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Abbreviations  

 ME Magnetoelectric   

 LOD Limit of detection   

 MOKE Magneto -optical Kerr effect   

 MO Magneto -optical   

 FM Ferromagnet   

 AFM Antiferromagnet   

 tFM Ferromagnetic thickness   

 MS Saturation magnetization   

 Ku Uniaxial m agnetic anisotropy   

 Ků Stress induced anisotropy   

 Hk Anisotropy field   

 Hdem  Demagnetization field   

 Hstr  Stray field   

 EB Exchange bias   

 PEB Parallel exchange bias   

 APEB Antiparallel exchange bias   

 HEB Exchange bias field   
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Abstract  

Current composite magnetoelectric (ME) sensors of cantilever design have shown 

promising properties and positive tendencies toward sensor applications in biomagnetic 

sensing. Despite great signal performance, the sensors  have limitations, resulting from 

noise generated by the magnetic phase. The magnetically induced noise dominates the 

sensors performance even further when low frequency signals are probed, using 

magnetic frequency conversion (MFC). The work orients around  this specific impediment 

and provides various techniques to suppress the noise sources, originating from the 

magnetic phase.  

In the beginning, the work reviews the effectiveness of multilayer exchange bias (EB) 

systems that were used to reduce magnetic no ise. An improvement of the system is 

introduced that allowed increased signal yield. However, the noise response could not 

be improved. For this reason,  a new magnetic multilayer system dubbed antiparallel 

exchange bias (APEB) is introduced, which is forme d with a specialized post -production 

heating scheme.  

The developed coupling allows formation of a stable magnetic configuration, leading to 

a significant reduction of the magnetic noise. Incorporated into the ME sensors, the APEB 

yields improvement in thei r limit of detection (LOD) and reproducibility of their sensing 

properties. The sensors were characterized electrically as well as magnetically using 

magneto -optical Kerr effect microscopy. In their finalized form, the sensors exhibit a 

significantly decre ased noise behavior, demonstrating a voltage noise threshold below 

10 -7 V/Hz1/2 at optimal working parameters at 10 Hz during MFC operation. The sensors 

demonstrate more than two orders of magnitude and one order of magnitude lower noise 

level in compariso n to conventional single layer sensors and multilayer exchange biased 

sensors respectively. The sensors demonstrate noise limitations only by the thermo -

mechanical noise level with application of MFC.  

Thickness increase of individual ferromagnetic layers a nd variation of anisotropy 

alignment was performed to counteract the reduction of the signal output, whilst 
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upholding the low noise behavior. The new sensors with a total ferromagnetic thickness 

of 4 µm provided an LOD of 50 pT/Hz 1/2 at 10 Hz.  

Within this work also MOKE analysis of sensor behavior during electrical excitation was 

performed. The effect and mechanism of the electrical excitation on the domain 

construct is investigated for single layer as well as multilayer (AP)EB systems. 

Preliminary measurem ents of such sensors already indicated an LOD of 30 pT/Hz 1/2 at 

10 Hz. 

The final part of the dissertation revolves around the minimization of edge effects that 

plague the sensor designs and form a major noise source in the magnetic phase. To 

circumvent thi s effect, an investigation of various patterned edges was employed in 

order to induce the stress effect complementary to the desired magnetic anisotropy 

direction.  

In conclusion, this work provides significant research in the field of magnetic domain 

manip ulation and magnetic domain stabilization that is not limited in applicability to ME 

sensors. It spans also to other sensors that utilize magnetic layers for the sensing of 

magnetic fields. Furthermore, the newly developed concepts could be implemented int o 

other devices utilizing magnetic thin film components such as energy harvesters, 

magnetic shielding and magnetic recordings.  

 

Key words:  magnetoelectric sensors, magnetometers, biomagnetic sensing, magnetic 

noise, magnetic domains, magneto -optical Kerr e ffect, multilayer magnetic thin films, 

exchange bias, antiparallel exchange bias, thin film edge patterning  
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Zusammenfassung  

Gegenwärtige magnetoelektrische (ME) Kompositsensoren, die auf einem 

Biegebalkendesign  beruhen , besitzen vielversprechende Eigensc haften bezüglich der 

Anwendung als  Magnetfelds ensor zur Detektion biomagnetische r Signale . Trotz der 

hohen Signalamplitude weisen die se Sensoren Einschränkungen  auf, die auf  von der 

ferro magnetischen Phase erzeugten Rauschbeiträge n beruhen . Diese  magnetisc h 

induzierte n Rausch beiträge  dominier en die Sensorleistung , insbesondere wenn 

Niederfrequenzsignale mit der sogenannten magnetischen Frequenzumwandlung (MFC) 

abgetastet werden. Der Fokus der Arbeit liegt  daher auf  diesem spezifischen Problem , 

und es werden verschiedene Techniken auf gezeigt , um die von der magnetischen Phase 

herrührenden Rauschquellen zu unterdrücken.  

Zu Beginn der Arbeit wurde die Wirksamkeit von mehrschichtigen Exchange -Bias (EB) 

Systemen untersucht, die bereits zur Reduktion des magnetischen Rauschens 

eingesetzt werden. Durch eine Verbesserung des Systems konnte eine erhöhte 

Signalausbeute ermöglicht, jedoch das Rauschverhalten nicht verbessert werden. Aus 

diesem Grund wurde ein magnetisches Mehrschichtsystem, "Antiparallel Exchan ge 

Bias" (APEB), eingeführt. Das neue System wird mittels einer speziellen 

Temperaturnachbehandlung hergestellt.  

Das neu entwickelte Kopplungsschema ermöglicht die Bildung einer stabilen 

magnetischen Konfiguration, welche zu einer signifikanten Reduzierung  des 

magnetischen Rauschens führt. Zusätzlich verbessert das APEB die Nachweisgrenze 

(LOD) und die Reproduzierbarkeit der Sensoreigenschaften. Die Charakterisierung der 

Sensoren wurden sowohl elektrisch als auch magnetisch mittels magneto optische r Kerr -

Effekt (MOKE)  Mikroskopie durchgeführt. In ihrer endgültigen Form zeigen die Sensoren 

ein signifikant verringe rtes Rauschverhalten unter 10 - 7 V/Hz1/2 bei 10 Hz bei optimalen 

Arbeitsparametern während der Anwendung von MFC. Die Sensoren weisen damit einen 

mehr als zwei Größenordnungen bzw. eine Größen ordnung niedrigeren Rauschpegel im 

Vergleich zu herkömmlichen Einzelschicht sensoren bzw. herkömmlichen 



  Zusammenfassung  

Matic Joviļeviĺ Klug, Dissertation (2019) 
ix 

mehrschichtigen EB Sensoren auf. D ie Performance  der Sensoren ist damit auch bei der 

Verwendung von  MFC nur  durch das thermomechanische Rauschen begrenzt.  

Eine Erhöhung der Schicht dicke der einzelnen ferromagnetischen Schichten sowie  eine 

Variation der magnetischen Anisotropieausrichtung wurden durchgeführt, um der 

einhergehenden Verringerung der Signalamplitud e entgegenzuwirken und dabei 

trotzdem das rauscharme Verhalten beizubehalten. Die Sensoren mit einer 

ferromagnetischen Gesamtdicke von 4  µm und angeregt mit MFC lieferten ein LOD von 

50 pT/Hz 1/2 bei 10  Hz. 

Im Rahmen dieser Arbeit wurden zusätzliche MOKE -Analysen des Sensorverhaltens 

während elektrischer Modulation durchgeführt. Der Effekt und Mechanismus der 

elektrischen Anregung auf das Domänen verhalten  wurden sowohl für Einzelschicht -

systeme als auch für mehrschichtige EB -Systeme untersucht. Für diese 

Anr egungsmethode wurden auch spezielle APEB Sensoren entwickelt. Vorläufige 

Messungen der Sensoren zeigten bereits ein LOD von 30 pT/Hz 1/2 bei 10 Hz.  

Der letzte Teil der Dissertation befasst sich mit der Minimierung von Randeffekten, die 

die Hauptstörquellen in der magnetischen Phase bilden. Um diese Effekte zu umgehen, 

wurde eine Untersuchung verschiedener Kantenstrukturen zur Induktion des 

Spannungseffektes komplementär zur gewünschten Anisotropieausrichtung 

durchgeführt.  

Zusammenfassend liefert diese Arbeit  einen bedeutenden Fortschritt auf dem Gebiet der 

magnetischen D omänenmanipulation und Domänenstabilisierung, die nicht nur auf ME -

Sensoren anwendbar ist, sondern auch auf andere Sensortypen, die Magnetschichten 

zum Erfassen von Magnetfeldern verwenden. Da rüber hinaus könnten die neu 

entwickelten Konzepte in andere Gebieten implementiert werden, die magnetische 

Dünnschichtkomponenten verwenden. Dazu gehören sog enannte  Energy Harvester, 

magnetische Abschirmungen und magnetische Datenspeicher.  

 

Schlüsselwörte r:  magnetoelektrische Sensoren, Magnetometer, biomagnetische 

Abtastung, magnetisches Rauschen, magnetische Domänen, magneto -optischer 

Ker re ffekt, mehrschichtige magnetische Dünn schichten , Exchange Bias, antiparalleles 

Exchange Bias, Dünn schicht kantenstrukturierung  
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Chapter 1 

1 Introduction and basics  

1.1  Introduction  

Magnetically induced noise has induced  persistent  limitations in  various applications , 

from electrical components such as transformers  [1]  down to filters  [2] , magnetic 

shielding  [3]  [4]  and sensors  [5]  [6] . Magnetic noise originates from irreversible and 

spontaneous magnetizatio n changes  such as Barkhausen jumps [7]  and magnetization 

switching  [8] . In the past,  the development of  such  noise has been omitted by selecting 

hard er  magnetic materials that allowed stable domain configuration  to form . However, 

for applications such as magnetic field sensors, the magnetic component has to be soft 

as to allow sensitivity of low magnetic fields  into ranges bel ow µT . For this reason 

specialized shaping  [9]ð[11] , biasing  [12]  [13]  and construct of multilayered  magnetic 

materials [14]  [15]  were  performed on very soft magnetic materials to attain low -noise  

magnetic properties. The resulting effect  for all solutions  is the need of  balancing or 

tradeoff between sensitivity and noise performance. In thi s work, this specific 

problematic is challenged , basing the  research on magnetoelectric (ME) sensors, which 

sustain similar noise limitations as other magnetic field sensors.  The goal of the research 

is to develop novel techniques that support high -sensitive, low -noise magnetic layer 

systems for integration into composite ME sensors.  
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Current composite ME sensors of thin film cantilever design have shown promising 

properties an d show n positive tendencies toward sensor appl ications in biomagnetic 

sensing [16] . Due to various methods and sensor subtypes, they provide high versatilit y, 

from usage at room temperature to flexible form and arrangement in arrays . They deliver  

also very high spatial resolution due to the possibility of miniaturization and integration 

into chip designs  [17]  [18] . They exert  also  the possibility to be tunable and easier to 

handle than other sensors for biomagn etic sensing  [19] . Current research has  deliver ed 

sensors reaching limit of detection (LOD) as low as 400 fT/Hz at resonance frequency 

[20] . However, their relatively  low sensitivity (range of 10 n T [20] ) in the low frequency 

regime (1 -100 Hz) reduces their  functionality for low signal biomagnetic measurements , 

such as brain monitoring. For this reason,  several concepts  (exact sensor subtypes are 

explained  in section  2.1) have been developed to make the sensors  capable of  sens ing  

low frequency , low amplitude  magnetic signals.  

The best sensors before this work provide a LOD of 300 pT/Hz 1/2 at 1 Hz  [21]ð[23] . 

However, such LOD is still insufficient for measurement of biomagnetic signals exerted 

by the human body. This current drawback has been extensively researched  [13] [21], 

[24]  [25]  and latest research has shown that the insufficient sensitivity of the se sensors 

is due to high magnetically induced noise exerted by the magnetostrictive part of the 

composite sensor  [24]  [25] . This has been determined and measured by Kerr ef fect 

microscopy with support of electrical measurements and noise characterization  [24] . 

This also confirmed the cor relation between domain wall motion and domain switching 

with signal to noise ratio  of the sensors [24] . In order to  reduce such noise formations, a 

more stable and controllable domain configuration must be incorporated into the 

magnetostrictive phase of the sensor. Composite thin film ME  sensors  have the possibility 

to be flexibly manipulated in terms of their magnetic  phase as they are prepared  with 

sputtering technique [21] . With it , integration of multilayer structures with various 

magnetic coupling mechanisms as well as specialized shape structuring with 

lithographic processes  is possible . All these points are also the main topic of this 

research and they are  discussed individually in detail more in further chapters. With the 

new concepts described in this work a new generation of ME  sensors was developed with 

substantially better noise performance , resulting in improved sensitivity and quality of 

the sensors.  With the establishment of these new sensors, this  research provides a new 

stepping -stone  towards ultra -low noise ME sensor app lications.  
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To give the reader an overview of the theory behind the experiments , the basic magnetic 

quantities and  effects are  discussed further on . Since the core  of this work is devoted to 

attaining better performance of ME sensors, the current progress o f these sensors as 

well as certain competing magnetic field sensors  are present ed and described 

separately in C hapter 2. Additionally, at the end of that chapter a com parison is given 

between  the ME sensors developed within the Collaborative Research Center ( CRC) 1261 

and  the  competing sensor concepts developed for biomagnetic sensing applications.  

The subsequent chapter is devoted to the experimental and modeling techniques  used 

within this research . From there onwards , the work dives into the topic of magnetically 

induced noise and providing examples of  various noise s ources and their specifics in  

basic model structures. In C hapter 5  the fi rst research topic of parallel exchange bias  is 

covered followed by the main topic antiparallel exchange bias in the next chapter. The 

possibilities of modifying the  antiparallel exchange bias system are presente d in Chapter 

7. In Chapter 8, domain analysis of sensors utilized for electrical modulation technique is 

presented. In this chapter,  an insight is given on the domain behavior and noise 

mechanisms.  In the last chapter,  the  effects of edge structuring are d escribed and 

analyzed. The work concludes with a short synopsis and  conclusions  of the whole work, 

indicating also the possibilities for future work on the researched topics.  Appended to 

this work is also the so -called B -side of research. It is inte nded to  act as a repository  of 

data, which  is not directly connected with the topic at hand, but is of high scientific value 

and potential to be further researched.  

1.2  Basic magnetic quantities and their interplay  

As the whole work is devoted to magnetic properties of magnetic thin films, the basic 

quantities that drive magnetism in a ferromagnetic  material are explained.  

Static magnetism and domain formation  in a ferromagnetic material  can be described by 

a series of energy terms that contribute to the overall energ y of a magnetic material. In 

this part,  each individual energy term and its effect on the total energy term are  shortly 

described. The total magnetic energy consists of the following energies:  

 Ὁ  Ὁ Ὁ Ὁ Ὁ Ὁ Ὁ  (1.1) 



Chapter 1 : Introduction and basics    

Matic Joviļeviĺ Klug, Dissertation (2019) 
4 

Where Eexch  is the  exchange energy, EZee is the Zeeman  energy, Estr  is the stray field 

energy, Eaniso  is the total anisotropy ener gy, Esi is the stress -induced anisotropy  energy 

and Ems is the magnetostrictive energy  [26] . 

1.2.1  Exchange energy  

The exchange energy term is determined by the interaction of localized electron 

magnetic moments  within a material . Due to the two possible spin orientations of the 

electrons, the interaction is limited by the outcome of the spins being either parallel  or 

anti parallel  to each other due to the Pauli Exclusion Principle. The first possibility results 

in formation of ferromagnetism, for which the parallel coupled spins form spontaneous 

magnetization in the material. The second outcome induces the antiferromagnetic  

coupling, which results in a zero  net magnetization as the antiparallel magnetization 

moments cancel each other out.  The following equation  describes such interaction and 

gives the exchange energy in a certain volume:  

 Ὁ ςὐ ὛϽὛ Ὠὠ (1.2) 

Jex is the exchange constant, which determines the magnitude and type of exchange, 

whereas Sa and Sb indicate the local spins of two  neighboring atoms  [26] . The exchange 

energy term can be used for a multitude of materials as we ll as at the interface, when two 

different magnetic materials physically meet. This applicability is especially important for 

the determination of interlayer exchange coupling and exchange bias coupling  which are  

discussed in subchapters 1.2.4.3  and 1.2.4.4  respectively.  It is important to mention that  

the ordering resulting from the exchange interaction dissipates with increasing  

temperature. This  dependency is formed due to a swiveling motion of the two neighboring 

spins from the minimal energy state. The motion causes the angle between the spins to 

change temporally and with enough thermal energy  the spins behave decoupled leading 

to a paramagnetic behavior of the magnetic material. Temperatur e at which this 

transition occurs is named the Curie temperature  Tc and Néel temperature TN for a 

ferromagnetic  (FM) and antiferromagnetic  (AFM) material respectively . Since the Jex is a 

quantum mechanical term, it is relatively hard to determine it precis ely from experimental 
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results. For this reason , the equation (1.2) can be modified into another form  when the 

material is isotropic and consists of one atom type : 

 Ὁ ὃ ὫὶὥὨ ά Ὠὠ ȟ (1.3) 

where   

 ὃ
ὐ ϽὛ

ὥ
 (1.4) 

A is the exchange stiffness and m is the local magnetization. In equation  (1.4), a 

represents the lattice parameter for a cubic structured material [26]  and S is the local 

spin . The exchange stiffness is an important parameter as it encompasses all the 

quantum related quantities , making it much eas ier to extract from experimental 

measurements compared to Jex. With the final equation (1.3) it can be understood that 

any variation of the magnetization from the minimal energy state will result in an increase 

of the total energy Etotal  . 

1.2.2  Zeeman energy  

The Zeeman, also known as external magnetic field energy determines the magnetization 

M respon se to an externally applied magnetic field  Hext . The relation is given by the scalar 

product  in equation (1.5) 

 Ὁ А Ὄᴆ Ͻὓᴆ Ὠὠ А Ὄ  ὓ ὧέί Ὠὠ ȟ (1.5) 

where µ0 is the magnetic permeability of vacuum and ɓ is the angl e between Hext  and M. 

This  equation explains that the energy is reduced when M lies closer to  the axis  of H and 

becomes largest when t he two vectors are antiparallel  [26] . This energy term in principle 

also explains the resulting torque exerted on the magnetization by the applied field.  
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1.2.3  Stray field energy  

A magnetic material without any externally applied field will generate a magnetic field 

originating from its internal magnetization configuration. The formation of such a field 

comes directly from the Maxwellõs equation , stating  the divergence of magnetic flux B 

equals:  ▀░○ ║ ▀░○А╗ ╜ . Because  of the equivalence, the material forms c losed 

loops of ma gnetic field  correspondingly to the formed magnetization within the material . 

Since ▀░○ ║ , the flux  form s two sets of magnetic  fields of equal magnitude , but  in 

opposite sign  (Figure 1(a)) . One is gener ated outside of the material,  denoted as stray 

field Hstr  and the other is generated inside the material, named  as demagnetizing field 

Hdem . The energy exerted by either of t hese fields can be expressed as:  

Ὁ
ρ

ς
А Ὄ  Ὠὠ

 

ρ

ς
А Ὄ  ὓ Ὠὠ Ƞ Ὄ Ὄ  (1.6) 

The Hstr  is proportional to the saturation magnetization MS , at which t he exact shape of 

the loops also depends on the  magnetization alignment . The shape  dependency can be 

expressed for individual coordinate direction s with the so-called  demagnetization factor 

Ni. The sum of the demagnetization factors of all principle  axes must always equal unity. 

For an ellipsoid shaped material, t he general formulation presented in equation (1.7) can 

be applied [26]  [27] : 

 Ὄ ȟ ὔὓ  (1.7) 

Since this work  emphasizes  on thin film magnetic materials, only the formula tions  for an 

extended magnetic film is discussed  further  on. When a n infinitely extended magnetic 

film is magnetized along its thickness, then the N along that dimension  is unity, whereas 

the other two axes  exhibit  N equal to zero . The final equation of Estr  is then:  

 Ὁ
ρ

ς
А ὓ  Ὠὠ (1.8) 
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The final equation however is limited in applicability , as produced magnetic films have 

finite lateral dimensions and the equation  only provides  the overall dem agnetization 

effects. In fact N is a function of position and the local magnetiz ation [28] .  

 

Figure 1: (a) Schematic of the resultin g stray field  Hstr  and demagnetization field  Hdem 

generated in an ellipsoid.  (b)  Schematic plot of the local demagnetization factor N(z) 

independent of material th ickness over the length of the material. Adapted from [29] . 

Through the work of Aharoni [29] , this is especially visible for structures with edges and 

corners, as the demagnetization effects increase towards infinity from middle to the edge 

of the structure ( Figure 1(b)). The exact calculation of demagnetization factors for a finite 

thin film is further discussed in section 3.2 . 

1.2.4  Anisotropy energy  

The anisotropy energ y term is constructed by the sum of individual  anisotrop y terms , 

which are  discussed individually further in this subchapter.  

1.2.4.1 Magnetocrystalline anisotropy 

The most basic anisotropy is the magneto crystalline anisotropy. It originates from the 

spin -orbit co upling and the lattice -orbit coupling . This means, when a magnetic material 

has a crystalline structure, the electron orbits become quenched and deformed by the 

lattice structure. This leads to a formation of energetically more favorable coupling axes 

that  can be distinguished when an external magnetic field is applied to the material. For 

a cubic crystal structure,  an expression is given for the total magnetocrystalline 

anisotropy energy Emca : 
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 Ὁ ὑ ά ά ά ά ά ά ὑ ά ά ά  (1.9) 

The parameters mx, my and mz represent the directional cosines in the noted axes, 

whereas K1 and K2 represent  the temperature dependent anisotropy constants. 

Depending on the material and its structure, the values of anisotropy constants change 

appropriately and can therefore lead to different energy character of individual 

directions. As a typical example , the f amily of directions <100> is determined as easy axis  

for Fe ( BCC), whereas for Ni ( FCC) it is deemed as the hard axis [26] . It should be clear 

that the above equation explains only the Emca  of an  individual crystallite. This means, that 

in order to get the overall anisotropy behavior of a polycrystalline material a projection 

of the energy states needs to be done in the selected Cartesian space.  

1.2.4.2 Magnetization induced anisotropy 

In order to gain an  anisotropy effect in a magnetic material, it is also possible to form a 

short -range ordering of the spins. The modified ordering forms a uniaxial anisotropy  Ku 

in the material  [30] . This is mostly applied on amorphous and polycrystalline materials.  

In practice it is possible to induce the anisotropy  during material depo sition or  by means 

of heating the material in an external magnetic field to a temperature, where the diffusion 

is sufficient for alignment of atoms along the field direction  [31] . To form a uniform 

anisotropy inside the whole material, the field has to be sufficien tly high to saturate it. It 

is also important to keep the temperature under Curie temperature Tc, otherwise the 

diffusion cannot be influenced  by the directional effective field  exerted by the 

magnetization , resulting in an unordered state . For a uniformly  aligned anisotropy,  the 

energy Emia can be expressed as:  

 Ὁ ὑίὭὲ— Ὠὠ (1.10) 

The ɗ is the angle between the magnetization and Ku. The Ku can be approximately 

determined  from the magnetization loops measured along the easy and hard axis. As 

depicted in Figure 2(a), the differential area between the tw o curves gives the anisotropy 

energy equal to Ku: Another characteristic value of such anisotropy is the anisotropy field 

Hk which can be determined as the field at which the linear slope  from the middle part  of 
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the hard axis meets the easy axis loop ( Figure 2(a)). Using this parameter Ku can be 

mathematically determined:  

 ὑ
ρ

ς
Ὄὓ  (1.11) 

However, this is only possible when only the field -induced  anisotropy is present and the 

shape of the material has  equal  effect on the loops  (for instance circular shaped thin film 

samples) . 

 

Figure 2: (a) Diagram with easy and ha rd axis magnetization loops. The grayed area 

repr esents the uniaxial anisotropy Ku and the corresponding anisotropy field Hk is marked. 

(b)  Representation of orange -peel coupling for both possible cases. In the sketch above 

the FM layers are antiparallel t o each other as the coupling is insufficient to overcome the 

stray fi eld coupling of the layers. Bel ow the opposite case is sketched, where the internal 

flux closure formed by orange -peel coupling compensates the increased state of Zeeman 

energy generated by the larger f lux closure of the stray field Hstr . 

1.2.4.3 Interlayer and interface exchange coupling 

Anisotropy formation is not limited to only one material. The interaction of multiple 

magnetic materials coupled directly or indirectly through a so-called space r layer  can  

also generate an anisotropy effect.  In the simplest  example,  two different FM materials 

can be formed by having a common structural interface (for instance two thin films 

deposited one over the other) . To simplify the explanation , one of the  FM is magnetically 

softer (meaning smaller intrinsic coercivity)  than the other . Their mutual  interaction leads 

to local coupling of the spins of the two materials, which creates a lag in the rotation of 

the spins from the  magnetically  softer material when a n external magnetic field is 
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applied . As a result a n offset  in the  magnetization response occurs for  the soft FM along 

the field axis [28] . The resulting unidirectional FM - FM coupling anisotropy KFF forms the 

following energy term  EFF, where ɗ is the angle between the magnetization of the soft FM 

and the anisotropy direction (bound to magnetization direction of the hard FM) : 

 Ὁ ὑ ÃÏÓ—Ὠὠ (1.12) 

Another coupling possibility is to contact the two FM materials with a non -magnetic layer 

(named also spacer layer) made of rare -earth transition metal. In this case the resulting 

coupling of the two layers varies depending on the thickness of the spacer l ayer, which 

can result in either FM (parallel) or AFM (antiparallel) coupling. A model named 

Ruderman -Kittel -Kasuya -Yoshida (RKKY) model was established to predict the variation 

of the coupling strength and coupling type with varying spacer thickness  [32]  [33] . 

A completely different setting of anisotropy can be achieved due to magnetostatic 

interaction of multilayers separated by nonmagnetic spacer layers. Such coupling is 

formed as the Hstr  of neigh boring FM layers couple into a closed flux in order to reduce 

the Zeeman energy. As a result, the l ayers are aligned antiparallel. Additionally, 

compared to the previous two coupling mechanisms, the stray field coupling is not 

homogeneous throughout the in terface. Instead,  the coupling is only homogeneous in the 

middle and near the structural edges of the layers , where  the coupling is enhanced. The 

coupling however does not necessarily have to be parallel. In the case of roughness at 

the interfaces of the FM and spacer layer char ging of the surfaces occur. The charging 

can then form internally generated Hstr , which can couple the dimples and hills of the 

rough surfaces of neighborin g layers. The effect is called o range -peel or Néel coupling  

[34] . A ske tch of such coupling is presented in Figure 2(b) . The resulting coupling can 

have antiparallel or parallel coupling effects, depending on several parameters  of t he 

interface . In equation (1.13) developed by Néel the resulting energy term of orange -peel 

coupling is given  [35] : 

 Ὁ
“АὬὓὓ

Ѝς‗
Ὡ

Ѝ

 (1.13) 
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The energy term and the coupling depend on the thickness of the spacer layer h, the 

saturation magnetization of both layers Ms, Msõ and the wavelength of the roughness ʇ. 

1.2.4.4 Exchange bias 

An even more specific, bu t often used coupling is the so -called exchang e bias  (EB) 

coupling, where a FM is in direct c ontact with an AFM . The effect in the simplest form 

creates a shift in the magnetization curve of the FM. The shift is experimentally 

characterized by reading the corresponding exchange bias field HEB, which is a 

macroscopic evaluation of the EB coupling and its strength ( Figure 3(a)). In practice, to 

achieve reasonable EB effect, the AFM has to have a directional structure  by having a 

preferred growth direction (polycrystalline material). This allows the restructuring of the 

AFM moments in the same fashion during its deposition on a saturated FM  material or 

with a heating step  while applying, for the FM, saturating  magnetic field s (known as field 

cooling) . For proper EB alignment,  the temperature has to be in a specific  range 

determined by the materials . The temperature should not be below the blocking 

temperature TB of the AFM . Above this temperature, the magneti c moments of the AFM 

become loosely coupled , which allows diffusional reorientation of the spins in the 

direction of the neighboring FM spins.  For thin films TB scales with the AFM thickness  tAFM 

until it reaches the value of  TN. However, t he TB is not strai ghtforward to determine for 

the whole AFM , as it depends on the individual crystal size  as well as on the 

magnetocrystalline energy  of each crystal. In regards to the scaling of the EB strength 

i.e. magnitude of HEB, it is inversely proportional to  the thickness of the FM  tFM, whereas 

it increases with the tAFM, but only to a critical value  and then it either stagnates or 

decrease s further on [36] . With keeping the tAFM constant, the  resulting  HEB can be 

calculated:  

 

 Ὄ
ὐ

ὓ Ͻὸ ϽА
 ȟ (1.14) 

where JEB is the exchange energy constant of th e interface between FM and AFM.  In order 

to understand the exact meaning of JEB, a microscopic view of the interface has to be 

considered.  
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Figure 3: (a) An exemplar y plot of a magnetization loop with and without EB coupling. The 

dark arrow indicates the corresponding shift of the loop due to EB . The newly formed 

middle position of the loop is marked by the dashed line, which also marks the value of the 

HEB. On right hand side, m odels of EB  coupling of (b)  orthogonal magnetic lattices and (c)  

random interface model are sketched. The red and blue arrows represent individual AFM 

and FM spins respectively. In (b) the sections represent the individual monolayers of each 

material close to the interface. The cooling field HCF direction is marked with an arrow. In 

(c)  the dark full line denotes the rando mized rough interface . The dashed line represents 

the mean interface level. The stars indicate the frustrated positions formed at the interface.  

Note: the  model examples yield opposite EB effects, (b)  positive EB,  (c)  negative EB.  (b)  

and (c)  adapted from [37] . 

Although EB has been discovered already in  1956  by Meiklejohn and Bean  [38]  the exact 

mechanism of the coupling  on the microscopic scale  is still not completely understood 

and several theories have been proposed to explain the origin of this effect. Here only the  

model of  Schulthess and Butler [39]  [40]  is discussed further  on, as it provides a 

comprehensible explanation of the effect.  The model is constructed out of  two separate  

model s developed beforehand and then adjoined a nd adapte d by the previously 

mentioned authors . First  model determines that  the ground state of magnetic moments  

of the AFM is perpendicularly aligned to the FM moments. In addition,  it also determines  

that the AFM moments are  canted in the region of the interface by a small angle relative  

to the easy axis of the FM opposite to the cooling field  (Figure 3(b))  [41] . This was an 

important step as this theory can explain the interface structure of the local spins  with 

compensated structure  and explain  why  positive EB [42]  [43]  can form with the 

application of high cooling fields . However, this  model is insufficient to  explain the 

effective HEB as the canted spins cannot create a reasonable directionality and with it 

unidirectional anisotropy. The other model expl ains the generated HEB by means of 

variation of the interface in terms of defects. This means that uneven number of spins is 

formed, which creates uncompensated segments at  the interface  (Figure 3(c)) . This 
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leads to generation of  random magnetic field s that influence  the local spins at the 

interface , which henceforth yield  a unidirectional  anisotropy. The resulting state 

generates HEB equal to values obtained experimentally  [44] . The drawback of this model 

is the dependency of the system to inherent defects and their numb er at the interface, 

which makes the model rather vague in terms of experimental analysis and results. 

Despite such shortcomings of both models, the conjoining of the orthogonal arrangement 

with defect induced random magnetic field and canted magnetic mome nts of the AFM at 

the interface yields significantly better results and comprehension of the mechanism. 

The devised dipolar energy term , defined by the conjoined model,  is given in  equation 

(1.15) [40] : 

 Ὁ
 АᴆϽ Аᴆ σ АᴆϽ ὲ  АᴆϽ ὲ

 Ὑᴆ  Ὑᴆ
ὐ  (1.15) 

The  Аᴆ░ and  Аᴆ▒ represent the local magnetic moment configurations, ▪░▒ the unit vector 

pointing parallel to the resulting vector of the difference of positional vectors  Ὑᴆ and  Ὑᴆ. 

1.2.5  Stress -induced anisotropy  energy  

When a magnetic material is exposed to an external applied stress  ůext , the material 

deform s due to its elasticity. In response to the newly reshaped volume, the magnetic 

energy rearranges to incorporate the additional anisotropy term ind uced by the stress.  

The microscopic explanation is the spin -orbit coupling, because of which the joint 

rotation of several spins causes a reshaping of the orbits, leading to a lattice 

displacement and dimensional change of the magnetic material.  The reacti on of the 

material is designated  as mag netostriction and is characterized by the magnetostrictive 

tensor  ɚs , which can become complex depending on the crystal structure and pre -given 

anisotropies of a material.  The ɚs can be either positive or negative in  sign, which gives 

the name to the magnetostriction in a specific axis  correspondingly . However, f or an 

isotropic material ɚs collapses to a single coefficient  ɚsi , which applies to all axes. The 

resulting energy term induced by ůext , which is applied at an angle ɗ to the magnetization, 

is given in equation  (1.16) [26] : 
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 Ὁ
σ

ς
‗„ ÓÉÎ—Ὠὠ (1.16) 

However, it needs to be considered, that the magnetostriction coefficient is dependent 

on temperature as well as  on the stress state of the material  [45] . The last dependency is 

discussed more in details i n the next energy term.  

1.2.6  Magnetostrictive  self -energy  

A magnetic material can also generate internal strains due to the previous mentioned 

magnetostriction  without any externally applied stress . To compensate the increase of 

energy, the material rearranges the local magnetization by means of increasing the 

magneto -elastic energy EME. With the moderate increase in EME and  the reduction of the 

flux , the Estr  can be significantly decreased . The difficulty of calculating such behav ior is 

not arbitrary as ɚs depends on the internal strain  Ů of the material. The change of ɚs with 

strain  is given in equation  (1.17) [46] : 

 ‗ ‐ ‗ π
Ὠ‗

Ὠ‐
‐ ȟ (1.17) 

Where ɚs(0) is the ɚs in a state with zero strain. Since it is  know n that the stress state is 

related to the resulting configuration  of all local magnetizations , the  equation (1.17) can 

be reformed  to express the  magnetization change dependency. In the simplest 

calculation,  an ideal demagnetized state  is firstly taken  as it behaves magnetostrictively 

isotropic . Now , since the integral of the formula above gives a linear form, only the ending 

state , which is chosen as a random partial magnetized state,  is needed  for the calculation 

of final  magnetostriction  ɚ. As a resu lt ɚ measured at an angle ɗ to the local 

magnetization s can be calculated with equation  (1.18) [27] : 

 ‗
σ

ς
‗ ộÃÏÓ—Ớ

ρ

σ
 (1.18) 

The angled brackets indicate the average value of cos 2(ɗ) over all magnetic moments. 

When  the initial state is a saturated state, is a special case where  all the magnetization 
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vectors Ms are pointing perpendicular to the observed magnetostriction axis. When 

comparing it with the ending random partial magnetized state the magnetiza tion vectors 

M can be described as M=MS cos (ɗ) . If put in equation (1.18) an interesting relation is 

revealed:  

 ‗
σ

ς
‗
ὓ

ὓ
 (1.19) 

From equation (1.19), it is clear , that ɚ is proportional to M 2. This means, that antiparallel 

aligned magnetizations yield the same magnetostriction. This dependency, as it will be 

seen later in section 2.1 is a crucial property of the basic functional principle of ME 

sensors.  From the dependency it is also clear that ɚ is not a constant, but changes with 

the hysteric s of the material , leading to a formation of a nonlinear  magnetostrictive 

response  with Hext . The evolution of the ɚ from a typical magnetic magnetization loop  is 

given in Figure 4. 

 

Figure 4: The transposition from a typical magnetization response  with Hext  (left) to a 

magnetostriction response curve (middle) which is proportional to the square of M. From 

the derivative of the magnetostriction curve  ove r field, the ME response can be  obtained 

(right).  The latter is also usually named as a bias curve of the ME response.  The ME 

response is plotted with voltage response VME as well as with the ME coefficient ŬME. The 

last diagram shows, that the maximum  ME response is achievable  only  with a certain bias 

field  in either positive or negative direction . To note: arbitrary coefficients we re given to 

allow both conversions  to attain proper units  by assuming that the coefficients are 

constants and the non -linear behavior  is induced only by M. 

Since the change of magnetostriction is directly proportional to the magneto -elastic 

energy density change , the magnetostrictive self -energy for an isotropic material can be 

described easily by the volume integral in equation (1.18): 
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1.3  Magnetoelectric  effect  

Some magnetic materials can exhibit a very special effect named magnetoelectric (ME) 

effect. It dictates that a change in the dielectric  polarization P of a material will occur 

when exposed to an external magnetic field Hext . Conversely , when such a material is 

exposed to an electrical field Eext , the magnetization M inside the material will change 

correspondingly  based on the value of the ME tensor  Ŭ of the material. For the material 

to exhibit ME effect, it needs to have the absence of time -revers al symmetry and space -

inversion symmetry, which can be set by ferromagnetism and ferroelectricity 

respectively. The ME effect can be described by the following equation s [47] : 

 ὖ  ϽὌ (1.21) 

 ὓ  ϽὉ (1.22) 

It should be mentioned, that the above equations only describe the linear ME  effec t.  

Despite the relative complexity of having a 3x3 tensor for the ME effect, it can be easily 

decomposed to a single effective coefficient when the directions of the applied quantity 

and measured quantity are set.  By converting the polarization into an elect rical field 

response of the material , the equation (1.21) can be restated  as a differential equation : 

 ὨὉ ‐ ‐  ὨὌ  (1.23) 

The Ů0 is the electrical permittivity of space and Ůr is the relative permittivity of the 

material.  By combining the permit tivities and Ŭ, the most important figure of merit for ME 

materials is  formed, named the ME voltage coefficient ŬME: 

  ‐ ‐  (1.24) 

This coefficient is  very  useful as it gives the direct relation of the exerted electrical field 

(or voltage  VME) with the amount of externally applied magnetic field. The most commonly 
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used units for this coefficient is kV/(cmāOe), however in order to comply with SI unit 

standard, V/(µmĀmT) is used  in this work . The units of V/A could also be used, however 

due to the indirectivity with the variables of the system, this form is not used.  The ŬME 

behavior can be also explained in terms of magnetic  susceptibility ɢm and electric 

susceptibility ɢe, at which the following relation is constructed:  

  … …  (1.25) 

Out of this dependency, the constraint of the system is visible, that the ME effect cannot 

be large in a single -phase  material. The reason is that the two quantities  are inversely 

bound  due to structural dependencies of the two effects  [48] . Nevert heless, this 

limitation can be eluded by forming a composite  by conjoining a piezoelectric material 

with a magnetostrictive  material . At which the piezoelectr ic material is a material that 

changes its dimension with Eext  and inversely , it generates  a change of P with the 

application of ůext . The composite  allows the transient ME effect, which means that the 

magnetic and electric  quantities exchange  from one to the other by a transformation 

through the stiffness and complian ce matrix of both  materials. By this , a new 

mathematical construct  for ŬME is created by assembling the individual coefficients  [48]  

[49] : 

  ήȟὯὨ ȟ

‗

Ὄ

„

‗

Ὁ

„
  (1.26) 

Where q ij,m , kc and dkl,p  are the piezomagnetic coefficient, interface coupling coefficient 

and piezoele ctric coefficient respectively.  The relations covered by individual  

coefficient s are  given  on the right hand side of  equation (1.26). The effective evolution of 

the ME response from a magnetic hysteresis by assuming the piezoelectric part as a 

constant is presented in Figure 4. With t he composite ME effec t a new opportunity 

opened up for the development of new devices such as energy harvesters, logic devices, 

tunable emitters as well as  sensors [50] . 
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Chapter 2 

2 Magnetic field sensors  

2.1  Composite ME field sensors  

With the composite ME effect described in previous section, the development of new type 

of magnetic field sensors became a possibility. At the beginning the simplest  example of 

a composite ME sensor was done by combining an amorphous Fe-B-Si magnetic ribbon 

adh ered  with a viscous medium  to a piezoelectric PZT (lead zirconate titanate) plate . 

Such a bulk -type sensor (6 3.5 x 15.9  x 0.625 mm3) could already demonstrate a minimum 

detectable field of 8.7 pT/Hz 1/2 at 1 Hz  [51] . In later time newly developed bulk composite 

ME sensors  utilizing PMN -PT (lead -based perovskite: 0.7 ĀPb(Mg 1/3Nb 2/3)O3ī0.3ĀPbTiO 3) 

for the piezoelectric phase, have reached the lowest detectable field of 5.1 pT/Hz 1/2 at 1 

Hz [52] . However, due to their sturdy design the sensors provide poor spatial resolution 

and directional sensitivity. In contrast to them, senso rs developed by wafer based thin 

film preparation  can be processed in significantly smaller dimensions. The processing is 

done by depositing a piezoelectric material on one side of a substrate and the 

magnetostrictive layer on the opposite surface . Despite better spatial resolution and 

flexibility in ter ms of forming arrays, they have shown to detect magnetic fields only down 

to some 100 pT/Hz 1/2 at 1 Hz  [21]ð[23] . The reason is not in the magnetic component, as 

the thin film preparation allows higher control and tailoring of magnetic properties  in 
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comparison to melt spinning with which the magnetic ribbon is produc ed for the bulk ME 

sensors [51]  [52] . This allows the compensation of lower output due to lower thickness 

(ran ge of 1  µm) with the much lower noise output. Instead,  the reason is the severely 

lower piezoelectric output of the AlN, which is commonly used in thin film preparation. 

For an exemplar comparison the piezoelectric coefficient d31 is -3.53 pm/V  [53]  and -1231 

pm/V  [54]  for AlN (0.5 ð 2 µm thick) and PMN -PT (682 µm thick) respectively. Comparison 

shows the dominance of PMN -PT in its piezoelectric response, however , the drawbac k is 

in the material õs hysteretic behavior and higher dielectric losses  as well as the gradual 

decaying of its properties with time and temperature  [55]  [56] . The AlN is therefore used 

as it provides high thermal and temporal stability of its properties as well as a broad  linear 

response  with low losses and large signal to noise ratio [54] . Consequently , such material 

is purposely used for integration in the wafer designed ME sensors, which aim for a long 

lifetime and stable measurement output in various ambient conditions.  

A possibility of how to use such a  sensor is to design it in a cantilever form at which it is 

mechanically fixed from one side by either gluing, clamping or substrate shaping as a 

hanging structure.  A sketch of such a sensor is given in Figure 5(a) with its layer structure 

presented in Figure 5(b).  The sensor is then exposed to a magnetic field. Due  to the 

magnetostrictive effect (see section 1.2.6 ), the magnetic layer either contracts or 

expands forming a bending motion.  It is important to prepare the magnetic phase with an 

induced anisotropy perpendicular to the sensing axis of the sensor. This allows 

preferential domain formation with their magnetization set along the short axis. Such 

configuration allows  gradual rotation of magnetization to occur with an applied ma gnetic 

field resulting from  the Zeem an energy along the long axis  (perpendicular to the Ku). 

Additionally, the configuration maximizes the sensors signal output as  most of the 

beginning magnetizations lie in the same axis perpendicular to the applied field  (see 

section 1.2.6 ). The displacement  due to magnetostriction  leads to a stress generated at 

the interface with the substrate and is mechanically transferred to the piezo electric 

phase. In response,  a polarization forms in the piezoelectric (see section 1.3) that can be 

read out as generated potential on the electrodes encompassing the piezoelectric phase. 

Now in most cases the response of the sensor is week due to low thickness of both 

phases, lead ing to a LOD of 1µT/Hz 1/2 at 1 Hz [57] . However, the response can be 

enhanced when the sensor is operated under certain conditions. I n the next sections 
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selected methods of operation of th e sensor  developed within the CRC 1261 and used in 

this work, are  shortly presented . 

2.1.1  Direct mechanical resonan ce enhancement  

The basis of all the  methods of operation  used in this work is  improvement of the ME effect 

in a sensor by mechanical resonance enhancement . This results in an amplified bending 

motion of the cantilever, leading to an improved response of th e sensor. With just setting 

the external excitation field to the resonance frequency  fres, the sensorõs LoD improves 

from 1µT/Hz 1/2 at 1 Hz to 7.1 pT/Hz 1/2 at 669 Hz [57] . The sensors then also  exert a high ME 

coefficient reach ing a value of up to 7 kV/cmOe . The increased signal response of the 

sensor with frequencies close to the resonance is  presented in Figure 5(c).  With further 

improvement of the sensorõs components and geometry a very good LoD of 400 fT/Hz at 

876 Hz was achieved at the latest [20] .  

 

Figure 5: (a) Schematic of a ME sensor with corresponding denoted anisotropy  Ku, applied 

field s (Hbias , Hcarr ) and sensing axi s. (b)  Inset marked in the sensor schematic, where the 

layer ed structure of the sensor is indicated. (c)  A ME response in dependency of frequency 

around the resonance frequency of the sensor. The maximum amplitude of the response is 

positioned at the resonance f requency  (marked by dashed line) . (d)  Schematic 

representation of mixing a low frequency signal (biomagnetic signal) with a high frequency 

signal (carrier signal) which due to frequency mixing forms a resulting signal with 

frequency of the sum of frequenci es of the other two signals (the difference is not 

presented). (e) Typical frequency spectrums formed with MFC with ( blue dashed  curve) 

and without ( red  curve) the biomagnetic signal. The two sidebands are indicated.  

Schematic s (a) and (b)  are adapted from [58] . 




























































































































































































































































































































































