
www.manaraa.com

University of South Carolina
Scholar Commons

Theses and Dissertations

6-30-2016

Ligand-Induced Magnetic Changes In Metal Thin
Films
Fiona Senta Oberbeck-Oxsher
University of South Carolina

Follow this and additional works at: https://scholarcommons.sc.edu/etd

Part of the Chemistry Commons

This Open Access Dissertation is brought to you by Scholar Commons. It has been accepted for inclusion in Theses and Dissertations by an authorized
administrator of Scholar Commons. For more information, please contact dillarda@mailbox.sc.edu.

Recommended Citation
Oberbeck-Oxsher, F. S.(2016). Ligand-Induced Magnetic Changes In Metal Thin Films. (Doctoral dissertation). Retrieved from
https://scholarcommons.sc.edu/etd/3383

https://scholarcommons.sc.edu?utm_source=scholarcommons.sc.edu%2Fetd%2F3383&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarcommons.sc.edu/etd?utm_source=scholarcommons.sc.edu%2Fetd%2F3383&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarcommons.sc.edu/etd?utm_source=scholarcommons.sc.edu%2Fetd%2F3383&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=scholarcommons.sc.edu%2Fetd%2F3383&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarcommons.sc.edu/etd/3383?utm_source=scholarcommons.sc.edu%2Fetd%2F3383&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:dillarda@mailbox.sc.edu


www.manaraa.com

LIGAND-INDUCED MAGNETIC CHANGES IN METAL THIN FILMS 
 

by 
 

Fiona Senta Oberbeck-Oxsher 
 

Vordiplom 
Johannes Gutenberg Universitӓt Mainz, 2007 

 
 
 

Submitted in Partial Fulfillment of the Requirements 
 

For the Degree of Doctor of Philosophy in 
 

Chemistry 
 

College of Arts and Sciences 
 

University of South Carolina 
 

2016 
 

Accepted by: 
 

Scott R. Crittenden, Major Professor 
 

Thomas Vogt, Committee Member 
 

Andrew B. Greytak, Committee Member 
 

Stephen L. Morgan, Committee Member 
 

Thomas M. Crawford, Committee Member 
 

Lacy Ford, Senior Vice Provost and Dean of Graduate Studies



www.manaraa.com

ii 

© Copyright by Fiona Senta Oberbeck-Oxsher, 2016 
All Rights Reserved.



www.manaraa.com

iii 
 

DEDICATION 

 This work is dedicated to my parents, Renate and Arthur Oberbeck, for 

teaching me never to give up and never to lose sight of my dreams.  It is also 

dedicated to my wonderful husband, Jerry Oxsher, who was my discussion partner 

for any chemical problem I encountered, but also the one who had my back in 

troublesome times.  Their endless support and love gave me the strength to finish 

what I started. 

Danke! 

  



www.manaraa.com

iv 
 

ACKNOWLEDGEMENTS 

 Foremost, I would like to express my gratitude to my advisor, Dr. Scott 

Crittenden, for teaching me how to think out of the box.  His guidance and support 

made me a better scientist.  I would like to thank Dr. Thomas Crawford for his 

guidance in the magnetic world.  My sincere thanks also go to all of my committee 

members, especially my committee chair, Dr. Thomas Vogt, for the 

encouragement, support, and advice throughout the last 6 years.  A special thanks 

to Dr. Richard Webb for letting me use his instruments and for always having a 

word of advice.  I would like to thank Dr. Bharat Kumar who spent countless hours 

discussing research and cultures with me.  My thanks go to Dr. Brett Altschul, who 

managed to make a chemist understand Jackson.  I also want to thank Dr. Qian 

Wang, Dr. Gary Horvath, Dr. Michael Bruckman, and Dr. Nisaraporn “Eve” 

Suthiwangcharoen for their training and mentorship in the virus work.  Thank you, 

Dr. George Handy and Dr. Amelia Taylor-Perry for supporting me in my years as 

TA.  A special thanks also goes to Dr. Monty Fetterolf and the chemistry faculty at 

USC Aiken for giving me the chance to be a “real” Professor.  A big thank you goes 

to my dear friends Kathrin and Bea for a friendship that withstands thousands of 

miles.  Last, but certainly not least, I would like to thank my wonderful friends 

Lauren, Tony, Adam, Swat, Jason, Nestor, Hannah, Ken, Gordon, Kevin, and 

Branfur for never having a dull moment in and out of the lab.  



www.manaraa.com

v 
 

ABSTRACT 

 The investigation of magnetic properties of thin films whose surfaces were 

modified by organic molecules shows that the addition of any functional group to 

the surface measurably changes the magnetic properties. The effect often scales 

with ligand strength and is not limited to surfaces with ferromagnetic properties. 

Improving upon the technique developed by Knaus et al. [1], a stable and sensitive 

device was developed to measure this magnetic effect using the planar Hall effect 

(PHE) in order to shed light onto controversial questions of purported 

paramagnetism of thiolated gold.  There is a measureable non-diamagnetic 

response of thin gold layers when exposed to alkanethiols as well as other ligands 

such as alcohols, carboxylic acids, amines, and ketones. 

 This approach is not susceptible to contamination by external magnetic 

materials, unlike many of the previous measurements of anomalous gold-thiol 

magnetism.  Significant efforts were devoted to exclude magnetic contaminations 

and are reported in chapters 4 and 5. The developed analysis system, a magnetic 

resistance measurement system (MaRMS), is stable, highly sensitive, and flexible. 

Our results and initial theoretical models open a door to a wide variety of magneto-

chemical surface phenomena.
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In the last few decades self-assembled monolayers (SAMs) on metal 

substrates have attracted attention for their ability to modify the physical properties 

of metal substrates [2, 3], for instance, the conductivity.  The conductivity of gold is 

known to decrease significantly after the formation of SAMs on its surface.  

Recently, it has been suggested that the bulk diamagnetism of gold changed to 

paramagnetism after similar treatment [2, 3].  The measured values were extremely 

large and often ascribed to the susceptibility of non-diamagnetic contamination.  

The experimental techniques employed are very susceptible to contamination and 

hence it is difficult to rule it out.  Therefore, a series of experiments not susceptible 

to contamination were performed and it was determined that the observed effects 

were due to magnetic changes in the gold or to systematic errors in the previous 

measurements.  As presented in this dissertation, it was found that a change in 

magnetic properties of gold is indeed observable when the surface is modified via 

metal-organic bonds.  In addition, it was demonstrated that a large number of 

different functional groups can cause this effect and that it is not exclusive to thiol 

ligands.  Furthermore, the modification of magnetic properties for other metals was 

also shown. 

The capability to make well characterized metal thin films has been 

developed, and the effect of a variety of organic surface modifications on the 

magnetic properties of metal thin films has been investigated.  For these 

investigations a magnetic transport measurement technique (MTM) was used and 

a custom built instrument was developed and built.   
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First, measurements on cobalt, nickel, and Permalloy thin films will be 

discussed.  The magnetic properties of these thin films were modified using the 

following molecules: ethanol, hexylamine, acetone, deionized water, 1-

dodecylthiol, acetic acid, and hexane.  The change in magnetism was recorded by 

measuring the planar Hall voltage of the sample.   

For cobalt thin films in particular the reach of the PHE through the sample 

was determined by measuring thin films of varying thickness.  It was demonstrated 

that the change of magnetic properties appears to reach much deeper into the 

metal sample than previously expected.  An increasing effect was observed for up 

to 30 nm thickness of the thin film.   

Also, the influence of the tail length was measured by applying different 

alcohols, ranging from methanol to hexanol.  While methanol surprisingly had 

almost no effect on the magnetic properties, the longer alcohols showed a 

decreasing effect with increasing chain length.  This shows that the choice of ligand 

for the surface modification cannot just be dictated by the head functional group, 

but one must consider the chain length as well. 

Next, the change in magnetism of gold thin films and how it compares to 

other diamagnetic thin films, such as silver and copper, will be discussed.  Induced 

magnetic moments in gold thin films and nanoparticles have been a popular topic 

in recent literature as will be discussed in chapter 3.  Some of the reported 

magnetic moments for gold are extremely large, even when compared to the 

magnetic moment of iron.  Although determining a quantitative value for the 

developed magnetic moment in gold is not possible with this technique, it was 
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definitively determined that gold can be manipulated into changing the size of its 

magnetic moment and developing a measureable non-diamagnetic magnetization.  

It was found that not only molecules with a thiol functionality have an effect on the 

magnetism of gold thin films, but that other ligands can also cause a change in 

magnetism.  This was demonstrated by using the same series of small organic 

molecules as used previously on ferromagnetic thin films.  This showed that 

surface-modified magnetism is more common than previously thought and by 

using less expensive materials and simpler measurements it can become an 

attractive method for inexpensive, yet widely applicable sensors in the medical field 

as well as novel digital storage devices. 
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CHAPTER 1 

INTRODUCTION 

 This dissertation will discuss the ligand-induced magnetic changes of metal 

thin films.  It will be demonstrated that it is possible to modify the magnetic 

properties of gold as well as those of other metals such as silver, copper, cobalt, 

nickel and Permalloy.  The strength of the modification is dependent on the ligand 

strength used to alter the surface of the metal.  In contrast to the previous 

understanding that gold can only be modified with a thiol ligand and have a 

significant change in magnetic properties, it will be shown that other ligands such 

as alcohols, ketones, amines, and carboxylic acids can induce a similar effect.  

Silver and copper show the same magnetic changes as gold.  Furthermore, a 

diamagnetic metal is not a necessity to change the magnetic properties.  The 

ferromagnetic metal thin films of cobalt, nickel, and Permalloy show the same 

ability to be modified via a ligand layer on the surface as the diamagnetic metals.  

Again, the size effect is directly related to the ligand strength according to 

Pearson’s HSAB concept.  In addition, it will be demonstrated that the magnetic 

modification, which was so far believed to have a reach of about 1 nm, the length-

scale of the magnetic effect appears to be about 10 nm.  Also, it will be shown that 

the change in magnetization of the metal is not just dependent on the functional 

group directly in contact with the metal surface, but that the chain length also plays 

a significant role.



www.manaraa.com

  

2 
 

 

Magnetic transport measurements are a large and attractive research field.  

They are widely used in the electronics industry in sensors, switches, and 

read/write heads for hard drives [1-3].  The foundation of magnetic transport 

measurements is a variety of effects, such as the regular Hall effect, the 

anomalous Hall effect (AHE), and the planar Hall effect (PHE).  Those effects are 

related to the magnetic anisotropy of various materials including metals, alloys, 

and oxides.  In addition, many of these effects can influence each other.  Electric 

and magnetic properties of materials are coupled, therefore, changes to one 

induce changes to the other.  It was demonstrated, through the development of a 

highly stable and sensitive PHE sensor capable of detecting shifts in the local 

magnetic field on the order of 0.01 Oersted, that surface modifications to 

essentially any metal induce magnetotransport changes.  Previous reports were 

confirmed of anomalous magnetic effects of thiol-capped gold, finding a change in 

magnetic properties, which is consistent with a para- or ferromagnetic response to 

gold thin film thiolation [1, 8-11].  Great effort was exerted toward the elimination of 

possible sources of magnetic material contamination and it is demonstrated that 

this cannot be the cause of the observed magnetic changes. 

This work was inspired by a number of different reports of surface-modified 

magnetism in otherwise non-magnetic materials.  For example, Elfimov et al. 

reported defect-induced magnetism in non-magnetic solids [4].  They calculated 

that a ferromagnetic ground state of calcium oxide could be created by introducing 
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dilute cation vacancies [4.5].  Density functional theory calculations [4] for such 

defects in zinc oxide suggested a magnetic moment similar to that of bulk iron [6].   

The observation of magnetism in otherwise non-magnetic materials can be 

influenced by many external conditions, such as pressure or temperature to name 

a few [7].  Apart from potential contamination issues, the concentration of defects 

in the material of interest can play an important role.  Therefore, despite the 

enticingly high theoretical moments reported in the literature [9, 11], the existence of 

magnetism in modified non-magnetic materials has yet to be convincingly 

demonstrated.  Although controversial, since magnetism either is or is not present 

in a material, additional reports with similar observations in other previously 

assumed non-magnetic materials were published over the last two decades [20-22].   

In this work, only those reports directly related to my work will be discussed.  

Beginning in 2003, a series of papers reported that gold thin films and gold 

nanoparticles switch from diamagnetic to paramagnetic when a thiolated self-

assembled monolayer is formed [8-13].  For example, Carmeli et al. reported the 

appearance of magnetism in a 100 nm gold film after the deposition of thiols with 

different tail lengths, ranging from ethylthiol to a thiolated polyaniline [8].  Magnetic 

moments of several tens of Bohr magnetons per nanoparticle were reported.  In 

addition, the magnitude of the magnetism effect in this publication was directly 

related to the size of the molecule used as ligand on the metal surface [8]. 

 In 2010 Adeagbo et al. studied the effect of surface cleaning on the 

magnetic properties of various oxides and reported that for strontium titanate 

(SrTiO3) they found an enhanced ferromagnetism after cleaning with ethanol, while 
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cleaning with acetone causes ferromagnetism to vanish [14,15].  Their theoretical 

calculations roughly confirmed their experimental findings.  In their density function 

theory calculations, the magnetic moment was only present when the surface was 

terminated with titanium or oxygen and there was a vacancy of either one of these 

atoms.  Further they reported that the adsorption of ethanol in the case of a titanium 

vacancy theoretically quenches the magnetic moment, while in the case of an 

oxygen vacancy the magnetic moment remains.  Similar calculations were 

performed with acetone as adsorbent, however, it had no influence on the 

magnetic moment for either of the vacancies [16]. 

 The work published for the magnetic changes report that the results are 

very difficult to reproduce [10, 11].  Because of this, it is hard to establish a correlation 

between the ligand and a change in magnetism.  In addition, the molecules used 

for the SAM represent a very limited selection, which presents an additional 

problem in rationalizing a change in magnetism.  The resulting magnetic moments 

vary over several orders of magnitude, making it difficult to extract a single answer 

from these values, but instead demonstrating that there is still a lack of 

understanding and experimental repeatability.  The experimental techniques vary 

greatly and all suffer from possible sources of contamination of the sample.  The 

majority of the measurements have been carried out using a superconducting 

quantum interference device (SQUID) [8-11, 13, 17], which gives information about the 

net magnetization of the sample.  However, it lacks the ability to spot interference 

from contaminant atoms that might be present in the sample [10, 11, 18, 19].  
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 Searching for a technique that does not suffer from these problems, Knaus 

et al. [13] first employed the PHE.  Ogrin et al. [18] demonstrated that the net Hall 

effect as a function of the magnetic field shows a peak resulting from the planar 

Hall effect.  This peak can shift in its position depending on the magnitude of the 

magnetic field to which the sample is exposed.   

 The PHE occurs due to a combination of electromagnetic effects and can 

be measured as a voltage perpendicular to the applied current.  This measurement 

requires the sample and the applied magnetic field to be roughly, but not perfectly, 

perpendicular to each other, so that an in-plane component of the applied magnetic 

field is still present (Figure 1.1).  By applying an external magnetic field, the 

magnitude of the in-field component can be changed.  Eventually the in-field 

Figure 1.1: Left: The sample is exposed to an 
externally applied magnetic field, HE, which 
has an in-plane component, HE II. Right: After 
the application of ligands on the sample there 
is an additional magnetic field, HL, present, 
which also has an in-plane component, HL II. 
The presence of the ligands on the surface 
and the additional magnetic field changes the 
net magnetic field that the sample 
experiences, and so the value of HE at which 
the PHE peak in the Hall voltage occurs. Here, 
as in most of my results, the additional field 
counteracts the externally applied field, 
resulting in a shift of the peak toward higher 
HE. 
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component becomes big enough to overwhelm the magnetization and cause it to 

snap around along the easy axis (see chapter 4.3), which causes the peak of the 

PHE used in this work.  By adding a ligand layer, which modifies the magnetic 

properties, the net in-field component now includes an additional value for the 

surface modification.  Therefore, the magnetization requires a different strength of 

the external field to snap along the easy axis and the peak shows up at a slightly 

shifted position.  This change in peak position is the indicator for the change in 

magnetic properties of the sample.  Therefore this technique was used as a reliable 

indicator to determine if the magnetic properties of metals can really be altered by 

a surface modification. 

 The goal was to conduct measurements that are not hampered by 

contamination, are very reproducible, and taken in a stable environment.  

Therefore, the focus of this work is on measurements in a custom designed 

instrument, the Magnetic Resistance Measurement System (MaRMS), which is 

similar in sensitivity to the Physical Property Measurement System (PPMS) but 

easier to use.  Improvements on the previous measurements were made in several 

ways.  First, a more stable, higher angular resolution measurement system 

compared to the PPMS was developed by designing MaRMS, which allows a pure 

surface measurement versus a volume measurement conducted in a SQUID. 

Second, the absence of magnetic contamination in the measurement is thoroughly 

examined; the effect is real. Third, it is shown that the effect is much more 

widespread than previously thought and demonstrates that it behaves consistently 
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with basic chemical facts, increasing with increasing ligand-strength according to 

the HSAB concept regardless of metal and ligand.   

 While the PPMS is a commercially available system with the capability to 

apply an external field of up to 9 T, it can be very cumbersome to use. Due to the 

large field, the sample must be placed in an enclosed cooled chamber and has to 

be removed in order to conduct the surface modification.  The PHE is proportional 

to the angle of the applied magnetic field relative to the sample, therefore a stable 

sample setup is mandatory for successful measurements.  It is not possible to 

reposition the sample holder in the exact same position, which causes a significant 

error.  In MaRMS the sample is not enclosed and the surface of the metal layer 

can be modified without taking the sample out of the instrument.  This allowed for 

the orientation at which I measured to be the same, which eliminates a significant 

error source in this set up compared to a PPMS.  Just like the PPMS, MaRMS 

measures the sum of Hall effects occurring in a ferromagnetic metal layer before 

and after surface modifications, while being able to control the magnitude and the 

angle of an externally applied magnetic field up to 0.7 T.  MaRMS enables 

measurements to be taken with great repeatability and with a sensitivity of 0.01 

Oersted of the in-plane shift. 

 The absence of magnetic contaminants was verified through a variety of 

measurements, confirming that the effect is really due to the magnetic properties 

of surface-modified metals.  Energy-dispersive X-ray spectroscopy (EDS) of the 

metal thin films was performed to show the absence of contamination by other 

magnetic materials.  To demonstrate the purity of the small molecules employed 
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in the surface modifications, nuclear magnetic resonance (NMR) measurements 

as well as inductively coupled plasma mass spectrometry (ICP-MS) were used.  

This allows measurements to give a clear answer to whether or not the solvent 

layer is responsible for the change of the magnetic behavior of the metallic thin 

film.  

 To understand the PHE it is important to understand anisotropic 

magnetoresistance, which requires understanding of magnetic resistance and 

anisotropy.  Therefore chapter 2 is a discussion of the fundamentals of magnetism 

leading to the PHE and anisotropic effects.  Chapter 3 is a discussion of previous 

work, which inspired this project and chapter 4 and 5 will then summarize my 

results, including a discussion. 
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CHAPTER 2 

MAGNETISM 

There are many effects that are related to the magnetic anisotropy observed 

in metals, alloys and oxides.  The origin of these effects is the spin-orbit coupling.  

While electron transport depends on the wave functions of the electrons and 

therefore on the basic shape of the orbital, only the spin is influenced by an 

externally applied magnetic field.  Spin-orbit coupling connects the two 

components and therefore causes the applied magnetic field to have an influence 

on the electron transport.  This makes the measurements presented in this work 

possible.  Below, the basic types of magnetic behavior and their abstract 

description on terms of spin and domains are reviewed.  The different Hall effects 

are then discussed, which make magnetic transport measurements possible. 

 

2.1 TYPES OF MAGNETISM  

The familiar macroscopic manifestation of magnetism can be explained 

microscopically by using the concept of spin.  Due to the long range nature of 

magnetic forces, adjacent spins can couple resulting in macroscopic 

magnetization.  Four types of magnetism can easily be explained using the 

coupling of spins. Three are static cases and one is dynamic.  To understand the 

magnetic behaviors it is necessary to understand the microscopic source of spin.
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The net spin is due to unpaired electrons in their respective orbitals.  As a general 

rule there are twice as many electrons as there are orbitals.  The exact state of 

each electron can be described with the use of four different quantum numbers.   

To understand the arrangement of the electrons in the atom it is important to know 

a few basic details of electron configuration.  The principal quantum number, n, 

describes the shell of the atom and the azimuthal quantum number, l, describes 

the shape of the orbital in which the electron resides.  The magnetic quantum 

number, ml, describes the electrons energy state.  The spin quantum number, ms, 

describes the spin direction of the electron.  It can only have two values: +/- ½.  

According to the Pauli Exclusion Principle and Hund’s rule, if there are two 

electrons in one orbital they must have opposite spins, which causes their net spin 

to be zero.  The set of quantum numbers is unique for each electron in the same 

atom [1].   

In the dynamic case, the spin interaction energy is small compared to the 

thermal energy.  This leads to weak coupling and therefore the spins are randomly 

oriented when no external magnetic field is present.  Such materials are called 

paramagnetic.  When a magnetic field is applied to paramagnetic substances the 

spins align with the field and relax back into random positions once the field is 

removed.  Since the spins align with the field, the paramagnetic response is 

positive; the presence of a paramagnet causes a local enhancement of the 

magnetic field. 

The three static cases can be macroscopically magnetized even without an 

external magnetic field present.  In the first type a large number of spins next to 
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each other can be aligned in the same direction.  These materials with a uniform 

spin alignment are called ferromagnetic (Figure 2.1A).  The only elements that are 

ferromagnetic at room temperature are cobalt, iron and nickel.  

In the second static case the spins are also permanently aligned but 

neighboring spins in neighboring orbitals point in opposite directions (Figure 2.1B), 

which causes the net spin moment to be zero.  These are antiferromagnetic 

materials.  At room temperature the only antiferromagnetic element is chromium.  

Also, cobalt oxide is antiferromagnetic, which is important for this project due to 

the oxidation of the cobalt surfaces. 

The third static type can be commonly found in oxides and alloys.  For this 

case there are two sublattices that form the crystal structure.  One sub-lattice with 

spins aligned in one direction and the second sub-lattice with spins aligned in the 

opposite direction (Figure 2.1C).  Since the respective net spin of each sub-lattice 

Figure 2.1: Schematic drawing of the three static cases 
of magnetism: A) ferromagnetism, the case in which all 
spins are aligned in one direction, B) 
antiferromagnetism, the case in which neighboring 
spins point in opposite directions, and C) 
ferrimagnetism, the case in which neighboring spins 
do not only point in opposite directions but also have 

different magnitudes for the respective net spin. 
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has different magnitudes the net spin of the entire material is non-zero.  These are 

ferrimagnetic materials.   

Any material that has entirely occupied or unoccupied orbitals should have 

a net spin of zero.  When an external magnetic field is applied to these materials, 

they develop a magnetic moment in the opposite direction to the applied magnetic 

field.  Such materials are called diamagnetic.  

When a certain temperature is reached, the Curie temperature, the 

magnetic ordering in all three static cases vanishes and they become 

paramagnetic.  The Curie temperature varies for the different types of magnetic 

materials. 

The final type of magnetization requires a discussion of macroscopic 

physical objects, in particular the phenomenon of domain formation.  A domain is 

a region of a magnetic material with uniform magnetization.  In this particular region 

the spins are aligned with each other.  Neighboring domains can align in different 

directions and are separated by domain walls.  In those domain walls the spin 

orientation is much more likely to change, which moves the domain wall around.  

This allows the domain to change size.  If there are several domains next to each 

other, which are randomly aligned, and an external magnetic field is applied, the 

domains with an orientation in the field direction grow at the expense of the others.  

This gives the impression of overall alignment in the field although the domains do 

not change directions (Figure 2.2).  Magnetic domains do not coincide with crystal 

domains.  Crystal domains are mainly shaped by defects in the crystal structure or 

parasite atoms.  It is possible to have a number of crystal domains united in one 
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magnetic domain.  The net spin per volume of a magnetic domain is referred to as 

the magnetization of this domain.  Our particular sample is big enough to have 

many domains.  The magnetization can reach a saturation point at which 100 % of 

the spins are aligned.  However, the magnitude of the magnetization can vary for 

different materials since it depends on the net magnetic moment.  

The existence of domains is crucial to understand super-paramagnetism, in 

which ferro- or ferrimagnetic materials can be organized in very small domains.  

These small domains are large enough to have a magnetic direction, yet small 

enough and insufficient coupling between the domains that the direction of the 

magnetization is not fixed.  This is possible because the spin coupling in small 

domains is not strong enough to keep an orientation.  Since the inter-domain 

coupling is weak, it appears as if a paramagnet is present.  

 

2.2 HYSTERESIS  

Hysteresis means that the response to an applied magnetic field depends 

on the previous magnetization of the material.  This can be visualized by plotting 

Figure 2.2: Left: domain distribution without an external magnetic field 
present; middle and right: change in domain sizes caused by an applied 

external magnetic field.  
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the externally applied magnetic field H, which is swept between Hmax and –Hmax, 

against the magnetization M of the substance.  Assuming one starts with an overall 

unmagnetized object, the magnetization initially increases approximately linearly 

with increasing magnetic field as shown by the dashed line.  As the maximum is 

approached the magnetization eventually flattens out near the saturation 

magnetization.  The net magnetization need not be equal to the applied field. It is 

due to the magnitude of the magnetic properties of the material.  As the applied 

magnetic field decreases from its maximum value back to zero, the magnetization 

of the substance remains at a value slightly below the maximum value, which is 

called the remanence.  The magnetization requires some additional magnetic field 

in the opposite direction to reach zero.  This coercivity is the applied magnetic field 

needed in the reverse direction to drive the magnetization back to zero after it was 

saturated.  All throughout this process, the domain sizes change in order to align 

the net moment with the new direction of the externally applied magnetic field.  The 

actual shape of the hysteresis loop is caused by the coupling of the individual 

electrons.  Initially the electrons have random directions and are not coupled. By 

applying an external field, the electrons are forced to point into the directions of the 

applied field and they couple.  With an increasing applied field the number of 

coupled electrons increases and the domain grows.  When the direction of the 

applied field changes, the electrons still remain in their most recent direction 

stabilized by the coupling.  It takes a larger energy to move the direction of the 

coupled electrons than it did with the individual randomly aligned electrons. 
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Therefore, a retardation in the alignment with the applied field can be observed.  

This causes the shape of the hysteresis loop (Figure 2.3).   

 

2.3 MAGNETIC ANISOTROPY  

The ease with which a magnetic material can have its magnetization set 

varies with the direction of that magnetization.  The causes are manifold: crystal 

structure, macroscopic shape, mechanical stress, domain structure, et cetera.  

Often a small number of directions have low magnetization energy and these are 

called easy axes.  This easy axis is bidirectional, which means the orientation 

along the axis, regardless of the direction, is equi-energetic.  This allows a 

magnetization to flip along the easy axis.  For this work, only the introduction of an 

easy axis during the deposition of the sample is important, therefore, the other 

examples will not be discussed.  All measurements discussed in chapter 5 are 

-Mmax 

Figure 2.3: Schematic drawing of a hysteresis curve, which 
shows how the magnetization M of a material is effected by 
an applied magnetic field H, including the remanence and 
the coercivity. 
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performed on systems with only one easy axis. Its presence is required to cause 

the appearance of a peak in the Hall voltage as the external field is swept through 

zero and past the peak position as discussed in chapter 4. 

 

2.4 HALL EFFECTS  

 In 1879, almost two decades before the electron was discovered, Edwin 

Hall discovered the presence of a voltage difference in the y direction across a 

gold leaf when a magnetic field was applied in the z direction of the sample with a 

current applied in the x direction [2] (Figure 2.4). 

 

Figure 2.4: Schematic drawing of Hall’s initial experimental set up. A 
magnetic field, B, was applied perpendicular to the current, I, running 
through the metal sample. The resulting potential difference, VHall, was 
measured perpendicular to both, current and magnetic field. 
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In the absence of an external magnetic field, the voltage difference would 

disappear.  Hall attributed this difference in voltage to moving charges that are 

influenced by the presence of the magnetic field.  He replicated this experiment 

with numerous other metals and demonstrated its general presence in metals.  

Mathematically the direction of the voltage can be determined by the cross product 

of the applied current I and the magnetic field B, and is the simplest example of 

spin-orbit coupling.  

The effect is not limited to perpendicular magnetic or electric fields.  The 

component of the field in the plane also causes a Hall voltage.  This is called the 

PHE.  The PHE requires the presence of a set magnetization.  In ferromagnetic 

substances the applied magnetic field is only part of the net field the sample 

experiences, due to the internal magnetization of the material.  The internal 

magnetization of the material is affected by the externally applied magnetic field, 

leading in turn to a Hall voltage.  The regular classical Hall effect is due to the 

Lorentz force, which is the force a point charge experiences due to the presence 

of an electromagnetic field [1].  The third Hall effect is called the AHE and is purely 

quantum mechanical.  The AHE is only significant in ferromagnetic materials 

because they are highly spin-coupled.  The electrons experience a net field 

different from the external magnetic field due to the magnetization of the material.   

 

2.5 PLANAR HALL EFFECT  

The PHE is used in this work to measure the local magnetic field and 

determine whether or not metallic thin films change their magnetic properties when 
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a surface modification is performed.  Therefore it is necessary to consider how to 

show the presence of the PHE in addition to the regular Hall effect.  An equation 

is derived by following the suggestions from problem 6.15 in John David Jackson’s 

“Classical Electrodynamics, 3rd Edition” [4], which leads to a very similar result as 

shown in a publication by Ogrin et al.[3].  The general form of the net electric field, 

E, can be derived as a function of the current density J, which is the electric current 

per unit area of the sample’s cross section, and the magnetic field H by using a 

Taylor expansion of these two parameters.  For this work, only an expansion of J 

to first order and of H to second order will be considered.  Performing the Taylor 

expansion and collecting terms leads to 

 

E =           ρ0   +   ρ1 H    +   ρ2 J   +   (ρ3 + ρ4) H • J   +   (ρ5 – ρ6) H × J 

 +     (ρ7 + ρ8) (H • J) H  +  ρ9  (H • H) H  +  ρ10  (H • H) J    

+     (ρ11 – ρ12)  H × (H × J)  +  ρ13 H × (H × H)   +  ρ14 J × (H × H)      (1) 

 

E describes the net electric field in the system, J is the current density, H is the 

magnetic field, and the ρi are the partial derivatives with respect to the current and 

the magnetic field evaluated at small J and H. 

Equation 1 is the general mathematical result for a vector valued function, 

a function whose variable’s range is set by multidimensional vectors, but E, J, and 

H are not arbitrary vectors.  E and J are polar and H is axial, so many terms can 

be eliminated by demanding that the final mathematical result be consistent with 

the physics.  A polar vector matches its mirror image upon reflection, while an axial 
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vector gains a sign flip under reflection.  Since E is a polar vector, the final sum of 

all vectors must also be polar.  Therefore, if an expression in this equation results 

in an axial vector it is automatically eliminated.  Also, the same is true for scalars 

since the addition of a scalar and a vector does not result in a vector, which causes 

ρ0, ρ1 H, and (ρ3 + ρ4) H • J to be eliminated from the equation.  J is a polar vector, 

which allows ρ2 J to stay.  H is an axial vector, but since the cross product of an 

axial and a polar vector results in a polar vector, (ρ5 – ρ6) H × J also remains in the 

equation.  The dot product of an axial and a polar vector results in a pseudo-scalar, 

which changes sign under coordinate reversal.  The multiplication of an axial vector 

with a pseudo-scalar results in a polar vector which restores parity and allows (H • 

J) H to stay.  Parity is preserved for the dot product of two vectors of the same 

type, which results in a scalar that also preserves parity.  Therefore ρ9  (H • H) H is 

an axial vector and is eliminated while ρ10  (H • H) J is a polar vector and stays.  

The cross product of two vectors that are aligned in the same direction is zero, 

which eliminates ρ14 J × (H × H) and ρ13 H × (H × H). (ρ11 – ρ12) H × (H × J) can 

also be written as (ρ11 – ρ12) (H • J) H – (ρ11 – ρ12) (H • H) J.  Since both of these 

terms are already present, only the different derivatives, symbolized by different 

ρx, must be considered.  To simplify the derivatives of each remaining term are 

summed up and re-labeled, giving 

 E = (ρ◦ + β1 H2) J  +  RH H × J  +  β2 (H • J) H (2) 

Since in the particular case presented in this work there is not just a magnetic field 

H to consider but actually the externally applied field B and the magnetization M 
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from the ferromagnetic metal thin film, the two components must be taken into 

consideration.  Therefore the relationship H = B/µ◦ + M is used, which results in  

 E =(ρ◦ + β1(B/µ◦ + M)2)J + RH(B/µ◦ + M)×J + β2((B/µ◦ + M)•J)(B/µ◦ + M) (3) 

However, following Ogrin [7], since the magnetization M is much larger than B in 

ferromagnetic materials, B will be neglected here.  In addition it will be considered 

that M consists of its magnitude │M│ and its unit vector m.  Considering this, the 

equation becomes 

 E = (ρ◦ + β1 │M│2) J  +  RH│M│ ( m × J) +  β2│M│2 (m • J) m (4) 

To reproduce Ogrin’s form of the result, the resistivities perpendicular and parallel 

to m, ρII and ρ, must be introduced and the terms in front of J, ( m × J), and (m • 

J) m must be re-expressed in terms of them.  Replacing these terms in equation 6 

leads to the same result described by Ogrin et al. [3] 

   E = ρJ  +  ρH m × J +  (ρII - ρ) (m • J) m   (5) 

In the absence of a magnetization the second and third term would equal 

zero and the above equation would be reduced to Ohm’s law.  The current is scaled 

by the electrical resistivity with and without the presence of a magnetic field.  The 

second term is the similar to the regular Hall effect with ρH being the Hall resistivity.  

The final term is an additional magnetoresistance term in the direction of m.  

Knowing that the electric field E has components both parallel and perpendicular 

to m, as well as a Hall component allows to express E as: 

 E = ρ J + ρII JII + ρH m × J (6) 
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Since (m • J) m is the vector projection JII of J parallel to the unit vector m (Figure 

2.5),  the perpendicular component J can be described as the difference of J - JII 

or by directly replacing JII as J - (m • J) m 

 E = ρ (J - (m • J) m) + ρII (m • J) m + ρH m × J (7) 

Rewriting the full terms allows one to see every single component: 

    E = ρ J - ρ (m • J) m + ρII (m • J) m + ρH m × J (8) 

From this the derivation of the term (ρII - ρ) can be understood.  

 Since the above analysis is very involved, the problem is approached 

from a different vantage point to have a proof of concept.  Therefore, the problem 

is approached by strictly using the rules of vector calculus.  In vector calculations 

there can only be the regular multiplication of terms (*), the dot product (•), or the 

cross product (×).  Using these three operations it is possible to go through the 

different orders and decide which ones can be used.  To generalize the terms of 

the equation, □ is used as a place holders.  It is mandatory however to regard the 

fact that the final result needs to be a polar vector and therefore the separate terms 

of the equations must all result in a polar vector.  The first order would only exist 

Figure 2.5: Vector components of the current 
density J as parallel and perpendicular 
component to the magnetization M. 
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of one H and one J.  For that multiplication would be excluded since for two vectors 

only cross products or dot products are acceptable.  The later however would result 

in a scalar and therefore does not fit the desired pattern.  Since it is only needed 

to expand H to second order, there would be three terms consisting of one J and 

two Hs, which can be used with combinations of the three operations.  The first set 

of combinations includes □×(□*□), □•(□*□), □*(□×□), or □*(□*□); none of which are 

possible since this would ask for the multiplication of two vectors, which is 

meaningless.  The second set of combinations includes □•(□×□), □×(□•□), or 

□•(□•□), in which the first option would result in a scalar, since only polar vectors 

are relevant this is ruled out, the second/third option would ask for a cross/dot 

product with a scalar, which are meaningless.  Therefore the second set is also 

ruled out.  The third set holds the last two options which are □*(□•□) and □×(□×□), 

which are both possible.  In the first option a vector would be scaled by the dot 

product and in the second option the double cross product would overall result in 

a vector.  The term □a×(□b×□c) can be written as □b*(□a•□c)-□c*(□a•□b), leaving □×□ 

and □*(□•□) as the only possibilities.  This shows that the first approach was indeed 

correct. 

Since all of the calculations above were performed in a theoretical 

coordinate system, it is important to transfer this idea to the actually experimental 

setup used for this work.  The coordinate system used for the above equations is 

defined by J, m, and their cross product.  For the sample coordinate system, all 

the variables remain, however, in the measurements presented, J has a fixed 

direction and cannot freely move around.  The experiments measures the voltage 
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perpendicular to J in-plane.  The presence of an easy axis gives m a bidirectional 

preferred alignment.  The direction of m is influenced by the externally applied 

magnetic field, which is perpendicular to both, the direction of J and the measured 

voltage.  The easy axis runs along the direction of J.  By sweeping the externally 

applied field from positive values to negative values or vice versa, m is forced to 

flip to the opposite direction along the easy axis. During this flip, the in-plane 

component of m briefly aligns with the measured voltage, as shown in Figure 2.6 

by the dotted arrow, and a peak can be observed.  By causing the applied magnetic 

field to change directions again, the process is inverted and m reverses its path.  

This causes a second peak with the same direction as the first, which is why either 

both peaks point up or both point down in the recorded plot. 

In conclusions the above derivation shows, that the part of E in the 

measured direction contains components that are dependent on the direction of J 

and m.  So is m flips its direction there should be a maximum in E, which causes 

a peak in the plotted data.  This maximum is the key to the measurements 

Figure 2.6: Schematic of the alignment of m with the measured 
voltage, Vmeas, during the direction flip of m, as shown by the 

dotted arrows. 
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presented in this dissertation as the peak shifts in position when a surface 

modification via ligand deposition is performed. 
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CHAPTER 3 

ANALYSIS OF PREVIOUS WORK 

In this chapter the publications that are directly related to this work will be 

discussed, and potential problems with the presented data will be elaborated.  It is 

important to state here that it is necessary to get a good idea of the published work 

up to date in order to understand the accomplishments achieved with this work, 

especially since this dissertation is a response to the controversy and perceived 

weaknesses of previous works.   

 Anomalous magnetic behavior of otherwise non-magnetic materials at room 

temperature has been observed by many groups and in many systems [1-33].  The 

work can be divided in two categories: interface effects and stabilized radical 

complexes.  I studied surface induced magnetism and therefore I will not review 

the solution-phase assembly of stabilized radical complexes. 

 Because the magnetic effects are small, low dimensional systems must be 

employed to measure them, otherwise the properties of the bulk dominate the 

results.  Work has been done on both 1D nanoparticles with a size range of 1-4 

nm, and on 2D thin films with a thickness range of 0.2-100 nm.  Both routes of 

investigation will be discussed. 

 To summarize the work to date in a few words, the following can be said:
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1) Anomalous magnetic effects of palladium, gold, and zinc oxide nanoparticles 

are well established and understood.  For all nanoparticles, the experimentally 

backed explanation is that the addition of capping molecules on the surface- 

induces d-shell vacancies in the surface atoms whose polarizability is 

sufficiently strong that it can overcome the diamagnetism of the bulk valence 

band electrons, resulting in both paramagnetic and ferromagnetic moments.  

For palladium, this explanation is not controversial as palladium is almost 

ferromagnetic to begin with. The study of zinc oxide began after the situation 

for palladium had stabilized, and so it too has not been controversial.  Only the 

case of gold nanoparticles created some controversy, possibly because of the 

connection to the thin gold film claims, which will be discussed in this chapter.  

2) A variety of thin film measurements of gold surfaces capped with thiolated 

ligands, which is also essentially the only 2D system studied, have found similar 

results.  However, the para-/ferro-magnetic responses have extreme 

magnitudes and some of the reported magnetic moments have caused 

considerable controversy.  Further, the theoretical explanations are 

problematic to say the least.  To date there were three attempts of a theoretical 

explanation, however, one has been essentially retracted since [38-40], a second 

one is still being discussed [5, 15], and the third one is, so far, only accepted for 

metallic nanoparticles and not for thin films [2-13].  Finally, replication of the 

observed magnetic moments is intermittent [13] and has been strongly and 

convincingly criticized for its susceptibility to contaminant magnetic material [16, 

23].   
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In addition to gold surfaces, a few groups have reported experimental and 

theoretical results for SrTiO3 [27, 41] and other oxide surfaces [42].  They concluded, 

in case of SrTiO3, that treatment of the surface with acetone induces magnetic 

moments at defect sites, while ethanol does not [27].   

With one exception [34], the thin film studies have employed SQUID 

magnetometers and these are very susceptible to contamination due to their high 

sensitivity and unavoidable large sample volumes, coupled with a surface-

dominated effect.  The paper by Garcia et al. [16] essentially renders all SQUID 

measurements with the net magnetizations on the order of a hundred micro-emu 

highly suspect, absent a very careful handling and calibration procedure.  No 

publication at this point has implemented such a procedure, therefore none of the 

SQUID measurements can be considered conclusive. 

 For low-dimensional systems, the magnetism of the surface can be a 

significant fraction of the total magnetic response of the system and is observable. 

For nanoparticles, the effect has an unsurprising and experimentally consistent 

theoretical explanation, whereas the situation for thin films is still troublesome. 

 Although no explanation can be offered at this time for the previously 

reported giant observed magnetic moments in thin films (hundreds of Bohr 

magnetons per atom), setting these few results aside, it can be noted that there is 

no particular reason to suppose that the same explanation applied to nanoparticles 

would fail to apply to thin films.  Further, according to the understanding of the 

nanoparticle case, the stronger the interaction between ligand and metal surface, 

the stronger the expected increase in d-shell vacancies and consequent 
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localization of the displaced electrons and the stronger the surface polarizability.  

This is precisely what can be seen in the work of this thesis, as will be discussed 

in chapter 4 and 5. 

 A chronological ordered review of the relevant publications of nanoparticles 

will now be discussed, followed by essentially all of the work on thin film magnetism 

of gold.  Only the most significant publications directly relevant to anomalous 

magnetic properties of capped thin films are covered.  This includes a fair number 

of nanoparticles publications, since this work provides the current best theoretical 

explanation. 

 This literature review will be closed by the publication by Ogrin et al. [33] 

discussing the planar Hall sensor that I, following Knaus et al. [34], used to make 

the measurements in this work. 

 

3.1 OBSERVATION OF INDUCED MAGNETISM IN NANOPARTICLES  

 Although this dissertation only shows measurements taken on metal thin 

films, in this following subchapter some publications about the same effect 

observed in nanoparticles will be discussed.  Looking at these results can potential 

allow to develop a conclusive theory that is universal for all sample shapes. 

 

3.1.1 ANOMALOUS MAGNETIC POLARIZATION EFFECT OF PALLADIUM AND 

GOLD NANOPARTICLES 

In 1999 Hori et al. were perhaps the first to report an instance of anomalous 

magnetic properties for low-dimensional gold objects with exceedingly large 
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magnetic moments in palladium and gold [1].  The nanoparticles ranged in size 

between 2 to 4 nm and were encased in poly-N-vinyl-2-pyrrolidone (PVP), 

measured via SQUID at 4 K and 120K.  The moments for a particle of 3 nm in 

diameter were equivalent to a net spin of 20, with palladium and gold yielding 

similar results.  The suspension behaved superparamagnetically, i.e. both the 

palladium and gold nanoparticles, coated in PVP, displayed a permanent magnetic 

moment. 

Hori et al. provide a lengthy discussion of potential theoretical explanations.  

However, since most of these explanations are only relevant to nanoparticles 

rather than thin films, which are the focus of this work, their theory will not be 

summarized.  Importantly, they address the question of whether or not the effect 

can be due to free radicals, which would result from the chemical interaction of the 

metal nanoparticles with the ligand system. They conclude that this is not the case, 

based on the sharp peaks of the electron spin resonance (ESR) spectra of similar 

nanoparticle systems [2].  This possibly is relevant to later publications of this group, 

as well as to this work. 

 

3.1.2 ANOMALOUS MAGNETIC POLARIZATION EFFECT OF PALLADIUM AND 

GOLD NANOPARTICLES 

Using XANES, Zhang et al. determined in 2002 that weakly bound 

molecules on gold nanoparticles pushed excess electron density onto the gold 

surface atoms, while ligands with a thiol functional group extracted 0.07 

electrons/atom from the d-shell relative to bulk [3].  This is in good agreement with 
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theoretically predicted 0.05 electrons/atom for Au38(SCH3)24 
[4].  This appears to be 

the first measurement showing the d-shell hole density varying with ligand bond 

strength for gold nanoparticles, which is central to the current theoretical 

explanation. 

3.1.3 ANOMALOUS MAGNETIC POLARIZATION EFFECT OF PALLADIUM AND 

GOLD NANOPARTICLES 

In 2004, Crespo et al. claimed a specific theoretical justification for their 

observed permanent magnetism in gold nanoparticles with a diameter of 1.4 nm 

[5].  The removal of d-shell electron density caused by thiolated ligands is given as 

the cause of the permanent moment behavior, while weakly bound molecules only 

displayed diamagnetic properties.   

In this publication, the electronic properties of capped gold nanoparticles 

were studied via XANES, EXAFS, and EDX. The results are consistent with those 

published by Zhang et al..  Nanoparticles capped with thiolated ligands draw 

electrons out of the gold, while weakly bound molecules do not.  In addition to 

Zhang et al [3]., Crespo et al. show a disappearance of a surface plasmon peak at 

550 nm via  UV-Vis absorption spectra, which indicates that surface 5d electrons 

have become at least partially localized.   

Further, they show that gold nanoparticles with weakly bound ligands are 

diamagnetic, while equivalent systems with thiolated ligands display clear 

hysteresis curves.  This persists up to 350 K and does not saturate in 1 T fields. 

They estimate a magnetic momentum of 0.036 µB per capped atom, which is again 

consistent with Zhang et al.  It must be noted that the authors here substantially 
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overlap with Crespo et al. [5], wherein a highly problematic theory is presented to 

explain their observed extremely large magnetic moments per surface atom.  

 

3.1.4 DIRECT OBSERVATION OF FERROMAGNETIC SPIN POLARIZATION IN 

GOLD NANOPARTICLES 

Published two months after Crespo et al. discussed above [5], Yamamoto et 

al. reported observation of ferromagnetic gold nanoparticles, this time using XMCD 

rather than SQUID to assess the situation, although they also analyze their 

samples with SQUID and compare the data to the results from XMCD, seeing 

consistent results [6]. 

Yamamoto et al. motivate their new approach by questioning a previous 

attempt of theirs, pointing out the susceptibility of SQUID measurements to 

contamination and its inability to identify the source of the measured net magnetic 

moment.  In particular, they are concerned about unpaired electrons in the ligand 

system stabilizing the nanoparticles.  They do not explain their change of opinion 

on this issue and do not address their previous comments about ESR [1].  

Regardless, XMCD has an intrinsic advantage over SQUID, which is energy 

selectivity.  Quoting Yamamoto et al. “XMCD allows the detection of the magnetic 

moments of a particular element through sensitivity to the difference between the 

up- and down-spin densities around the Fermi level.” [6].  Since the Fermi level is 

significantly different for gold and iron, for example, is it possible to determine 

whether the source of magnetic moment, or actually the spin density asymmetry, 

is due to electrons associated with gold or some other contaminant atom.  In this 
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case, XMCD unambiguously identifies the source of the magnetic moment with 

gold. 

Yamamoto et al. find that gold nanoparticles have both a 

superparamagnetic and a Pauli paramagnetic response with a moment of 0.4 mµB 

per particle, 1.9 nm in diameter.  They perform SQUID measurements along with 

XMCD-based ESM measurements and find comparable responses, including 

variation with temperature up to room temperature.  They speculate that the 

observed non-diamagnetic responses of gold nanoparticles is due to size effects.  

In bulk gold diamagnetism is observed in all but the surface atoms, which become 

increasingly important as the size decreases.  This suggests that the effect is 

intrinsic to the gold and the capping ligand has no effect, a claim that is inconsistent 

with essentially all subsequent data, including the data found in this work. 

As with the paper by Hori et al. [1], most of the contents of Yamamoto et al. 

are not relevant to thin films or non-XMCD measurements, so there is no need to 

discuss them.  However, it is important to point out that the evidence of abnormal 

magnetic susceptibility of nanoparticles, gold or not, is strong both experimentally 

and theoretically.  It is not clear how to extend those models to the thin film case 

since the size of the nanoparticle effect peaks at diameters of 3 nm, whereas 

effects for thin films that are up to 80 nm thick could be seen in experiments 

conducted in this thesis.  Further, some of the nanoparticle data is acquired at very 

low temperature, whereas the thin film measurements in this thesis are all 

performed at room temperature. 
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Notably, beyond using XMCD, ICP-MS was used to verify that contaminants 

account for less than the 5 ppm detection limit of the instrument and even 5 ppm 

of iron would be insufficient to explain their XMCD and SQUID data. 

 

3.1.5 DIAMETER DEPENDENCE OF FERROMAGNETIC SPIN MOMENT IN GOLD 

NANOCRYSTALS 

Also in 2004, Hori et al. [7] (including Yamamoto) studied the dependence of 

the magnetic moment of gold nanoparticles with particle diameter, finding that it 

decays rapidly to essentially zero at 5 nm and is maximal at 3 nm.  They also 

proposed to explain that the effect is due to Fermi holes, a theory that has since 

seen no further development. 

The decay of an observable signal past 5 nm for nanoparticles highlights 

the most significant open question in the thin film case. It is still not clear how 

effects can be observed in thin films with a thickness of up to 100 nm [7]. 

 

3.1.6 DIAMETER DEPENDENCE OF FERROMAGNETIC SPIN MOMENT IN GOLD 

NANOCRYSTALS 

Besides gold, the magnetic properties of other metallic, and non-metallic, 

nanoparticles have been studied.  As this work goes too far afield from the topic of 

this thesis, only a few relevant details will be selected here. 

In 2006, Litrán et al. looked at the effect of adding capping molecules to 

palladium nanoparticles, both weakly (tetraalkylammonium salts) and strongly 

bound (alkane thiols), and saw similar results to the ones observed in gold 

nanoparticles. For palladium this is much less surprising as it is close to being 
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ferromagnetic anyway [8] and any chemical interaction that increases the electron 

density at the Fermi surface is likely to “push it over the edge” [8].  Hysteresis loops 

show slight permanent magnetism of about 100 Oe width for a 2000 Oe sweep for 

all the palladium nanoparticles studied.  Litrán et al. suggest two mechanisms, the 

first being the excess electron density mentioned above, and the second the 

induction of 5d holes leading to localized, and hence, magnetically polarizable 

electrons near the surface, as was used to explain the gold results by the Japanese 

group. 

 

3.1.7 CHEMICALLY INDUCED PERMANENT MAGNETISM IN GOLD, SILVER, AND 

COPPER NANOPARTICLES: LOCALIZATION OF THE MAGNETISM BY ELEMENT 

SELECTIVE TECHNIQUES 

In 2008, Garitaonandia et al. [9] extended the range of metal nanoparticles 

that display permanent magnetic moments when capped with thiolated ligands by 

looking at copper and silver as well as gold.  They added Mössbauer spectroscopy, 

at 5 K, to the list of techniques that indicate a magnetic response located at the 

surface gold atoms for gold nanoparticles, although their method could not be used 

for copper and silver nanoparticles.  In addition, XMCD measurements were 

performed on each type of nanoparticles, yielding quite large magnetic moments 

of 0.3 µB per nanoparticle for gold and silver, and 0.06 µB per nanoparticle for 

copper.  They associate the smaller value for copper to diamagnetic copper (I) 

oxide (Cu2O) and antiferromagnetic copper (II) oxide (CuO). 
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3.1.8 CHEMICALLY INDUCED PERMANENT MAGNETISM IN GOLD, SILVER AND 

COPPER NANOPARTICLES: LOCALIZATION OF THE MAGNETISM BY ELEMENT 

SELECTIVE TECHNIQUES 

In 2009, Garitaonandia et al. [10] reported results for gold nanoparticles with 

different alkane-thiol capping layers.  However, they do not describe in any detail 

what their different nanoparticles were coated with, so it is difficult to draw any 

conclusions from their results other than that all alkanethiols are not created equal. 

 

3.1.9 FERROMAGNETISM OF POLYTHIOPHENE-CAPPED GOLD 

NANOPARTICLES  

In 2011, Suzuki et al. [11] used VSM to measure the induced magnetic 

moment of polythiophene-capped gold nanoparticles, finding a magnetic moment 

about two orders of magnitude smaller than Garitaonandia et al.  Potential sources 

of contamination were not discussed. 

 

3.1.10 MAGNETIC PROPERTIES OF ZINC OXIDE NANOPARTICLES  

A series of investigations have focused on palladium as well as zinc oxide 

nanoparticles, for a variety of reasons.  The first such work was published in 2007 

by Garcia et al. [12].  They find very similar behavior to palladium and gold; chemical 

modifications of the surface electron density resulting in the appearance of 

ferromagnetic behavior when the surface electrons are localized by strong bonds. 
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3.1.11 INDUCED FERROMAGNETISM IN COPPER AND MANGANESE THIN FILMS 

CAUSED BY BUCKMINSTER FULLERENE APPLICATION, MEASURED BY MUON 

SPIN ROTATION  

In 2015, Al Ma’Mari et al. published measurements of the localized 

depolarization process of low-spin muons, which were implanted into copper and 

manganese thin films coated with Buckminster Fullerenes (C60) [13].  Employing the 

measurement of the muon spin rotation allowed them to localize the magnetic 

changes in the first few layers of the metal thin film as well as the direct 

environment in the organic molecule close to the interface.  They conclude that it 

is possible to overcome the Stoner criterion, which calculates the density of states 

at the Fermi level of a material.  The Stoner criterion was so far the deciding factor 

if a substance would be ferromagnetic or not, and manipulate non-magnetic 

materials to control their magnetic properties. 

 

3.2 OBSERVATION OF INDUCED MAGNETISM IN THIN FILMS  

 The following subchapter will present the literature discussing changes in 

magnetic properties observed in metallic thin films.  The results from these 

publications are directly related to the work presented in this dissertation. 

 

3.2.1 FERROMAGNETISM OF POLYTHIOPHENE-CAPPED GOLD 

NANOPARTICLES  

In 2003, Carmeli et al. [14] published the first results and explanation of 

induced paramagnetism in gold thin films.  They showed that close packed organic 
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monolayers bonded via a thiol group to the gold thin film (100 nm) results in a large 

paramagnetic response, which is equivalent to a magnetization of several tens of 

Bohr magnetons per bonded ligand. All experiments were performed at room 

temperature. This is unprecedentedly large in comparison to 2-4 µB for iron and, in 

combination with the work of Hernando et al. discussed below [15], is the source of 

most of the skepticism of the thin film results.   

Carmeli et al. investigated the effects of three ligands, two alkanethiols, and 

a polyalanine.  They characterized the monolayers and verified their well-ordering 

by IR spectroscopy, ellipsometry, AFM, and XPS.  Importantly, magnetic 

measurements were performed with a SQUID, which, due to a combination of high 

sensitivity and the fact that it measures the net magnetic moment of a fairly large 

volume while the sample is 2D, is susceptible to contamination.  Using standard 

SQUID sensitivities, a cube of 5 µm on a side anywhere in the multi-cm3 sample 

volume would yield the observed magnetization.  As the samples must be removed 

from the SQUID to be coated with the ligands, there is ample opportunity for the 

inadvertent introduction of a microscopic amount of ferro- or even paramagnetic 

material.  See Garcia et al. [15], discussed below, for further sources of error when 

measuring micro-emu moments with a SQUID.  Further, not all samples yield an 

observable paramagnetic response. 

However, Carmeli et al. assert that evidence, which shows that the 

observed paramagnetic response is a surface effect, is the clear contrast in 

induced magnetic moment between perpendicular and parallel external field 

orientation (Figure 3.1).  The response of the film to a polarizing field applied 



www.manaraa.com

  

41 
 

parallel to the surface is seven times smaller than to one perpendicular to it.  As 

the authors point out, the factor of seven difference does not take into account the 

strong demagnetization field of a thin film, which counteracts any perpendicular 

induced magnetic moments.  The SQUID measures only the net magnetization 

and the demagnetization field would counter any surface moments and much 

smaller than the demagnetization field parallel to the surface. Therefore, the actual 

difference in parallel vs. perpendicular magnetic moments is larger than observed.  

Figure 3.1: Magnetization measurement vs. externally 
applied magnetic field at room temperature for 
octadecylthiol and ethylthiol on gold coated silica 
substrates. The magnetic field was applied 
perpendicular to the monolayer alignment and the 
samples were measured in a SQUID. Copyright 2003 by 

the American Institute of Physics 
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For this kind of magnetic response to be due to contamination, the contaminate 

must also be significantly anisotropic and oriented with the film, which seems 

unlikely.  Carmeli et al. do not say if they had to remove the sample to reorient it.  

In addition, it is not mentioned whether all samples, that show an effect, display 

the same asymmetry.  Further Garcia et al. [16] point out and show that sample 

positioning within the sensed volume can significantly affect the measured 

magnetic moments.  Thus, this asymmetry is inconclusive for ruling out 

unauthentic signals.   

Measuring the magnetic moment as a function of temperature shows what 

the authors characterize has a very small variation in magnetization, indicating 

possible ferromagnetic character.  How this is consistent with paramagnetism is 

not explained. 

Carmeli et al. theorized that the effect is due to charge transfer between the 

gold and the capping ligand, leaving unpaired electrons near the surface.  Further, 

they note the obvious fact that this cannot explain the large magnetic moments 

seen and they therefore also speculate that the electrons (transferred to the 

capping ligand and away from the gold [17]) are trapped in the long tail of the 

capping molecules, leading to an enhanced magnetic polarizability. 

This is vaguely consistent with Hori’s speculations [1] but not with 

Yamamoto’s explanation [6] discussed previously, which is essentially the current 

best explanation, minus the enhancement due to delocalization of the electrons in 

the alkane tails. 
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3.2.2 OBSERVATION OF MAGNETISM IN GOLD THIN FILMS  

In 2006, Reich et al. [18] showed thin film results with a non-SQUID 

measurement, finding either diamagnetic or paramagnetic responses at room 

temperature depending on the substrate.  Interestingly, they point out that 

substrate smoothness differences are correlated with the magnetic properties.  For 

rough surfaces, they saw paramagnetism, speculating that the thin film was 

behaving like isolated nanoparticles. But for flat surfaces, they observed a 

diamagnetic response, which is coherent with gold bulk properties. 

 

3.2.3 GIANT MAGNETIC ANISOTROPY AT THE NANOSCALE: OVERCOMING THE 

SUPERPARAMAGNETIC LIMIT  

In 2006, Hernando et al. [15] studied gold thin films and found truly gigantic 

magnetic moments of 1,000 µB per atom for thiol-capped systems.  Further, they 

proposed a novel and detailed theory in which well-organized long-chain 

monolayers, i.e. with long-range (100 nm) 2D crystalline order, play an essential 

part. 

Although the paper has been cited 46 times as of July 2015, notably, no 

one has yet adopted the proposed theory.  This is not surprising, as it appears to 

suffer from some serious problems.  The model proposes an indirect polarization 

mechanism for the orbital moments; the first spins are polarized by an external 

field, then the orbitals are polarized by spin-orbit coupling.  The problem is 

couplings to spin in the Hamiltonian can only arise from relativistic effects or 

through the exclusion principle.  The polarized orbitals in the model are supposed 
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to be very large; hence the electrons should be weakly bound and slow moving, 

making a relativistic phenomenon highly disfavored.  Moreover, the exclusion 

principle can only give rise to effective spin couplings when nearby electron states 

are heavily filled.  This is ipso facto not the case if the spins and/or orbital state are 

heavily polarized.  Therefore, there is no mechanism that seems capable of 

generating the strong spin-orbit interactions that the model would require.  Further, 

the need for such an explanation only arises if the anomalous magnetic moments 

found are believed. It must be pointed out that these results are only found by 

various researchers in Spain working in overlapping groups, in particular, groups 

containing Hernando and Crespo. 

All of the nanoparticle work, as well as work on other systems, such as the 

strontium titanate work discussed below, and the work in this thesis finds no such 

astonishingly large effects for thiolated ligands and can be explained with far less 

complex mechanisms.  All this work finds a large effect associated with thiolation, 

but only relative to other molecules, not 100 times larger than pure iron. 

Therefore, Hernando’s results, experimental or theoretical, will not be 

discussed here in detail.  It shall only be noted that there is a calculation error of 

4π, which is likely caused by conversion between the SI system and Gaussian 

units.  This error causes all of their reported results to be too small by a factor of 

roughly 12.5.  In addition it should be mentioned, that their reported gigantic 

magnetic moments (presumably measured via SQUID, although the origin of their 

data is not reported) is a major, perhaps even the greatest, source of controversy 

surrounding the gold thin film results. 
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3.2.3 UBIQUITY OF FERROMAGNETIC SIGNALS IN COMMON DIAMAGNETIC 

OXIDE CRYSTALS  

In 2010, Khalid et al. [19] published a detailed and extensive analysis of the 

magnetic properties of various oxide thin films.  Through an analysis via XMCD, 

SQUID, XAS, EPR, and PIXE they thoroughly analyzed the sample properties and 

argue that the observed ferromagnetic signal (in addition to diamagnetic and 

paramagnetic ones from the bulk and impurities) comes from the surface. 

However, they show no awareness of the work of Garcia et al. [15].  Their 

ferromagnetic curves are of the same order as those found by Garcia et al. and 

could be due to contaminants adhered to the Kapton tape often used to secure 

samples in the SQUID.  Khalid et al. did not, however, use Kapton, instead using 

a varnish to secure the samples; but varnish can be quite sticky as well.  They did 

use the standard plastic straw, which Garcia also showed could lead to 

ferromagnetic signals if deformed by a too-large or misaligned sample.  Further, 

they calibrated the SQUID with the standard palladium calibration sample, which, 

presumably, is not the same shape as their oxide samples, though they do not 

elaborate.  Again, Garcia showed that the shape and position of the sample affects 

the measured magnetic moment.  One cannot calibrate a SQUID unless one’s 

calibration sample is the same shape and is positioned the same as one’s sample 

if one wants to measure micro-emu magnetizations [12]. 

It is therefore entirely possible that the tiny ferromagnetism response left, 

after subtracting the much larger dia- and paramagnetic moments from the bulk 

atoms, is simply an artefact. 
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3.2.4 DEFECT-INDUCED FERROMAGNETISM IN CRYSTALLINE SRTIO3  

In 2011, Potzger et al. [20] demonstrated, that defects induced by ion 

irradiation can lead to ferromagnetic behavior in SrTiO3 crystals. 

 

3.3 INFLUENCE OF MAGNETIC CONTAMINATION  

 The presence of magnetic contamination could cause a sample to appear 

para- or ferromagnetic when, in reality, the magnetic properties of the sample 

stayed the same.  In the following subchapter a number of publications discussing 

this problem will be presented. 

 

3.3.1 ABSENCE OF MAGNETISM IN HAFNIUM OXIDE FILMS  

In 2005, Abraham et al. [21] published an important contribution to the 

critique of SQUID measurements.  They show that merely handling thin film 

samples with stainless-steel tweezers is enough to produce magnetic moments of 

10-5 emu, which is on the same order as the net signal reported for many SQUID 

measurements on both nanoparticles and thin films. 

 

3.3.2 FE IMPURITIES WEAKEN THE FERROMAGNETIC BEHAVIOR IN GOLD 

NANOPARTICLES 

In 2006, Crespo et al. [22] demonstrated that iron impurities incorporated 

within gold nanoparticles actually weaken the ferromagnetic response, rather than 
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strengthen it.  This implies that any source of ferromagnetic contamination must 

be external to the nanoparticle themselves. 

 

3.3.3 SOURCES OF EXPERIMENTAL ERRORS IN THE OBSERVATION OF 

NANOSCALE MAGNETISM 

One of the strongest arguments against contaminants being the source of 

the magnetization seen for thin films is the fact that sample rotation substantially 

reduces the observed hysteresis.  However, in 2009, Garcia et al. [16] published a 

detailed investigation of sources of error when measuring very small 

magnetizations, concluding that small asymmetries in sample position upon 

rotation could explain these results.  Further, the standard adhesive for securing 

samples in a SQUID is Kapton tape, which was shown here to yield measurable 

ferromagnetic hysteresis curves likely due to dust picked up from the environment.  

This is a very enlightening article for anyone measuring small magnetizations, as 

is the theoretical analysis by Stemenov et al. [23]. 

 

3.3.4 MAGNETOMETRY AND ELECTRON PARAMAGNETIC RESONANCE 

STUDIES OF PHOSPHINE- AND THIOL-CAPPED GOLD NANOPARTICLES 

In 2010, Guerrero et al. [24] added EPR to the list of techniques used to study 

capped gold nanoparticles, this time adding iron in solution.  Again, they find 

permanent magnetism with SQUID measurements.  They note that they use 

Kapton tape as a sample adhesive and do a baseline subtraction.  It is not clear if 
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this explains the observed hysteresis since the reported magnetizations are on the 

order of 0.03 emu per gram of gold and no information on how much gold was in 

the sample is given.  Therefore the actual observed magnetization is unknown.  

Garcia et al. [16] give a value of 10 micro-emu per cm of Kapton tape. Guerrero et 

al. state that they start, in one case, with 0.145 g of gold, but the solution volume 

is not mentioned.  If it is 100 mL and their actual sample size in the SQUID is 1 

mL, then they may have had 0.00145 g of gold, giving 0.0000435 emu = 43.5 

micro-emu.  This would require about 4 cm of Kapton tape, if that were the source 

of permanent magnetism.  However, due to the lack of information in the 

publication, this calculation is mostly estimated conjecture but is quite close to a 

reasonable lower limit of 1 cm of Kapton.  Thus, contamination cannot be ruled 

out, per Garcia et al. [15], which is not referenced by Guerrero although it was 

published nine months before Guerrero submitted their manuscript. 

 

3.4 THEORETICAL APPROACHES  

 Various theoretical approaches for an explanation of the changes in 

magnetic properties of different materials have been made.  The following 

subchapter will discuss the ones directly related to this dissertation. 

 

3.4.1 FIRST PRINCIPLE PREDICTION OF VACANCY-INDUCED MAGNETISM IN 

NON-MAGNETIC PEROVSKITE SRTIO3 

In addition to the work on metallic thin films and nanoparticles, there has 

been much interest in the magnetic properties of otherwise non-magnetic or 
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diamagnetic oxides.  As this work is rather far from the work of this thesis, this 

discussion is limited to the most relevant highlights.  In 2007, Shein et al. [25] 

presented computed models that predicted vacancy-induced magnetism in SrTiO3.  

This appears to be the first of many computational efforts to show that surface 

modifications should induce magnetic changes in otherwise non-magnetic 

materials. 

 

3.4.2 2011-2013, THE YEARS OF COMPUTATION 

Beginning in 2011, a number of computational, mostly density function 

theory (DFT), papers began appearing.  They show that normally diamagnetic 

materials can become para-/ferromagnetic when their surfaces are modified.  As 

every paper seems to use a different approach with an apparently unlimited variety 

of algorithmic details and as they almost all reach essentially the same conclusion 

(non-diamagnetic responses should occur) only the most relevant papers are 

listed: 

2007 Shein et al. [25] 

Phys. Rev. Lett. A 371, p. 155 

2011 Morozokovska et al. [26] 

Phys. B 406, p. 1673 

2011 Adeagbo et al. [27] 

Phys. Rev. B 83, p. 195428 

2012 Zhang et al. [28] 

J. Magn. Magn. Mater. 324, p. 1770 

2013 Cuadrado et al. [29] 

J. Chem. Phys. 139, p. 0.4319 

2013 Pavlenko et al. [30] 

Phys. Rev. B 88, p. 201104R 

2013 Glinchuk et al. [31] 

Thin Solid Films 534, p. 685 

2015 Liu et al. [32] 

Mater. Chem. Phys 160, p. 80 
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3.5 PUBLICATIONS THAT INSPIRED THIS WORK  

This literature review must conclude with the discussion of the two papers 

upon which the measurement technique for this work is based. 

In 2000, Ogrin et al. [33] described a method for investigating the 

perpendicular anisotropy of a thin cobalt film with an easy axis employing the PHE.  

Since this is the basis of the technique used in this thesis, an extensive discussion 

will be provided in chapter 4, here only the essential details are highlighted. 

Crucially, Ogrin et al. show theoretically and experimentally that there is a 

peak in the Hall voltage as an external field is swept from above to below the Hall 

bar plane and, due to hysteresis within the cobalt film, this peak occurs when the 

externally applied field is far from zero.  Roughly, the position of the peak depends 

on the degree to which the external field is perpendicular to the Hall bar plane, 

moving outward toward infinity as the external field approaches absolute 

perpendicularity because the in-plane component of the field simultaneously goes 

to zero as perpendicularity is approached.  When the in-plane component 

becomes large enough, the sample magnetization flips from one direction along 

the easy axis to the other, resulting in the large change of Hall voltage as the 

magnetization sweeps from one direction along the easy axis to the other. 

In 2009, Knaus et al. [34] demonstrated that this angular dependence of the 

Hall voltage peak could be used to measure in-plane magnetic fields with almost 

arbitrarily high precision.  Further, they used this technique to investigate the 

magnetic effect of cobalt-gold bilayers upon modification of the gold surface with 

a thiolated ligand, finding that the surface modification did change the position of 
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the peak. They concluded from this that the magnetic properties of the gold had 

been changed by the addition of alkanethiols.  The position of the peak shifted 

slowly over a period of a few hours, which is consistent with the known 

reconstruction rate of long-chain alkane-thiol monolayers on gold surfaces.  This 

is also consistent with Hernando’s theory.  Upon the application of ethanol, a peak 

shift sometimes occurred but did not evolve in time, suggesting that whatever 

process caused it had gone to completion in the time it took to re-measure the 

sample.  Knaus et al. also note that peak motion variability was higher for samples 

stored in vacuum.  Importantly, they showed that the well attested change in 

sample conductivity was not the cause of the peak motion by adding an insulating 

aluminum oxide (Al2O3) barrier between the cobalt and the gold.  The Hall voltage 

peak still shifted but there was no vertical shift in the AHE slope, indicating a good 

insulating barrier had been formed. 

Notably, the Ogrin-Knaus approach is not a volume measurement of a 

surface phenomenon and therefore is not nearly as susceptible to contamination 

issues as SQUID, although Knaus did not report any attempts to verify the purity 

of their samples and sample handling processes.  However, they verified that 

sample cleanliness has a statistically significant effect on the change in 

magnetism. 
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CHAPTER 4 

EXPERIMENTAL APPROACH 

This series of experiments stems from a very simple thought.  Having 

ferromagnetic thin films with a given magnetization means that a number of 

electrons have spins aligned in a certain direction.  Applying an organic thin film to 

the surface causes metal organic bonds between the organic ligands and the 

surface metal atoms, which effects some of these spin-aligned electrons.  The 

occupation of these electrons and orbitals must have an influence on the 

magnetization and alters it, which was measured.  The PHE was employed to 

measure a change in magnetism in the metal thin film.  The measurement is a 

comparison measurement.  The PHE peak position before exposure to a ligand is 

compared to that after.  The ligand affects the surface electrons and thereby the 

surface magnetization.  This results in a slightly different total magnetic field felt by 

the rest of the sensor.  Therefore the PHE peak will occur at a slightly different 

external field H.  The following experimental set up was employed. 

 

4.1 MAGNETIC MEASUREMENT SYSTEMS 

In this dissertation a custom system for the measurement of the peak 

caused by the PHE is introduced.  The design of the magnetic resistance 

measurement system (MaRMS) is greatly based on the workings of a physical 
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property measurement system (PPMS) and to understand the connection between 

the two instruments, as well as the reason for the new design, first, some work 

performed on the PPMS will be discussed, followed by the design and 

measurements in MaRMS. 

 

4.1.1 PHYSICAL PROPERTY MEASUREMENT SYSTEMS (PPMS) 

Since these experiments follow the initial work performed by Brad Knaus [6], 

a reproduction of his experiments was performed.  For this purpose, the physical 

property measurement system (Quantum Design) was used, which can create 

magnetic fields up to 9 Tesla.   

  Samples with 30 nm of cobalt topped by 30 nm of gold were measure both in a 

manually adjustable sample holder and an automated one.  The manual sample 

holder was fixed perpendicular to the magnetic field and only a very small 

adjustment of the sample angle was possible.  The automated holder could be 

rotated 360° in steps of 0.15°.  Measurements were performed under reduced 

pressure and at room temperature.  A constant current of 1 mA with a frequency 

of 10 k Hz was applied along the long side of the sample and the magnetic field 

was swept over a range of -3 Tesla and 3 Tesla.  However, it became obvious that 

the angle adjustment in the automated sample holder was not as accurate as 

advertised by the manufacturer, mainly due to gear-wheel mechanics.  While the 

manually adjustable sample holder showed slightly better results, it was a much 

longer process to find a good peak.  During the performance of the experiment it 

was found that the measured peaks shifted their position whenever the sample 
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holder was taken out of the PPMS in order to apply a self-assembled monolayer.  

Therefore a test series was performed for both sample holders in which the 

position of the sample was kept steady, and only the sample holder was taken out 

of the PPMS and replaced into the same position without any chemical 

modifications to see if this would cause a shift.  The data showed that even without 

a self-assembled monolayer the peaks shifted slightly, which led to the conclusion 

that the mounting and dismounting of the sample holder in the PPMS is not a stable 

process and therefore this is not an adequate technique to get conclusive data.  

Therefore a more stable custom system was built. Nevertheless, a sweep of a 6 

Tesla field was performed in the PPMS which allows to see all of the Hall effects 

(Figure 4.7). 

 

4.1.2 MAGNETIC RESISTANCE MEASUREMENT SYSTEMS (MARMS) 

The magnetic resistance measurement system (MaRMS) used for the 

measurements of this dissertation was custom designed to ensure a stable 

measuring environment.  The driving idea for this set-up was to build a simple table 

top version of the PPMS.  To create a stable magnetic environment around the 

sample it was important to have sufficiently large magnet poles with a pole gap 

large enough to insert a sample holder.  The sample holder needed to be 

significant larger than the sample holder in the PPMS in order to introduce better 

control over the angular adjustment of the sample.  In addition, a deposition system 

was created, consisting of a piezo crystal to evaporate the ligands and a house 
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vacuum connection to create an airflow over the sample, as can be seen 

conceptually in Figure 4.1. The real MaRMS can be seen in Figure 4.2. 

 

Figure 4.1: 2D sketch of the sample placement (gold square) 
between the magnet poles with the angle adjustment of the 
sample holder in two directions for better angle control 
relative to the magnetic field. B) a flow trap (left), which is 
connected to the house vacuum, creates an air channel, 
allowing to guide the chemical over the sample holder 

(middle) after evaporation over the piezo crystal (right). 
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The MaRMS setup consisted of a Kepco bipolar operational power 

supply/amplifier.  This power supply controlled the magnetic field of a model 3470 

electromagnet by GMW Magnet Systems with a pole diameter of 45 mm.  The pole 

magnet was adjusted to a pole gap of 15 mm, in which a custom sample holder 

was inserted.  The custom sample holder allowed angle adjustment in x- and y-

direction.  A Stanford Research System, Model SR830 DSP lock-in amplifier 

supplied a DC current through the sample and allowed to read out the Hall voltage 

simultaneously.  The hardware controller existed of a BNC 211 brake-out box, a 

Figure 4.2: The Magnetic Resistance 

Measurement System (MaRMS) with its custom 

sample holder. 
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PXIe-1062Q chassis, as well as a PXI-6251 M Series multifunctional DAQ card, 

all by National Instruments.  A custom virtual instrument was designed in LabView 

to control the power supply and read from the lock-in amplifier.  The circuit drawing 

is shown in Figure 4.3.  In this circuit, VM, from the National Instruments DAQ 

hardware, is converted onto a current, IM, through the electromagnet by the voltage 

controlled power supply (Ampl).  This allows the control of the magnetic field that 

is applied to the sample.  The lock-in amplifier (LIA) produces a constant amplitude 

2 V, 2 kHz AC voltage at “Sine Out”, which is applied to a series circuit consisting 

of a 2 kΩ ballast resister, R, and my sample, yielding a final sample current IS.  The 

LIA simultaneously measures the amplitude of the net Hall voltage perpendicular 

to IS, which also oscillates at 2 kHz since the driving voltage at Sine Out does. This 

amplitude is the “Signal”, VH, which is scaled, by additional LIA settings, to be 

roughly 1 V and so requires further processing to convert back to an actual Hall 

voltage across the sample. The applied magnetic field H was swept in strength 

Figure 4.3: Circuit diagram of the MaRMS set up as described in detail in the 
apparatus section.  Briefly, the Hall bar is connected to a lock-in amplifier 
that supplies an AC current and measures the transverse Hall voltage, while 
an electromagnet applies a varying external field.  A ballast resistor ensures 
a sufficiently low current through the Hall bar thin film to avoid thermal 
damage. 



www.manaraa.com

 

64 
 

between ±6000 Oersted with a frequency of 0.03 Hz.  Each run measured 10,000 

data points over two full sweeps of the magnetic field starting at 0 Oersted.  Since 

the signal strength varied with the net resistance of the sample, the lock-in 

sensitivity was adjusted for each run to ensure the best signal-to-noise ratio.  All 

samples were measured under ambient conditions in this custom magnetic 

resonance measurement system (MaRMS).  

The angle between the sample and the applied magnetic field could be 

adjusted by two screws on the custom sample holder, which allowed adjustment 

in x- and in y-direction (Figure 4.1A).  The system was designed with an 80 threads 

per inch screw.  One turn of the screw resulted in an angular adjustment of 4 mrad.  

It was determined that the smallest adjustment was 1/8 of a turn of the screw, 

which resulted in a resolution of 0.5 mrad.  The piezo crystal and the control 

electronics were extracted from a commercially available humidifier by Crane, 

called Elephant Ultrasonic Cool Mist Humidifier “Elliot”.  A large hose ending with 

a funnel was connected to the vacuum suction of the local laboratory hood.  The 

open funnel end was placed to one side of the sample holder, while the piezo 

crystal and two fans were placed on the other side.  The combination of the fans 

and the suction of the hood created an air channel around the sample holder, which 

guided the evaporated chemical vapors over our sample (Figure 4.1B). A picture 

of MaRMS can be seen in Figure 4.2.    

 

4.2 SAMPLE PREPARATION 

All metal thin film samples were prepared in a multi-step procedure.  While 

the preparation itself required attention for details, it was also very important to 
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ensure the cleanliness of the sample before it was measured in MaRMS.  In the 

following subchapter the preparation as well as the cleaning process will be 

discussed.  In addition, the chemicals used for the measurements as well as their 

purity will be discussed. 

 

4.2.1 PATTERNING METALS 

For the experiments three Hall bars per sample with an area of roughly 0.75 

mm2 (500 µm x 1500 µm) were patterned using positive photolithography (Figure 

4.4).  To create a pattern this way, 2 mL of the positive photoresist S1811 was 

applied onto a clean, nonconductive silica wafer and spun it down for 40 seconds 

at 4000 rpm, before it was baked for 1 minute at 110 °C.  The pattern was burned 

into the positive photoresist film by exposing it to blue light with a wavelength of 

436 nm (g-line) for 3 seconds.  Afterwards the wafer was placed in a solution of 5 

parts DI water and one part Developer 351 and stayed there for 45 seconds before 

it was rinsed with DI water to stabilize the film.  

Figure 4.4: left: Sample outline of the three-Hall bar sample. Wire bonds are 

made at the round pads, ensuring that the bonding process does not change 

the shape of the Hall bar or the effective location of the measurement point. 

Each Hall bar is measured separately. Right: picture of an actual sample 

showing the trio sample wired onto the sample holder. 
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The metal thin films were deposited onto a silica wafer via electron beam 

deposition under reduced pressure (10-6 Torr) with a deposition rate of 1 Å/s.  

During the evaporation of the metals an easy axis was introduced along the current 

direction by placing the sample between two magnets with 40 pounds pull force.  

The photoresist was removed with remover 1165, then rinsed in acetone, ethanol, 

and DI water, before they were immediately dried under nitrogen flow.  The silica 

wafer was glued onto a sample holder using silver paint and the electrodes of the 

metal thin film were wire-bonded to the electrodes of the sample holder using 

aluminum wires.  This sample holder was then in turn place in our custom set up. 

Ensuring the measurement of a clean sample, a cleaning procedure was 

developed to avoid dried solvent residues on the sample.  For this, the sample was 

rinsed with acetone, ethanol, and DI water and immediately tried under a nitrogen 

stream.  If the sample was left to air dry, a residue that was visible with the naked 

eye was formed on the sample surface (Figure 4.5).  Using the piezo crystal for 

the deposition, a similar residue for the solvents was never observed. 

Figure 4.5: The sample wafer before (left) and after (right) 
cleaning with solvents when not tried with nitrogen 
immediately. 
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4.2.2 CHEMICALS 

All chemicals were used as received.  The metal pellets (Ag, 99.99 %;  Au, 

99.999 %; Co, 99.95 %; Cu, 99.999 %; Ni, 99.995 %; Ni80Fe20, 99.95 %) were 

received from Kurt J. Lesker Company. The chemicals for the positive 

photolithography (Photoresist S1811, Developer 351, and Remover 1165) were by 

Dow Chemicals, the deionized (DI) water was provided by a local DI source, the 

silver paint (PELCO® Conductive Silver 187) was received from Ted Pella, Inc., 

the wire to connect the sample electrodes to the sample holder was a 1 % Si/Al 

alloy with a diameter of 0.00125 inches by Ametek®, the silicon wafer used was 

3” in diameter and 2 mm thick with a 200 nm oxide layer, by Silicon Quest 

International.  All following chemicals were tested for trace metals by NMR and 

EDS before and after application to the piezo crystal.  No contamination for any 

ferromagnetic element was found prior or past the application. 1-dodecylthiol, 98 

%, was received from Acros Organics, benzyl alcohol, certified, was received from 

Fischer Scientific, methanol, 99.8 %, ethanol, ≥ 99.5 %, propanol, 99.5 %, hexanol, 

98 %, glacial acetic acid, ≥ 99.5 %, acetone, ≥ 99.9 %, hexylamine, 99 %, and 

hexane, 95 %, were received from Sigma-Aldrich.  All liquids used as ligands were 

measured by NMR and ICP-MS.  The spectra can be found in Appendix B. 

 

4.3 EXAMPLE DATA EXPLAINED  

In order to give an understanding of the collection of the data, in the 

following chapter theoretical data collection as well as the data analysis will be 

discussed. 



www.manaraa.com

 

68 
 

4.3.1 THEORETICAL DATA EXPLAINED  

The MaRMS is designed to perform comparative measurements of the PHE 

under ambient conditions.  The PHE can be measured as part of the sum of Hall 

effects in form of a voltage perpendicular to current density.  The plot is a 

combination of the regular Hall effect, the AHE, and the PHE as shown in Figure 

4.6 for a sweep between -6 T and +6 T.  The regular Hall effect is a linear plot 

(Figure 4.6A) and due to the drift of electrons caused by the application of an 

external magnetic field.  The AHE is due to quantum mechanics and generally start 

with a plateau, then increases and ends in a plateau as can be seen in Figure 

4.6B.  The PHE signal addition is only caused when the magnetization changes 

directions and briefly aligns with the measured voltage in-plane, which causes a 

maximum in the voltage and is shown as a peak (Figure 4.6C).   

Figure 4.6: Graph for a sweep from -6 T to +6 T. Inset are the different Hall 
effects, which dictate the shape of this graph. A) regular Hall effect, B) 
anomalous Hall effect, and C) planar Hall effect. 
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 Knowing that the sensor for this work is the ferromagnetic layer of the 

sample, it is also known that hysteresis is always present throughout the 

measuring process.  When plotting a hysteresis curve, the magnetization, M, of 

the sample is plotted versus the externally applied magnetic field, H.  The 

magnetization of the sample has in general only two directions, positive or 

negative, on the hysteresis plot.  Although the hysteresis curve can shift in various 

ways, for example by having a magnetization before the system is first charged 

up, the direction of the magnetization M only changes, when the value for the 

magnetization changes its sign and therefore, when M crosses zero.  This seems 

to be a rather obvious observation but it is of vital importance to understand the 

connection with the measured peaks.  The peaks employed for the measurements 

of this dissertation are caused by a direction change in magnetization of the 

sample.  It was concluded, that the position of the peaks is directly related to the 

hysteresis of the sample and occurs exactly when the magnetization crosses zero.   

 Often, the measured hysteresis curve is shifted in its coordinate system, so 

to understand the various ways that the hysteresis curve can be shifted, a scheme 

of all cases is shown in Figure 4.7. The most commonly thought about hysteresis 

curve is the one for a material that has no initial magnetization and without any 

external magnetic field applied.  This case is presented on the top center.  As 

discussed previously, there would be an initial magnetization taking place, which 

is not presented in this figure. Once a saturation magnetization is reached and the 

system is cycled between an external field of a given positive and negative value 

for H, the presented hysteresis curve would be observed.   
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Figure 4.7: Schematic of possible shifts for a hysteresis curve when 
magnetization M is measured for a certain applied magnetic field H. First 
line: ideal hysteresis curve with no initial magnetization M and cycled 
between equal values of +/- H. Second line: hysteresis curve with no initial 
magnetization cycled between significantly different values for +H and –H. 
Third Line: hysteresis curve cycled between equal values of +/- H but with 
an initial magnetization present in the material. Last line: change in magnetic 
properties can cause the width of the hysteresis curve to be wider or 
narrower than the initial case. Yellow bars indicate zero crossing points. 
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 The images in the second row show hysteresis curves that are created 

when a material has no initial magnetization, but the externally applied magnetic 

field is cycled between significantly different values, where the negative value is 

larger than the positive one for the left plot and vice versa for the right plot.  Having 

different values for the positive and negative maximum of the applied magnetic 

field shifts the hysteresis curve to the left or the right along the x-axis.   

 The third line shows the hysteresis curves for samples with previous 

positive, on the left, or negative magnetization on the right.  Starting with an initial 

magnetization present in the system simply shifts the hysteresis curve up or down.  

 If the peaks shift, knowing the previous discussed relationship, this means 

that the hysteretic properties of the sample change.  All of the previous discussed 

cases can happen, as well as a change in width of the hysteresis curve, which is 

shown in the last line of Figure 4.7.  A change in width of the hysteresis curve 

generally indicates a change in magnetic hardness. 

 

4.3.2 REAL DATA EXPLAINED  

Since this data had to be analyzed in an elaborate process, the different 

steps of analysis as well as the thoughts taken into consideration to understand 

the data will be discussed below as well as the steps taken to ensure data accuracy 

and repeatability. 
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4.3.2.1 EXTRACTING DATA   

The observed raw data consists of two full sweeps of the magnetic field.  

Figure 4.8 shows the raw data as collected during the measurement. On top the 

applied magnetic field is shown over the time of the measurement.  In the middle 

the net Hall voltage as measured is shown over the time of the measurement.  On 

the bottom only a part of the data is taken into consideration.  Although it was one 

full sweep, it is important to look at a sweep after the initial magnetization to get a 

consistent result from an already magnetized sample.  In this last graph, the Hall 

voltage is plotted versus the applied magnetic field.   

The change of the applied magnetic field causes the magnetization direction 

to align with the field.  However, due to the hysteresis of the ferromagnetic metal 

this realignment does not occur at 0 Tesla like for the externally applied magnetic 

field.  Rather the magnetization of the cobalt keeps the overall magnetization of 

the system steady until the coercive field strength is reached, which is the point 

when the magnetization switches direction.  This particular direction change 

causes the peak measured in this dissertation.  A change of magnetization due to 

the surface modification causes a change in the net magnetic field experienced by 

the ferromagnetic metal, which, in turn, causes a shift in the peak position of the 

PHE.  To analyze the change in magnetization a full sweep cycle was analyzed, in 

which the applied magnetic field changes between ±0.6 Tesla to ensure a set 

magnetization of the sample.  In a full sweep two peaks can be observed, one to 

either side of 0 Tesla.   
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Figure 4.8: Schematic indicating the experimental procedure. A) The 
magnetic field is swept linearly between two symmetric extrema. B) The Hall 
voltage is recorded for the entire sweep but only the portion between the 
second and third extremum is normally analyzed. Initial responses are 
variable because the magnetization of the sample is initially random, not 
having been exposed to ~1T external fields. Subsequent responses match 
the initial one, and so are not shown in any of the remaining figures. C) The 
result, showing a full sweep with increasing and decreasing segment of the 
applied field and the measured Hall voltage as an x-y plot. Depending on the 
direction of the applied magnetic field with respect to the current direction, 

the peak can point up or down. 
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4.3.2.2 ACCURACY OF ANGULAR ADJUSTMENT  

The process of recording the baseline was the same for every 

measurement.  Adjusting the angle of the applied magnetic field relative to the 

sample, a nicely shifted peak was found and a baseline was recorded.   

To have a reasonable sensitivity on the measurements it was mandatory to 

find a well-defined peak with a peak location at roughly 0.2 T or greater.  For this, 

a full sweep was recorded, plotted, and the sample angle was adjusted relative to 

the applied magnetic field by adjusting the custom sample holder.  The peak shifts 

during such an adjustment for half a sweep can be seen in Figure 4.9.  Once a 

well-defined peak with decent shift was found, the data was recorded.  Every 

sample was measured before and after the ligand application.  

 

Figure 4.9: Left: frontal view and right: top view of a 3D plot of the peak 

movement in MaRMS during the process of finding an adequate peak. 
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4.3.2.3 ACCURACY OF PEAK POSITION  

To ensure the accuracy of the peak position, each measurement was 

repeated five times (Figure 4.10).  As an initial confirmation measurement the 

sample was left chemically untreated in MaRMS and measured in different time 

intervals of up to 21 hours to see if the environment could have any effect on the 

peak shift.  The peak was stable in its position (Figure 4.11), which allowed the 

conclusion that the environment in the room, especially the humidity, had no effect 

on the sample.  This experiment was repeated frequently over night or when not 

Figure 4.10: To determine an accurate peak position, each measurement 

was repeated 5 times as shown above. 
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in use.  After the baseline was recorded, the liquid of interest was vaporized over 

the piezo crystal and incubated for 30 minutes before the sample measurement 

was repeated.  Generally each data set consists of 5 measurements, which 

ensured a steady peak. 

 

Figure 4.11: Comparison of the peak caused by the planar Hall effect at A) 
the initial measurement, B) after 4 hours, and C) after 21 hours. The peak did 
not move at all. 
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4.3.2.4 DATA ANALYSIS  

 After the experiment, the data was imported into Wolfram Mathematica and 

analyzed (for code see Appendix B). Using a manipulative graph, in which the 

strength of the magnetic field was plotted versus the Hall voltage, the peak position 

was determined by finding the peak maximum manually. Since some peaks had a 

rather broad shape, it was sometimes difficult to decide on a position, which 

caused a random error and therefore an increase in the standard deviation of the 

mean. The standard deviation of the mean, 𝑠𝑥̅, was calculated using the following 

equation: 

 𝑠𝑥̅ =  
√∑ (𝑥𝑖− 𝑥̅)2𝑁

𝑖=1
𝑁−1

√𝑁

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

 (9) 

N represents the total number of sample runs, xi is the individual sample value, 

and  𝑥̅ is the mean of all sample values. 

 Measuring with a small magnetic field, compared to the PPMS, only two of 

the Hall effects were visible.  The PHE, which was used to measure the shift, and 

the net HE, caused by the AHE and the regular HE.  This net HE was visible as 

the slope on which the PHE peak is sitting.  One consideration for the changed 

peak position must be a possible slope change of the net HE.  If there is a peak in 

data and a line shift is added, then the position of the peak will shift up slope.  It is 

important that the shift caused by the magnetic changes is significantly larger than 

the shift caused by the slope change.  To show this, the slope was compared 

before and after the deposition of the ligand.  As shown in Figure 4.12, only a 

negligible change in slope could be found that is not on the size range of the 

change in peak position and therefore the peak shift must be due to the PHE. 
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Figure 4.12: Comparison of the slope caused by the AHE before 
(top) and after (bottom) the deposition of a ligand. The slope only 
changes by 1.35 × 10-3 µV/T, which is over a ten-fold smaller than 

the change in peak position and it is therefore negligible. 
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Using a full sweep between ±0.6 Tesla, both peaks must be taken into account.  

Because of that, all peak pairs were centered for the analysis by subtracting the 

initial midpoint of the pair. This is equivalent to declaring that any asymmetry is a 

systematic error and removable.  If this is not done, the relative shifts are different 

for the left and the right peak, which leads to difficulties of definition and 

interpretation. 

 The results for all measurements will be presented below in relative motion, 

measured in percent.  The relative motion is often more meaningful as, in absolute 

terms, the location of the peak can vary by a factor of five due to the sample 

alignment and the variety of ferromagnetic materials studied.  From the geometry 

and model, the location of the peak depends on the angle between the sample 

plane and the applied magnetic field.  Therefore, the component of the applied 

magnetic field in-plane varies when the position of the peak varies, making it 

difficult to compare two measurements with significantly varying initial peak 

positions. 

 To get a better understanding of the actual peak movement and what it 

means, the peak position for 30 nm cobalt thin film both before (lighter) and after 

(dark) the application of ethanol were plotted, as well as the midpoint of the two 

peaks (Figure 4.13).   

 Without further analysis it seems obvious that the majority of peaks move 

closer to 0 Tesla after the application of ethanol.  In addition, it must be mentioned 

that each sample consists of three Hall bars, which are generally measured 

consecutively.  Therefore, all peak sets of three are from the same sample. Non-
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triplet results are from samples where one or more Hall bar did not yield any data 

for various reasons.  This argues strongly that the individual Hall bars are not 

independent.  Instead the results depend on the entire sample rather than the bar 

itself.  

 An analysis of all midpoints of all samples acquired over 14 months show 

that the midpoints are similar for samples measured at similar times, suggesting 

equipment systematics.  Some possible causes could be residual magnetic 

polarization of the iron poles or slightly calibration errors in the output of the power 

Figure 4.13: Peak location of left and right peak in blue and orange, 
respectively, before (light) and after (dark) the application of ethanol on a 30 
nm cobalt thin film, with the midpoint location in green. The ligand 
application causes the peak to shift closer to the midpoint and therefore 
decreases the width between the two peaks, which is generally associated 
with a material becoming magnetically softer. The dotted lines indicate the 

average peak shift for both sides in Oersted. 
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supply.  The midpoints scatter much less than the left and the right peak and are 

slightly shifted to the right, which causes them have positive values of roughly 500 

Oersted rather than 0 Oersted.  Some of this offset can be explained by varying 

sample position in the magnetic field, which was measured by a second 

researcher.  However, it does not account for the entire 500 Oersted. 

 Seeing that the absolute peak position varies greatly with the sample 

geometry and therefore is hard to compare, only the width between the left and the 

right peak and its relative percent change will be taken into consideration for the 

analysis of this work, as well as the change in midpoint. 

 Although this measurement does not yet allow for the calculation of a 

definite value for the magnetic moment of a compound, it does give a conclusive 

answer for changes in magnetism.   

 

4.4 RESISTIVITY OF METAL LAYERS 

 Anecdotal evidence suggested that thin metal films produced by thermal 

evaporation onto cold substrates do not form continuous layers until thicknesses 

reach about 30 nm.  Therefore, an attempt was made to ascertain fil quality as a 

function of thickness via conductivity measurements.  A four-point measurement 

was performed on samples, which were identical in size and shape to the ones 

used for the MaRMS measurements.  The only difference existed in the fact that 

there was only one metal thin film bar instead of three per sample.  To be able to 

measure the resistivity of a thin film that potentially interrupted by holes, all 

samples were measured on a 30 nm cobalt layer.  This measurement was 
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performed in the absence of a magnetic field.  As shown in Figure 4.14, a current 

was applied along the long axis of the metal bar and a voltage was measured 

perpendicular to the current direction.  By dividing the measured voltage by the 

applied current the resistance of the sample was calculated.  First the resistance 

of the bare cobalt layer was measured and the resistivity of which was calculated 

using the equation 

 𝜌𝐶𝑜 =  
𝑅∗𝐴𝐶𝑜

𝑙𝐶𝑜
 (10) 

ρCo  is the desired resistivity, R is the measured resistance of the sample, ACo is 

the area of the sample face (height multiplied by the width of the layer), and lCo is 

the length of the cobalt layer.  The resistivity that was calculated for cobalt was 

later used to calculate the resistance of other metals, which formed a top layer on 

the cobalt film. 

 To measure the top metal of the bilayer, the same experiment was 

performed and the following equation was used to calculate the resistance 

Figure 4.14: Left: Sample outline for resistivity measurements with 
indication of current and voltage direction. Right: schematic drawing 
showing the length, l, and the area, A, of the different metal layers, which 

were used as variables in the calculation of the resistivity. 
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 𝜌2 = ((
1

𝑅𝑡𝑜𝑡𝑎𝑙
−  

𝐴𝐶𝑜

𝜌𝐶𝑜∗𝑙𝐶𝑜
)

𝑙2

𝐴2
)−1 (11) 

ρ2  is the desired resistivity of the top layer, Rtotal is the measured net resistance of 

the sample, ρCo  is the previously calculated resistivity of the cobalt sublayer, ACo 

is the area of the cobalt layer face (height multiplied by the width of the layer), A2 

is the area of the top layer (height multiplied by the width of the layer), lCo is the 

length of the cobalt layer, and l2 is the length of the top layer. 

 The cobalt layer was topped by copper, silver, and gold, respectively.  For 

each individual metal 6 samples were prepared with different thicknesses of the 

top metal, ranging from 10 nm to 200 nm.  As can be seen in Figure 4.15, all three  

metals started off with a high resistivity which dropped and reached saturation.  For 

copper and silver, the saturation point was reached at roughly 20 nm, while for the  

gold the saturation was reached around 30 nm.  All resistivities after the saturation 

point are roughly comparable to the literature values [1].  The high resistivities for 

the low thicknesses indicate that there is indeed not a homogenous layer present.  

Because of this, the majority of experiments was performed with a 30 nm thin layer. 

 

4.5 REFERENCES  

1. Lide, D. R., ed. CRC Handbook of Chemistry and Physics, 85th Edition, CRC 

Press, Boca Raton, 2004 



www.manaraa.com

 

84 
 

 

Figure 4.15: Resistivities for copper (top), silver 
(middle), and gold (bottom) thin films with varying 
thicknesses. A non-uniform thin film with holes 
present causes an increased resistivity. Once a 
uniform layer is reached, the resistivity saturates. 
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CHAPTER 5 

RESULTS 

 In the following chapter the experimental results will be discussed. The first 

subchapter will elaborate on measures taken to ensure the absence of 

contamination.  Next, the verification of the presence of a surface modification 

layer as well as an easy axis will be demonstrated and the ligand-substrate stability 

will be discussed.  After that all the experimental results from the MaRMS 

measurements will be discussed and analyzed.  It will be shown that the 

manipulation of the magnetic properties of a cobalt thin film has a reach of roughly 

10 nm.  It will be demonstrated that large variety of functional groups can cause a 

change in magnetic properties although the effect scales with the ligand strength 

roughly in line with Pearson’s HSAB concept.  While the functional group can have 

a significant effect on the magnetic properties, it will be shown that the tail of the 

ligand also plays an important role.  Widening the selection of metal serving as 

planar Hall sensor, the influence of the various functional groups on nickel and 

Permalloy will be demonstrated.  Having shown that ferromagnetic metal thin films 

can very well be manipulated via surface modification, next, the same will be 

shown for diamagnetic metal layers.  The change of magnetic properties caused 

by the surface modifications of copper, silver, and gold will be discussed.  Since 

thiol is the chosen ligand for gold in a large number of publications, as was 

discussed in chapter 3, a study with various gold thicknesses of gold on cobalt will 
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be shown and a comparison to an identical experiment with ethanol will be 

performed.  As last subchapter potential future work will be discussed. 

 

5.1 CONTAMINATION AND VERIFICATION 

 The main source of potential error is contamination of the sample or the 

ligand solution.  In addition, judging from the literature review, it seems to be 

difficult to produce repeatable results.  Therefore this work has gone to great length 

to guarantee the purity and repeatability of the experiments.  In the following 

chapter the measures taken to avoid these potential errors will be discussed first, 

and then the various measurements that were conducted for this thesis. 

 

5.1.1 CONTAMINATION  

 Since potential contamination of the metal thin film or the applied ligand 

liquid were an important potential source of error for the results reported in 

literature, this subchapter will show the absence of such.  In the metal thin films 

the absence of parasite materials will be shown via energy dispersive spectra 

analysis and in the ligand liquids via nuclear magnetic resonance as well as 

inductively coupled plasma-mass spectrometry.  In addition it will be shown that 

even a large amount of paramagnetic iron (II) chloride (aq) has no effect on the 

magnetic properties of the sample. 
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5.1.1.1 EDS ANALYSIS  

 Bearing in mind that the samples are created in a multi-user deposition 

chamber, the first concern is the contamination of these metal patterns.  To show 

the absence of parasite atoms, energy dispersive spectra (EDS) of different cobalt 

and gold samples were recorded.  To achieve a good sensitivity, all samples were 

tested to 10,000 counts.  As expected, the silica substrate can be found in all of 

the sample spectra in form of signal for silicone and oxygen due to the penetration 

depth of the EDS, which reaches way past the sample thickness.  In addition, 

carbon was detected, which resulted from the tape that affixed the sample to the 

holder.  All samples were measured with a FEI Quanta 200 SEM and the spectra 

can be found in Appendix C.  Overall it was shown that no impurities in form of 

other metals are present in the thin film samples. 

 

5.1.1.2 NMR ANALYSIS  

 After showing the purity of the metal samples, the next concern was the 

purity of the ligand liquids.  To show the ligand purity, nuclear magnetic resonance 

(NMR) spectra were recorded for each ligand prior and past application over the 

piezo crystal.  For this, the ligands were dissolved in an appropriate deuterated 

solvent and measured in a Bruker Avance III HD at 300 MHz.  The recorded 

spectra were identical for the ligands collected prior and past the application over 

the piezo.  For all spectra, it was shown that no impurities are present in the liquid 

according to the present peaks.  The spectra can be found in Appendix D with an 

explanation for the chemical shift.   
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5.1.1.3 CONFIRMATION OF CONTAMINATION ABSENCE VIA ICP-MS 

Contamination of the ligand liquid by trace metals has to be considered, 

which could not be verified by NMR.  Therefore, ICP-MS was performed of ligand 

samples prior and past the application via the piezo crystal to find the quantity of 

ferromagnetic trace metals in the liquids used.  Samples of the ligand liquids were 

taken prior and past evaporation over the piezo crystal.  Before the sample were 

injected into the ICP-MS system, all of them were run through a syringe with a 

metal needle just like used in the original experiment, in case this caused any 

contamination. 

 

Table 5.1 ICP-MS data for ferromagnetic trace metals in used liquids 

 Cobalt [ppb] Iron [ppb] Nickel [ppb] 

DI water 0.09 4.87 1.01 

Ethanol 0.13 6.15 0.94 

Acetone 0.08 2.16 1.76 

Hexane 0.05 9.92 0.96 

1-Dodecylthiol 0.84 35 9.52 

 

 To form a monolayer of iron on the sample it would require roughly 1 ppm 

of iron, assuming a liquid thickness of 1 mm on top of the sample.  Results from 

the ICP-MS show that the used liquids have less than 40 ppb, and often only a few 

ppb, of ferromagnetic metals present.  Since the sensitivity to magnetically active 

contaminants is not known for MaRMS, it is mandatory to explore whether 40 ppb 

of iron is detectable and therefore could cause the peak shift. 
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5.1.1.4 INTRODUCTION OF IRON (II) CHLORIDE LAYER ON TOP OF COBALT  

 Knowing from the ICP-MS measurement that there are a few ppb of iron, 

nickel, and cobalt present in each of the ligand bottles, it is important to establish 

a detection limit for ferromagnetic substances on the surface of the metal thin film.  

To disqualify the influence of ferromagnetic atoms, an aqueous iron (II) chloride 

solution in DI water was prepared with a concentration of 0.056 mol/L, which 

equals one Fe2+ ion per thousand water molecules.  The presence of a 

paramagnetic ion should add to the net magnetic field experienced by the Hall 

voltage when an external magnetic field is applied.   

Although a large number of ions were present in the solution, only the peak 

shift for water (discussed in chapter 5.2) was observed.  The presence of the salt 

on top of the cobalt had no influence on the peak position.  Looking at the sample 

Figure 5.1: Picture of a cobalt thin film sample after application 
of 0.056 M aqueous iron (II) chloride, photographed through an 
optical microscope. 
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under an optical microscope, the salt layer on top of the sample was clearly visible 

(Figure 5.1).  Since no movement was observed other than the water, the 

organometallic bond must have a much larger strength than random paramagnetic 

particles sitting on top of the surface without any direct bonds to the sample.  

 

5.1.2 VERIFICATION 

Another vital factor to prove that the MaRMS measurements are not flawed 

is the verification of the presence of an easy axis in the metal thin film sample.  To 

do so, vibrating sample magnetometry was performed, in which the sample is 

measured at different alignments relative to the applied magnetic field and it was 

determined that one orientation indeed has a magnetically harder axis than the 

other.  In addition, to verify the presence of a ligand layer on the metal thin film 

after the evaporation over the piezo crystal, a scratch test using an atomic force 

microscope was performed and will be discussed.  Also, the ligand-substrate 

stability will be discussed and it will be shown that the peak shift caused by the 

ligand has settled after about 15 minutes and remains steady for at least 90 

minutes. 

 

5.1.2.1 EXISTENCE OF AN EASY AXIS 

Having a custom sample holder in the deposition chamber to introduce an 

easy axis in the sample it was necessary to prove that one axis is preferred over 

the other.  Therefore a vibrating sample magnetometer (VSM) measurement was 

performed on the cobalt samples.  In this measurement, a sample is uniformly 
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magnetized in a magnetic field, then the sample is physically vibrated in a sine 

wave fashion.  A voltage is induced in nearby pick-up coils, which is proportional 

to the magnetic moment of the magnetized sample.  By plotting this data versus 

the applied magnetic field, it is possible to obtain the hysteresis curve for a 

material. In the case of the cobalt Hall bars, VSM was performed twice: once the 

sample was aligned with the field lines, and the second time it was set 

perpendicular to the field line of the applied magnetic field.  The resulting data 

clearly showed a difference in the ease of magnetization, proving that indeed an 

easy axis was created in the samples.  If the easy axis aligns with the applied 

magentic field, the hysteresis loop shows a large opening and it saturates quickly.  

Overall, the hysteresis loop has a rather square shape in this case.  If the applied 

magnetic field aligns with a hard axis instead, the hysteresis loop will take more of 

an S shape and the opening in the loop will vanish entirely.  As can been seen in 

Figure 5.2, the sample did have an easy axis, although it was not perfectly aligned 

with the field in this case.  Since the sample was aligned on the VSM sample holder 

by using the orientation of the Hall bar as a guide, it can be concluded that the 

easy axis did not run perfectly along the Hall bar axis.  However, the use of the 40 

lb pull force magnets is sufficient for the introduction of an easy axis for these 

measurements. 

 

 

 



www.manaraa.com

    

 92  
 

 

Figure 5.2: Top: hysteresis curve for the 30 nm Co thin film for 
a applied field of +/- 200 Oe measured in increments of 11 Oe, 
bottom, hysteresis curve for same sample for a applied field of 
+/- 50 Oe measured in increments of 4 Oe Application of the 
magnetic field B along the sample showed evidence of a hard 
axis (red), while alignment of the magnetic field B across the 
sample showed the presence of an easy axis (black). 
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5.1.2.2 DEPOSITION OF A THIN SOLVENT LAYER 

The solvent layer was applied by vaporizing the liquid over the piezo crystal 

and guiding it over the sample by controlling the air flow around the sample and 

creating an air channel as previously discussed.  The sample was allowed to sit 

for 15 minutes to guarantee a dry surface after the ligand application. 

As confirmation for a deposition of ligands on the thin film surface, a scratch 

test via atomic force microscopy (AFM) was performed.  For this purpose, after 

performing the post deposition measurements, the sample was scanned under the  

Figure 5.3: Images of AFM scratch tests on the left with 
height profiles on the right. The top data is an exemplary 
scratch test on a purchased flat gold sample, the bottom 
data is a scratch test after ethanol deposition on a 30 nm 

cobalt thin film. 



www.manaraa.com

    

 94  
 

AFM in the tapping mode.  Once a smooth area was found, the cantilever was 

forced onto the surface of the sample in contact mode, which caused the ligand 

layer to be scratched off.  For this it is important to use just enough force to remove 

the ligand, yet little enough to not scratch the soft gold layer.  Once the ligand layer 

is removed, the sample is scanned again in tapping mode and the height difference 

between the exposed surface and the ligand layer is measured.  As shown in 

Figure 5.3, the samples did not permit a clean height measurement.  The main 

cause for this is that the surface was very rough.  Regardless, the scratch test did 

confirm a deposition of roughly 1 nm on the metal surface.  

 

5.1.2.3 LIGAND-SUBSTRATE STABILITY 

 Knaus et al. reported in their publication, that the peak shift slowly settles 

over a time frame of three hours after a surface modification was performed [1].  To 

be able to compare my results from the MaRMS to the ones received from a PPMS 

a similar study was performed.  The initial baseline was measured, the ligand was 

applied using the piezo crystal to vaporize the liquid, after 15 minutes the sample 

was measured, and after 90 minutes the sample was measured again.  As shown 

in Figure 5.4, the shift of the peak after the deposition is clearly visible, but then 

the peak remains in its position, even after 90 minutes.  For the experiment in the 

PPMS, as shown by Knaus et al. [1], the ligand could only be deposited out of a 

dilute ethanol solution and therefore some time might be required to see a 

deposition form on the substrate.  For this work, only pure ligands were deposited 

via vapor deposition, which might have enabled a quicker deposition. 
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Figure 5.4: Planar Hall effect before (blue) and after 

(dashed) the deposition of ethanol onto 30 nm Co. The 

green dashed line is 15 minutes after the deposition and 

the orange dashed line is after additional 90 minutes. This 

shows, that the peak remains in a steady position after a 

ligand was deposited. 
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5.2 FERROMAGNETIC THIN FILMS 

 The MaRMS Measurements depend highly on the ability to observe a peak 

caused by the PHE.  Since the PHE can only be observed in ferromagnetic metals 

it is important to explore a variety of such metals to show that this technique can 

be used as reliable sensor system.  The three ferromagnetic elements under 

standard conditions are iron, nickel, and cobalt.  While nickel and cobalt are good 

candidates for the MaRMS experiments, iron has unpredictable oxidation rates and 

stages, which rules it out for this work as all measurements are performed at a 

regular atmosphere.  Instead Permalloy was chosen to serve as a third 

representative for the ferromagnetic group.  It will be shown that all three metal 

thin films can be manipulated via surface modification.  The magnitude of the 

change in magnetic properties of the thin film roughly correlates with the HSAB 

concept. 

 

5.2.1 COBALT 

 Since this work was inspired by the work of Knaus et al., their sample set-

up was used to identify important measurements [1].  Their sample generally 

consisted of a cobalt layer topped by a gold layer.  Since the cobalt layer is the 

actual sensor in this experiment it is important to explore, if the magnetic properties 

of cobalt itself can be manipulated by applying a ligand layer on the surface.  Since 

indeed a number of functional groups have a significant impact on the 

magnetization of the cobalt, it was important to show how deep the effect reaches 

through the metal layer.  It will be demonstrated that ethanol causes a reach of at 
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least 30 nm through the metal sample.  Also, the influence of different chain length 

as tail groups on an alcohol as head group will be demonstrated. 

 

5.2.1.1 VARIATION WITH FILM THICKNESS 

Assuming that the modification only takes place on the surface, it was investigated 

how deep the magnetization change reaches through a cobalt thin film.  This is 

particularly of importance to gain a better understanding of the magnetic moments 

reported in literature [2-5].  The nanoparticle work showed effects vanishing at a 

diameter of 10 nm and theory suggests a surface effect spin coherence lengths in 

gold are on the order of 1 nm and even less for silver and copper [6].  

To find out the interaction distance between the ligand and the metal atoms, a 

measurement was performed on different thicknesses of the cobalt thin film 

ranging from 10 nm to 50 nm.  For all measurements ethanol was applied to the 

surface as ligand of choice.  As presented in Figure 5.5 this experiment showed 

that the change in magnetization varies only very little with increasing thickness 

and, if anything, only drops in strength for the 50 nm thick cobalt sample.  The 

samples with 10 nm to 30 nm of cobalt have a change in width between the two 

peaks that is rather stable.  For the 40 nm sample it is hard to draw a conclusion 

because the standard deviation is so very large compared to the other samples.  

The sample with 50 nm of cobalt clearly has a significantly smaller change in the 

width between the two PHE peaks.  Considering that all reaction conditions were 

constant, this leads to the conclusion that the change of the magnetic properties 
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has a very larger reach of 30 nm into the sample, which has never been shown 

before.  But, since it does decreases in strength with increasing thickness of the 

metal thin film, the cause of the effect must be a surface phenomenon.  The data 

Cobalt thickness [nm] 
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Figure 5.5: Change in left and right peak, as well as the 
midpoint and the width between the two peaks for 
varying cobalt thickness after the application of ethanol 
on the surface. The error bars indicate the standard 

deviation of the mean.  
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cannot be explained with a dipole on the surface, because the total energy of 

interaction should vary approximately like 1/r2.  The data as shown can be 

explained by having the effect present, but changing the surface to volume ratio 

causes a decrease in the change in peak-to-peak width.  Due to the fact that wire 

bonding on thin films with a thickness less than 30 nm is cumbersome and the 

effect decreases with increasing thickness, all following measurements were 

performed on 30 nm of the pure metal.  Statistical Analysis was performed via 

ANOVA single factor analysis and a p-value of p=0.809 was determined for the 

comparison of all data sets.  This p-value indicates that, in this simple analysis, 

there are no significant differences between the data sets.  It is possible that more 

sophisticated analysis will yield more statistical information.  However, the lack of 

theoretical understanding of the effect suggests that determining the correct 

statistical procedure cannot yet be done.  See appendix F for complete tables of 

pairwise T-tests and groupwise ANOVA p-value results. 

 

5.2.1.2 VARIATION WITH LIGAND TAIL LENGTH 

Considering that not only the functional group, often considered the head 

group, might have an influence, but that the tail of the ligand might also be 

significant, considering that it can have a significant influence on the electron 

density in the head group, alcohols with various tail lengths were measured to see 

the influence of the remaining molecule.  Alcohols were chosen for their physical 

properties.  Most of the short alcohols are liquid at room temperature, while the 

same is not true for other functional groups.  Therefore, methanol, ethanol, 
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propanol, and hexanol were applied to the 30 nm cobalt thin film.  The midpoint 

first has a shift to the right and gradually changes to a shift to the left with changes 

of up to 40%.  This is unseen for any of the other measurements.  For methanol, 

the width almost does not change at all, while for ethanol a maximum in width 
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Figure 5.6: Change in left and right peak, as well as the midpoint and the 
width between the two peaks for 30 nm cobalt thin films after the application 
of various alcohols with increasing tail lengths on the surface. The error bars 

indicate the standard deviation of the mean.    
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change is reached, which slowly decreases again with increasing tail length.  This 

suggests that the tail length very clearly does have an effect on the change in 

magnetization of the thin film.  However, for the following measurements it was 

difficult to stay with the same tail length for all functional groups, since some of the 

ligands would have been very hazardous, very expensive, or in a gaseous state, 

which would have prevented a deposition using the piezo crystal.  Therefore the 

tail length was neglected when choosing the ligands and strictly safety and 

convenience were the deciding criteria.  Statistical Analysis was performed via 

ANOVA single factor analysis and a p-value of p=0.125 was determined for the 

comparison of all data sets. This p-value indicates that, in this simple analysis, 

there are no statistically significant differences between the data sets.  Again, see 

appendix F. 

In addition, an attempt was made to deposit phenol to see if the presence 

of a phenyl ring with its high electron density might have an influence on the 

change in magnetization.  However, since the melting point of phenol is higher 

than the other alcohols, evaporation over the piezo crystal was not possible and 

therefore it could not be measured.   

 

5.2.1.3 VARIATION WITH LIGAND STRENGTH 

To see if different functional groups influence the size of the change in 

magnetization, a variety of chemicals were chosen to guarantee a different 

interaction strength with the metal surface, according to the hard and soft acid and 

base theory by Ralph G. Pearson [7].  One important criteria for all chemicals was 
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that they had to be liquids with a viscosity similar to water to be able to evaporate 

them over the piezo crystal.  The chosen chemicals were acetic acid, ethanol, 

hexylamine, 1-dodecylthiol, acetone, DI water, and hexane.  Considering that the 

HSAB concept is based on the electron density of the functional group, the chosen 

chemicals can be roughly grouped in the hard group with a high electron density 

and the soft group with a low electron density in the functional group. The hard 

group consists of the alcohol (ethanol), the carboxylic acid (acetic acid), and the 

amine (hexylamine), which is the least hard of the three. The soft group consists 

of the ketone (acetone) and the thiol (1-dodecylthiol).  The DI water would be 

considered an intermediate between the two groups.  Hexane, although classically 

not mentioned in this concept, has only carbon-carbon bonds and carbon-

hydrogen bonds, which have no particularly high electron density and therefore the 

hexane is proposed very soft.  All ligands are the base in this concept since in the 

trivial chemical view, they donate an electron-pair for the complex bond. The 

metals can also be classified as hard and soft, again based on the electron density.  

For this a typical trend in the periodic table can be followed which has an increasing 

hardness from left to right and from bottom to top.  As shown in Figure 5.7 the 

different functionalities indeed varied greatly in their influence on the 

magnetization.  Acetic acid has the strongest influence with a change in width of 

over 6 %, while hexane has basically no influence.  The peak shifts and change in 

width between the two peaks for the different functional groups roughly follow the 

trend of the HSAB concept for the application on a 30 nm cobalt thin film.  This 

suggests that the previously stated hypothesis of being able to predict the size of 
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the effect by considering the ligand strength is true and it opens up the more 

predictable experimental approach.  Statistical Analysis was performed via ANOVA 

single factor analysis and a p-value of p=0.085 was determined for the comparison 
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Figure 5.7:  Change in left and right peak, as well as 
the midpoint and the width between the two peaks for 
30 nm cobalt thin films after the application of various 
ligands with different functional groups on the 
surface. The error bars indicate the standard deviation 
of the mean.    
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of all data sets. This p-value indicates that, in this simple analysis, there are no 

statistically significant differences between the data sets.  Again, see appendix F. 

 

5.2.1.4 LIGAND SUBSTITUTION 

Following classic concepts of organometallic chemistry, the question arose, 

whether a ligand substitution can take place on the surface.  This is a very 

important question due to the fact that any surface modification would already have 

to be a substitution. During the preparation of the sample a number of chemicals 

are used to create the photolithography pattern, to lift off the photo resist, and to 

clean the sample.  Any of these chemicals could have already created a metal 

ligand bond and occupy the surface atoms before the measurements were even 

performed.  Therefore none of the measurements start with an actual clean 

surface, but all of them are ligand substitutions.  To show that more than one 

replacement is possible, a series of experiments was performed in which the 

baseline was measured and then a number of ligands were applied one at the 

time, and the sample was measured between each new application.  Various 

combinations of ligands were chosen. First, DI water was chosen as first ligand, 

followed by a deposition of ethanol, followed by DI water again. The first DI water 

deposition pushed the peak by the typical shift of ~1 %.  The following ethanol 

deposition pushed it further to have the typical shift of ethanol of ~4 % (Figure 

5.8).  However, the last deposition of DI water did not change the peak again.  

Therefore a substitution of ligands is indeed possible, but a weaker ligand cannot 

displace a ligand with a stronger attraction.  In a second set experiments, a 
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deposition of ethanol was followed by more ethanol. The peak shifted by the 

common ~ 4 % and remained there, even though more ethanol was deposited. 

This suggests, that a certain saturation can be reached with the first application of 

a strong ligand.   

Figure 5.8: Top: baseline shift of the PHE peak, middle: shift of PHE peak 

after deposition of DI water, and bottom: shift of PHE peak after additional 

deposition of ethanol. Ligand substitution allows the shift to be further 

pushed out. 
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 Table 5.2 Periodic Table of the Elements with Magnetic Properties 
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5.2.2 NICKEL AND PERMALLOY THIN FILMS 

 To show that the possibility to manipulate the magnetic properties of cobalt 

is not a unique occurrence for this element, nickel and Permalloy were also tested.  

Both also showed great response to the various functional groups and therefore 

allow the generalization that all ferromagnetic materials can be manipulated in their 

magnetic properties 

 

5.2.2.1 NICKEL  

Ferromagnetic metals are an anomaly compared to the other transition metals, as 

can be seen in Table 5.2 [8].  Therefore, it was explored if other ferromagnetic 

metals behave similar to cobalt.  However, due to the quick and unpredictable 

oxidation of iron, this element was neglected and only nickel was used.  A 30 nm 

thin film was measured before and after the application of the chosen series of 

chemicals with different functionalities.  The results were surprising (Figure 5.9).  

The width between the two PHE peaks changed almost twice as much as it did for 

cobalt.  For example, acetic acid showed a change in width of ~11 % on the nickel, 

while it only showed ~4.5 % for the cobalt sample.  In addition, the nice trend of 

the HSAB concept that could be observed in the cobalt sample was not at all 

present for nickel.  This was a very surprising result and has yet to be explained.   

This leads to the conclusion, that there are interactions at play that cannot be 

explained only by the HSAB concept, even though it admirably explains both, the 

alcohol chain length effect and the results for bare cobalt with various ligands, as 

well as others discussed below.  Statistical Analysis was performed via ANOVA  
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single factor analysis and a p-value of p=0.002 was determined for the comparison 

of all data sets. This p-value indicates that, in this simple analysis, there are no 

statistically significant differences between the data sets.  Again, see appendix F. 
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Figure 5.9: Change in left and right peak, as well as the 
midpoint and the width between the two peaks for 30 
nm nickel thin films after the application of various 
ligands with different functional groups on the surface. 
The error bars indicate the standard deviation of the 

mean.      
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5.2.2.2 Permalloy  

Wanting another comparison to test for magnetic changes in ferromagnetic 

materials, Permalloy (Ni0.8Fe0.2), a common alloy, which is mainly used for 

magnetic shielding [9] in various magnetic applications such a hard drives was 

chosen.  Although it has a 20 % iron content, it has a much slower oxidation rate 

and is therefore much preferred over iron for these experiments, as irons quick 

and unpredictable oxidation would make it impossible to measure.  Looking at 

Figure 5.10, results similar to the ones observed for bare cobalt can been seen.  

The results vary greatly from the nickel results and the HSAB concept can be 

employed again to predict the outcome of the ligand deposition on the surface of 

the Permalloy.  Considering the standard deviation, the midpoints of all samples 

are roughly along one line, with the exception of the hexylamine.  While all other 

ligands have a positive shift in midpoint, the hexylamine has a negative shift.  

However, looking at the change in width between the two PHE peaks, it now is the 

1-dodecylthiol that diverges from the trend, rather than the hexylamine.  For now, 

it cannot be explained why the two exceptions occur for two different ligands. 

Overall these measurements lead to the conclusion that the magnetization in 

ferromagnetic materials can be manipulated by surface modifications. The 

magnitude of the change is strictly dependent on the metal-ligand interaction and 

although it roughly follows the trend of the HSAB concept, this cannot be used as 

an ultimate reliable guide to predict results as the surface chemistry taking place 

seems to be more complex and needs more investigation.  Statistical Analysis was 

performed via ANOVA single factor analysis and a p-value of p=0.235 was 
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determined for the comparison of all data sets. This p-value indicates that, in this 

simple analysis, there are no statistically significant differences between the data 

sets.  Again, see appendix F. 
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Figure 5.10: Change in left and right peak, as well as the midpoint and the 

width between the two peaks for 30 nm Permalloy thin films after the 

application of various ligands with different functional groups on the 

surface. The error bars indicate the standard deviation of the mean.    
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5.3 FERROMAGNETIC/DIAMAGNETIC BILAYERS 

Having shown that the magnetization of ferromagnetic thin films can be 

manipulated by modifying the surface, it was then investigated if it is also possible 

to manipulate the magnetic properties of diamagnetic elements.  Still wanting to 

use the same method of measurement, bilayers consisting of 30 nm cobalt, topped 

by the diamagnetic metal were used.  This way, if the diamagnetic layer induces a 

magnetization of its own, this magnetization will influence the overall magnetization 

of the sample and therefore the position of the PHE.  This allows one to use the 

ferromagnetic thin film as a sensor, as previously shown by Knaus et al [1]. For the 

following experiments I chose the d9 elements copper, silver, and gold.  All of them 

are diamagnetic, even though they have an odd number of electrons.   

 

5.3.1 COBALT/GOLD 

Gold thin films do not deposit as a uniform layer in our deposition system 

until a thickness of 30 nm is reached and therefore it must be assumed that some 

of the cobalt is exposed through pin holes and could cause the shifts recorded for 

the cobalt/gold bilayers.  To see if the shift is caused by the interaction of the 

exposed cobalt with the ligand or if the gold itself really develops a magnetic 

moment, it was important to measure various thicknesses of gold on top of the 

cobalt thin film. Keeping the cobalt thickness steady at 30 nm for all samples, the 

gold thickness was varied from 0 nm to 50 nm.  Due to the high response with the 

1-dodeacylthiol on the gold, this chemical was chosen as one of the ligands for the 

surface modification.  Ethanol was chosen as a second ligand since a number of 
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previous publications applied a thiol to the gold surface using a 1 mM solution of 

the thiol in ethanol [1, 3].  If ethanol indeed causes a peak shift as well, that could 

give rise to doubts about the published data, since it cannot be clearly determined 

which chemical caused the change in magnetic properties. 

 

5.3.1.1 REACH OF PHE THROUGH GOLD ON COBALT USING ETHANOL 

The deposition system does not deposit a homogeneous gold layer until a 

film thickness of 30 nm is reached.  A number of samples were prepared that 

consisted of 30 nm cobalt as a first layer, which functions as the sensor, topped by 

different thicknesses of gold.  The gold varied from 0 nm to 50 nm in thickness.  

For gold films thicker than 50 nm the signal-to-noise ratio of the perpendicular 

voltage was so low that the peak location could not be accurately determined 

anymore.  A reasonable explanation for this is the decrease in sample resistance 

as more highly conductive gold, copper, or silver, respectively, was added as a 

parallel conduction path to the cobalt.  This in combination with the increasing 

distance of the treated surface on top of the gold layer to the cobalt sensor layer 

resulted in a smaller field at the sensor and a corresponding smaller signal. 

It is important to understand, that the cobalt layer is still the sensor, even 

though now there is multiple nm of gold on top, which removes any potential 

induced magnetic moment from the actual sensor.  Because the ligands affect the 

gold, which is tens of nm away from the cobalt sensor material, the actual change 

in net magnetic field is larger than the raw measurements suggest.  Even though 

the hysteresis curve shrank by the same 2-3 % seen with bare cobalt, the effect 
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on the gold must be larger since the sensor is now making a remote measurement 

and so its sensitivity has decreased. 

Figure 5.11: Change in left and right peak, as well as the 

midpoint and the width between the two peaks for 30 

nm cobalt, topped by varying thicknesses of gold in nm, 

after the application of ethanol on the surface. The error 

bars indicate the standard deviation of the mean.     
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Figure 5.11 shows the changes in left and right peak, as well as the 

midpoint and width change for the various thicknesses of gold after the application 

of ethanol.  Following the common hard and soft acids and bases concept (HSAB), 

it was expected that the ethanol would be more drawn to the cobalt than the gold 

and therefore the change in width between the two peaks would decrease with 

increasing gold thickness.  However, against the expectation, the change in width 

showed a maximum for a 30 nm gold thin film on top of 30 nm of cobalt.  This 

indicates a strong interaction between the gold and the ethanol that even 

surpasses the interaction of the ethanol with the cobalt.  The fact that the change 

in width decreases for 40 nm and 50 nm is likely due to the fact the induced 

magnetization is getting further removed from the sensor and cannot be detected 

anymore.  This results supports the suggestion that the effect has a very deep 

reach though the sample.  Statistical Analysis was performed via ANOVA single 

factor analysis and a p-value of p=0.010 was determined for the comparison of all 

data sets. This p-value indicates that, in this simple analysis, there are no 

statistically significant differences between the data sets.  Again, see appendix F. 

 

5.3.1.2 REACH OF PHE THROUGH GOLD ON COBALT USING 1-

DODECYLTHIOL 

Since 1-dodecylthiol on gold was the most used ligand in literature [1-3] and 

it was claimed to be special and required to invoke the effect, the same 

experiments as previously described for ethanol were performed with the 1-
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dodecylthiol to see if there is an influence on the gold from the 1-dodecanethiol.  

The gold thickness of the samples varied from 0 nm to 50 nm.  

Again following the HSAB concept, a better interaction with the gold was 

expected since thiols are soft bases and gold is a soft acid, according to Pearson 

[8].  Although there could be a strong metal-organic bond without an induction of 

magnetism in the gold this interaction would be invisible for the MaRMS 

measurement and it would be impossible to make a statement about it in this 

thesis.  Figure 5.12 shows the changes in left and right peak, as well as the 

midpoint and width change for the various thicknesses of gold after the application 

of 1-dodecylthiol.  The change in width for the 10 nm gold thin film on top of the 

cobalt is larger than the previously discussed change in width for ethanol.  In a 

similar fashion to the ethanol, the 1-dodecylthiol also increases in width change 

and peaks at 30 nm of gold on top of the cobalt.  Just like before, the fact that the 

change in width decreases for 40 nm and 50 nm is likely due to the fact the induced 

magnetization is getting further removed from the sensor and cannot be detected 

anymore.  However, it is important to point out that the change in width for 1-

dodecyl thiol is about 50 % more with ~3.8 % than for the ethanol with ~2.6 %.  

Again considering that the surface modification is removed from the sensor with 

increasing thickness of the gold, these number are actually higher than what the 

sensor experiences.  Therefore, gold indeed does develop a significant change in 

magnetization when interacting with a ligand on the surface.  It must be pointed 

out that the positive width change for 50 nm gold was unexpected and cannot be 

explained at this point in time.  Statistical Analysis was performed via ANOVA  
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single factor analysis and a p-value of p=0.131 was determined for the comparison 

of all data sets. This p-value indicates that, in this simple analysis, there are no 

statistically significant differences between the data sets.  Again, see appendix F. 

Figure 5.12: Change in left and right peak, as well as the midpoint and the 
width between the two peaks for 30 nm cobalt, topped by varying 
thicknesses of gold, after the application of 1-dodecylthiol on the surface. 
The error bars indicate the standard deviation of the mean.    
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5.3.1.3 THIOLS ON GOLD ARE DIFFERENT: 1-DODECYLTHIOL VS. ETHANOL 

Since separate graphs of ethanol and 1-dodecanethiol with the different gold 

thicknesses are rather hard to compare, the data was plotted in a 2D graph.  In 

Figure 5.13 one can see the percent change caused by the ethanol on the x-axes 

and the percent change caused by the 1-dodecylthiol on the y-axes.  The dashed 

line shows a 1:1 response, which would mean equal responses of both substances  

Figure 5.13: Top: schematic drawing showing which functional group 
caused the larger percent change after the application. Middle and bottom: 
1:1 plot of percent change after the application of ethanol (x-axis) and 1-
dodecylthiol (y-axis) with the dotted line indicating an equal response to 

these ligands. 
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to the metals.  As can be seen in the scheme on the top of Figure 5.13, if the data  

point falls into the yellow area, the application of 1-dodecylthiol causes a higher  

percent change, while the blue area marks a bigger percent change with the 

application of ethanol.  The white field marks the area that has an unexplained 

response, which is marked with N/A (not applicable).  Those quadrants would 

represent a magnetic hardening with one ligand, but a magnetic softening with the 

other ligand.  The change in position of the right peak, the left peak, and the change 

in width are clearly indicating that the 1-dodecylthiol causes a larger percent 

change for all thicknesses but 50 nm of gold on cobalt.  A reasonable explanation 

is that the surface is so far removed from the actual cobalt thin layer, which 

functions as the sensor, that the change in magnetization cannot be detected 

anymore. 

This confirms the previous results reported in literature that thiols induce magnetic 

moments in gold and changes in the strength of the magnetic moment. 

 

5.3.1.3 VARIOUS SOLVENTS ON COBALT/GOLD BILAYER 

Just like on the ferromagnetic metals before, it was important to find out if 

gold also shows any effect with other ligands than thiol.  Therefore, the series of 

solvents previously chosen was applied to the cobalt/gold bilayer.  A new set of 

samples was evaporated and prepared.   

It was expected that thiol would stand out significantly compared to the other 

ligand systems.  However, looking at the change in width between the two peaks 

as shown in Figure 5.14, it looks as if the carboxylic acid as well as the amine  
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have equal, if not larger, effects as the thiol.  Although not expected, this finding 

goes along with the results from the ferromagnetic layers, in which these two 

functional groups also had a large effect on the PHE peak.  Statistical Analysis was 
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Figure 5.14: Change in left and right peak, as well as the 
midpoint and the width between the two peaks for 30 nm 
cobalt, topped by 30 nm of gold, after the application of 
various ligands on the surface. The error bars indicate the 
standard deviation of the mean.    
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performed via ANOVA single factor analysis and a p-value of p=0.048 was 

determined for the comparison of all data sets. This p-value indicates that there 

are significant differences between the data sets.  More information can be found 

in Appendix F. 

 

5.3.2 COBALT/SILVER AND COBALT/COPPER 

Just as before, bilayers with 30 nm cobalt and varying thicknesses of the 

diamagnetic metal were used to measure the PHE.  However, for copper and silver 

it was impossible to find a peak for thicknesses other than 10 nm.  For larger 

thicknesses of silver and copper the peak could not be clearly identified since the 

signal-to-noise ratio was very poor.  Therefore bilayers of 30 nm cobalt and 10 nm 

of the diamagnetic metal were used.  Just as with the ferromagnetic metals, the 

chosen series of ligands were applied and the shift for the PHE peak was 

measured.   

It was found that the graph shapes for the cobalt/copper and cobalt/silver 

bilayers are different than for the cobalt/gold bilayer or for any of the ferromagnetic 

thin films, which are equal in shape to the cobalt/gold thin films (Figure 5.15).  

While the angle dependence of the PHE has a significant influence on the graph 

shape, they still always follow roughly the same shape. For this particular range of 

the applied magnetic field, it was always possible to see the slope from the 

combination of regular Hall effect and AHE, and sticking out from that was the peak 

for the PHE.  For the cobalt/copper and cobalt/silver bilayers, the slope from the 
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regular Hall effect and AHE disappear and a single peak with a very broad base 

remains.  In addition, the signal-to-noise ratio worsens for these bilayers. 

For the cobalt/silver thin films the percent changes are significantly lower 

than for ferromagnetic thin films or the cobalt/gold thin films, yet a slight trend can 

be seen.  The percent change transforms from a negative percent change to a 

Figure 5.15: Top: typical graph of the cobalt/gold bilayer, 
including the positive slope caused by the regular Hall effect 
and the anomalous Hall effect; bottom: typical graph shape of 
cobalt/copper and cobalt/silver bilayers, respectively. The 
slope the regular Hall effect and the anomalous Hall effect 

seems to have vanished completely. 
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positive percent change going from strongest to weakest ligand, as can be seen in 

Figure 5.16. 

Figure 5.16: Change in left and right peak, as well as 
the midpoint and the width between the two peaks for 
30 nm cobalt, topped by 10 nm of silver, after the 
application of ligands with various functional groups 
on the surface. The error bars indicate the standard 

deviation of the mean.    
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The cobalt/copper thin films show even less of a percent change after the 

application of the various functional groups, as can be seen in Figure 5.17.  

Considering the standard deviation for the percent change in width between the 

two peaks, it is basically zero for every applied ligand. 

 

Figure 5.17: Change in left and right peak, as well as the midpoint and the 
width between the two peaks for 30 nm cobalt, topped by 10 nm of copper, 
after the application of ligands with various functional groups on the surface. 
The error bars indicate the standard deviation of the mean.    
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Although the resistivity measurements confirm that there are holes present 

in the diamagnetic top layer, there should at least be a change in magnetization 

similar to that of pure cobalt.  Therefore the question remains, why silver and 

copper show such a muted response to the surface modifications.  Statistical 

Analysis was performed via ANOVA single factor analysis and p-values of p=0.540 

for the cobalt and silver bilayer and p=0.984 for the cobalt and copper bilayer were 

determined for the comparison of all data sets. These p-values indicate that, in this 

simple analysis, there are no statistically significant differences between the data 

sets.  Again, see appendix F. 

 

5.4 FUTURE WORK  

This field of study still offers a wide variety of paths to take, especially since 

there is still controversy about the source of this phenomenon.  Looking at future 

work directly building up on these experiments, a natural question is whether the 

observed behavior is increased by having an organized crystal structure in the 

metal thin films.  So far the metal patterns used had no particular crystal structure 

and mostly rough surfaces. Using an organized structure might lead to conclusions 

similar to Adeagbo et al. [10, 11].  For this it would be necessary to design a new 

deposition system that can guarantee an organized crystal growth when creating 

the thin films.  This system must also be able to introduce an easy axis into the 

samples so that the PHE can still be measured.   

Considering that the magnetism of materials is highly temperature 

dependent, creating an instrument set up that permits temperature control over a 
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wide range would also be a possible route for the future.  It would be interesting to 

see, if the surface modification can influence the Curie temperature of the metal 

thin film.  Since iron, nickel, and cobalt have rather high Curie temperatures, 

gadolinium would be a great choice of metal for this experiment.  With a Curie 

temperature at 18 °C, at which the metal switches from ferromagnetic to 

paramagnetic properties, this metal would be perfectly suited for this experiment. 

Although the deposition of the ligand was improved by using a piezo crystal 

to evaporate the ligand liquids, no emphasis was put in the creation of a self-

assembled monolayer (SAM).  However, having an organized monolayer of the 

ligand system on the surface might improve the responses of the various metals 

and decrease the standard deviation of the measurements.  Even with the methods 

used up to this point, it was possible to distinguish between different functional 

groups. Therefore, an organized SAM as a ligand system, in combination with a 

perfect crystal structure of the thin film, might equip this system to become a highly 

sensitive sensor, which can find applications in a wide range of settings, reaching 

from electronics to medical purposes.   

Although a large number of functional groups was employed for the 

presented measurements, there is still room for improvement in order to better 

compare the different systems.  The ligands used in this work were chosen due to 

their safety, price, and availability.  However, in this work it was clearly shown that 

the tail of the ligand has a significant influence.  This fact was, so far, neglected.  

Using an enclosed system it would make it possible to apply ligand systems that 
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are gaseous at room temperature or even some that would pose as a safety risk 

in the open environment in which MaRMS runs at this point.   

Another interesting route to take would be the application of magnetic 

polymers to the surface.  Although it was shown that a metal-organic bond is 

necessary to have an impact on the magnetic properties of the thin film, a magnetic 

polymer would open up the possibility to introduce a material that can create such 

a bond on one hand, but also has its own magnetization on the other hand. 

Since ferromagnetic and diamagnetic samples have been explored in this 

work, it would be interesting to expand the elements for the thin films to 

paramagnetic materials.  So far six out of roughly seventy feasible elements have 

been explored.  This would offer a great opportunity to really show whether or not 

the HSAB concept can be used as a guideline for this type of measurement. 

At this point, using MaRMS can only deliver comparative measurements 

because no definite value for the magnetic moment can be determined. Therefore 

it is mandatory to get a better understanding physically of the sensor and what 

causes the peak shifts. Chemically it is necessary to understand the 

organometallic interaction.  It must be determined if the HSAB concept is adequate 

to use here or if a more in depth theory must be developed. Overall this work is the 

foundation for a broader field of study. 
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CHAPTER 6 

SUMMARY AND CONCLUSION 

In this dissertation it was shown that the magnetic properties of various 

metal thin films, both ferromagnetic and diamagnetic, can be manipulated by 

surface modification via organic ligand.  Against common belief, any functional 

group can cause such a manipulation and not just a particular one such as thiol on 

gold.  However, different ligands have different strengths of influence on the 

magnetic properties of the thin films and the abilities roughly correlate with the 

HSAB concept.  

Since organometallic bonds are classically based on an interaction of an 

electron pair from the ligand with the empty orbitals of the metal, and therefore 

influence the metal’s electromagnetic structure, the observed results were in the 

range of expectations.  However, this effect reaches much further than initially 

expected.  In particular, the magnetization of ferromagnetic materials can be 

manipulated by a variety of surface modifications.  In this work, the possibility of 

manipulation of the magnetization was proven for cobalt, nickel, and Permalloy on 

a large number of samples, employing the PHE.  To understand the reach of the 

ligand modification, measurements were performed on cobalt thin films with 



www.manaraa.com

    

130 
 

increasing thickness.  These measurements showed that the change in 

magnetization is much larger than previously expected and had a reach of roughly 

30 nm.   

While the head functional group involved in the organometallic bond has a 

very strong influence on the magnitude of the effect, as was shown with a large 

variety of ligands, the tail group of the ligand also has a significant influence on the 

manipulation of the magnetic properties of the metal thin film.  This was shown by 

using alcohols with different alkyl chain lengths as ligands on a 30 nm cobalt thin 

film.  

In addition to demonstrating the manipulation of the ferromagnetic thin films, 

they were also used as sensors to measure the changes in magnetic properties of 

diamagnetic thin films.  While the induction of paramagnetism or even 

ferromagnetism in otherwise diamagnetic gold has caused excitement in past 

publications, the problem of contamination in the gold samples did not permit a 

conclusive answer.  The MaRMS system provided the ability to show proof for a 

change in the magnetic properties of gold.  Although it is not possible with this 

system to distinguish whether gold develops para- or ferromagnetism, it is possible 

to say without a doubt that it reacts magnetically to the application of a thiol ligand 

system.  Also it must be noted, that the development of a magnetization in gold is 

not exclusive for the thiol.  Other ligands, such as ethanol, also showed a 

significant peak shift when applied to the cobalt/gold bilayer.  In addition, the data 

presented in this thesis is not consistent with a remarkably larger effect of thiol 

compared to other ligands on gold or any other tested metal.  However, the 
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presented data shows that thiol does have the largest effect on gold of all 

molecules investigated, although it has only a moderate effect on other metals, 

such as cobalt and nickel. 

The novel set-up MaRMS was used to detect the changes in planar Hall 

voltage under standard room conditions.  It allowed the modification of the sample 

surface via solvent application without having to move the sample.  A custom 

sample holder allowed for angle adjustment in the x- and y-directions as little as 

0.5 mrad, which can correct an awry sample placement.  The inclusion of a piezo 

crystal to vaporize the desired liquids and creating an airflow to guide the vapors 

over the sample simplified their application.  Although operating with a significantly 

smaller magnetic field than the commercially available PPMS, MaRMS is compact 

and eliminates the need for expensive cryogenics.  By employing the PHE, the 

presence of possible paramagnetic contaminations is eliminated. 

These selected examples of magnetization manipulation, together with the 

newly developed instrumentation and optimization, provide the basis for a 

promising field with applications in sensing and electronics.  
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APPENDIX A 

PREVIOUSLY USED TECHNIQUES 

The influences of self-assembled monolayers on the magnetic properties of 

different metals has not been widely investigated and the existing publications vary 

greatly in their results, which was discussed in chapter 3.  To understand how 

these authors gathered the data and therefore where potential errors might stem 

from, it is necessary to review the methods used. 

 

A.1 SUPERCONDUCTING QUANTUM INTERFERENCE DEVICES (SQUIDS) 

The superconducting quantum interference device was first developed in 

1964 in the Ford Laboratories in Michigan [1, 2].  A standard SQUID can measure 

very small magnetic fields down to the aT range (10-18 T).  It consists of a 

superconducting ring, which is interrupted by parallel Josephson junctions (Figure 

A.1).  When a current is applied in the absence of an external magnetic field, the 

current splits into two equal parts to run through the parallel circuit.  One of the 

properties of a superconductor is that when a magnetic field is applied a screening 

current begins to circulate in order to create a magnetic field in the opposite 

direction of the applied one and therefore to cancel the applied field out.  The 

applied current runs in the same direction through both junctions and the screening 

current runs in a loop. The addition of the screening current causes an increase in 

the current through the Josephson junction in one side of the loop, while the other 
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side experiences a decrease.  The created magnetic flux, which is the sum of the 

magnetic field lines through a surface, can only exist as quantized values.  

Therefore it can happen that a flux quantum value does not quite match the applied 

field and the screening current increases to hit the next flux current value, which 

might be too high. This causes a fluctuation in the flux, which can be measured [3]. 

The sensitivity of a SQUID varies with sample size and material.  In the 

following appendix chapter, if not otherwise stated, the following standard sample 

geometry will always be assumed: 1 cm length, 1 cm width, and 100 nm thickness.  

As a standard impurity I will consider iron.  A gold sample of standard size has 6 x 

Figure A.1: left: Schematic function of a SQUID. A current enters and splits 
into the two paths; right: A current is send through the coil on the far left 
where it creates a magnetic flux Φ. This magnetic flux causes a supercurrent 
in the ring of the SQUID. The ring is in a parallel circuit with a second coil 
which causes mutual inductance with the third coil on the right. The current 
created by the inductance (L) of the third coil runs through a lock-in amplifier 
(LIA) where its amplitude is read out. Coming out of the LIA this current is 
added to a reference current which runs into a proportional-integral-
derivative controller (PID controller). The PID controller calculates the 
difference between the current from the LIA and the reference and reduces 
or increases it by the difference. The current coming out of the PID controller 
runs through a resistor, over which the voltage is measured, and from there 
through the first coil where it restarts the process. The current running 
through the first coil must be just strong enough to create a field with 

opposite direction to the sample field but with equal value to cancel it out. 
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1017 gold atoms, considering the lattice parameter of a face centered cubic (fcc) 

crystal.  Bulk iron has a magnetic moment of 2.2 µB (µB = 9.3 x 10-24 Am2) per 

atom [4], which converts into 2.05 x 10-20 emu per atom.  The reference SQUID 

considered here is manufactured by Quantum Design and has a resolution of 10-8 

emu, therefore 3 ppm of iron would be the detection limit of the SQUID for our 

standard sample.  This reference SQUID is a typical instrument for a lab setting 

and therefore serves well for this calculation to give an idea of a SQUID resolution. 

 

A.2 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

X-Ray photoelectron spectroscopy is an elemental analysis technique that 

employs the interaction of X-rays with the electrons of the substance of interest.  A 

X-ray photon provides the energy during a collision to eject a core electron out of 

the substance’s orbitals (Figure A.2).  A photodetector measures the kinetic 

energy of the ejected electron, which allows one to calculate the binding energy 

(Ebinding) of each element by using energy conservation.  All energies are given with 

Figure A.2: Schematic drawing of the XPS process; a 
X-ray photon incident causes a core electron to be 
emitted, which is then in turn captured by a photo-

detector. 
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respect to the vacuum energy as zero.  Therefore the energy of the photon (hν) 

impinging on the material must equal the sum of the binding energy Ebinding, which 

is the energy needed to eject an electron from the ground state to the vacuum 

level, and the remaining kinetic energy (Ekin) which is measured by the 

photodetector.  Since the system is not ideal there is a small loss of kinetic energy 

during the absorption of the photoelectron into the spectrometer, the work function 

of the spectrometer, Φ, which needs to be accounted for.  Therefore the binding 

energy can be calculated by subtracting the measured kinetic energy and the work 

function of the instrument from the energy of the incident photon:  

 EBinding = hν – (Ekin + Φ) (12) 

 Since the binding energy of the core electrons varies for different elements 

it allows one to obtain information about the composition of a substance.  XPS is 

a surface technique and generally analyzes only the first 20 atomic layers, which 

causes problems in thicker samples.  In addition it has a fairly low detection limit 

of parts per thousand [5].  Better detection limits can be achieved with extremely 

long measuring times (several hours).  This technique is designed to be used on 

solids like metals or polymers as well as on highly viscous oils.  Low viscosity 

materials like liquids cannot be analyzed since it has to be operated under high 

vacuum conditions.  Since this technique is highly depending on the energy of the 

incoming photons, which in turn interacts with the emitted photoelectron, the 

sensitivity can vary over a large range. 
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A.3 X-RAY MAGNETIC CIRCULAR DICHROISM TECHNIQUE (XMCD) 

For the X-ray magnetic circular dichroism technique the difference between 

two X-ray absorption spectra of circularly polarized light is measured while an 

external magnetic field is applied.  Using polarized light, the excitation is spin 

dependent and a certain spin reacts better to one polarization direction while its 

opposite spin will react to the other polarization direction (Figure A.3).  This causes 

a difference in the absorption spectrum.  By subtracting the two absorption spectra 

Figure A.3: Schematic drawing of the XMCD 
process; while a sample is strongly magnetized, it 
is exposed to right and left circularly polarized 
light. Each polarization direction interacts 
differently with the magnetized material, which 
results in different absorption coefficients. The 
difference of the two directions can give 
information about the spin orientation and orbital 

momentum of the material. 
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it is possible to get an idea of the difference in spin population.  A difference other 

than zero indicates the presence of magnetism.  Depending on the element, the 

atoms will absorb the light at a different wavelength.  The large external magnetic 

field allows one to align the electrons of the outer orbitals.  Therefore the resulting 

signal will have the same polarization signal and therefore is easier to detect.  In 

general, an electron from a p orbital gets excited into one of the d orbitals.  Shining 

polarized light on the atoms allows one to get information about the spin orientation 

and the orbital magnetic moment of the atom. XMCD is not only used in the 

identification of metal properties, but is also a very powerful tool in biology where 

different complex structures can be analyzed with respect to their oxidation and 

spin state.  The X-ray’s deep penetration depth of several hundred Ångstrom [6] 

allows for bulk measurements.  XMCD can measure in steps as little as 0.01µB per 

2000 nm2 circular focal area 
[7], which translate to 1 ppb of iron in a 100 nm thick 

sample. 

 

A.4 X-RAY ABSORPTION NEAR-EDGE STRUCTURE (XANES) 

The X-ray absorption near-edge structure technique is a high energy 

version of standard absorption techniques.  The main difference between XANES 

and common photoemission spectroscopy is that in the latter an electron is ejected 

due to a collision with a photon and the ejected electron is directly measured.  In 

XANES the incoming photon penetrates deep and ejects a core electron, leaving 

a hole behind.  An electron from a higher state drops down and fills the core hole 

under emission of energy.  This energy generally can be either released as a 
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photon or as emission of an electron from a high state, which both can be 

measured (Figure A.4).  This process is also known as the Auger process and the 

finally emitted electron is called an Auger electron.  Just like in common 

photoelectron spectroscopy the binding energy can be calculated by subtracting 

the measured kinetic energy of the Auger electron or the emitted photon and the 

work function of the instrument from the X-ray photon energy.  The scattering of 

the electron inside the solid state structure can be measured by the interference 

pattern it causes in the signal.  Therefore this technique allows a more in-depth 

analysis then regular light absorption techniques.  XANES uses relatively low 

energy X-rays which are close to the absorption edge of the electrons in an atom.  

Since each element has a different absorption edge pattern, this technique not 

only gives information about oxidation states of the atoms, but also about the 

elemental composition of the structure.  In fact, the scattering pattern varies with 

the environment of the atom.  Therefore it can be very useful to obtain the complex 

coordination in novel substances [8].  Although it is impossible to determine a 

magnetic moment with this technique, it is vital to this field to determine the purity 

of metal substrates. 

Figure A.4: Schematic drawing of the Auger process; an incoming photon 
ejects a core electron (left); the hole is filled by an electron from a higher 
shell, which drops down in energy (middle); to release the excess energy 
remaining from the higher shell, an electron from the valence shell is ejected 
(right). 
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A.5 EXTENDED X-RAY ABSORPTION FINE STRUCTURE (EXAFS) 

The extended X-ray absorption fine structure technique is similar to the 

XANES technique.  The main difference between the two is the excitation energy. 

While XANES excited around the edge of the electronic structure, EXAFS excites 

at higher energies [9] (Figure A.5).  The EXAFS signal is caused by a scattering of 

the ejected electron off of the neighboring atoms, which causes it to return to the 

initial absorbing atom.  This modulates the amplitudes of the initial wave-function 

of the ejected electron and causes the spectra to have peaks rather than being a 

smooth graph.  Since the wavelength of the backscattering depends on the energy 

of the incoming X-ray photon, XANES scattering has bigger wavelength in the 

backscattering.  In addition, EXAFS considers a single scattering event, while 

Figure A.5: Full absorption spectrum in which both, the XANES and EXAFS, 
as well as the pre-edge are shown. 
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XANES considers multiple scattering events until a new photon or Auger electron 

is released.  Therefore, the resulting signal varies in the number of interferences. 

A Fourier transformation of the data can provide real space information.  This 

technique, similar to the XANES, also serves to determine the purity of a metal 

substrate. 

 

A.6 INDUCTIVELY COUPLED PLASMA-MASS SPECTROMETRY (ICP-MS) 

The inductively coupled plasma-mass spectrometry is an accurate 

technique to track trace elements.  Under high vacuum (10-5 Torr) a plasma, most 

commonly an argon plasma, is created by electromagnetic induction and high 

temperatures of up to 7,000 C are reached in this plasma [10].  The sample is 

introduced through a nebulizer into the plasma and due to the heat, it will evaporate 

and break down into atoms.  The heat also causes the atoms to lose their 

outermost electrons and ionize.  An oscillating magnetic field created by a 

quadrupole allows separation of the ions based on their mass-to-charge ration 

(m/z).  Eventually the ions reach a detector where a collision of the ion with the 

detector causes an analog signal proportional to their relative quantity is created.  

A standard ICP-MS can detect concentrations at the parts per trillion level (10-12) 

[10, 11].  Using this technique, it is possible to determine the purity of the liquid ligand 

systems. 
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APPENDIX B 

CODE USED FOR ANALYSIS IN WOLFRAM MATHEMATICA 
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APPENDIX C 

EDS SPECTRA 

To show the absence of parasite atoms, energy dispersive spectra (EDS) 

of different cobalt and gold samples were recorded.  To achieve a good sensitivity, 

all samples were tested to 10000 counts.  As expected, the silica substrate can be 

found in all of the sample spectra in form of signal for Si and O due to the 

penetration depth of the EDS, which reaches way past the sample thickness.  In 

addition, carbon was detected, which resulted from the tape that affixed the sample 

to the holder.  All samples were measured with a FEI Quanta 200 SEM.  Overall it 

was concluded that no impurities in form of other metals are present in the thin film 

samples.
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Element 
  

      Net 
   Counts 

Net Counts 
       Error 

Weight % 
 

Weight % 
  Error 

Atom % 
 

Atom % 
  Error 

   C          173 ±      29     6.67 ± 1.12   13.10 ± 2.20 
   O        2672 ±      86   15.87 ± 0.51   23.39 ± 0.75 
  Si      93128 ±    348   73.93 ± 0.28   62.09 ± 0.23 
  Si             0             0       ---       ---       ---       --- 
  Co          997 ±      87     3.53 ± 0.31     1.41 ± 0.12 
  Co        1407 ±      96       ---       ---       ---       --- 
Total   100.00  100.00  

 

Figure C.1: top: EDS spectrum of 30 nm cobalt; bottom: quantitative results 

for same sample 
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Element 
  

      Net 
   Counts 

Net Counts 
       Error 

Weight % 
 

Weight % 
  Error 

Atom % 
 

Atom % 
  Error 

   C          162 ±      31     6.60 ± 1.26   13.52 ± 2.59 
   O        2053 ±      83   13.55 ± 0.55   20.83 ± 0.84 
  Si      83478 ±    330   72.66 ± 0.29   63.65 ± 0.25 
  Si             0             0       ---       ---       ---       --- 
  Co          984 ±      90     3.76 ± 0.34     1.57 ± 0.14 
  Co        1442 ±      97       ---       ---       ---       --- 
  Au          183 ±      50     3.44 ± 0.94     0.43 ± 0.12 
  Au        1619 ±      76       ---       ---       ---       --- 
Total    100.00  100.00  

 

Figure C.2: top: EDS spectrum of 30 nm cobalt topped by 10 nm gold; 

bottom: quantitative results for same sample 
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Element 
  

      Net 
   Counts 

Net Counts 
       Error 

Weight % 
 

Weight % 
  Error 

Atom % 
 

Atom % 
  Error 

   C          228 ±      34     8.00 ± 1.19   17.52 ± 2.61 
   O        1417 ±      78     9.21 ± 0.51   15.14 ± 0.83 
  Si      83690 ±    339   68.82 ± 0.28   64.47 ± 0.26 
  Si             0             0       ---       ---       ---       --- 
  Co          912 ±      96     3.20 ± 0.34     1.43 ± 0.15 
  Co        1259 ±      94       ---       ---       ---       --- 
  Au          625 ±    101   10.78 ± 1.74     1.44 ± 0.23 
  Au        4328 ±    194       ---       ---       ---       --- 
Total    100.00  100.00  

 

Figure C.3: top: EDS spectrum of 30 nm cobalt topped by 30 nm gold; 

bottom: quantitative results for same sample 
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Element 
  

      Net 
   Counts 

Net Counts 
       Error 

Weight % 
 

Weight % 
  Error 

Atom % 
 

Atom % 
  Error 

   C          216 ±      33     7.96 ± 1.22   16.61 ± 2.54 
   O        1801 ±      80   11.47 ± 0.51   17.97 ± 0.80 
  Si      85093 ±    338   70.41 ± 0.28   62.84 ± 0.25 
  Si             0             0       ---       ---       ---       --- 
  Co        1211 ±      59     4.32 ± 0.21     1.84 ± 0.09 
  Co        1493 ±      96       ---       ---       ---       --- 
  Au          332 ±      61     5.84 ± 1.07     0.74 ± 0.14 
  Au        3066 ±      95       ---       ---       ---       --- 
Total    100.00  100.00  

 

Figure C.4: top: EDS spectrum of 30 nm cobalt topped by 50 nm gold; 

bottom: quantitative results for same sample 
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APPENDIX D 

NMR SPECTRA 

After showing the purity of the metal samples, the next concern was the 

purity of the ligand liquids.  To show the ligand purity, nuclear magnetic resonance 

(NMR) spectra were recorded for each ligand.  For this, all ligands were dissolved 

in an appropriate deuterated solvent and measured in a Bruker Avance III HD at 

300 MHz.  For all recorded spectra, it was shown that no impurities are present in 

the liquid according to the present peaks. 
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Figure D.1: 1H-NMR of DI water at 300 MHz in deuterated acetone ((CD3)2CO) 
δ = 4.60 (s, 2H, H2O) 
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Figure D.2 1H-NMR of ethanol at 300 MHz in deuterated chloroform (CDCl3) 
δ = 4.61 (s, 2H, H2O), 3.35 (q, 2H, -CH2-), 0.90 (t, 3H, -CH3) 
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Figure D.3 1H-NMR of acetone at 300 MHz in deuterated chloroform (CDCl3) 
δ = 1.61 (s, 6H, -CH3) 
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Figure D.4 1H-NMR of hexane at 300 MHz in deuterated benzene (C6D6) 
δ = 1.24 (s, 8H, -CH2-), 0.88 (t, 6H, -CH3) 
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Figure D.5 1H-NMR of 1-dodecylthiol at 300 MHz in deuterated chloroform 
(CDCl3) δ = 2.22 (q, 2H, -CH2), 1.39 (t, 2H, -CH2), 1.34 (s, 1H, -SH), 1.24 (m, 16H, 
-CH2), 1.09 (t, 2H, -CH2), 0.88 (t, -CH3) 
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APPENDIX E 

CONVERSION OF EMU TO µB 

The magnetics community often turns away from using SI units and rather 

uses the Gaussian system.  This can easily lead to problems with comparing data 

sets or even in calculating various values for one data set.  In chapter 3.2.3 a 

publication by Hernando et al. [1] was discussed, in which the conversion became 

a problem and led to a result that was reduced by a factor of 4π.  Looking at the 

conversion between SI units and Gaussian units, 4π is a repeating conversion 

factor [2].  Therefore it was assumed that it was used in error, although not 

necessary. 

For this particular calculation, from emu/cm2 to µB/atom, there was actually 

no conversion between the two systems necessary.  The following values need to 

be considered: 

 

 1 emu = 1 × 10-3 J/T 

 1 µB = 9.274 × 10-24 J/T 

  The above leads to:  1 µB = 9.274 × 10-21 emu 

 The number of gold atoms per cm2 is 2 × 1014 atoms/cm2 

 From the presented data (Figure E.1) it can be seen, that the hysteresis 

curves reach a maximum at 2 × 10-3 emu/cm2, which is here indicated by 

the pink dotted lines
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Considering these statements, first the emu/cm2 can be converted into µB/cm2: 

      
2 × 10−3 

𝑒𝑚𝑢

𝑐𝑚2

9.274 × 10−21𝑒𝑚𝑢

µB
 
= 2.157 ×  1017  

µB

𝑐𝑚2 (13) 

In a second step, the number of gold atoms per cm2 is taken into consideration: 

                                          
2.157 × 1017 

µB

𝑐𝑚2

2 ×1014 
𝑎𝑡𝑜𝑚𝑠

𝑐𝑚2

= 1078.5 
µB

𝑎𝑡𝑜𝑚
                                     (14) 

This value divided by 4π leads to the reported 86 µB/atom.  However, since no 

conversion between Gaussian and SI system was necessary, the scale factor of 

4π is really not needed here and lead to a reduced result.  

 

E.1 REFERENCES  

1. Hernando, A.; Crespo, P.; Garcia, M.A.; Fernandez Pinel, E.; de la Venta, J.; 

Fernandez, A.; Penades, S. Giant magnetic anisotropy at the nanoscale: 

Overcoming the superparamagnetic limit. Phys. Rev. B 2006 74, 052403 

2. Tippler, P. A. Physik, Spektrum Akademischer Verlag, Heidelberg, Berlin, 

Oxford 1994

Figure E.1: The pink dotted lines indicate the 
maxima of the hysteresis curves used by 
Hernando et al. to determine the 
magnetization per surface atom. Copyright 
2006 by the American Physical Society  
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APPENDIX F 

STATISTICAL DATA ANALYSIS 

 The data presented below was created by using ANOVA single factor in 

Microsoft Excel. Each p-value was determined by comparing two different data 

sets. In addition for each complete experiment an overall p-value was determined 

with the same method.  

The null hypothesis is that the data sets are all from the same sample 

pool, which is reflected by a p-value of p>0.1. The alternative hypothesis is that 

the data sets are actually taken from different sample pools, which is reflected by 

a p-value of p<0.1 marked in red. Both of these limitations were chosen by me at 

will. 

 It must be stated that this analysis is an optimistic alpha testing method and 

a more elaborate method of statistical analysis is needed in the future to better 

determine the significant differences between the various sample pools. 
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