnetic material (e.g. FeCoNi alloy, 

or a NiFe permalloy) separated by a layer of a conductive material (e.g. Cu or Al) as shown in 

Figure B-31. However, more layers of magnetic and conductive materials are commonly used and 

new GMR materials such as CoFe/Cu are considered to enhance magneto-resistivity [270].  

 

The GMR sensing element is typically used in a Wheatstone bridge configuration. Proper 

bridge biasing and signal conditioning electronics are essential for quality measurements. As with 

the AMR sensor, feedback can be used to stabilize the sensitivity (with respect to temperature and 

other parameters) and suppress the static nonlinearity of GMR sensor, e.g. Figure B-32. Further, 

biasing the GMR sensor bridge with AC current may significantly reduce hysteresis, nonlinearity, 

offset and noise effects [21], [101], [103], [268], [269].    

 

  

 
Figure B-31: Typical GMR sensor element structure. Source: [21] . 

 

Figure B-32: Example of GMR sensing 

element in a feedback loop including biasing. Source: [271]. 
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B.3.3 Tunneling Magneto-Resistance Sensors (TMR) 

The Tunneling Magneto-Resistance effect was discovered in 1975 by Michel Jullière in 

Fe/Ge-O/Co-junctions at cryogenic temperatures of τȢςὑ [111]. The development of TMR sensors 

essentially began after 2000 when crystalline magnesium oxide ὓὫὕ and aluminium oxide 

(alumina) ὃὰὕ began to be used as the tunnel barrier. Since that time a multitude of new 

innovations have allowed TMR sensors to achieve more than φππϷ magnetoresistance ratio [7], 

[9], [19], [22], [110], [112]ï[114].    

  

A typical TMR sensor has three main layers, from bottom to top: a pinned ferromagnetic 

layer, a tunnel barrier layer, and a free ferromagnetic layer; forming a Magnetic Tunnel Junction 

(MJT) element. The pinned ferromagnetic layer, at the bottom, is a combination layer formed of 

an anti-ferromagnetic pinning layer and a ferromagnetic layer. The top ferromagnetic layer is 

called "free" as its magnetic domains, and therefore its magnetization direction can easily rotate 

in weak magnetic fields with minimal hysteresis. Instead, the pinned layer's magnetization 

direction is relatively fixed in the presence of modest magnetic fields, but can be disturbed in a 

strong field. A typical TMR sensor is illustrated in Figure B-33(a). The arrows show the 

magnetization direction of both the pinned layer and the free layer. The typical thickness of both 

layers is between ρππὴά to ρππὲά [7], [22], [110], [112]ï[114]. Contrary to the GMR, the TMR 

sensing element is laminated between two conductive layers connecting it to the electronic circuit. 

The structure is usually placed on a substrate, often made of silicon or other materials such as 

quartz, heat-resistant glass, Ὃὥὃί and ὃὰὝὭὅ [7], [22], [110], [112]ï[114]. 

The TMR sensing element has a resistance in the order of ρὯɱ and can also be used in a 

Wheatstone bridge configuration with four TMR sensing elements. The noise level of TMR 

sensors is similar to that of AMR ones [21]. TMR sensor packages may include a coil (often called 

a set-coil) to polarize the pinned layer as in the AMR sensors. A common electronic architecture 

for operating a Wheatstone bridge TMR sensor with a set-coil is illustrated in Figure B-33(b). 

Current research on TMR sensors focuses on the development of new materials for the 

tunnel barrier layer and the reduction of sensor noise [272]ï[274].   

 
Figure B-33: Structure of the TMR sensing element (a) and (b) Method of operation of a TMR sensor with a coil. Source: [115]  
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B.3.4 Hall Effect Sensors 

The Hall effect was discovered by Edwin Hall in 1879. It is the generation of a voltage 

potential on a conductive medium when placed in a magnetic field and an electric current is 

applied to it. The generated voltage appears in a perpendicular direction to the current and the 

magnetic field, as shown in Figure B-34 [19]ï[22]. More precisely, the Hall effect stems from the 

Lorentz force (or electromagnetic force):   

Ὂ ήϽὉᴆ ήϽ‡ᴆ ὄᴆ (106) 

i.e., a charged particle (electrons in metal conductors, electrons and holes in a semiconductor) 

moving in a magnetic field, is subject to a force in a direction perpendicular to its motion.  

 

 

The first generation of Hall effect magnetometers used a thin metal strip excited by a 

current. Newer generations of Hall effect sensors are constructed using semiconducting materials 

instead of thin metals. In semiconductors both electrons and holes contribute to the effect. Even 

though the mobility of electrons in a semiconductor is lower than that of a metal, and holes have 

even less mobility, the Hall effect is stronger. Lower mobility implies that the charge carriers in a 

semiconductor sensing element remain in it for longer time resulting in a larger trajectory 

deviation due to (106) and thus higher sensing gain [19]ï[22]. Because of their simple structure 

and compatibility with standard integration technology, Hall effect sensors can be manufactured 

massively with very low cost, as semiconductor devices without any extra ferromagnetic material 

[278]. The greatest advantage of Hall effect sensors when compared to other simple and low-cost 

 
Figure B-34: Hall sensing element and its operation principle. 
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Figure B-35: Hall magnetometer with chopping measurement technique. Source: [275]ï[277]. 

Gain

Hall Element
a

b

c

d

Signal 

MUX

X
b
d
a
c

X

Bias MUX

a
c
b
d

Bias

ï  

+ S/H

S/H

S/H

S/H

GainɆ ADC

Sample &

Hold

-˃Conroller
Out



 

82 

solutions (e.g. inductive sensors), is their ability to detect static magnetic fields [30], [265], [266], 

[278]. However, there are some aspects that should be taken into account in the sensor's design:  

1) The first term of equation (106) impacts the sensorôs performance, and special precautions must 

be taken in the sensorôs layout to avoid external electric field interfere with the sensing element.  

2) Semiconductors not only have a higher white noise level than conductors due to their higher 

resistance, but also have additional noise sources such as flicker (ρȾὪ), shot noise and possibly 

others. 

3) Imbalanced resistive paths in the semiconductor material can lead to offset. 

4) Mechanical stress mainly caused by different thermal expansion coefficients of the sensor 

construction materials can lead to offset stability errors. 

To address some of these issues, researchers found out that using chopping techniques and 

alternating bias current reduces the offset and minimizes the effect of the ρȾὪ and shot noise 

sources improving the Hall sensor's sensitivity. This technique of measuring a Hall sensor is 

illustrated in Figure B-35 and is used in commercial state-of-the-art sensors [275]ï[277]. 
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B.3.5 Giant Magneto ï Impedance Sensors (GMI)  

Giant magnetoimpedance is the large change of electrical impedance in certain materials 

caused by an external magnetic field. The GMI effect was first reported in 1935 by the research 

team of E. P. Harrison. In the following decades, research on GMI was limited to low frequencies 

(up to a few hundred Hertz) and only small changes of impedance were reported [7], [21], [107]. 

In 1994, the research team of F.L.A. Machado measured the GMI effect on thin ribbons and micro-

wires of the amorphous soft ferromagnetic material ὅέ ȢὊὩȢὛὭ using AC current of 

frequencies up to ρππὯὌᾀ and reporting significant change of the impedance. Other variations of 

ferromagnetic materials have been used for GMI sensing elements such as ὅέὊὩὛὭ , ὅέὊὩὅὶὛὭὄ, 

ὅέὊὩὅὶὛὭ, ὊὩὅόὔὦὓέὛὭὄ and other alloys based on ὊὩ or ὅέ. The alloys that present a more 

profound GMI effect are characterized by negative magnetostriction value [7], [21], [107]ï[109], 

[279].  

 

Since 1994, the advancement of material in science has enabled the development of amorphous 

wires of significant impedance sensitivity and wide bandwidth (in the MHz range). The GMI 

effect is related to the skin effect and is also classified as a magneto-transport effect. When a wire 

is excited by an AC current, the electric charges tend to move on the surface rather than in the 

center of the conductor, due to a phenomenon known as skin effect and is expressed in equation 

(107).  
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Figure B-36: Magnified wire section used in GMI sensors (a) and (b) an illustration of the GMI wire with its experiential signal 

conditioning circuit. Source:[352] 
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Where: 

♯ is called skin depth and is a function of: ⱬ is the resistivity of the conductor, ⱷ is the angular 

frequency of current, Ⱨ is the permeability of the conductor, Ⱡ is the permittivity of the 

conductor. 

▓ is called wave number and Ὥ Ѝ ρ is the imaginary number. 

╩ is the impedance of a round wire with length  and radius ►. ╡ is the real part of the ╩. 

ὐ and ὐ is the Bessel function of the fist kind, order 1 and order 2 respectively.  

Due to the skin effect the resistance (109) and impedance (110) is changing. Simply, the 

impedance of the GMI wire is increasing when the magnetic field or the frequency is increased. 

In the case of ferromagnetic wires, the skin effect is stronger in the presence of an external 

magnetic field (GMI effect). The magnetic domains illustrated in Figure B-36(b) rotate and change 

shape under the influence of the magnetic field resulting in a change of the wireôs impedance.  

 

The simplest GMI sensor is formed of a ribbon made by an amorphous material and excited 

by an AC current source. As with the AMR sensor, the impedance of the GMI sensing element is 

an even function of the projected magnetic field on the current flow vector [105]ï[109], [279], 

[281], [282]. A combination of two or more sensing elements appropriately connected and biased 

allows for the determination of the field polarity. Figure B-37 illustrates a typical GMI sensor with 

its readout architecture where two GMI sensing elements are used to allow for a differential 

measurement. 

The design of a GMI magnetometer requires special care to the temperature dependency 

of the GMI effect during operation. Furthermore, in the production process, the connection of the 

GMI wire to the substrate must be carried out without heating the wire since heat causes 

crystallization and therefore loss of the required amorphous properties.  

  

 

Figure B-37: GMI sensor readout topology. Source: [280]. 
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B.3.6 Fluxgate Sensors 

The first Fluxgate sensor was reported by H.P. Thomas in 1931 while H. Aschenbrenner 

and G. Goubau were also working on Fluxgate sensors since the late 1920s. During World War II 

high sensitivity Fluxgate sensors were developed to detect submarines. Since then, Fluxgate 

sensors have been used in several different fields including geophysical surveys, space exploration 

and others.  

Fluxgate sensors are divided into two types, the orthogonal and the parallel ones, 

depending on the orientation of the excitation field (generated by the AC current) with respect to 

the sensorôs sensitivity axis. In the case of orthogonal Fluxgates, the excitation field is 

perpendicular to the sensitivity axis, while in parallel Fluxgates, the excitation field is parallel to 

the sensitivity axis. The two types of Fluxgates are illustrated in Figure B-38. Figure B 39(a,b) 

shows a typical parallel Fluxgate and a typical structure of an orthogonal Fluxgate is shown in 

Figure B-38(c,d). The name Fluxgate comes from the gating effect of magnetic flux due to 

magnetic saturation of the core.  

 

The structure of a basic (parallel) Fluxgate sensor is illustrated in Figure B-38(a). The 

Fluxgateôs core is composed of a soft magnetic material with high permeability and low hysteresis. 

Around it two coils are wound, the excitation and the sensing ones. When a periodic current (AC) 

passes through the excitation coil, the magnetic material of the core is periodically saturated. The 

coreôs saturation leads to a change of its permeability and modulates the magnetic flux associated 

with the external magnetic field, ὄ. The sensorôs output is the voltage induced in the sensing coil. 

Due to the nonlinear shape of the magnetization curve, the output voltage has many multiple 

frequencies of the excitation signal. The most dominant and most widely used component of the 

output signal is the second harmonic of which, is proportional to the external magnetic field.   

Parallel Fluxgates are widely used and several different core-coil configurations have been 

proposed to improve the performance of the basic single-core one. The most popular 

configurations are shown in Figure B-39. Dual road, race track or ring core parallel Fluxgates are 

 
Figure B-38: Basic (parallel) Fluxgate sensor(a) parallel and (c) Orthogonal. 

Typical practical structure of a parallel (b) and (c) an orthogonal Fluxgate. Source: [20] . 
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superior of those of the single core. The main reason of using those type of Fluxgate instead of 

the single core is the cancelling for the excitation component in the output signal. In the single 

core configuration, the excitation component in the output signal is the more dominant which 

reduces the accuracy of the sensor. 

 

 

 

 
Figure B-39: Indicative parallel Fluxgate core-coil configurations. Dual core (a,b) and ring core (c) fluxgate sensors. 
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Figure B-40: Ring core Fluxgate split into two half cores. 
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Figure B-41: Core's Magnetic Flux Density without (a) and with (b) external magnetic field along with the corresponding 

waveforms (c,d). Source: [20] . 
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In order to explain the Fluxgate sensor operation, it is helpful to consider a ring core 

fluxgate as two connected half cores as shown in Figure B-40. When an alternating current is 

applied to the excitation coil, without an external magnetic field, the generated field by each half 

core is equal in magnitude and opposite in direction, as the two cores go into magnetic saturation 

concurrently and at the same pace. When an external magnetic field is applied, the half core 

generating a field in the same direction as the external field saturates faster. However, and because 

the flux is ñgatedò, the reluctance of the whole magnetic circuit increases, therefore the effective 

permeability of the second half core rapidly decreases. This can be seen in Figure B-41 as a shift 

of the B-H loop [19]ï[22], [127], [129], [130], [133].  

Fluxgate sensors are rarely used in an open-loop architecture. Instead a closed-loop 

architecture is preferred, where a current proportional to the measurement is fed back to the sense 

coil (or a third coil coupled to the core) generating a magnetic field component opposite to the 

external one [121], [123], [124], [132]. Closed-loop operation improves the linearity and the input 

measurement range of the sensor [116], [118]. A typical Fluxgate sensor system using a ring-core 

parallel Fluxgate is illustrated in Figure B-42.  

 

A periodic signal drives the excitation coil. Then, a synchronous detector is used to capture the 

amplitude of the second harmonic of the induced voltage in the sensing coil. The low-pass-filtered 

amplitude-waveform of the second harmonic, from the synchronous detector, is the sensorôs 

output signal. Finally, the loop is closed by feeding the output back to the sensing coil. The 

frequency of the excitation signal is typically limited to ρπ ρππὯὌᾀ due to the coilsô parasites 

and the high core magnetization that creates eddy currents. In this frequency range, the soft 

magnetic material of the core has maximum permeability and the eddy currents in the core are 

low. The typical bandwidth of commercial fluxgates is usually about ρὯὌᾀ while the maximum 

reported in literature is about ρπὯὌᾀ [19]ï[22].  

  

 

Figure B-42: Ring core fluxgate sensor and typical frontend circuit architecture based on the second harmonic. Source: [122]. 
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B.3.7 Search Coils 

The Search Coils or Induction sensors are some of the most sensitive magnetometers and 

are usually quite simple to build. They are based on the Induction Law measuring the varying 

magnetic flux. They date back to 1831, when the first experiments with electric and magnetic 

fields took place by Michael Faraday [4], [5], [210], [262], [6]ï[8], [21], [24], [66], [194], [204].  

They have a very low noise floor and are linear when no ferromagnetic material is used, but they 

cannot measure DC and very low frequency magnetic fields. They can be classified in four major 

categories according to whether they are passive or active and if  they have a ferromagnetic core 

or not [7], [19]ï[22], [194], [204], [210], [283]. Figure B-43 show a Search Coil in a closed loop 

architecture. 

 

Active Search Coils are typically used for metal detection or for proximity detection. In 

this case two coils are used, one for excitation and one for reception. When a metal comes near 

the coils it changes the coupling coefficient and therefore the voltage of the reception coil. A 

Search Coil as a metal detector is shown in Figure B-44. A ferromagnetic core is used to increase 

sensitivity (and measure weaker magnetic fields) and/or extend the operating range to lower 

frequencies. Soft magnetic materials of high permeability are typically preferred. 

   

 
Figure B-43: Search Coil in a closed loop architecture. (a) The Search Coil sensing element with two windings and (b)the 

circuit for signal conditioning. Source: [283] 
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Figure B-44: Search Coil as a Metal Detector. Source: [284] 
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B.3.8 SQUID Sensors 

A Superconducting Quantum Interference Device (SQUID) is an extremely sensitive 

magnetic sensor based on superconducting loops containing Josephson junctions. The 

development of SQUID sensors followed the theoretical work on superconductivity and electron 

pair tunneling in the late 1950s and early 1960s [19]ï[21]. The structure of a typical SQUID sensor 

is shown in Figure B-45. 

The theory of operation of SQUIDs is a complex one and a deep knowledge of quantum 

theory is required to grasp it. Briefly, a SQUID sensor is composed of a super conductive loop 

that contains two Josephson junctions. The thickness of each Josephson junction must be such that 

a quantum tunneling effect can take place [198], [206], [285].  

 

In order for a SQUID sensor to work properly, it needs to be cooled down to cryogenic 

temperatures where the vibration of the crystal lattice (phonon vibrations) is reduced and 

superconductivity kicks in. If the SQUID sensor is made of a Type I Superconductor it requires 

extremely low temperatures τὑ thus liquid helium must be used with a great increase in operating 

cost. A compromise can be made by using Type II Superconductors, in which case liquid nitrogen 

(at χχὑ) can be used with an increase in measurement noise due to higher temperature. When 

cooled to a sufficiently low temperature, the loop becomes superconductive, eliminating any 

magnetic flux from its material and trapping it in the center of the loop.  

The value of this flux can only be a multiple of the flux quantum ‰   ᴐ ςὩ ϳ  , where 

Ὤ is Planck's constant, ᴐ  φȢφςτϽ ρπ  ὐί, and Ὡ  ρȢφπςϽρπ  ὅ is the charge of the 

electron, [198], [206]. According to Cooper pair theory [85], [198], [206], [285], [286], two 

electrons can form a pair through electron ï phonon interaction, causing them to behave as an 

entity.  

If there is no external magnetic field the current passing through one branch (Ὅ) will be 

the same as the current through the other (Ὅ). When an external magnetic field is applied, the 

superconductive loop expels the magnetic field from the center of the loop in discrete levels  

 
Figure B-45: Typical structure of a SQUID magnetometer (a) and (b) the output of the SQUID sensor. 
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ὲϽ‰ , as mentioned above. In this case, a pair of electrons will appear and begin cycling the loop 

in order to cancel out the external magnetic field. Now (Ὅ) will not equal (Ὅ) and a voltage will 

be generated across the SQUID terminals as illustrated in Figure B-45.  

This is due to the Josephson effect, where the current can pass through the non superconductive 

junction barrier by quantum tunneling, thus creating a voltage difference without limiting the 

current [19]ï[21], [198]. 

The SQUID is one of the most sensitive magnetometers, able to measure extremely low 

magnetic fields. It also has an upper detection limit at which point the superconductor reverts to 

normal conductivity [20], [21], [198], [287]. A diagram of a typical SQUID magnetometer is 

shown in Figure B-46. The output voltage of a SQUID cannot be easily correlated with the applied 

magnetic field due to quantization, hysteresis, and the initial conditions of the SQUID. 

A closed loop architecture is preferred, and the output voltage is typically fed to a PID controller 

generating a feedback current through a coil coupled to the SQUID, which ideally annihilates the 

magnetic field in the SQUID [288], [289]. 

Research on SQUID sensors is focused on further development of superconductor 

materials and the complete modeling of the sensor in order to allow for magnetic field 

measurements without the need of external magnetic shielding [290]ï[293].     

 

 

  

 

Figure B-46: SQUID magnetometer measurement topology. Source: [294]. 
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B.3.9 Other Types of Magnetic Sensors 

There are many other types of magnetic sensors not included in this review, because they 

are rarely used or they are designed for very specific applications. These types of sensors include 

the magneto-diode, magneto-transistor, magnetostrictive ï piezoelectric and crystal 

magnetometers as well as sensors based on the following physical phenomena: MEMS Lorentz 

Force, nonlinear magneto-optical rotation, Nitrogen-Vacancy Centers in Diamond, spin exchange 

relaxation free (SERF), helium magnetic resonance, magneto-elastic field, nuclear precession [7], 

[20], [21], [85], [198], [286]. 

 

B.3.10 Magnetic Sensors Comparison 

Due to the great variation in properties and cost of the different magnetic sensors, the 

selection of a magnetic sensor is highly application dependent. One can start with considering the 

magnetic field range different sensor types can measure, as shown in Figure B-47. There are many 

ways to categorize and compare magnetic sensors. Figure B-47 illustrates the typical dynamic 

range of each sensor at its optimal operating conditions. For example, Search Coils can measure 

fields of at minimum πȢρὌᾀ with very high sensitivity and low noise, but are unable to measure 

DC magnetic fields. Linearity, effective frequency bandwidth, scalability, cost, physical 

dimensions, robustness and tolerance to environmental conditions are some other aspects one 

should also consider. Figure B-47 presents the lowest noise level of each sensor as reported in 

literature. Table 7 presents some of the main characteristics of various commercially available 

sensors of different types. 

 

 

 
Figure B-47: Magnetic field measurement range of different sensors at typical operating conditions. 
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Table 7: Comparison of basic performance characteristics of both commercial and experimental magnetic sensors. 
 

Sensor Type AMR 1 GMR TMR  GMI  

Magnetic Field Range ςππ‘Ὕ ρυπ‘ ρȢπυάὝ ψππ‘Ὕ ρȢςάὝ 
Bandwidth ͽ ▀║ Ὀὅ υὓὌᾀ Ὀὅ υππ ὯὌᾀ ƄƄ Ὀὅ υππ Ὄᾀ  z 

Resolution ƄƄ ƄƄ ƄƄ 12 bits 

Noise Level 

╣►□▼Ѝ╗◑ϳ  
ρωπὴ ͽ ρὌᾀ ƄƄ ρυπὴ ͽ ρὌᾀ ƄƄ 

Offset Error  υω ‘Ὕ ωυ ‘Ὕ ρυ ‘Ὕ ρχπ ὲὝ 
Hysteresis σππ ὲὝ ƄƄ ς ‘Ὕ ƄƄ 

Axes Alignment 

Error  
ƄƄ ƄƄ ƄƄ ƄƄ 

Scaling Error ƄƄ ρτϷ ƄƄ ƄƄ 

Linearity Error  ςϷ ƄƄ πȢυϷ πȢυϷ 
Temperature 

Coefficient of scale 

factor 

σπππὴὴάὅϳ  ƄƄ σππὴὴάὅϳ  ρτππὴὴάὅϳ
ᶻ
 

Power Consumption ςω άὡ z ρρπ άὡ z χπ άὡ z ƄƄ 

Reference [95] [295] [115] [296] 

     

     

     

Sensor Type HALL  Fluxgate Search Coil SQUID 

Magnetic Field Range ρπάὝ χυ‘Ὕ ƄƄ ςȢυάὝ 
Bandwidth ͽ ▀║ Ὀὅ υσὯὌᾀᶻ Ὀὅ ρȢυὯὌᾀ ςυ‘ ρπὯὌᾀ Ὀὅ ρπὯὌᾀ 

Resolution ƄƄ ƄƄ ƄƄ ƄƄ 

Noise Level 

╣►□▼Ѝ╗◑ϳ  
ƄƄ τὴ ͽ ρὌᾀ πȢσὴ ͽ ρὌᾀ υυὪ ͽ ρὌᾀ 

Offset Error  σςπ ‘Ὕ τπ ὲὝ ƄƄ ƄƄ 

Hysteresis ƄƄ ƄƄ ƄƄ ƄƄ 

Axes Alignment 

Error  
ƄƄ ρ ƄƄ ƄƄ 

Scaling Error ςϷ πȢχυϷ ƄƄ ƄƄ 

Linearity Error  πȢψϷ πȢπρυϷ ƄƄ ƄƄ 

Temperature 

Coefficient of scale 

factor 

ςππὴὴάὅϳ  χπὴὴάὅϳ  ƄƄ ƄƄ 

Power Consumption ρςπ άὡ z φυπ άὡ z ςςυ άὡ ςςυάὡ χὯὡᶻ  

Reference [297] [298] [299] [300] 

     
Some values (marked with "* ") have been calculated based on the specifications provided by the manufacturer and may be 

indicative and not exact.  

1. Please note that the HMC 1001 Sensor is an AMR sensing element, not a complete sensor system. Integration into a 

complete sensor system (with the required instrumentation electronics) is expected to improve its performance. 

2. The +7kW for the SQUID is the power needed for an active cooling system. 
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B.4 Noise on Magnetic Sensors 

Magnetic sensors, as aforementioned, are electronic devices that measure the magnetic field. 

Magnetic sensors usually sense the magnetic field indirectly, utilizing many different physical 

phenomena. The sensing element, passive or active, rarely produce a voltage or current signal 

large enough to be picked up by an analog to digital converter or a meter. This small signal needs 

to be amplified by a series of operational amplifiers (OPA). Moreover, some type of signal 

conditioning is needed, not only amplification, for the magnetic sensor to produce a more readable 

output. It is knowing from electronics circuits, that different components have their intrinsic noise 

[refs]. Every stage of processing even the surrounding environment has some type of noise. In 

magnetic sensors there are two main categories the first is the magnetic noise and the second is 

the electronic noise. Magnetic noise is coming from the ambient field and the magnetic sensing 

element. The electronic noise comes from the electronic components of the sensor circuit. 

Electronic circuit may also create an ambient magnetic noise. Additionally, every component of 

the system is a potential noise source. The noise sources are needed to be addressed individually 

according to their origin. Ambient magnetic field noise that comes purely from the environment 

or industrial electrical installations can be addressed by the use of a Gauss chamber. More 

information about the magnetic noise shielding is analyzed in the next subsection.  

The noise sources of the sensor elements and electronics can be classified according to the 

source and the frequency spectrum range. For the source of noise, the main categories are: 

¶ Thermal  

¶ Flicker  

¶ Shot  

¶ Burst  

¶ Interference  

The noiseôs frequency spectrum is usually referred as the colour of the noise: 

¶ White  

¶ Pink  

¶ Brownian or Red  

¶ Blue  

¶ Violent  

The source of noise and the colour of the noise in many cases are related. For example, the white 

one is related to the thermal noise and the pink one is related to flicker noise.  

 

 



 

94 

B.4.1 Noiseôs Colour. 

The Federal Standard 1037C Telecommunications Glossary defines some of the noise 

types in colours such as white, pink, blue, and black [301]. In bibliography the colour of noise 

refers to the power spectrum of a noise signal. Different colours of noise have significantly 

different properties as their source stochastic processes are different. This sense of ñcolourò for 

noise signals is similar to the concept of ñtimbreò or ñtone colourò in music. However, often but 

not always the noiseôs colour is referenced to the colour of light with similar spectra. Figure B-48 

shows the frequency spectrum for the different noisesô colours. Many of these definitions assume 

a signal with components at all frequencies, with a power spectral density per unit of bandwidth 

proportional to ρȾὪ  and hence they are examples of power-law noise. For example, the spectral 

density of White noise or thermal noise is flat so ‍ π, while Flicker or Pink noise has ‍ ρ, 

and Brownian noise has ‍ ς. 

 

B.4.1.1 White Noise. 

White noise is a signal, named by analogy to white light which has all the frequencies in 

its spectrum. So white noise has a flat frequency spectrum in a linear frequency plot. For better 

understanding, the signal has equal power (spectral density) in any band of a given bandwidth. 

For example, with a white noise signal, the range of frequencies between 10 Hz and 210 Hz 

contains the same amount of noise power as the range between 1000 Hz and 1200 Hz, since both 

intervals are 200 Hz wide. It is common that spectra are often plotted with a logarithmic frequency 

axis rather than a linear one. In this case equal physical widths on the printed or displayed plot do 

not all have the same bandwidth, with the same physical width covering more Hz at higher 

frequencies than at lower frequencies. For this reason, the white noise spectrum that is equally 

sampled in the logarithm of frequency will have an upward slope at higher frequencies rather than 

a flat. one However, it is not unusual in practice for spectra to be calculated using linearly ï spaced 

 
Figure B-48: Noiseôs Colour. The White noise shown with a colour in order to be visible. 

The  Colors of Noise

10
3

10
4

10
5

Frequency  (Hz)

P
o

w
e

r 
S

p
e

c
tr

a
l 
D

e
n

s
it
y
 

(d
B

)

Brownian / Red (1/f
2
)

Pink (1/f)

White

Blue (f)

Violet (f
2
)20

0

40

-20

-40

-60



 

95 

frequency samples but plotted on a logarithmic frequency axis, potentially leading to 

misunderstandings and confusion if the distinction between equally spaced linear frequency 

samples and equally spaced logarithmic frequency samples are not kept in mind.  

It is often incorrectly assumed that Gaussian noise necessarily refers to white noise, yet 

neither property implies the other. Gaussianity of a signal refers to the probability distribution 

with respect to the value. In this context there is a probability that the signal can fall within any 

particular range of amplitudes. The term ñwhiteò purely refers to the way the signal power is 

distributed over time or among frequencies. White noise is the generalized mean ï square 

derivative of the Wiener process or Brownian motion. Also the White noise in electronics is 

related with the thermal noise which is analysed in subsection B.4.2.1. 

 

B.4.1.2 Pink Noise. 

Pink noise or ρὪϳ  noise is a signal with a frequency spectrum such that the power spectral 

density is inversely proportional to the frequency of the signal. This is in contrast with white noise 

which has equal intensity per frequency interval. The name arises from the pink appearance of 

visible light with this power spectrum. In pink noise, each octave interval (-3.01 dB per octave, or 

-10 dB per decade) carries an equal amount of noise energy. The zero frequency (DC) is excluded. 

The frequency spectrum of pink noise is linear in logarithmic scale. This implies that pink noise 

would have equal power in the frequency range from 10 to 50 Hz as in the band from 1k to 5kHz. 

Pink noise is one of the most common and powerful noise signals in electronics at low 

frequencies. Additionally, the Pink noise in electronics is related with the Flicker noise which is 

analysed in subsection B.4.2.2. 

 

B.4.1.3 Brownian or Red Noise. 

Brownian, or Brown or Red or ρὪϳ  noise, is a noise with a power density which decreases 

-6.02 dB per octave (or -20dB per decade) with increasing frequency. The frequency density 

proportional to ρὪϳ  over a frequency range. As with the Pink noise similarly the Brownian noise 

the zero frequency (DC) is excluded. Brownian noise has many alternative names as there are 

many ways to be descripted. The ñRed noiseò name arises from the red appearance of visible light 

with this power spectrum. The ñBrown noiseò name is not arising from the brown colour of the 

spectrum, rather the name derives as a sort name from Brownian motion, and it took its name after 

Robert Brown, who documented the erratic motion for multiple types of inanimate particles in 

water. 
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B.4.1.4 Blue Noise. 

Blue noise name arises from the blue appearance of visible light. Blue noise has a power 

density that is increases 3.01 dB per octave, (10 dB per decade), with increasing frequency over a 

finite frequency range. The Blue noise power spectral density is proportional to Ὢ that is why it is 

also called Ὢ noise. The Cherenkov radiation is a naturally occurring example of almost a perfect 

blue noise. The exact density spectrum of the Cherenkov radiation is given by the FrankïTamm 

formula [302]. Blue noise is used for dithering [303]. 

 

B.4.1.5 Violent Noise. 

Violent noiseôs power spectral density is increased 6.02dB per octave, (20dB per decade). 

The power spectral density is promotional to Ὢ for the Violet noise. In bibliography the Violet 

noise is also found and as purple noise. Both names arise from the violent - purple appearance of 

visible light. 

 

B.4.2 Noise Source  

Noise sources can be categorized apart from their spectrum and from their origin. An 

electronic component usually has more than one source of noise. The main source of noise in 

electronics comes from the collision of electrons or holes, between them or to the crystal lattice. 

Another source is when the electrons accumulate enough energy to overcome a quantum barrier. 

It is important to be mentioned that there is also noise caused by interference or parasitic coupling 

[19], [22], [170].Some of the noise sources are described below.  

B.4.2.1 Thermal noise 

Thermal noise or Johnson ï Nyquist noise is generated by the random thermal motion of 

the electric charge carriers (e.g. electrons), inside an electrical conductor due to scattering from 

the vibration of the photon lattice. Thermal noise is unavoidable and is approximately white noise, 

which means that is nearly equal and independent of the frequency. The noise amplitude has a 

probability density function close to Gaussian. The amplitude of the noise can be modelled by a 

voltage source (or current source) representing the noise of the non-ideal resistor in series (or 

parallel) with an ideal noise free resistor. The one-sided voltage power spectral density, or voltage 

variance (mean square value) per hertz of bandwidth ‡ ὠὌᾀϳ , is given by: 
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‡ τὯ ϽὝϽὙ (111) 

where ▓║ is Boltzmann constant ὐȾὑ , ╣ is the absolute temperature in Kelvin ╚  and ╡ is the 

total resistance in ohm (ɋ). The current power spectral density, or current variance (mean square 

value) per hertz of bandwidth ― ὃȾὌᾀ, is given by: 

―
τὯ ϽὝ

Ὑ
 (112) 

Some sensitive to noise electronics are kept in cryogenic conditions to suppress the effect 

of the thermal noise. This type of electronics can be found in very sensitive laboratory pre-

amplifiers or in radio telescopes. Also, Peltier coolers is used in CCD cameras especially for long 

time low light exposure to minimizes the noise that is introduced in the image.  

 

B.4.2.2 Flicker noise 

Flicker noise; also referred to as ρȾὪ noise or pink noise, is a type of electronic noise that 

has ρȾὪ behaviour in its power spectral density. The origin of this noise is unknown and there are 

only hypothetical mathematic models to explain it. Flicker noise is very important in electronic 

devices especially at low frequencies. It is also a factor that produces phase noise in oscillators, 

since it can be mixed up to frequencies close to the carrier. In most cases, the flicker noise has a 

Gaussian distribution. It has a linear behaviour in resistors of FETs and a non-linear behaviour in 

BJTs and diodes. The flicker noise has stronger influence in carbon-based and thick-film resistors 

as opposed to the wire-wound resistors. It is characterized by the corner frequency Ὢ , which is 

the threshold value when it becomes smaller than the thermal noise. 

In some cases, the flicker noise can be minimized by converting the signal at a higher 

frequency (chopping) where the electronic circuit is less influenced by this type of noise. After 

the signal conditioning, the signal can be down-converted to the baseband. 

 

B.4.2.3 Shot Noise 

Shot noise originates from the discrete nature of electric charges. Shot noise is less 

significant compared to the flicker and thermal noise while it is temperature and frequency 

independent. This noise is introduced mainly in p-n junction (diodes, transistors). Shot noise is 

also refereed and as Poisson noise because it can be modelled as a Poisson process and calculated 

as the mean square value of current fluctuation „ὃ: 

„ ςήϽὍϽɝὪ (113) 
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Where ▲ is the charge of an electron ὅ, █ is the bandwidth in Ὄᾀ over which is considered, 

and ╘ is the DC current flowing through the conductor ὃ. The voltage created from the shot 

noise at the end of a resistor is 

„ „ϽὙ (114) 

 

B.4.2.4 Burst noise. 

Burst noise or popcorn noise, is a sudden step in the base current of a BJT or in the 

threshold voltage of a FET. This name was given due to the sound produced when played over a 

speaker; it sounds like a popcorn popping. It usually occurs at low frequencies less than 1kHz. It 

has a non-Gaussian distribution. The repeatability of a burst is varying and it may happen several 

times in a second or it may take several minutes to occur.  

The most probable causes of the popcorn noise are assumed to be the charge traps or 

microscopic defects in the semiconductor material. One of the most widely found impurities was 

gold especially at the early years of electronics. Now the fabrication processes have been improved 

and the impurities in the crystal have been reduced, consequently the Burst noise. Heavy metal 

atoms or heavy ion implantation or even the unintentional side-effects such as surface 

contamination can produce such defects. Electronics near ionization sources or electronics in 

space exhibit burst noise due to heavy ions or radiation.  

 

B.4.2.5 Interference Noise 

The interference noise or transmitted noise, is an external signal that it is picked up by the 

system. It can be produced by numerous sources such as power supplies, magnetic fields, 

electrostatic fields, electromagnetic emissions, thermal variations, mechanical vibrations, 

humidity, ionizing radiation, chemical agents, parasitic capacitances or inductive coupling, bad 

wire coupling and non-ideal metal connections. 

This type of noise can be either additive or multiplicative. An additive noise Ὡ is added 

to the useful signal ὠ and mixed up with an independent voltage (or current). 

ὠ ὠ Ὡ (115) 

A multiplicative noise affects the transfer function of the nonlinear component of the circuit in a 

way that the signal ὠ is altered or modulated by the noise source. 

ὠ ρ Ὡ Ͻὠ (116) 
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Although the interference noise can cause severe problems to the circuitry and to the 

stability of a system, it can be eliminated or suppressed. Twisted pair or coaxial cables, the used 

of shielding, and the avoidance of the use of metals with different Fermi energies (thermoelectric 

effect) are some of the ways to suppress this type of noise. 

 

 

B.4.3 Noise in magnetic sensors 

 

Magnetic sensors usually have three main internal noise sources, which are the magnetic 

material, electronic circuit and the coils. The coil usually is the less noise as it only has thermal 

noise. Opposite the magnetic material is usually the most noise having Thermal, Flicker, Shot and 

Burst noises. Also, the electronic circuit has the same noises but due to the nature and cause, so 

the noises are lower. The noises that the magnetic material, sensing element or core, are: 

¶ The vibration of the crystal lattice or the ohm resistance is the main source of the Thermal noise. 

¶ Domain wall nucleation and propagation is the main source of the Flicker noise. 

¶ Tunnel junctions and other quantum phenome appears as sources of the Shot noise. 

¶ Barkhausen jumps due to crystal impurities are the main sources of the Burst noise. 

In bibliography many techniques have been proposed to suppress the Flicker, Shot and Burst noise 

which are: 

¶ AC excitation of the sensing element such in Hall, AMR, GMR and GMI sensors. 

¶ Periodically flipping the magnetic domains such as in TMR and Fluxgates. 

¶ Dithering, introduce a high frequency noise excitation to suppress spikes such as Fluxgates, GMI 

and Search Coils. 
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B.5 Magnetic Shielding 

Magnetic shielding has the ability to remove or block the unwanted magnetic field in a 

specific region. This region can be called ñmagnetic clean regionò or ñmagnetic cleanlinessò. 

There is a need of magnetic clean region in order to test and measure the noise level of the sensors. 

Nevertheless, there are applications or experiments apart from calibrating a magnetic sensor that 

also need a clean magnetic region. Every sensor has its internal ï inheritance noise and the external 

noise that is peeked up from the environment. Magnetic sensors can peak noise from many sources 

such as, the ambient magnetic field noise, the electronic noise, the induction field from neighbor 

electronics, etc. Taking this into account it is profound that the magnetic clean region is in need 

to identify from which part the noise comes from the internal parts of the sensor and which parts 

are picked up from the environment. Figure B-49 shows a magnetic shielding room in which the 

magnetic noise is below ρ ὴὝЍὌᾀϳ . Moreover, low field magnetic measurements are conducted 

in this low magnetic field environment. For example, the measurement of a magnetic signal of an 

object with low magnetic field or measurement of electromagnetic biological signals such as 

magnetic Magnetoencephalography (MEG), Magnetomyography (MMG), etc. 

 

The magnetic cleanliness can be achieved in what is called Gauss chamber which has a 

similar function as the Faraday cage but instead of blocking the electric field it blocks the magnetic 

field. A magnetic field is much harder to be prevented from entering a space in comparison to an 

electric field. There is no cheap solution that can control the magnetic field in a space, especially 

for very demanding applications such as a very low magnetic field at low frequencies. The 

magnetic field has the ability to penetrate, even metals, but it depends on the frequency of the 

magnetic field. There are two types of Gauss chamber, the passive and the active one. 

Combination of the two types is frequently used to achieve the optimum shielding.  

The passive Gauss chamber uses ferromagnetic metals with high permeability (>1000). 

Generally, the passive Gauss chamber blocks the electric field as well. A metal cage (Gauss 

 
Figure B-49: Magnetic clean room where sensors is tested, or the magnetic field of a small subject is examined.  

Source: Magneticshields Uk. 
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chamber) will drop the amplitude of a magnetic field ὄᴆ, exponentially. The thickness of each 

metal needed to reduce the magnetic field to ρὩϳ πȢσφψ of the original field is called skin depth 

 The skin depth can be calculated using the mathematical formula (107) and it is rewritten .‏

here for convenience. 

‏
”

“ϽὪϽ‘Ͻ‘
Ͻ ρ ς“ϽὪϽ”Ͻ‐Ͻ‐ ς“ϽὪϽ”Ͻ‐Ͻ‐ 

where ”  Ͻά  is the resistivity, ‘ is the relative magnetic permeability, ‐ is the relative 

permittivity of the sheet material, Ὢ Ὄᾀ is the frequency of the magnetic field, ‘ Ὄ άϳ  is the 

magnetic permeability of vacuum and ‐ Ὂάϳ  is the electrical permittivity of vacuum [176], 

[304].  

Taking into account the equation (107), the best way to block the magnetic field is to use a 

superconductor. Moreover, based on the Messier effect the superconductor is the optimum 

magnetic shield. The reason for this, is the fact that the superconductor has zero resistivity and the 

Eddy currents are produced by the external magnetic field resulting to block the field inside. 

Further they have the ability to repel the magnetic field from inside. Consequently, even the 

thinnest superconductors can block all the magnetic fields independent of their frequency [7], [9], 

[26], [222], [228], [305]ï[307]. However, this type of insulation is extremely expensive not only 

to build but also to maintain due to the need of cryogenic conditions. A more practical construction 

of Gauss chamber is made from metal alloys with high magnetic permeability called Mu-Metal. 

Mu-Metals are cheaper than superconductors and they do not have running costs, although they 

are more expensive than pure iron. Mu-Metals have relative permeability of the order of 20000 to 

200000 compared to pure iron, which exhibit a permeability limited to 5000 [4], [7], [21]. Due to 

the exponential absorption of the magnetic field, it is preferable that the Gauss chamber is 

constructed by multiple layers of Mu-Metal instead of a thick sheet. The advantage to use Mu-

Metal for the Gauss chamber is that it can reduce even the DC magnetic field by 20dB (X10) at 

thickness of 1mm. Gauss champers are used in Magnetic Resonance Imaging (MRIôs) rooms and 

Magnetoencephalography (MEGôs) rooms [308]. A magnetic shieldôs shape is an important 

parameter in the design phase. For example, a spherical chamber is τσϳ  or 134% more effective 

than a cylindrical one [305]. However, the geometric designs are not so useful in practice, so every 

design has its own trade-offs. In order for a cylindrical Gauss chamber to achieve 60 dB reduction 

at 50 Hz of the magnetic field, a three-layer Mu-Metal is required and each layer needs to be at 

least 1 mm thick. A commercial Gauss chamber is shown in Figure B-50. The Gauss chamber 

needs periodically to be demagnetized. The demagnetization is achieved by an alternative 

magnetic field which breaks down the big magnetic domains to very small domains. This device 

is call demagnetized warp and is also shown in Figure B-50. A more detail view of a Gauss 
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chamber is shown in Figure B-51 where the three layers of Mu ï metal are clearly visible. The 

magnetic field inside the Gauss chamber cavity is quite uniform. The dampening of the magnetic 

field is more pronounce in the middle of chamber as it is illustrated in Figure B-51(b).It is evident 

that the magnetic field is reduced more than 1000x time in a Mu-Metal chamber. Especially in the 

case of very low need of magnetic field then the use of a Mu-Metal is straight forward. Gauss 

chamber can also be manufactured by other magnetic materials such as electric steel. But more 

layer is needed to achive the same result. Nevertheless, whatever material, is used for the 

construction of the Gauss chamber there is always limitations in the maximum magnetic field that 

they can perform. Introducing more layers is an option to address this problem but is not always 

the best solution. Other solutions must be found given the specification of the problem. 

 

 

 

Active magnetic shielding is an efficient way and can easily address most of the problems 

related to a passive Gauss chamber. Sometimes for large magnetic fields such as those of earth 

the passive Gauss chamber is not as effective, and the use of an active magnetic shielding is 

 

Figure B-50: Gauss-Chamber (a,b) for sensor noise and offset measurements from Bartington Ind. (c) Is the degaussing warp. 

 
Figure B-51: Gauss-Chamber for sensor noise and offset measurements. (a) A three-layer Mu metal forming a Gauss Chamber 

and (b) the magnetic field shielding factor inside of a Gauss Chamber versus the relative longitudinal position. Source: 

Magneticshields Uk. 
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required. The active shielding is constructed by three Helmholtz coils, which are orthogonally 

oriented to each other [7]. Maxwell coils can also be utilized, but they are rarely used due to the 

higher construction costs and other functional limitations. Nevertheless, Maxwell Coils have more 

flat magnetic field and less divination compared to Helmholtz coils. A combination of the two 

setups can take place in order to achieved a controllable 3D magnetic field and in one axis higher 

accuracy. Figure B-52 illustrates a simple three dimensional (3D) Helmholtz Coil and a single one 

dimensional (1D) Maxwell Coil. Figure B-53 shows two types of Helmholtz coils manufactured 

by Bartington, one with circular coils (a) and one with square coils (b). 

 

 

  

 
Figure B-52: Typical structure of a 3D Helmholtz Coil (model BH1300-3-A of ASC Scientific) (a) and (b) 1D Maxwell Coil. 
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Figure B-53: Commercially available (a) circular and (b) square Helmholtz coil by manufactured by Bartington.  

Source: Bartington 
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Active magnetic field cancelation does not come without complexity. A closed ï loop 

system is needed, which will measure, calculate and compensate for the external magnetic field. 

One or more magnetometers are needed to measure the magnetic field. A fast analog or digital 

circuit to calculate the current is needed to feed to the Helmholtz coil. A Propositional Integral 

Derivative (PID) controller will offer a good solution as a method to calculate the amount of the 

current that is needed. However, a method that takes into consideration the electromagnetic 

equations that govern a specific setup will give more accurate results. More information about the 

calculations are given in the Appendix I. Table 17 summarizes the different equations of some 

basic setups. Finally, it is important to mention that an amplifier with high current capability is 

needed to drive the Coils with the appropriate amount of current. There is a limitation in the 

maximum frequency that the amplifier can drive due to the high induction of the coils. That is the 

main reason why a combination with passive high frequency shielding and an active low 

frequency shielding is more preferable.  
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C  AMR DC Characteristics 

The HMC 100X sensor from Honeywell utilizes Anisotropic MagnetoïResistance (AMR) 

technology, which has become increasingly popular in a wide range of applications due to its 

ability to be integrated into chip form. Despite its advantages, AMR sensors are not without 

limitations. One notable drawback is their susceptibility to demagnetization when exposed to high 

magnetic fields, rendering them unable to accurately measure the field even when the intensity 

subsequently decreases. To combat this, manufacturers often incorporate a coil within the sensor 

to generate a repolarization field, allowing the sensor to recover from high-field exposure. This 

thesis examines the DC behaviour of the HMC 100X sensor, and based on the measurements 

collected, develops a model that is subsequently utilized in the design of the sensor circuit system. 

Overall, the HMC 100X sensor is an example of the trade-offs that must be considered when 

utilizing AMR technology in practical applications. 

 

The chapter is organized in five sections. The first Section C.1 presents the AMR sensorôs 

DC behaviour in depth. A short presentation is made in the chapter B section B.3.1.Section C.2 

examines the AMR sensorôs DC performance, such as hysteresis, nonlinearity and cross axis 

effect. Section C.3, introduces a modelling method for the AMR sensor and some indicate 

parameters. Finally, the methodology and experimental imitations are discussed in Section C.4 

and the conclusion in Section C.5. 
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C.1 Introduction 

Magnetoresistance sensors, based on the Anisotropic Magneto Resistance (AMR) effect, 

are currently replacing other types of sensors in many industrial applications, as they have higher 

sensitivity than other semi-conductive sensing elements [307]. They are easily manufactured in 

semiconductor industry by sublimation or sputtering NiFe in the sensor structure. The thickness 

of the NiFe ranges from some nm up to 100nm. Figure C-1 shows the structure of the HMC 100X 

sensor and its circuit representation.  

 

AMR sensors have become increasingly prevalent in recent years as a vital component in 

various magnetic field measurement instruments and everyday applications such as 3D 

compasses, linear or rotary encoders, position detection, distance measuring, and magnetic field 

sensing. However, these sensors possess several significant limitations that must be addressed in 

order to optimize their performance. The most pronounced issues include delamination, non-linear 

output, insensitivity to field direction, offset, hysteresis, cross-field effects, and demagnetization. 

Despite these drawbacks, AMR sensors remain an important tool in magnetic field sensing due to 

the ability to alleviate or at least reduce the impact of these limitations through careful sensor 

design and the inclusion of additional components such as Set/Reset and Offset coils. While a 

brief discussion of these limitations can be found in literature Section B.3.1, it is crucial to conduct 

a more in-depth examination of these drawbacks in order to fully understand and optimize the 

performance of AMR sensors. 

C.1.1 Delamination 

Delamination is a type of material failure in which the material fractures into layers. In the 

case of an AMR sensor, delamination occurs when the magnetic sensing material becomes 

detached from the supporting structure. The cause of this phenomenon is not entirely clear to all, 

 
Figure C-1: Functional model of an Anisotropic Magneto-Resistive (AMR) sensor with offset and Set/Reset coils (a) and (b) 

Structure of a commercial integrated AMR sensor (HMC 100X by Honeywell). 
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but it has been proven to be related to the magnetostriction effect of the NiFe-permalloy thin-film 

structure used in most AMR sensors. The magnetostriction effect causes the material to expand in 

one direction and contract in the other when exposed to a magnetic field. This repeated expansion 

and contraction can lead to the separation of the sensing material from the substrate, resulting in 

delamination. The degree of delamination is influenced by the ratio of NixFey in the thin-film 

structure, as shown in Figure C-2 [309]. From this Figure for the magnetostriction of the different 

NixFey ratios it is clear that the Ni must be between 79-82%, consequently Fe between 18-21%, 

tents to have zero magnetostriction. In this stoichiometric ratio the contraction of Nickel (Ni) 

counter acts the expansion of the Iron (Fe). The behaviour of those elements was presented in 

Section B.1.8.3, of the magnetostriction effect in the ferromagnetic materials. Manufactures 

usually use Ni80Fe20 or Ni81Fe19 to avoid sensor delamination. Moreover, separating into small 

segments the NiFe sensing element also improves long term stability of the sensor. However, this 

ration does not imply that you achieve the maximum sensitivity of the sensor element, it is just a 

compromise which enables the sensing element working reliable over years without delamination. 

Additionally, in this ration the coercively field is about Ὄ ρπὃάϳ  which is very weak, 

suggests that the material is magnetically soft, and suitable for magnetic sensors. 

 

C.1.2 Non-linear output & Insensitive to field direction. 

The AMR sensing element exhibits a non-linear output due to its even function behaviour 

around zero magnetic field. This non-linearity, as depicted in Figure C-3(a), precludes the ability 

of the sensing element to differentiate the direction (polarity) of the magnetic field. The underlying 

theory behind the AMR effect can be found in Section B.1.6 of the relevant literature. 

One way to improve the linearity of AMR sensors and enable detection of the polarity of 

the magnetic field is through the use of sensor polarization. By polarizing the sensor at an angle 

 
Figure C-2: Magnetostriction of the different NixFey ratios. 

64 66 68 70 72 74 76 78 80 82 84 86
Average Film Composition % of Nickel 

20

-40

-50

-60

-70

10

0

-10

-20

-30

M
a

g
n

e
to

s
tr

ic
ti

o
n

 S
tr

a
in

 C
o
e

ff
ic

ie
n

t ɚ
(ɛ

m
/m

)



 

108 

of ±45 degrees, the sensor is able to detect both positive and negative magnetic fields with the 

same sensitivity. Figure C-3(a) illustrates the behaviour of the sensing element when it is biased. 

The NiFe-permalloy, which is a soft magnetic material, can be polarized by passing current 

through it, aligning the magnetic domains in the direction of the current. However, to achieve this, 

a high field is needed to polarize the magnetic domains in the easy magnetization axis, which is 

the axis along which the electric current flows. However, if the element size is large, electrons 

scatter and do not flow straight along the easy magnetization axis. To solve this problem, the 

sensing element can be split into many small segments, which improves the alignment of the 

magnetic domains and increases the linearity and polarity detection capability of the sensor. The 

NiFe segments are separated by high conductivity strips, such as copper or aluminium. These 

strips facilitate the perpendicular entry of current into the NiFe segments, as depicted in Figure 

C-3(b) of the relevant literature. This configuration is called Barber-pole structures because it 

reminds the sign used by barbers to signify the place. The flow of current within the ARM sensing 

element is also illustrated in this figure, further highlighting the role of these high conductivity 

strips in enhancing the sensor's performance. A Wheatstone bridge configuration improves the 

performance of an AMR sensor by making its output linear and less affected by temperature 

changes. The Wheatstone bridge is a circuit that uses four resistors, arranged in a specific 

configuration, to measure small changes in resistance. By using a Wheatstone bridge, the sensor's 

output becomes more stable and accurate, making it a better choice for measuring changes in 

magnetic field strength as illustrated in Figure C-1 & Figure C-3(c) [4], [22], [264].  

 

 
Figure C-3: Behavior of a biased AMR sensorôs resistance ratio. A magnetic field is applied with an angle of ɗ compare to the 

current flow (a). (b)How the NiFe permalloy is splitting (Barber Pole pattern) in an AMR sensing element and how the current 

pass through it. (c) An AMR sensor with four sensing elements in a Wheatstone Bridge configuration.  
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C.1.2.1  Offset 

The offset bridge voltage ὠ , is defined as the unwanted sensorôs output voltage at 

a zero magnetic field [21], [264], [307], [310]. The offset occurs due to the mismatches of the two 

pairs of sensing elements ὙρȟὙ  and ὙȟὙ  in the Wheatstone bridge as shown Figure C-1. 

The offset voltage can be calculated according to Honeywell application note [173], with a simple 

algorithm. The first step is to send a set pulse to polarize positively the sensor and measure the 

output voltage ὠ . The second step is to send a reset pulse to polarize negatively the sensor and 

measure the output voltage ὠ . Finally, the ὠ  is calculated by adding the ὠ  and ὠ  

and divide by 2, ὠ ὠ ὠ ςϳ . 

The offset between the same model AMR sensor can be almost as large as than the sensorôs 

dynamic range output. For example, the offset for the HMC 100X is range from φπάὠ to 

σπάὠ with mean value of σπάὠ and the sensorôs absolute maximum dynamic range is 

ωφάὠ ͽ ςππ‘ὝςὋ . This means the nominal offset is 30% of its dynamic range. 

Additional, the offset voltage also varies when the temperature changes [7], [95], [307], [311]. If 

it is not addressed properly, it will greatly decrease the sensitivity of the sensor system. 

There are different ways to compensate for the offset, some of them are described in the 

application note from Honeywell [185]. Considering the Th¯veninôs theorem, the offset voltage 

can be model with two voltage sources as it is presented in Figure C-4. This means that the voltage 

offset which comes from the sensing element miss much can be solved either by fixing the 

elements ὙρȟὙ  andὙȟὙ  ratio using a shunt resistor, or by introducing a voltage source. The 

methods of shunt resistor, trim resistor and voltage source are analysed in detail. 

 

C.1.2.1.1 Shunt Resistor. 

The utilization of a Shunt resistor in a Wheatstone bridge circuit serves as a practical means 

of achieving balance within the circuit. This approach is demonstrated in Figure C-5, wherein a 

relatively high-valued resistor is connected in parallel with one or more legs of the Wheatstone 

 
Figure C-4: AMR output as two voltage sources with a pair of in series resistors based on the Th¯veninôs theorem. 
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bridge circuit. The calculation of the appropriate resistance value for the Shunt resistor must be 

conducted in an environment free of external magnetic fields, such as within a Gauss chamber or 

Helmholtz coil. However, if such conditions are not feasible, an alternative approach involves 

utilizing a Set/Reset coil to polarize the sensor and determine the zero-offset point. One notable 

limitation of this technique is that the Shunt resistor, due to being composed of a different material 

than the sensing elements, possesses a distinct temperature coefficient. As a result, the offset may 

vary with temperature, potentially leading to inconsistencies in the overall circuit balance. 

 

C.1.2.1.2 Potentiometer Resistor.  

The Potentiometer resistor technique is similar to the Shunt resistor method, but with the 

added advantage of being less affected by temperature variations. As illustrated in Figure C-6, 

there are two variations of this technique. In both versions, the Wheatstone bridge is balanced with 

a Potentiometer resistor, and the ratio between the Potentiometer resistor and the Wheatstone 

bridge remains constant, regardless of temperature changes. The first version, illustrated in Figure 

C-6(a), can be applied specifically to the HMC1002 sensor, as it features independent grounds for 

the two branches of sensing elements. However, this method is not practical for the HMC1001 

sensor, which has a common ground for both branches. Furthermore, the Potentiometer resistance 

must be kept extremely small, as large values, even a few Ohms ɱ ,  would increase the nominal 

branches resistance, thereby reducing the sensitivity of the bridge. 

The second version of the Potentiometer resistor technique, illustrated in Figure C-6(b), 

can be applied to both HMC100X sensors, making it a more general and practical solution for 

initially balancing a Wheatstone bridge. This approach preserves the basic structure of the bridge, 

without the need to insert balancing components directly into any of the branches, thereby 

avoiding issues associated with junction contact resistances and desensitization caused by added 

branches resistance. The Potentiometer Ὑ  serves as a means to differentially add parallel 

resistance to both Ὑ and Ὑ, allowing for fine-tuning of the circuit balance. Let's assume that 

Ὑ π, the maximum balancing effect will occur when the wiper of the Potentiometer is 

positioned at an extreme point, such as the start or end, in which case Ὑ  is in parallel with one 

 
Figure C-5: Wheatstone bridge sensor offset cancelation with a Shunt Resistor. 
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arm and the other arm (Ὑ or Ὑ) is shorted. At the midpoint position, Ὑ ςϳ  is in parallel with 

both Ὑ and Ὑ. To avoid desensitizing the bridge, this parallel combination should not change 

the bridge arm resistance by more than approximately 1%. Using the parallel resistance formula, 

it can be shown that:  

Ὑ ς
Ὑ

ЎὙ
  (117) 

 where Ὑ is a typical branch resistance and ЎὙ is the maximum change allowed. Considering that 

in this thesis the HMC100X is used where the Ὑ ranges φππɱ ὙὭ ρςππɱ and varies by 1% 

then the Ὑ τψπὯɱ. 

 

The purpose of the resistance Ὑ is to limit the maximum balance action which occurs at 

the extreme potentiometer settings. In this case, Ὑ is in parallel with one branch and Ὑ  is simply 

connected between opposite bridge branch. Typical values for Ὑ range between ρὯɱ and υὯɱ. 

The particular arrangement of Ὑ and Ὑ  within the bridge is unimportant; Ὑ  can be connected 

between signal corners or excitation corners with no difference in performance. To achieve the 

best stability and minimum drift, these resistances should be metal film or wire wound designs 

and not carbon composition with a temperature coefficient of less than ρπ ὴὴάȾὅ. 

C.1.2.1.3 Voltage Source. 

The offset cancellation technique utilizing a Voltage Source is similar to the second 

version of the Potentiometer Resistor technique, where a differential voltage source is used in 

place of a potentiometer to control the voltage applied to a specific branch of the Wheatstone 

bridge circuit. Additionally, a high-valued resistor is connected between the voltage source and 

the bridge outputs to prevent desensitization of the bridge. This approach is illustrated in Figure 

C-7. The Voltage Source can be implemented using a differential digital-to-analog converter 

(DAC). This approach allows for the bridge to be balanced at different temperatures, providing a 

more versatile and accurate means of offset calibration. The voltage source is connected in parallel 

with one of the branches of the Wheatstone bridge, Ὑ or Ὑ, the differential voltage source 

 
Figure C-6: Wheatstone bridge sensor offset cancelation with a potentiometer (a) specific case and (b) general case. 
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generates a voltage that can be set and adjusted to cancel the offset voltage. This approach allows 

for precise balancing of the Wheatstone bridge circuit while avoiding desensitization of the bridge. 

The high value resistor that connects the voltage source to the output of the bridge, acts as a buffer, 

avoiding the desensitization of the bridge by the voltage source. 

 

 

C.1.2.2 Hysteresis 

Hysteresis is a significant factor that can negatively impact the resolution of a sensor. It is 

related to the coercively field (Ὄ ) which serves as a unique characteristic of the magnetic material 

used in the sensor. The hysteresis effect is inherent to the nature of the magnetic material and 

cannot be eliminated entirely. In the case of a Nickel-Iron (NiFe) (AMR) sensor, the coercively 

field is relatively low, with a typical value of  Ὄ ρπὃάϳ . However, even this relatively weak 

value can have a significant impact on the performance of a sensor designed to detect low 

magnetic fields. The suppression of hysteresis in a sensor can be achieved through various 

methods, such as repeating the Set/Reset process or by dithering and averaging the output. These 

methods do not alter the coercively field of the magnetic material, but rather aim to estimate the 

real output by averaging multiple measurements. This approach can effectively reduce the impact 

of hysteresis on the sensor's resolution, by averaging out the effect of the hysteresis on the sensor's 

output. 

C.1.2.2.1 Dithering 

Dither is a form of noise added deliberately to a signal to randomize quantization error and 

prevent large-scale patterns such as colour banding in images. It is commonly used in analog-to-

digital and digital-to-analog converters to reduce amplitude distortions. In mechanical systems, 

dithering can be used to reduce hysteresis and backlash by introducing a small, periodic 

disturbance. In an AMR sensor, dithering can be applied to the Offset coil to reduce hysteresis by 

introducing a low-amplitude, high-frequency signal that is higher than the useful bandwidth of the 

 
Figure C-7: Wheatstone bridge sensor offset cancelation with a differential voltage source from DAC. 
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sensor. This can be done to improve sensor performance in situations where hysteresis would 

otherwise be an issue. 

C.1.2.2.2 Set/Reset 

Set/Reset pulses can be used in a similar way like dithering. Instead of just applying a 

small signal to the Offset coil, a periodically high current pulse at the Set/Reset coil. The magnetic 

material changes its state and averaging some measurements of each state is closer to the true 

value. 

 

C.1.2.3 Cross-field effect 

The Cross-field effect (or cross-field error) is defined as the unwanted non-linear 

sensitivity to small fields perpendicular to the sensing direction [307], [312]ï[314]. This effect is 

also common in sensors that utilize ferromagnetic materials [4], [21], [264], [307]. While in 

fluxgate sensors this error can be minimized by proper design [21], [264], [307], [124] for AMR 

sensors the cross-field sensitivity is an inherent property, as it is caused by their fundamental 

operating principle. If the cross-field is large, it causes irreversible changes namely breaking the 

single magnetic domain state and causing anisotropy dispersion [7]. 

The cross-field effect in magnetic sensors can be a significant problem, as it can lead to 

inaccuracies in measurement. One of the most effective ways to mitigate this effect is by utilizing 

a closed-loop architecture for the sensor. This can be achieved by using internal offset coils, such 

as the HMC1002, in a closed-loop configuration. However, this approach can also lead to 

interference with the easy axeôs magnetization of other sensors. One way to eliminate this 

secondary problem is to use external coils around the HMC1001 and HMC1002 for the closed-

loop architecture. This approach has the advantage of avoiding interference with the internal offset 

coils, but it also increases the inductance of the system, which can lead to a reduction in the 

frequency response of the sensor. The choice of whether to use internal or external coils will 

depend on the specific requirements of the sensor system, such as the desired frequency range, 

and the trade-offs that are acceptable in terms of system performance. It is important to note that 

the selection of the coils and the closed-loop architecture should be done carefully as it can affect 

the overall performance of the sensor. 
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C.1.2.4 Sensitivity 

The sensorôs sensitivity is also dependent on temperature variations [21], [264], [307], 

[310]. Moreover, the sensorôs sensitivity can easily deteriorate due to exposure to magnetic fields 

of high intensity [7], [95], [307], [311]. Additionally, hysteresis (or memory) effects, are a 

common drawback in devices employing ferromagnetic materials. This behaviour is attributed to 

changes in magnetization direction and changes in size or number of magnetic domains of the 

ferromagnetic sensing elements [7], [264], [307], [310], [315]. 

Taking under consideration these factors, to improve the sensorôs sensitivity, the sensors 

need periodically to repolarized. The Set/Reset coil offers a simple but effective way to repolarize 

the sensing elements [182]. A hall sensor may be used to detect that the sensor is exposed to high 

magnetic field and initiating a Set/Reset pulse. 

C.1.2.5 Demagnetization 

Demagnetization is the process by which a magnetic material loses its magnetization. This 

can occur naturally as a result of the tendency of materials to minimize their internal energy, but 

it can also be induced intentionally through methods such as heating the material above its Curie 

temperature Ὕ,  or exposing it to a strong, alternating and damping magnetic field. In the context 

of an AMR sensor, demagnetization can lead to a reduction in sensitivity and accuracy. To address 

this issue, designers of AMR sensors often include a Set/Reset coil to repolarise the magnetic 

domains within the sensor. This approach can help to restore the sensor's sensitivity and improve 

its performance. However, the use of a Set/Reset coil also has some drawbacks. For reliable 

operation of AMR sensors, a slow, periodic Set/Reset pulse is often required, which can reduce 

the sensor's bandwidth and limit its performance in applications where fast response is a primary 

objective. This trade-off between the sensor's reliability and its performance must be carefully 

considered by sensor system developers when designing AMR sensors for specific applications. 
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C.2 Examining the DC behaviour of the AMR 

The AMR sensor has a complex behaviour, as previously discussed in this thesis. One of 

the challenges in understanding and utilizing this behaviour is the fact that commercial AMR 

sensors, such as the HMC 100X, do not always provide detailed information about the 

composition and stoichiometric ratio of the NiFe permalloy used in the sensor. Additionally, the 

magnetic signature of the sensor package pinout legs can have a significant impact on the sensor's 

behaviour, as the magnetic mass of these elements can be comparable to that of the sensing 

element. Due to the limitations of the equipment and resources available during this research, it 

was not possible to fully map the NiFe ratio or the material hysteresis loop of the sensor. This lack 

of information could potentially limit the accuracy and precision of the results obtained from the 

sensor, and highlights the importance of careful characterisation of the sensor materials and 

components in order to fully understand and utilize the sensor's behaviour. 

To better understand the behaviour of the AMR sensor and overcome limitations in 

equipment access, a series of experiments were conducted using a combination of laboratory 

equipment and equipment that could be easily constructed or borrowed. The primary instrument 

used for these experiments was the Keithley 4200S-SCS Source Measure Unit (SMU), which 

offers a high current source capability of up to 2 Amperes with a resolution of ρπὥὃ and the ability 

to measure voltages with a resolution of ςππὲὠ up to 210V. The Set/Reset pulses needed to 

repolarize the sensor were generated using a Field-Programmable Gate Array (FPGA) digital 

pattern generator driving an H-Bridge. The pulse generation architecture was analysed in detail in 

chapter MM. To minimize the impact of external magnetic fields on the sensor, a Gauss chamber 

with one end open was used for electric still. The experimental setup is illustrated in Figure C-8. 

 

 
Figure C-8: Experimental setup for measuring the AMR Sensor HMC100X. 
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The series of experiments that have been conducted are: 

a. Non ï Linear behaviour: The AMR has a non ï linear behaviour and in this experiment it is 

mapped. In addition, the sensorôs offset is calculated from the exponential data. 

b. Hysteresis: Even though NiFe permalloy is very soft and as low as ρπὃάϳ  coercively field 

(Ὄ ), nevertheless it is not negligible. The experiment will determine what is the cost of the 

corrosively field into the sensorôs sensitivity. 

c. Cross Axis effect: In this exponent the sensor is examined how it is affected by the field 

created by the nearby Offset coils. This is conducted only to the HMC 1002 because is the 

only sensor in the HMC 100X family that it has two sensors in the same package.   

 

C.2.1 Methodology. 

The HMC 100X AMR sensor has non ï linear behaviour and to examine it the sensors 

needs to be excited (stimulated) beyond its measuring limits. According to the datasheet is has 

ςππ‘Ὕ ςὋ  dynamic range with 2% deviation from linearity [95]. There are many parameters 

that need to be examine such as: 

a) The bias voltage of the sensor. 

b) The bias polarization of the sensor. 

c) Incremental strategy of the current at the Offset coil for sensitive axis. 

d) Biasing the sensing elements by applying Set/Reset pulse. 

The sensor due to its nature of NiFe has hysteresis ï memory effect. That is why the way 

the magnetic field is applied it matters. There are two different ways to increase the magnetic 

field. The first way is to start from zero and go up to positive (negative), then go back to zero and 

after go to negative (positive). The other way is to start from zero and go back and forth, from 

positive to negative. Both strategies are illustrated in Figure C-9, where the horizontal axis is the 

time, and the vertical is the magnetic field. The above experiments have conducted with both 

positive and negative polarity and ρὠ, υὠ and ρπὠ bias voltage. 

 

The magnetic field can be created with two ways, first by apply a current to the Offset coil. 

The second way is by an external solenoid or Helmholtz coil. If Gauss chamber is placed inside a 

Helmholtz coil, then it will alter the magnetic field of the Helmholtz coil. Therefore, due to space 

restriction of the Gauss chamber the use of Offset coil is more appropriated. Nevertheless, a 

 
Figure C-9: Strategies for increase the magnetic field in a magnetic sensor. (a) Continues steps and (b) alternative steps.  
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calibration is needed to ensure the conversion ratio between electric current and magnetic field is 

near the real value. This has found to be υςȢρςάὃὋϳ  or υςρȢςάὃάὝϳ . 

Appling current to the Offset coil may create heat which may lit to errors. To avoid heating 

the sensor, the Keithley 4200S-SCS Source Measure Unit (SMU) configure to provide short 

current pulses and measure the result. 

 

C.2.2 Experimental Results. 

The experimental results are summarized in three categories which have discussed above. 

The first the non ï linear behaviour of the sensor. The second is the hysteresis of the sensor and 

third the cross ï axis effect. Those experimental data after it have been processed and categorized 

are illustrated in such a way to be more convenient. 

C.2.3 Non ï Linear behaviour 

The nonïlinear behaviour of the AMR sensor was calculated from applying different 

magnetic field at the hard magnetic axes (sensitive axis). Both methods presented in Figure C-9 

are tested and illustrated Figure C-10 and Figure C-11. 

 

 
Figure C-10: AMR sensorôs output versus magnetic field in the sensitive axes (a) and (b) The sensorôs output error versus the 

magnetic. The incremental strategy of the magnetic field is in continues as illustrated in Figure C-9(a). 

Two different bias level 5V blue line, 10V red line and dot line is the linear interpolation. 
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The Figure C-10 and Figure C-11 suggest that the incremental method of the magnetic field shown 

in Figure C-9 affect the sensorôs behaviour at high magnetic fields. 

The non ï linear behaviour of the AMR sensor needs to be tested further in different 

configurations such as polarization and bias. Those configuration gives four different 

combinations are: 

a) positive polarization (Set ï S+) of the magnetic dipoles and positive bias (B+) which 

means positive supply to the sensor bridge. 

 
Figure C-11: AMR sensorôs output versus the magnetic field in the sensitive axes (a)  with the incremental strategy of the 

magnetic field was in continues as illustrated in Figure C-9(b). The sensorôs output error versus the magnetic field in (b). 

Both (a) and (b) has two different bias levels 5V blue line,10V red line and dot line is the linear interpolation. 
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b) positive polarization (Set ï S+) of the magnetic dipoles and negative bias (B-) which 

means negative supply to the sensor bridge. 

c) negative polarization (Reset ï S-) of the magnetic dipoles and positive bias (B+). 

d) negative polarization (Reset ï S-) of the magnetic dipoles and negative bias (B-). 

Figure C-12 illustrates the fourth combinations of biasing and polarization for different excitation 

currents in a vector diagram. For each combination two current sweep of ±200mA were made to 

the offset coil using the continues step strategy of the Figure C-9(a). At the beginning of each 

sweep and every time that passing through zero the polarization of the sensor was reinitialized. 

The reason for that is because at high magnetic field the AMR sensor is demagnetized. The 

maximum magnetic field applied in this experiment is about double the manufactureôs 

recommended range for the HMC100X. This is because the non ï linear and demagnetization 

behaviour of the AMR sensor needed to be study.  

 

The results of various combinations of sensor and bias current are presented in Figure 

C-13. In Figure C-13 (a), the horizontal axis represents the offset current and in Figure C-13 (b) 

the horizontal axis represents the estimated magnetic field after calibration. Due to the fact that 

combinations (S+B+ & S-B-) and (S-B+ & S+B-) are overlap the representations of S+B- and S-

B- was inverted to improve the readability of the graph. It is observed that the combinations of the 

first and third quadrants of Figure C-12 exhibit the least demagnetization. This is likely due to the 

alignment of the magnetic field generated by the bias current with the magnetization field of the 

sensing elements. Furthermore, it is observed that the combinations of S+ and S- are necessary for 

measuring the offset of the sensor, however, it is important to use the same bias polarity. 

Additionally, it is noted that the demagnetization effect occurs at a field of approximately ±3.6 G 

(Ñ360 ɛT), which is approximately 1.5 times larger than the maximum suggested by the 

manufacturer. As such, the demagnetization effect can be ignored in a simplified closed-loop 

model.  

 
Figure C-12: Vector diagram showing the fourth different combinations of an AMR sensor. 
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(a) 

 

 
(b) 

Figure C-13: AMR sensorôs output versus offset current (a) and (b) magnetic field in the sensitive axes at 10V.  

The combination of positive (B+) and negative (B-) bias, positive polarization (S+) and negative polarization (S-).  

Note that S-B- and S+B- are printed reverse (-f(x)) otherwise the S-B- will overlap the S+B+ and S+B- to the S-B+. 
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C.2.4 Hysteresis 

The coercively field (Ὄ ) is measured when a B-H loop intercept the zero magnetic field. 

In our case the coercively field (Ὄ ) is measured when there is a zero magnetic field. In order to 

achieve that a Helmholtz coil creates an almost zero magnetic field. In addition, the Offset of the 

sensor must also calculate and remove from the measurements. Contrary to the experiment of non 

ï linear behaviour this experiment does not need the sensor expose in magnetic field out of the 

manufacture specification. More precise, during hysteresis measurements the magnetic field was 

about between ςππ‘Ὕ ςὋ and ςππ‘Ὕ ςὋ  to avoid sensor get demagnetized.  

A limitation of the original calculation of the coercive field (Ὄ ) is that it does not account 

for the specific equipment used. In order to obtain a more accurate measurement of Ὄ , it is 

necessary to take into account the characteristics of the equipment used. Furthermore, in the 

experimental set up, a "Set" operation was performed on the sensor, followed by 12 repetitive 

cycles of measurement. Then a "Reset" operation was applied and another 12 repetitive cycles of 

measurement were conducted. This methodology ensures that any residual magnetization is 

removed before measuring the coercive field, leading to more accurate results. 

C.2.4.1 Results of measuring Hysteresis.  

The first step is to measure the hysteresis of the sensor as it is. The results for identify the 

hysteresis are illustrated in Figure C-14, Figure C 15 and Figure C-16. 

 

Because the sensor output in Figure C 14 is not clear at all a zoom in the region of interest is 

shown in Figure C 15. The region of interest in this case is where the ñSetò intercepts the ñResetò. 

Figure C-16 shows only the first iteration after the ñSetò (blue line) and the ñResetò (red line). The 

 

Figure C-14: Multiple Hysteresis loop for measuring coercively field (Ὄ ). 
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graph suggest that the coercively field (Ὄ ) field is about ͯσφπὲὝ or ͯ ςψχȢρχάὃάϳ . In other 

word the uncertainty of the sensor is about ρψπὲὝ. 

Due to the lack of clarity in the sensor output presented in Figure C-14, a zoomed-in view of the 

region of interest is presented in Figure C-15. In this case, the region of interest is where the "Set" 

operation intercepts the "Reset" operation. To further clarify the results, Figure C-16 presents only 

the first iteration after the "Set" operation (represented by the blue line) and the "Reset" operation 

(represented by the red line). The graph suggests that the coercive field (Ὄ ) is approximately 

about σͯφπὲὝ or ςͯψχȢρχάὃάϳ . This suggests that the uncertainty of the sensor is 

approximately ρψπὲὝ. Thus, the results obtained from the sensor, although not precise, can 

provide a rough estimate of the coercive field. 

 

  

 

Figure C-15: Hysteresis loops zoom in base on Figure C 14. 
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Figure C-16: Hysteresis loop of the first integration zoom in base on Figure C 15. 
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C.2.4.2 Results of measuring Hysteresis with Dithering 

Dithering signals are commonly used in hysteretic systems or systems with friction to 

linearize the output. In this case, a small dithering signal with an amplitude of approximately 

υππὲὝ and a frequency of ρππὯὌᾀ was applied to an external coil. The results of testing the 

dithering technique are presented in Figure C-17. The figure illustrates that the dithering signal 

has effectively linearized the output of the sensor, which is evident from the smooth response 

observed in the graph. This suggests that the use of dithering signals can be a useful technique for 

improving the linearity of the output in hysteretic systems. 

 

The results of testing a dithering signal suggest that the hysterics of the sensor reduced 

considerably and the new value for the corrosively field Ὄ  is about ͯ τρὲὝ or ͯ σςȢςφάὃάϳ . 

As a result of the sensor testing, it was determined that the uncertainty of the sensor is 

approximately ςπȢυὲὝ. A comparison of Figure C-16 and Figure C-17 illustrates that the 

application of a dithering signal significantly reduces the hysteresis present in the system. 

Specifically, the data suggests that the dithering reduces the hysteresis by 878%. This significant 

reduction in hysteresis is a clear indication of the effectiveness of the dithering technique in 

linearizing the output of the sensor. 

 
  (a)    (b) 

 
(c) 

 

Figure C-17: Hysteresis loop with dithering signal, (a) 12 repetitions for ñSetò and ñResetò, (b) zoom in for the12 repetitions in 

the region of interest, (c) the first integration of ñSetò and ñResetò. 
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