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Abstract 
Magnetotactic bacteria (MTB) display great control over the formation of nanosized magnetite 
crystals, in which morphology, crystallinity and chemistry are combined to create what is 
essentially a nanosized compass needle. A biomimetic approach was employed in order to 
investigate the driving forces behind the crystalline and colloidal organization of nanosized 
magnetite particles. The well-known partial oxidation method in combination with polymeric 
additives, like poly acrylic acid (pAA), was employed to create nanosized assemblies of 
magnetite. These include both chain like structures stretching microns in length as well as 
nanosized particles with flowerlike morphologies. Three characterization strategies were 
employed: High resolution electron tomography (HR-ET) in order to determine the 3D crystal 
structure and morphology simultaneously, electron holography (EH) to determine magnetic 
domains on the same scale as the magnetite structures and cryogenic transmission electron 
microscopy (cryo-TEM) time series to elucidate the formation process. The combination of 
these techniques will provide information on the crystallographic organizations and their 
relations with the magnetic properties of the magnetite structures, which might play a role in 
the organization. The main findings here are that the presence of pAA during the synthetic 
reaction at high temperatures yields particles of flower-like morphologies. These flower-like 
particles were found as single crystals, with minor parts showing 1 dimensional 
crystallographic alignment. This crystallinity is surprising as the tomography revealed a highly 
fractured interior divided in morphological sub units. This finding has led to the conclusion that 
these flowerlike particles are actually formed through the collection and alignment of smaller 
preceding particles resulting in what is called a mesocrystal. When investigating the formation 
through cryo-TEM time sampling it was found that these flower like particles are preceded by 
small aggregates of green rust platelets providing 
a first clue towards its formation mechanism. 
Lastly when the magnetic domains were 
determined it was found that the assembly 
magnetizes along the direction of the chain. Also, 
the flowerlike particles showed both single 
magnetic domain and more complex magnetic 
states depending on the size.  

Introduction 
Magnetite (Fe(II)Fe(III)2O4, abr. Fe3O4) is a 
naturally occurring mineral, found in geological 
formations as well as in many living organisms1,2. 
Magnetotactic bacteria, for instance, can grow 
structured arrays of magnetite single crystals in 
order to find their preferred habitat in aqueous 
sediments3. These bacteria are of particular 
interest as different strains can produce magnetite 
crystals with a large diversity of morphology. This 
morphological diversity demonstrates great 
control over shape and size of these magnetite 
particles as well as achieving high degrees of 
crystallinity. In addition, these bacteria can orient 
the magnetite crystals along certain 
crystallographic axis.  Simpson et al4 have shown 
(Figure 1) that for a specific linear aggregate 
(chain) of magnetite crystals the crystallographic 

Figure 1: one dimensional alignment. A: Biogenic 
magnetite with 1D crystalline alignment, white 
arrows indicating the 111 direction. Taken from the 
work of Simpson et al4. B: 3D graphical 
representation of such a 1D alignment, red and blue 
indicating the misaligned planes, while green 
indicates the aligned plane. 
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[111] direction of the (111) plane was found to be aligned along the length of the chain. The 
[111] direction is, not by coincidence, the most easily magnetized direction of magnetite. The 
[111] direction was the only crystal axis which was aligned and as it facilitates the 
magnetization along the chain it showcases the extraordinary control these magnetotactic 
bacteria employ to enhance its functional properties.  

How this control is achieved, or more general how magnetite is produced within magnetotactic 
bacteria is currently subject to academic research5. Current understanding describes the 
formation as a vesicle controlled process in which one crystal is grown within one vesicle 
called a magnetosome6. These magnetosomes are initially formed through membrane 
invagination, followed by attachment onto a skeletal fibril6. At some point these magnetosomes 
take up iron in the form of ions and magnetite nucleation is initiated within these 
magnetosomes. This can be through oxidation from Fe(II) or through reduction of Fe(III) 4. 

The biogenic mechanism is however, not the only known mechanisms of magnetite formation. 
Many synthetic methods have been developed due to the increasing interest on the intriguing 
properties of this material. Fe3O4 is a magnetic and biocompatible iron oxide leading to a wide 
range of technological and biomedical applications. Magnetite is for instance used in thermal 
cancer treatment where local tissues can be heated by absorbed magnetite excited by external 
fields8. Other applications include the use of magnetite as catalyst or in water purification 
where it can be easily removed from dispersion with a magnetic field9,10. Not to mention the 
potential applications within the field of electronic memory devices11. 

There are two significant solvent based methods that are known and used to synthetically 
produce Fe3O4 with a high degree of control. There is the thermal decomposition where an 
organometallic compound is decomposed at high temperatures. This reduces (or oxidizes 
depending on the compound) the organometallic iron, forming crystals with low dispersity in a 
burst like fashion12. Performed in an organic medium in presence of surfactants this method 
yields well dispersed magnetite in a hydrophobic medium. Which is considered one of the 
major downsides of this method. On the other hand there is the polyol method, another solvent 
based method where a ferric iron salt is dissolved in a water/alcohol mixture in a one pot 
synthesis13. The (poly) alcohol (glycol for example) in these syntheses act as solvent, 
surfactant and reductant simultaneously, providing a hydrophilic product, but requiring 
temperatures as high as 400°C.  

The most common method to produce magnetite synthetically in aqueous solution is the co-
precipitation method, where a mixture of Fe(III) and Fe(II), in a 2:1 stoichiometric ratio, at 
alkaline pH results in a fast precipitation of magnetite12,14.  Typically this yields small (< 20 nm) 
particles. The traditional drawback to this method is the lack of control over size and 
morphology as the quick reaction mechanism is difficult to influence15. In part the difficulty to 
control the reaction may be ascribed to the formation of Fe3O4 through disordered primary 
particles, making it difficult to employ classical nucleation theory directly16. Despite this 
complexity Lenders et al17 demonstrated that it is possible to control the crystals size by using 
only experimental parameters. Employing slow diffusion of NH3 to control the rate at which the 
pH increased he was able to increase particle sizes with low NH3 diffusion rates although a 
change in morphology from rounded to more faceted crystals was also observed for lower 
diffusion rates.   

 
Equation 1: co-precipitation reaction of magnetite  



6 
 

An alternative method which increases control over crystal size and morphology is the so 
called partial oxidation method, where Fe(II) is precipitated from solution as ferrous hydroxide 
(Fe(OH)2) by a pH rise. Fe(OH)2 consists of octahedral sheets, the mineral is observed as 
platelets at the nanoscale and is easily oxidized18. This Fe(OH)2 precursor phase is then 
oxidized, typically by KNO3 to form first green rust and then magnetite (Sugimoto 1980, Altan 
2016)19,20. Green rust is structurally very similar to Fe(OH)2 in that the Fe(II) is partially 
replaced by Fe(III) causing a positive charge which is compensated by anion incorporation in 
between the sheets18. The reaction is limited by the Fe(II) oxidation rate and the product can 
be altered by changes in pH, iron concentration and oxidant concentration21. In addition to this 
the influence of several organic additives on magnetite formation has been extensively 
studied, showing an influence on size, size distribution, morphology and dispersibility19,22,23.  

 
Equation 2: partial oxidation reaction of magnetite 

From the currently available synthesis methods the water based co-precipitation and partial 
oxidation methods show the greatest similarity with the biogenic process. As the control over 
the product appears to be much greater for the biogenic Fe3O4 than for the synthetic Fe3O4 a 
sensible approach to increasing this control is to ‘lend a hand’ from nature. One of the most 
intuitive ways to accessing the biological information is to identify the genes (and 
corresponding expression) involved and try to understand their function. Mms (Mms5, Mms6 
Mms7 and Mms13) proteins for instance have been associated with Fe3O4 formation in 
magnetospirillum magneticum strain AMB-124,25. By regulating the expression of the Mms7 
gene it has been shown that the morphology of the formed crystals can be severely altered to 
produce elongated dumbbell like crystals24.  

The next step towards conscience control over Fe3O4 formation is to understand how these 
proteins lead to these structural changes and then trying to mimic the results with chemically 
synthesized molecules (polymers more specifically). The Mms proteins for instance appear at 
the interfaces of Fe3O4 crystals and have acid groups at their C-termini. Since carboxylic acids 
have strong permanent interactions with iron atoms these termini are believe to be involved in 
the binding of iron and/or stabilization of crystal interfaces23,26,27. Using this information 
polymers and tailored polypeptides containing carboxylic acid groups have been used to 
control the chemical synthesis of Fe3O4, resulting in rounded morphologies, nucleation 
inhibition and enhanced colloidal stability17,19,28.  

Biology, associated with a bottom up approach, may also provide insight in the organization 
of Fe3O4 to provide useful structures. Essential here is to understand which parts of the 
organizational procedures are actively controlled by the organism through proteins, 
membranes or other functionalization29. While at the same recognize spontaneous physical 
organization, such as chain formation30,31 as well as suppressed forms of physical organization 
such as loop formation30,32. The most important physical interaction for Fe3O4, magnetism, is 
addressed in the follow section to provide the required background. 

  



7 
 

Magnetism  
Magnetic properties play a central role in the physical interactions of Fe3O4 due to its high 
saturation magnetization producing strong long range interactions. Most notable for 
nanoscopic Fe3O4 is the display of superparamagnetism. When magnetic domains become 
small enough, the direction of magnetization can be changed easily due to thermal excitations. 
This flexibility combined with the high saturation magnetization values compared to 
paramagnetic materials has given rise to the term superparamagnetism. Fe3O4 belongs 
however, to the class of ferrimagnetic materials, meaning that its magnetism originates from 
two opposing magnetic sub lattices which do not cancel each other out, i.e. electrons located 
on unbalanced populations of atoms or sites33. More specifically, the Fe3O4 unit cell contains 
24 iron atoms, 16 of these are located at octahedral sites and 8 at tetrahedral sites. The 
magnetic moments of these octahedral and tetrahedral sites are aligned antiparallel to each 
other causing partial cancellation of the magnetic moment. The tetrahedral sites are occupied 
by Fe(III) while half of the octahedral sites are occupied by Fe(II) and the other half 
Fe(III)18,33,34. Despite the differences in oxidation state the magnetic moments for these sites 
are quite similar both ranging from 3,4 µB  to 3,7µB

33 (bohr magnetons), which can be 
understood through the difference in crystal field. As these occupied orbitals are fixed on the 
atoms and the atoms are fixed in the crystal, a crystallographically preferred direction of 
magnetization exists. In Fe3O4 this is observed as a magnetically easy axis in the <111> 
directions. This easy axis is normally quantified by the energy required to magnetize the crystal 
in the perpendicular direction per volume material. For Fe3O4 this value has been estimated in 
the range of 104 to 105 J/m3 18. By comparing this energy barrier from crystal anisotropy to the 
thermally available energy a critical size for stability can be calculated. Which, although values 
and assumptions might vary, for spherical Fe3O4 should occur at diameters lower than 
20nm31,35 at room temperature. For such nano sized crystals this typically results in a single-
domain magnetization along the magnetic easy axis (Figure 2). This preferred magnetization 
direction is referred to as crystal anisotropy, as the crystal has anisotropic (magnetic) 
properties. 

When the crystals become smaller than the critical size the stability of the domain vanishes, 
and the electrons forming the magnetic domain can switch simultaneously between two 
equivalent low energy states (spin up and spin down). In fact, when a particle becomes smaller 
it has a lower barrier compared to the thermal energy and therefore alternation between the 
two states occurs more frequently. In zero applied field these particles will behave similar to 
non-magnetic materials. An external field stabilizes the magnetization direction, resulting in 
the return of a stable domain with strong magnetic interactions. The main benefit of these 
superparamagnetic particles is that they can easily be dispersed due to the lack of a 
permanent magnetic dipole. While at the same time they can be easily and energy efficiently 
collected with a magnetic field36. Which enables for instance the facile separation of 
heterogeneous catalysts when used as a carrier particle. 

Crystal anisotropy is however not the only energy barrier acting on a magnetic particle. 
Competing with this crystal anisotropy are mostly shape anisotropy and local (magnetic) 
fields31. The creation of a magnetic field comes at a magnetostatic energy cost, since the 
shape of the magnetic field depends on the particle shape and magnetization, the 
magnetostatic energy must also be dependent on them. For high aspect ratio particles the 
differences between magnetostatic energies are very large and force a direction of 
magnetization. The requirements of few magnetic poles and short distances between 
opposing poles lead to a preferred magnetization in the longest axis. In summary the stability 
of a uniform magnetization or domain is highly dependent on the size and aspect ratio of the 
particle and additionally slightly dependent on strain31,33.  
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Figure 2: schematic overview origin of magnetism per type, blue dashing indicating Fe3O4, magnetic domain size 
ranges for Fe3O4 at room temperature. 

For larger (>100 nm) particles formation of multiple stable magnetic domains and domain walls 
occurs. These domains reduce the total magnetostatic energy by bringing the opposite 
magnetic poles closer together often forming a closed magnetic loop. This energy is offset by 
the boundary created between these domains. Here spins will have to be orientated in an 
unfavorable direction causing a balance between the two and therefore a stable domain size37. 
For Fe3O4, which is a magnetically hard material, these boundaries are difficult to displace 
resulting in a permanent magnet. In contrast to for instance metallic iron, where domains 
change easily and quickly dissipate any permanent magnetization. For spherical Fe3O4 
particles, domain splitting occurs around 100 nm but for particles with high aspect ratio’s this 
may be up to 1000 nm. This is further complicated by surface effects, where interfaces might 
be demagnetized or disordered38,39, which might influence coercivity and magnetizability.  

Organization & mesocrystallinity 
The structure described in Figure 1 where a chain of magnetite crystals is demonstrated to 
have crystalline alignment along the chain axis can be classified as a mesocrystal40. 
Mesocrystals are a collection of individual nano-sized building blocks which have their 
crystalline axis aligned in at least one direction. For the example in Figure 1 only {111} planes 
are the aligned (along one [111] direction), making it a one dimensional mesocrystal. How this 
crystallographic orientation is achieved is still unknown, it could be due to being the lowest 
magnetic energetic state or it could be actively controlled through crystal specific proteins. For 
the chain formation itself Scheffel et al6 suggested that while the magnetosomes (containing 
the Fe3O4 particles) are attached to a filamentous structure, the magnetosomes are free to 
move along this filamentous structure. Observing an initially random placement of 
magnetosome which only clustered as the Fe3O4 particles grew, he concluded that the 
aggregation must be caused by magnetic attraction. On the other hand many examples exist 
where biology directly or indirectly forces the alignment of crystals. In the work of Nudelman 
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et al41 the alignment of apatite crystals is demonstrated in a collagen fibril, here the collagen 
might act as an aligning mechanism simply by spatial confinement exemplifying an indirect 
alignment mechanism. A very similar example may be found in the formation of nacre42 where 
competitive growth eliminates unfavorable crystal orientations. As in nacre the meso crystal 
formed is often the preferred structure due to their unique properties40,43. In other cases 
mesocrystals can fuse to form single crystal structures44, or alternatively an assembly of 
precursor particles can create crystals of a certain shape45 as is observed in the formation of 
tooth enamel. For tooth enamel formation it has been shown that structured protein oligomers 
actively steer organization of the precursor particles into elongated single crystals. 
Crystallization by particle attachment has already been establish as an important growth 
mechanism46 and crystal formation through mesocrystallinity seems to be a logical extension 
to particle based growth mechanisms.  

Such a crystal may show reminiscence of its intermediate mesocrystal state through defects 
and internal interfaces within the crystal46. It would change the assumptions for kinetic 
modeling as final crystals/particles can no longer be assumed to originate from one nucleation, 
and growth may no longer be directly related to the concentration of the dissolved state. In 
general it would make the formation mechanism a process described by colloidal theory over 
classical nucleation theory16,46,47. As such it may provide a suitable explanation for particles 
which do not follow a classical formation mechanism, or do not obey classical kinetic theories. 

For Fe3O4 an additional benefit to mesocrystals exists as it may provide a path to maintain 
superparamagnetic properties over larger scales than previously imagined13,48. The clear 
benefit of superparamagnetism being the dispersibility, which allows for the creation of 
magnetic hybrid materials49. One could imagine the technical possibilities of dispersing a 
superparamagnetic mesocrystal, immobilizing the dispersion and then fusing the mesocrystals 
to form stable magnetic dipoles. Proper development of such concepts requires a thorough 
understanding of both the fusing of particles as well as the mechanisms of alignment. Although 
there are many examples of magnetic mesocrystals, the causality of alignment has yet to be 
understood. In other words: Does magnetization dictate crystal orientation or does crystal 
orientation dictate magnetization? 

The notable question for Fe3O4 mesocrystals is then how the transition from 
superparamagnetic to stable single domain can be controlled through mesocrystallinity13,50,51. 
An interesting comparison can be made between mesocrystalline Fe3O4 formed by a polyol 
method showing superparamagnetic behavior in the work of Ge et al48 and mesocrystalline 
Fe3O4   formed by a co-precipitation method showing single domain behavior in the work of 
Reichel et al50. In the polyol method mesocrystals are found at sizes corresponding to single 
or even multi domain behavior which is in contrast with the observed superparamagnetism. A 
conventional explanation for a polycrystalline particle at these sizes being superparamagnetic 
could be the following: If the orientation of crystals in a polycrystalline particle is random then 
also the preferred magnetization direction will be random and as such cancellation will occur 
for the particle as a whole. For the polyol mesocrystals the orientation is not random, 
anisotropy is preserved and as such this explanation is unsatisfactory. The subunits of the 
polyol mesocrystal are however in the superparamagnetic size range, suggesting that for a 
mesocrystal the subunit dictates the magnetic state. If this hypothesis is true then for the co-
precipitation mesocrystals the subunits should be within the stable domain size range as these 
mesocrystals show stable magnetic domains. The subunits of the co-precipitation 
mesocrystals are however also within the superparamagnetic size range. These conflicting 
observations suggest that additional factors may be more influential for the magnetism of 
these complex particles.    
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Aim and method 
The majority of the current and previous research has focused on one aspect of Fe3O4 or iron   
(hydr)oxides in specific. These have ranged from the formation of particles, influence of 
additives, genetic alterations in biogenic Fe3O4 all the way up to first principle investigations 
of their magnetic properties. Yet little has been done to relate these many aspects into one 
simultaneous investigation. This eludes many interesting questions such as how nucleation 
conditions might influence the organization of crystals in the bulk material and how then do 
these crystals influence the magnetization of Fe3O4 on both a nano and macroscopic scale. 
Understanding these relations in a more holistic fashion may pave the way towards not only  
a better understanding of the underlying mechanism but may also add to the technological 
applicability of the material by controlling for instance its magnetic properties. In this thesis 
three aspects have been considered of crucial importance: Morphology, crystallinity and 
magnetism. As such a chemical synthesis was performed whilst characterizing these three 
aspects in parallel.  

Ideally we would like to study a system which resembles the magnetite chains found in 
magnetotactic bacteria. Not only because they provide the appropriate complexity 
(superparamagnetic magnetite might be too simplistic providing no new information, large 
structures might be uncharacterizable), but also because they might shine light on the chain 
formation within the bacteria. A requirement in the selection of a synthesis method is the 
dispersibility of the product. As one can imagine that a fully aggregated system complicates 
the ability to characterize individual crystals. Fortunately several methods for synthesizing 
colloidally stable chains already exist, Lenders et al52 for example demonstrated colloidally 
stable chains by using a co-precipitation method in combination with random copolypeptides. 
In this work the colloidal stability was influenced by altering pH and amino acid composition. 
The use of these rather specific custom made polypeptides does make it a rather high effort 
method to reproduce and was therefore not used. As an alternative method Altan et al19 
demonstrated a colloidally stable synthesis through a partial oxidation method in presence of 
pAA. In addition to these two syntheses there was also an in house partial oxidation method 
yielding similar results without the use of additives. Instead this bare-Fe3O4 was controlled by 
using a controlled titration setup. As the pAA-Fe3O4 quickly showed an unexpected flower-like 
morphology a major aspect of this thesis is dedicated to the characterization of this flower-like 
structure.  In addition to this an initial exploratory experiment as to how this flower-like structure 
is formed has been performed.  
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I Magnetite synthesis in presence and absence of polymeric additives. 
Fe3O4 was synthesized using the partial oxidation method19,20 in presence of pAA according 
to the method reported by 19. A second synthesis was performed without the use of additives, 
instead using an automated titration setup for reaction control. While the experimental 
conditions were quite different the (expected) products are quite similar providing a magnetic 
reference as opposed to a chemical reference. The additive free method is considered the 
least complex system to be studied while the pAA-Fe3O4 was deemed to be most suitable 
from past experiments due to the dispersibility of the product. The experimental procedures 
can be found in more detail in appendix A.  The characterization of both products is described 
here within their experimental context. The characterization confirmed the successful 
synthesis of crystalline Fe3O4 for both methods showing irregular morphologies but clear 
crystalline diffraction. For pAA-Fe3O4 higher magnification images were acquired showing a 
mismatch between a fragmented particle and its diffraction pattern.   

Bare-Fe3O4 

Magnetite was formed in absence of additives in a two-step process. The first step being the 
precipitation of molecular iron into the Fe(OH)2 precursor phase followed by the second step 
which is the oxidation by KNO3 into Fe3O4. Figure 3C shows the pH during the synthesis, here 
the pH of an FeCl2 solution was gradually increased from pH 4.0 by the addition of a KOH 
solution to pH 9. The pH initially shows a rapid increase and then a plateau at pH 8 indicating 
the Fe(II) precipitation as Fe(OH)2, which consumes OH-

 in the process as one would expect 
from equation 2. The pH remains constant over the addition of KOH until the molecularly 
dissolved Fe is fully depleted after which the pH reaches the value of pH 9. At this point an 
excess of KNO3 is slowly added to the reaction solution over the course of 30 min. As the 
procedure is performed at room temperature the end of the synthesis only results in the 
removal of stirring, which by no means would stop the reaction if it were still ongoing. Since 
the reaction is expected to proceed slowly the reaction mixture is left stirring over night after 
which it is transferred to an inert environment. The progression of the synthesis can however 
be assessed by the coloration of the dispersion.  The initial precipitation is expected to be 
white for FeOH2 followed by green for green rust which should slowly transition into black for 
magnetite. In our experiments however the white precipitate is not observed and a green 
precipitate is formed directly during the addition of the base. Therefore Fe(III) must already be 
present prior to the addition of the KNO3 solution as green rust require both Fe(II) and Fe(III) 
to form. The presence of Fe(III) can be ascribed to either (oxidative) impurities in the starting 
material (FeCl2) or to contamination by atmospheric oxygen in the experimental setup. Despite 
the initial Fe(III) the product does not show signs of over oxidation  through its color (orange 
or red hue for ferrihydrite or maghemite) or in electron diffraction. The lack of over oxidation 
can be explained by Fe3O4 having a higher chemical stability relative to the oxidative strength 
of NO3

- as opposed to its precursors, making the continued oxidation much slower if not 
blocked completely. Alternatively the contamination could simply be very small, as ferrihydrite 
might be observed for higher concentrations of Fe(III). The final product was imaged by cryo-
TEM as shown in figure 3A.  

Figure 3A shows the cryo-TEM image of the bare-Fe3O4 arranged in linear chains. The 
assembly is assumed to be due to the formation of magnetic dipoles within the particles. As 
the particles are roughly 40 nm in size they should be within the stable magnetic domain size 
range as can be seen in figure 3B where the size distribution is shown. Such particles would 
have magnetic poles on their surfaces and aggregating in a linear fashion would reduce their 
magneto static energy. From a magnetic point of view one would expect these chains to form 
circles as this would completely remove all the poles from the chain30. Circular aggregates 
however were not observed, instead we observed mild curvature and extensive branching. 
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The broad size distribution as well as the shape of the individual particles might provide an 
explanation for this branching as both the magnetic attraction as well as the steric interactions 
would be dependent on size and shape. Branching may occur preferably at large particles or 
clusters of smaller particles, which is discussed in chapter IV.  

 
Figure 3: A: magnetite synthesized by partial oxidation free of additives. B Size distribution acquired by measuring 
2 lengths of 127 particles. C: pH curve as measured during the addition of the 0.30 M KOH solution. 

Many particles in figure 3A also display diffractive contrast, which appears as especially dark 
particles which pair with a nearby patch of brightness. This effect is caused by a crystal plane 
(partially) deflecting the electron beam causing a shift in (the deflected part of) the image 
proportional to the defocus. In figure 3A bright areas can be seen of roughly the same size as 
the particles suggesting that the particles as a whole display diffractive contrast which can 
only be if they are single crystals.    

Selected area electron diffraction (SAED) was employed in order to further elucidate the 
crystallinity and mineral phase.  The electron diffraction (ED) pattern is shown in figure 4C 
which was taken from the selected area shown in figure 4A and 4B. In diffractive mode an 
image is taken at the focal plane, causing the non-scattered electrons (central incident beam) 
to appear in a focused spot hidden in figure 4C by the central beam stop. Electrons which 
have been scattered by a crystal plane will however appear at a set distance from the central 
incident beam, seen as rings of white spots in figure 4C. This radial distance is inversely 
proportional to the distance between the lattice planes, commonly referred to as the d-spacing. 
It is for this reason that rings appear in the diffractive pattern for crystalline samples as only 
certain d-spacings exists for any given mineral phase and by consequence only certain radial 
distances are allowed. Figure 4C shows the diffraction pattern with distinct reflections (bright 
spots) organized in circles, we can therefor already tell that the material is crystalline and that 
many yet distinguishable crystal planes exist within the selected area, as is expected for single 
crystal particles. 
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Figure 4: Cryogenic TEM of bare magnetite in A: BF-cryo-TEM B: selected area for diffraction C: Diffraction pattern 
of the selected area shown in B. D Radial average calculated from the diffraction pattern shown in C with four 
peaks indicated in black. 

For quantification the intensity of the diffraction pattern was radially averaged around the 
central incident beam as shown in figure 4D, where the reflections are now visible as 1 
dimensional peaks, indicated by the black lines.  The radial location of these peaks provide 
an accurate assessment of the planes’ d-spacing as they are composed of all reflections with 
this d-spacing. By comparing the found d-spacings to a database reference the plane type 
can be determined and the lattice type for the material determined. Table 1 shows the found 
lattice planes in both reciprocal (dimension of acquisition) and spatial units. The found 
distances are in good agreement with the literature values for magnetite. The slight mismatch 
that does occur appears to be systematic and can be attributed to three factors: 1) 
Miscalibration of the pixel size, 2) the different optics for X-rays for the reference versus 
electrons for the SEAD or 3) due to the lack of a background removal. Additional support can 
be found in the fact the ratios are preserved between the reference and the acquired spacings. 

Table 1: Assignment of diffraction pattern peaks for bare magnetite. 

# Å-1 Å Å (ref)34 Plane (hkl) 
1 0.383 2.62 2.53 {311} 

2 0.465 2.15 2.10 {400} 

3 0.600 1.67 1.62 {511} & {333} 

4 0.657 1.52 1.48 {440} 
 

Despite the apparent crystallinity of the particles their morphology does not seem to be of a 
facetted nature following a geometrical shape imposed by the crystal lattice. Instead a more 
spherical or even irregular morphology is observed. This lack of faceting is not unprecedented 
but is normally associated with the presence of (organic) additives53, or as an intermediate 
stage52. The irregular/spherical morphology would indicate however that kinetical 
considerations are dominant over the energy differences between the different crystal 
surfaces. 

In summary crystalline Fe3O4 was formed, most likely as single crystals although the particle 
morphology seems to be underdeveloped given the irregularity52. While the aggregate 
structure points towards a dipolar and therefore magnetic aggregation mechanism.    
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PAA-Fe3O4 

The second Fe3O4 synthesis method includes the addition of 400 kDa polyacrylic acid (pAA) 
and is therefore referred as pAA-Fe3O4. The synthesis method is different from the bare-Fe3O4 
synthesis, the temperature being set to 90oC, the synthesis being batch and the pH was 
measured to be ~13.5 for the pAA-Fe3O4. While for the bare Fe3O4 the temperature was 20oC, 
the synthesis being semi-batch and the pH set to 9. A worthwhile sidestep here is that Fe(OH)2  
has an isoelectric point located around a pH of 12 54. With the change from pH 9 to pH 13.5 
the isoelectric point is crossed and the surface charge of the precursor may change from 
positive to negative. The reaction is started by addition of the KOH, KNO3 and pAA solution to 
the Fe(II) solution. By doing so almost immediately a green precipitate is formed, which is to 
be expected since the oxidative agent is present from the very start. The mixture then 
proceeds to darken until a black dispersion is formed. Also for pAA-Fe3O4 cryo-TEM was 
employed as the main characterization tool, a BF-TEM of pAA-Fe3O4 is shown in figure 5A. 
Much like the bare-Fe3O4, particles are found in chain aggregates and the size distribution as 
before corresponds mostly within the stable magnetic domain range. As a consequence the 
same reasoning of magnetic dipole aggregation applies here as well.        

 
Figure 5 Cryo-TEM of pAA-magnetite A: bright field B size distribution acquired by measuring 2 sides of 108 
particles. 
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Figure 6 Cryogenic TEM of pAA-magnetite A: brightfield B: selected area for diffraction C: Diffraction pattern of the 
selected area shown in B. D Radial average calculated from the diffraction pattern shown in C with six peaks 
indicated in black. 

The crystallinity in the pAA-Fe3O4 was assessed by a combination of diffractive contrast in BF-
TEM and SAED which are shown in figure 6. Figure 6B (and to a lesser extend in figure 6A) 
shows very clearly large bright areas caused by the diffractive contrast, once again indicating 
that the particles reflect electrons as a whole and are therefore single crystals. Figure 6C 
shows the corresponding diffraction pattern where the same crystal planes are observed as 
clearly distinguishable reflections. Although the circles may be the difficult to recognize in 
figure 6C, figure 6D shows the radial distribution function where intensity peaks occur only at 
set radial distances. The observed d-spacings for pAA-Fe3O4 in table 2 are in good agreement 
with the reference d-spacings for magnetite, although the same systematic bias is observed 
as before. The pAA-Fe3O4 does provide a much clearer diffraction pattern than the bare-
Fe3O4, this difference however should be regarded as a variance in acquisition as opposed to 
being a structural difference between the two specimens.  

An additional question one might ask is whether the same alignment which is found in MTBs 
could also be found in biomimetic Fe3O4 and how one could know. The diffraction pattern in 
principle does give access to this information as long as two planes of each crystal are 
observed. However the deconvolution of the diffraction pattern would be an extremely difficult 
task without knowing which reflections correspond to which particles. Two methods that could 
be employed are the use of an even smaller aperture, however no practical aperture for this 
methods exists. Or alternatively by illuminating only one particle at the time. This experiment 
has not been performed but is mentioned as it is considered an interesting continuation as it 
may show crystallographic alignment along the chain aggregate’s axis.  

Table 2: Assignment of diffraction pattern peaks for pAA-magnetite 

# Å-1 Å Å (ref)34 Plane (hkl) 
1 0.327 3.06 2.97 {220} 

2 0.381 2.62 2.53 {311} 

3 0.460 2.17 2.10 {400} 

4 0.568 1.76 1.71 {422} 

5 0.599 1.67 1.62 {511} & {333} 

6 0.655 1.52 1.48 {440} 
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Instead the irregular morphology of the pAA-Fe3O4 particles was investigated using higher 
magnifications shown in figure 7. Figure 7B shows a cryo-TEM image containing a chain of 
pAA-Fe3O4 particles in which across several particles this morphology was observed. The 
particles do not form perfect spheres with smooth surfaces but instead have many jagged 
aspects as well as inward protrusion or cracks. When increasing the magnification even further 
in figure 7C the additional surface becomes even more apparent with bright interfacial lines 
appearing all over the appropriately named flower-like-particle.  Since spherical particles are 
often a means to reduce the surface energy per volume of a given particle the presence of 
these surface rich features seems out of place. It would appear therefor that for this particle 
surface the surface energy is of little significance or that a large enough barrier exists 
preventing the particle from reducing its surface energy.  

The internal interfaces appear to be in the radial direction as well as in the perpendicular 
direction for as far as the interface direction can be asses from the 2D image. Directionality of 
the interfaces might be a clue to their origin, for instance a spherulite-like growth mechanism, 
limited in growth by ion diffusion, might produce radially outward pattern. Alternatively, if an 
initially fragmented particle reduces its internal surface by the inward diffusion of ions then the 
path length towards the surface might be crucial. In all cases the flowerlike particle appears to 
be composed of many different smaller parts or sub-units.  

The ED pattern of a single particle (figure 7D) shows only a limited amount of reflections, a 
pattern which could be explained for 1 to 3 crystals, while the fragmentation suggest there to 
be many more. At the cyan arrow for instance two reflections of equal d-spacing show a very 
minor angular offset.  These two reflections suggest that two distinct crystal planes (from two 
different crystals) have almost completely co-aligned. In order to describe both the crystallinity 
as well as the elaborate morphology of the pAA-Fe3O4 an experiment was designed using HR-
TEM which is discussed in chapter II. 
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Figure 7: pAA-Fe3O4 cryo-TEM. A: pAA-Fe3O4 chain embedded in vitrified water B: Higher magnification of area 
B C: higher magnification of area C showing a single pAA-Fe3O4 particle D: Selected area electron diffraction of 
area C, inset showing the selected area. 
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II High resolution electron tomography 
Introduction 
The flower like morphology of pAA-Fe3O4, shown in figure 7C, suggests a particle composed 
of smaller separated fragments. The diffraction pattern of the exact same particle, shown in 
figure 7D, shows very few reflections (spots) indicative of single crystals. This appears to be 
in contrast with the observed morphology from which a polycrystalline diffraction pattern with 
many reflections would be expected. A possible explanation for a fragmented particle with few 
reflections is the existence of a mesocrystal. In this chapter we will show that the flower-like-
particle is in fact composed of smaller particles (subunits) and determine the size distribution 
of those subunits. Furthermore we will show that for a large extent these subunits share a 
single crystallographic alignment forming a mesocrystal. An in depth understanding of this 
mesocrystalline structure may lead to a better understanding of how the particle is formed in 
the first place as well as a better understanding of its magnetic properties. For these reasons 
a characterization experiment was designed that can access both morphology as well as 
crystallography simultaneously which is discussed here. The (nano) magnetism was 
described by electron holography which is discussed in chapter III.   

In order to be able to select a characterization tool we must first have clear requirements. A 
sensible starting point for this would be the definition of a mesocrystal:  

1. Morphological  
A mesocrystal should be composed of multiple distinguishable nano-sized 
morphological domains, or subunits. 

2. Crystallographic 
The crystallographic planes found originating from one mesocrystal should be 
consistent with 1 crystal in at least one direction. 
 

Essential to notice is that both requirements must be met for a single particle or structure in 
order to be proven a mesocrystal. This requirement of simultaneous acquisition is why high 
resolution electron tomography (HR-ET) was selected as the method of choice. In this method 
a series of images is taken at different rotational angles (tilt angles) which is called a 
(tomographic) tilt series. If the resolution of these images is at or above lattice resolution then 
the tilt series will also contain crystallographic information in the form of striping patterns 
allowing determination of criterion 2. These striping patterns only occur in areas where the 
crystal plane is present adding the ability to localize crystal planes in direct space, a benefit 
unique for HR-TEM. A more detailed geometric discussion is included in the crystallographic 
section of this chapter. The same tilt series can also be used to calculate a tomographic 
reconstruction or volume. Here the rotational series is converted into a 3D image providing 
observability of criterion 1 from the very same acquisition. 

At this point it is worthwhile to mention that for thin film drying a 2D mesocrystal assembly is 
formed where 2D techniques are sufficient to determine both criteria55. In contrast here a 3D 
dimensional assembly is studied requiring the 3D techniques. 

In principle these two criteria could be also be determined by two separate experiments. Here 
the morphological information could be acquired through high angle annular dark field 
scanning transmission electron microscopy (HAADF-STEM) tomography and the 
crystallographic information from electron diffraction (ED) techniques. The drawbacks and 
benefits of our approach vs the two experiment approach will be discussed in detail in the 
outlook of this chapter addressing the possibilities for improvement of the characterization.  
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Morphological characterization 
In total four tomographic tilt series were acquired, three of which with gold tracking particles 
(fiducials) and one without tracking particles (fiducialless). During the acquisition the fiducials 
are used to track and focus the sample. After the acquisition however the fiducials are also 
used to model the shift and rotation of the tilt series in order to be able to reconstruct the 
tomogram, using a simultaneous iterative reconstruction technique (SIRT). Within these four 
tomograms all particles appeared to have the previously mentioned flower like morphology. 
As the particles appeared very similar in structure a choice was made to analyze one 
tomogram in depth based on imaging success. The fiducialless tomogram was quickly 
discarded for morphological analysis as the lack of focus control lead to a mediocre overall 
resolution. Of the remaining tomograms (ET1, ET2, ET3) ET1 had an unfavorable sample 
orientation (perpendicular to the rotation axis) while ET 2 and ET 3 were comparable in 
imaging conditions. From these last two tomograms ET 3 was chosen arbitrarily to be analyzed 
in depth.         

A central slice of ET3 is shown in figure 8A containing four particles in total, which have been 
labeled one to four for clarity. Important to recognize here is that this image shows a central 
slice of a tomographic volume and not a 2D projection from the tilt series. In the tomographic 
volumes y is parallel with the stage rotation axis (following general convention), x is 
perpendicular to y and parallel to the 0°image plane, z is perpendicular to both x and y. The 
significance of this geometry is also in the fact that the resolution in such a tomogram is 
anisotropic. This is caused by the x-axis being compressed during the acquisition due to the 
tilting stage while the z-direction is calculated from x and y altogether. Therefore highest 
resolution is achieved in the y direction while the z direction has the lowest resolution.  

In the ETs three artefacts can be observed resulting from the tomographic reconstruction: 
lattice patterns, streaking along the x-axis and variance in contrast, here ET3 is used for 
illustration. Lattice patterns are normally considered part of the particle structure. However, for 
the SIRT to work the intensity must be proportional with the path length through the object 
(thickness).The visibility of lattice patterns is mostly dependent on its angular orientation. 
Meaning that the lattice information is not reliably translated into the tomogram and should be 
regarded as an artifact. For this reason the crystallographic interpretation is performed on the 
tilt series.  

The streaking along the x-axis is caused by the fact that only one rotation axis is used which 
rotates around the y-axis56. The result is a bias in the sampling, and given the difficulty of 
rotating a tomographic tilt series in truly random orientations will have to be accepted. Since 
there is a lack of information in the horizontal direction, any object horizontally adjacent to 
other areas with high mass density will be most affected by this sampling bias. This effect may 
cause reduced contrast between for instance particle 3 and 4 but also influence the visibility 
of a smaller feature depending on its orientation.  The effects can however be avoided by 
selecting the least affected areas for further analysis.   

The last artefact due to the tomogram reconstruction is the variation in contrast that can be 
observed especially in interface visibility in the interior of the particles versus the more outward 
lying interfaces in Figure 8A. The contrast depends on the thickness of the area of interest 
simply because for a certain amount of electrons (information) available per area (pixel) a thick 
section will have less information per volume than a thin section. In other words, this reduced 
information density makes it difficult to image thick or non-electron transparent objects. Given 
this consideration particle 3, a rather large particle, will be more difficult to image than the 
other smaller particles. The same way, the center will be more difficult to image than the 
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exterior of the particles, which should be taken into account in interpreting the differences 
between the two. 

Figure 8  A&B: xy plane at z=xx of the SIRT reconstruction of tomographic tilt series 3, A reconstructed from an 
unfiltered tilt series, B reconstructed from a filtered tilt series. C FFT of the unfiltered 0 image D FFT of the filtered 
0 image. 

Lattice pattern removal & resolution limit 

The inset of figure 8A shows a lattice pattern in the reconstructed tomogram indicated by the 
blue arrow. As previously mentioned these should be considered artifacts and can be removed 
from the image. Since lattice patterns are composed of a single spatial frequency they are 
extremely visible in reciprocal space as can be seen in the fast Fourier transform (FFT) of the 
0° tilt image shown in figure 8C, where the lattice pattern is highlighted by the blue arrow. The 
location (distance from the center) in Fourier space indicates that the lattice patterns are part 
of the higher frequencies of the image. By removing these higher frequencies with a low-pass 
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filter also the lattice patterns are removed. This low-pass filtered tilt series, of which the 0 tilt 
is shown in figure 8D, is then used to reconstruct a new tomogram without the lattice patterns 
artefacts (inset figure 8B). 

Figure 8C also shows a dark ring just interior of the blue line. This black ring in the FFT 0° tilt 
image means that frequencies of these sizes (wavelengths) are missing, something that can 
be explained by the contrast transfer function (CTF)57,58. The CTF describes the electron 
phase information transfer into the intensity image through self-interference and is 
conventionally used to determine the physical resolution of a TEM image. This transfer of 
information can be achieved by acquiring an image at a certain defocus value. The general 
benefit is that contrast is enhanced since additional phase information is added to the image. 
The downside is that due to this self-interference spatial frequencies are either passed, 
contrast inverted or lost depending on their frequency. At which frequencies this occurs is 
greatly dependent on the defocus set. The black ring represent the first frequencies that are 
lost, referred to as the first node in the CTF. Any contrast inversion or further dampening will 
occur at higher frequencies. Due to the direct interpretability of the interior signal this first CTF 
node is taken as the point resolution of the image.  

The point resolution was determined for 3 different images of the tomographic tilt series which 
are shown in table 3. The corresponding defocus values have been calculated with 
ctfexplorer57 in order to assess the experimental control. This control is crucial as the images 
in the tomographic tilt series should have sufficient resolution in order to create a high 
resolution tomogram. The intended defocus value for ET3 was -300 nm as a compromise 
between expected contrast and resolution, all other acquisition conditions are found in 
appendix C. Comparing the intended -300nm with the observed defocus values in table 3 it 
must be concluded that a rather accurate defocus control was achieved.  

Table 3: measured point resolution and derived focus values of tomographic tilt series 3. 

Tilt angle Measured point resolution Derived defocus value 

-34° 0.81 nm -339 nm 

0° 0.79 nm -323 nm 

34° 0.81 nm -339 nm 

 

The cutoff frequency was set with the combined knowledge of both the lattice’s d-spacing and 
the point resolution. In order to remove all lattice patterns the cutoff frequency must be lower 
than the largest d-spacing which is 0.48 nm (2.08 nm-1) while at the same time information will 
be lost if the cutoff frequency is chosen below the point resolution 0.79 nm (1.27 nm-1). Given 
these conditions the cutoff frequency was set at 0.63 nm (1.6 nm-1) to allow a smooth transition 
between the point resolution and the cutoff frequency. 
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Qualitative interpretation  

With the resolution known and the reconstruction effects in mind we should now be able to 
interpret the particles themselves starting with the direct observations. The tomogram seems 
to confirm the greatly fractured nature mentioned in chapter I. These interior interfaces are 
observed as areas of brightness within the particles in figure 8B. As intensity scales inversely 
with mass in BF-TEM these bright areas suggest that no iron (Fe3O4) is present and are, due 
to their low density, interpreted as interior interface. Most likely these interior interfaces are 
filled with pAA, which is known to adsorb onto iron oxides surface in an irreversible fashion, 
which would decrease the interfacial tension26. Proving however that pAA is present 
specifically in the interior interface might be quite challenging as the interfaces appear to be 
roughly 0.5 nm in width and the physical point resolution is 0.8 nm for the acquisition 
conditions. An alternative explanation for the preservation of these interfaces could be 
provided by grain boundaries. Here an interface within a crystal is created as two crystal lattice 
mismatching at the surface are unable to fluently merge. This explanation is however much 
less likely as the mismatch would be at the scale of atoms which doesn’t fit the image data. In 
addition it would mean that each interface that is observed would be between two misaligned 
crystals, resulting in a very polycrystalline object. Given these considerations it is believed that 
pAA is present within these interior interfaces.  

A second observation is the presence of a small layer covering the entire particle (inset in 
Figure 8B). As this is not observed in the cryo-TEM images it must be a drying artefact. This 
layer could be due to the drying of pAA or could be the results of the oxidation of magnetite to 
maghemite which is suggested to be an inward process seen as a maghemite layer on the 
crystals surface59. The covering layer often appears to be continuously connected to the 
internal interfaces suggesting that both are one and the same material, which means pAA is 
the more likely explanation. The presence and location of pAA could be proven by elemental 
mapping techniques, like energy dispersive X-ray (EDX) or electron energy loss spectroscopy 
(EELS), as pAA is the only carbon containing compound in the system. It must be noted 
however that given the expected faint signal of such minor amounts of carbon as well as the 
required resolution this experiment might be beyond the current technical limits of such 
techniques. A more promising continuation was found in the attempted segmentation of the 
flower-like structure into its smaller subunits. 
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Figure 9: XY, ZX and YX planes of particle 1 from ET 3 showing 3D continuity of the interfaces indicates by the 
blue arrows.  

Since the particle appears to be formed from these subunits knowing their size and shape 
may help in understanding how the particle was formed, for instance by comparison with the 
precursor phase. Size and shape of the subunits may also provide information on the 
requirements for stable magnetic domains in mesocrystals as it will demonstrate whether the 
magnetic state is reminiscent of subunit or aggregate. As an initial attempt volume slices of 
different directions were combined in figure 9 to get a better understanding of the 3D structure 
of both the subunits as well as the interfaces. Here it can be seen that the internal interfaces 
observed in individual slices not only exist in multiple directions but also connect into 3D 
structures (blue arrows in figure 9). The result of this 3D connectivity confirms the interfaces 
as 2D surfaces which in some cases completely separate entire volumes. Some of the internal 
interface however, did not appear as lines in the 2D volume slices but as isolated spots (see 
also figure 10B) resulting in 1D lines or channels in the 3D volume. The presence of these 
channels can be explained by the interstitial space which occurs when multiple spheres are 
packed together. The combination of 2D surfaces and 1D channels leads to the conclusion 
that the flower-like particle is the result of the partial coalesce of multiple smaller particles. 
Here some interfaces have been eliminated while others have been preserved due to 
adsorbed pAA. This analysis however, remains very qualitative in nature and can be expanded 
by computational methods. 
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Figure 10 Particle 1 of ET3 A: after applying a maximum filter B: after segmentation of the magnetite C: 
Segmentation based distance map D: Distance map based watershed labeling into subunits. 

Quantitative interpretation 

In order to arrive at a more quantitative interpretation of the data a volume segmentation 
algorithm was designed. The goal of the algorithm is the assignment of each magnetite pixel 
to a subunit and in doing so accessing the original particles before coalescence. The method 
is divided into 4 main steps: a maximum filter (10A), an interface segmentation (10B), a 
distance mapping (10C) and a distance based watershed (10D), as shown in figure 10. In 
figure 10A the result of a maximum filter is shown, where each pixels’ intensity value has been 
replaced by the local maximum of intensity. The main purpose of this filter is to enhance the 
visibility of the interfaces. The second step involves the manual selection of the magnetite 
particle itself first and then the interfaces within this particle. The result of the second step is 
shown in figure 10B where black indicates a magnetite pixel while white indicates a non-
magnetite pixel. It is in this image also that the presence of channels becomes most obvious 
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in the form of isolated white spots in the shown slice, being the cross-section of the cylindrical 
channels. From this black and white labeling a distance map shown in figure 10C is calculated 
showing the distance to the nearest black (non-magnetite) pixel for each white (magnetite) 
pixel. It should be pointed out that while the images shown in figure 10 are slices from the 
tomographic volumes, these calculations have been performed on the entire 3D volume as a 
3D object. These 3D distances also provide 3D maxima, a point within a subvolume with the 
furthest distance from an interface. It is these points which are regarded as the unique 
identifier (or labels) for each subunit, providing already part of the solution. The last step is to 
assign all remaining magnetite pixels to such a unique identifier, which is achieved by the use 
of a watershed algorithm. A watershed algorithm will check for the second to highest (or lowest 
for minima) values (pixels) whether a label is assigned to an adjacent pixel, if so the pixel will 
be assigned to this label. A watershed algorithm then proceeds to add also the third highest 
values and repeats the procedure until all pixels have been considered. Since the watershed 
algorithm is applied to a distance map the labels will grow from the core of the subunit towards 
the interface. The resulting segmentation is shown in figure 10D where each shade of gray 
indicates a different subunit (label).  By comparing figure 10A with figure 10D we can assess 
the success of the segmentation, given the resemblance of the 2D planes the method appears 
very effective for the relatively well enclosed volumes. The similarity between the subunit label 
image with the intensity based image provides confidence that the entire 3D labeling can be 
relied on. Areas with many channels however respond by over-fragmentation and peculiarly 
shaped contours.  

The resulting labelled image, due to 
over-fragmentation, still contains 
many tiny volume labels of few or even 
1 pixel in size. To prevent these from 
cluttering the data any volume with 104 
pixels or fewer were removed. While it 
may seem rigorous, this removal only 
constitutes 0.03% of the entire Fe3O4 
volume. What remains is converted to 
equivalent radii for easy comparison 
and resulting in a size distribution 
shown in figure 11. The vast majority 
of the sub-units appear to be below 
the superparamagnetic size limit 
(radius < 10 nm). The aggregate 
structure however suggests and the 
holography in chapter III confirms that 
the pAA-Fe3O4 forms stable magnetic 
domains.  

Knowing the sizes of the sub-units also gives access to the area per volume of these sub-
units. Knowing the area per volume may provide an estimate for the available surface for pAA 
adsorption per quantity of iron, paving the way for experiments aimed at better understanding 
the influence of pAA. It may lead to better experimental design with regard to the –COOH 
functional group to iron ratio, as the current 1:1 ratio is a clear excess of –COOH with regard 
to the amount of available iron surface atoms. A similar argument applies to the presence of 
disorder of magnetic spin at the interface as understanding the surface demagnetization due 

Figure 11: Size distribution of the subunits found by the 
segmentation algorithm, values indicate the radius of an equivalent 
sphere. 
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to either surface disorder or molecular interactions also requires the surface area to be 
known39.   

As a general conclusion the flower-like-particles are found to be composed of different sub-
units which have coalesced partially, merging different sub-units together. The subunits are 
believed to be covered by pAA maintaining the internal interface. The coalescence is partial 
due to the balance between pAA absorbance and the need for surface elimination. The 
general hypothesis for the formation of such a particle would be first the creation of a pre-
particle which aggregates into a mesocrystal and then reduces its internal interface as much 
as possible, inhibited by pAA absorbance. This description of particle formation through 
mesocrystallinity would of course require crystallographic alignment, which brings us to the 
following section.   
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Crystallographic characterization 
As previously mentioned the tomographic tilt series contains information on the crystal lattice 
and corresponding crystal planes, visible as striping in the image. These lattice patterns are 
visible when the beam direction (optical axis) is parallel with a crystal plane. Here the 
information in the lattice patterns is analyzed to identify which crystal planes are imaged and 
determine the corresponding lattice orientation within the Fe3O4 particles. To this end all 
crystal planes visible in the images must be combined into one coordinate system. A spherical 
coordinate system is used, composed of two angles: the tilt angle and the projection angle as 
well as the crystal plane’s d-spacing. Figure 12 shows how the coordinate system for the 
crystal planes is defined, and for each coordinate we will briefly discuss both the range as well 
as accuracy with which the coordinate was acquired. The optical axis is drawn vertical and will 
always be perpendicular to the image plane while the image shown demonstrates the 
orientation of the stage. During acquisition the optical axis is held fixed while the stage, holding 
the sample, is rotated. The angle at which the stage is rotated is called the tilt angle, illustrated 
in figure 12. For the tilt angle the range and resolution are limited by the images which are 
acquired from -68o to 68o at every 2o. The range extends over 136o (missing 44°) and 
unfortunately does not cover the entire volume.  

 
Figure 12: tilt axis representation of tomogram 3. A: direct space image B: reciprocal space image with a crystal 
plane indicated with its d-spacing and projection angle. 

In order to accurately determine the projection angle and d-spacing the images are first Fourier 
transformed. The Fourier transformed (FFT) image is shown in figure 12B showing spot-pairs 
and concentric rings. The concentric rings may be recalled as CTF effects from the 
morphological section while the spots are resulting from the imaged crystal planes. In the 2D-
FFT image one set of crystal planes will produce two solutions or “diffraction spots” which 
appear at opposite ends of the spectrum. A more in depth explanation on the Fourier transform 
in image analysis can be found in the book “The Scientist and Engineers’ Guide to Digital 
Signal Processing” 60. Given the 2D-FFT image the corresponding d-spacing can be 
determined by measuring the distance of the spot from the center and calculating the inverse. 
However, since the image has been Fourier transformed the original scaling (pixel size abr. 
pixs) cannot be used and must be replaced by the reciprocal scaling or pixel frequency (pixf) 
given by equation 3: 
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𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
1

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝐼𝐼𝑝𝑝
   

Equation 3: Calculation of the pixel frequency (pixf) of an FFT transformed image from the original pixel size (pixs) 
and image size (Is)61. 

Here pixs (0,95 Å) is the pixel size from the original image and Is (2048) is the size of the 
image in pixels. In Fourier space the pixels the furthest away from the center contain the 
highest frequencies and therefore the smallest size in real space. Knowing the pixel frequency 
we can calculate the corresponding resolution limit from these pixels by taking the inverse of 
these frequencies. Along the x or y axis this resolution equals 1.9 Å at the 105 k magnification 
used for ET3. The FFT resolution for frequencies is twice the pixel resolution in the original 
image, as in direct space 2 pixels are needed to image a single wave period.  

Having described both an angle and a distance the spherical coordinate system can be fully 
described by adding the angle perpendicular to the known (tilt) angle. As the tilt angle 
describes the orientation of the image plane, this new angle must be within the image plane. 
A line is drawn from the observed crystal plane (spot) to the center and the angle is taken 
between this line and the horizontal axis.  This angle is referred to as the projection angle and 
arbitrarily set as the counterclockwise angle of the upper half, as indicated in figure 12B. The 
accuracy of the projection angle is limited by the broadness of the spot while the range 
includes all possible orientations. The location (center) of the spot is determined by calculating 
a weighted centroid in a 10 pixel radius around a manually selected spot position to increase 
its accuracy. The minimal angular accuracy is determined by assuming a 20 pixel width 
(considering the entire centroid area as plausible) and the radial distance of the largest d-
spacing {111}. Using these assumptions the angular precision of the projection angle is at 
least of 2.8 degrees accuracy, and likely to be less.  

With three coordinates defined in a spherical coordinate system almost the entire volume is 
defined. The complete collection of planes found in tomogram 3 is shown and listed in 
appendix D2, but is still of limited use as the information of all 4 particles remains convoluted. 
In HR-TEM however the total collection of planes can be deconvoluted into the collection of 
planes for each particle individually in the post analysis.  
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Figure 13: Deconvolution of ET3 tilt image (0?) A: original tilt image B: 2D-fft of tilt the original tilt image C: 2D-ifft 
squared of the interior of the clue circles in B. D: 2D-ifft squared of the interior of the yellow circles in B.  

The first step of this deconvolution has already be achieved by finding the coordinates for all 
crystal planes. By determining the position of all imaged crystal planes in Fourier space we 
have in essence determined which part of the image makes up the crystal plane. By removing 
all other parts of the image in Fourier space the only part of the image remaining is the crystal 
plane. In practical terms a small circular mask is applied to the FFT image (keeping the interior 
with the crystal plane spot) followed by an inverse fast Fourier transform (IFFT). In Figure 13B 
two crystal planes can be observed and the masked areas are indicated by the blue and yellow 
circles, the masked circle being of equal size (10 pixel radius) for all planes. The IFFT image 
is then squared to remove negative values, greatly enhancing the visibility of the lattice plane, 
resulting in an image where intensity scales with the visibility of the selected crystal plane in 
the original tilt image. The result of this procedure is shown in figure 13C and 13D for the two 
planes observed in figure 13B, and clearly the silhouettes of particles 1 and 4 can be 
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recognized. Not only does this provide a clear origin for the observed plane, it also provides 
additional evidence of alignment as the selected plane covers the entire particle. 

 

 
Figure 14: all planes of particle 4 supported by reference d-spacings of Fe3O4, black arrows indicating Moíre 
patterns A: d-spacing/Projection angle representation B d-spacing/tilt angle representation. 

Collective crystal plane interpretation 

Using a custom made Matlab script found in appendix D2 (HR_ana.m) the projection angle, 
tilt angle and d-spacing as well as the particle of origin (e.g., particle 4) were determined for 
all 91 observed crystal planes. The majority of the observed crystal planes could be assigned 
to Fe3O4 d-spacings, which are drawn as horizontal lines. Many of these crystal planes 
appeared in clusters indicated by the blue and green circle. While some of the other crystal 
planes (indicated by the black arrows) did not correspond to any of the reference d-spacings 
for Fe3O4. Both phenomena however, can be explained by existing theory and particle 4 is 
used for this purpose. In figure 14A&B the observed d-spacings are plotted versus their 
respective angles. The mismatching planes are interpreted as Moíre fringesi, these occur 
when the projections of two crystal planes (that are not identical) overlap62. This overlap 
causes interference patterns of which the frequency depends on the mismatch between the 
two original d-spacings. As the spacing between the Moíre fringes is larger than the original 
d-spacings the Moíre fringes can be imaged even when the d-spacings are below the 
resolution limit. In general Moíre fringes are an indication of polycrystallinity but in the specific 
case of particle 4 it is more likely caused by the overlap in the projection of particle 4 and 3.  

The clustering of planes, can be understood by comparing the orientation of the optical axis 
and rotation axis to the observed projection angle. If for example the projection angle is found 
to be 90° then the observed plane would be perpendicular to the rotation axis. As a 
consequence the plane does not change orientation when rotated along this axis. Since the 
plane does not change orientation and since it was originally oriented parallel to the optical 
axis (because it was visible) it remains visible independent of rotation/tilt angle. On the other 
end of the spectrum we find projection angles of 0° (or 180°) where the plane is parallel with 

                                                
i It could be argued that instead of Moíre patterns the additional planes could also be explained by the 
presence of a crystal other than Fe3O4. Such a contamination is however very unlikely for several 
reasons. First of all method is a known procedure and the characterization by SEAD did not show any 
other crystal types. The spacing of the found fringes is exceptionally high and cannot be explained by 
likely side products such as other iron oxides. On top of this the magnetization of the particles is shown 
to be appropriate for Fe3O4 by EH in chapter III.  
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the rotation axis. For these cases the difference in tilt angle is equal to the rotation of the plane 
causing the quickest misalignment of the plane with the optical axis and for these also the 
angular resolution is true to be 2°. As a result planes which have a projection angle closer to 
90° are visible in many tilt images and have a higher chance of detection while planes which 
are closer to 0° are visible in few tilt angles and have a lower chance of detection. All points 
in these clusters will have the same projection angle since they are caused by one crystal 
plane and no rotation around the optical axis is applied. As a result the clusters can be sorted 
into one place by plotting d-spacing versus projection angle as indicated by the green circle in 
figure 14A.  

Comparing crystal planes with crystal structure 

With the Moíre fringes and plane clusters addressed we can start using knowledge of the 
crystal structure itself to expand our interpretationii. The three blue circles in figure 14A indicate 
a collection of three {111} planes at (a projection angle of) 45°, 114° and 152° respectively. 
This identification is made from the fact that only {111} planes have a spacing of 0.48 nm in 
Fe3O4. A single Fe3O4 crystal can have 8 different {111} planes34 demonstrated by figure 15A, 
where the different normal vectors (miller indices) have been drawn. These 8 directions have 
to be corrected since they still contain directional duplicity ((-1-1-1) is indistinguishable from 
(111)) which leaves 4 possible directions for a single Fe3O4 crystal, an example of which is 
drawn in figure 15B. Since 3 distinct planes are observed in figure 14A at first glance a single 
crystal interpretation remains acceptable also because the same argument applies to all other 
crystal planes found at different d-spacings.  

                                                
ii We can also employ our knowledge of the crystal structure to improve the interpretation of the d-
spacing. The (222) plane for instance is co-planar with the (111) plane, and therefore a {222} plane 
must be visible at the same tilt and projection angle as a {111} plane. Since the difference in d-spacing 
between the {311} and {222} is very small this additional requirement can be used to differentiate 
between the {311} planes and {222} planes. 
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Figure 15 Visual aid for the geometrical interpretation of the observed crystal planes. A: all possible 111 directions 
drawn as normal vectors/miller indices. B: one of six possible subsets of A to include all 4 distinguishable {111} 
directions. C: Example of two {111} directions being visible simultaneously at an angle of 109°. D: Example of two 
{111} directions being visible simultaneously at an angle of 70°. 

The analysis however, can be expanded by adding the available information from figure 14B, 
here it can be seen that all three planes are acquired from roughly the same tilt angle indicated 
again by the blue circle.  At this moment it is important to be aware that only two {111} planes 
of a single crystal can be imaged at the same tilt angle since only two <111> directions can 
be parallel with the image plane at the same time (which is equal to the {111} planes being 
parallel with the optical axis). Figure 15C&D demonstrate where the image plane would have 
to be in order for two crystal planes to be visible, here the image plane is indicated in green. 
The corresponding projection angles have been drawn in plane and are 70° and 109° 
respectively. If then two planes are found at an 70° or 109° difference in projection angle then 
those two planes would be expected to originate from the same crystal. Indeed the plane at 
45°differs 69°from the plane at 114°and 107° from the plane at 152°, both within the 
margin of error, which begs the question with which plane does it align? The answer being 
both, explained by a one dimensional alignment along the (1-1-1) direction in our example 
geometry, indicated in red. To understand best, one should consider the figures 15C and 15D 
as separate crystals and rotate one of the image planes around the (1-1-1) (red) direction until 
both image planes are parallel. By doing so all three planes ((1-1-1), (-11-1), (11-1)) would be 
visible simultaneously and the angular distance between the projection angles of (-11-1) and 
(11-1) would be 39° matching nicely the pattern observed.  
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Figure 16: Geometric comparison of magnetic states in a 2D magnetic field. A: magnetic response of all 111 
directions to a 2D magnetic field. As expected for a superparamagnetic Fe3O4crystal. B: magnetic response of one 
111 direction to a 2D magnetic field. As expected for a Fe3O4 crystal having a single stable domain. 

The observation of 1 dimensional alignment along a [111] direction is very revealing about the 
aligning mechanism as a sufficiently large spherical Fe3O4 crystal would magnetize along one 
of its <111> directions. While 8 magnetization directions are possible, only one would be the 
actual direction of magnetization for a stable magnetic domain and only this direction would 
feel a force aligning it with the local magnetic field. As a single [111] direction is one 
dimensional in nature it has rotational freedom regardless of the field imposed on it as shown 
in figure 16B. 

 A superparamagnetic crystal also has a uniform magnetization direction at any given time but 
has the thermal energy available to cross the energy barrier between magnetizing in the 
different <111> directions. The result is that for a superparamagnetic crystal the direction of 
magnetization can alternate iii  between all eight <111> directions and all will have to be 
considered when assessing the magnetic response for a paramagnetic crystal. With all eight 
<111> directions considered the structure turns 3D, allowing the crystal to align itself with 
multiple components of a magnetic field as can be seen by the lack rotational freedom in 
Figure 16A. Lacking forced organization of sub-units through direct crystallographic contact or 
geometrical shapes, magnetic interactions become the dominant force of organization and the 
following alignment mechanism is suggested: 

Superparamagnetic crystals will align with all components of a magnetic field, yielding 
alignment in all 3 dimension, leading to the observed flower-like-mesocrytsals in this work as 
well as in the work of others48. While single stable domain particle will only orient themselves 
along 1 direction of local magnetic fields yielding 1 dimensional aligned mesocrystals.  

                                                
iii An alternative, possibly more accurate, description is that in fact all spherical orientations are possible 
and that the probability of finding the magnetization in any given direction is dictated by the energy 
associated with this orientation. In this description the eight <111> directions would be the lowest 
energetic states and therefore magnetization would be in these directions for the majority of any given 
time period. 
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The aforementioned considerations are only a small portion of all possible conclusions that 
can be drawn from this data as in principle all possible combinations for all planes should be 
considered for a complete analysis. In order to do so a more systematic approach is required, 
where all crystal planes are compared simultaneously in a fully 3D representation. Such an 
approach would involve the comparison of the observed planes with a fictitious perfect crystal 
in 3D assigning all planes in a process of elimination. At this point the crystal planes would be 
completely deconvoluted into individual crystals and the angular offset between them would 
be known in all 3 dimensions. The implementation of this method is however, considered 
outside of the scope of this thesis.  

 
Figure 17: origin and structure of crystallinity in particle 1 ET3. A-C: tilt image ET3 with the respective planes A, 
B, C mapped back onto the image. D: planes found originating from particle 1 with planes A, B, C encircled 
plotted in d-spacing vs projection angle. E: planes found originating from particle 1 with planes A, B, C encircled 
plotted in d-spacing vs tilt angle. 

In figure 17 the HR-TEM analysis of particle 1 is shown, particle 1 being the same particle 
which was used for the morphological analysis. In figure 17A-C several tilt images are shown 
which have been color blended with the IFFT of the corresponding crystal plane. As a 
consequence the green color is proportional to the visibility of the crystal plane in these 
images, a procedure which will be referred to as backmapping. The corresponding crystal 
planes have been circled in figure 17D&E and the direction of the projection angle is indicated 
by the yellow arrow for clarity. The first observation that can be made is the extensive coverage 
of the particle in the case of plane B&C indicating that the subunits present here share the 
same orientation for at least 1 crystallographic axis. Since the planes cover such a large part 
of the particle it is unlikely that they originate from different (meso) crystals. Plane A 
backmapping clearly reveals a separate crystal where it appears as if one of the subunits has 
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failed to align with the larger particle surrounding it. With a radius of 7 nm this one mismatching 
subunit fits nicely in the size distribution (figure 11) found by the morphological 
characterization. Since the misaligned subunit constitutes only a very small part of the entire 
particle volume (<1%) a well aligned structure is still considered the most appropriate 
description of the particle. A conclusion that could not have been drawn using conventional 
methods such as SAED, illustrating the benefit of HR-ET. 

When considering the difference in projection angles a similar pattern arises as for particle 4, 
here projection angles appear at 68°, 111° and 43° intervals (AB, BC, AC) suggesting  the 
same conclusion of 1 dimensional alignment. The prerequisite of observation at roughly the 
same tilt angle is quite a stretch due to the 30° tilt angle mismatch (which is not equal to the 
crystal plane rotation) between A and C, and arguably a 3D angular comparison might be 
more appropriate here. Plane B and C seem to fit the representation of a single (meso) crystal 
very well.   

A general conclusion on the crystallographic alignment would be that for a large part 3D 
crystallographic alignment is observed while some freedom of variation exists, causing minor 
flaws in the complete alignment of the particle. When these flaws are investigated however 
they maintain to demonstrate a 1D alignment as in biogenic Fe3O4. The limited variation 
observed may be a vital clue towards understanding the alignment process while the 1D 
alignment along the magnetic easy axis clearly points towards magnetic forces. 

Parallel to revealing the crystallinity of Fe3O4 flower-like-particle a powerful characterization 
tool has been developed greatly extending the interpretability of a single ET through post-
analysis. The opportunities for HR-ET could be extended even further by the combination of 
the backmapping algorithm with the suggested 3D deconvolution of the crystals. Since if all 
crystal planes can be assigned to a crystal then so can the backmapped images, providing 
multiple projections of only 1 crystal at the time, fulfilling the conditions for tomographic 
reconstruction. A tomographic volume could be made for each individual crystal allowing direct 
correlation with the conventional tomogram. Such a technique would be exceptionally powerful 
for the analysis of truly polycrystalline materials.  
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A note on acquisition 

As mentioned in the introduction of this chapter alternatives exist to BF-ET for the acquisition. 
Most notable is the use of HAADF-STEM which can have clear benefits, and due to 
technological improvements is approaching atomic resolution tomography63. 

The main 3 benefits of HAADF-STEM would be:  better contrast, intensity decay which is linear 
as opposed to logarithmic and a higher depth of field compared to BF-TEM. In HAADF-STEM 
intensity scales only with mass density and therefore lacks optical artifacts such as diffractive 
contrast or enhanced contrast at interfaces. Lacking these artifacts contrast is likely to 
improve, especially for tomographic reconstructions where the interpretability of these 
phenomena is lost. Additionally the tomographic reconstruction is aided further as the 
reconstruction algorithms respond better to linear loss of intensity than logarithmic loss, 
reducing missing wedge or thick sample artefacts. The depth of field is relevant due to the 
high resolution requirements, which means that focus must be determined very precisely. This 
cannot be done if focus varies heavily between different parts (optical planes) of the particle. 
In other words, if focus varies less throughout the object then so does resolution meaning 
higher values can be achieved.  

The main downside to a HAADF-STEM tomogram is that the point resolution would also apply 
to the imaging of crystal planes, because in HAADF-STEM both mass contrast resolution and 
lattice resolution are limited by the probe size. As a result the technical requirements for crystal 
plane acquisition are much higher in HAADF-STEM. In practice this would require dedicated 
microscopes operating at high electron dose rates, which are simply not available for many 
laboratories.  

Alternatively crystallographic information could be acquired separately using a conventional 
technique such as electron diffraction (ED). In ED however the origin of the crystallographic 
information is difficult to determine as either various selective area apertures must be used to 
blank different image parts, or in reverse many angular dark field images must be acquired to 
localize the crystal planes. The result would be a much more complicated acquisition or a lack 
of the crucial spatial origin of the crystal planes, which would not be outweighed by the 
benefits. As a result the BF-HR-ET with post-analysis approach is superior and greatly 
expands the availability of the HR-ET. 

For those who do possess the ability to acquire HAADF-STEM at sub-atomic probe sizes it 
may still be beneficial to use BF-HR-ET instead. Since HAADF-STEM only acquires scattered 
electrons which are only a small portion of the incident electrons, the signal to dose ratio is 
intrinsically lower for HAADF-STEM than for BF-TEM. For purely inorganic systems, for 
example in the semiconductor industry, the applied dose may be irrelevant and here indeed 
HAADF-STEM is employed with great success. For hybrid systems, containing both organic 
and inorganic compounds, for instance in bio-mineralization, this lower dose efficiency can be 
very detrimental to the acquisition due to damage induced by electron radiation. For these 
reasons BF-HR-ET may provide a fundamental advantage in biological and cryogenic 
samples. By employing post-analysis even more information might be extracted without the 
necessity for increasing electron doses.  
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III Electron Holography 
The magnetic state of both the bare-Fe3O4 and the pAA- Fe3O4 were investigated through 
electron holography (EH). The work in this chapter is the result of a collaboration with the Ernst 
Ruska-Centre for Microscopy and Spectroscopy with Electrons (ER-C) in Forschungszentrum 
Jülich where Andras Kovacs and Rafal Dunin-Borkowski were so kind to provide both 
experimental as well as analytical assistance in the EH experiments. EH provides direct 
access to the electron phase shift as opposed to for instance the CTF. This observation of 
phase shift is achieved by splitting the electron beam into two components with a biprism prior 
to imaging allowing one side to pass through the object of interest. When the image is 
projected onto the camera these two parts of the electron beam cause an interference pattern 
observed as fringes. It is from these fringes that the phase shift between the two beam parts 
can be calculated and since only one part has passed the sample this phase shift is caused 
by the object of interest. The observed phase shift is proportional to two components, the 
mean inner potential (MIP) and the magnetic flux which are described by equation 4:  

∆𝜙𝜙(𝑝𝑝,𝑦𝑦) =
−2𝜋𝜋
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Equation 4: Induced phase shift Δϕ as a function of x and y, where λ, E, E0, V, e and h are the electron wavelength, 
kinetic energy, rest mass energy, charge, Planck’s constant, and electrostatic mean inner potential respectively. 
While z is the direction of the optical axis where x and y are in plane components perpendicular to z. B is the 
magnetic vector field and r the position vector64,65. 

The contribution from the magnetic flux can be reversed and in doing so one can determine 
which part of the phase shift is caused by the MIP and which part by the magnetic flux by 
comparing two holographic images taken at opposite magnetization. Magnetization reversal 
was achieved by sample rotation followed by magnetization by the objective lens. As the 
sample is rotated ±75° and the applied field had a strength of 1.4 T it is safe to assume that 
Fe3O4 having a magnetization value of 0.6 T (M0) will have aligned with the applied field.  Due 
to the symmetry of magnetic fields only the in plane component is acquired, the holograms 
were acquired at 0° tilt.   
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Bare-Fe3O4 holography 

Figure 18 shows the holographic acquisition for bare- Fe3O4, both the BF-TEM (Figure 18A) 
and the MIP (Figure 18B) show a Fe3O4 chain formed by clearly facetted crystals. In other 
words both the phase and the intensity information of the hologram describe the morphology 
of the particles as fully developed crystals. In figure 18C the magnetic phase shift is shown, 
which demonstrates a clear gradient perpendicular to the chain axis, indicating uniform 
magnetization. Minor misalignment artefacts are observed indicated by the arrows in all 
likeliness caused by movement of the Fe3O4 chain between the two acquisitions. 

Figure 18D shows the magnetic induction map, here a clear single magnetic domain is 
observed which follows the chain axis as expected. Figure 18F shows a second induction map 
of the reversed magnetization which is very similar in magnetization, demonstrating a stable 
magnetization. In general the magnetic flux lines follow the crystal very well, the two smaller 
crystals at the bottom for instance split the flux lines into two directions. Additionally no flux 
lines escape the chain along its major axis, instead they remain parallel. In order to compare 
the observed magnetic phase shift with the theoretical magnetic phase shift a line scan was 
performed along the axis A to A’ shown in figure 18E demonstrating a shift of 2.2 rad. The 
theoretical phase shift can be determined using the equation 5: 

∆𝜙𝜙𝑀𝑀 = 2.04 
𝑒𝑒
ℏ

2
3
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Equation 5:magnetic phase shift (ΔϕM) as a function of particle radius (a) where e, ħ and M0 are, electron charge, 
inverse Plank’s constant and the saturation magnetization of magnetite respectively. 

The expected phase shift of the 82 nm diameter particle is 2.08 rad, a relatively close match 
with the observed value of 2.2 rad.  

 
Figure 18: Holography experiment on bare-Fe3O4. A: BF images with the sizes of the individual crystals indicated 
in nm. B: mean inner potential image C: magnetic phase shift image, arrows indicating misalignment errors. D&F 
Magnetic induction map with contour spacings at 2π/16 intervals. E: magnetic phase shift along the line scan from 
A to A’ in D.  



39 
 

PAA-Fe3O4 holography 

Figure 19 shows the EH performed on the pAA-Fe3O4, where the irregular morphology of the 
crystals can be observed in both BF-TEM (Figure 19A) and the MIP (Figure19B). The PAA-
Fe3O4 shows a linear magnetization along the chain axis as can be observed from the gradient 
in phase shift in figure 19C and from the direction and connectivity of the induction lines in 
figure 19D, similar to bare- Fe3O4. Unlike bare- Fe3O4 in the magnetic induction map are also 
present circular patterns (Figure 19D) suggesting the formation of vortex or multi-domain 
magnetic states. Multiple explanations can be found for the more complex magnetic states. 
First of all the larger size of the particles might cause the domain formation and vortex-like 
states as the bending of magnetic flux lines is observed at the largest particles in the chain. 
This domain formation may be further assisted by the internal interface observed in HR-TEM 
since the domain boundaries are magnetically unfavorable within the Fe3O4 itself. As a 
consequence magnetic domain boundaries are expected at the (pAA filled) interface lacking 
a preferred magnetization direction. Also, three particles on the left of the magnetic induction 
map do not show magnetization in the hologram, these particles could be non-magnetic, 
superparamagnetic or the reversal of their magnetization could have failed during the 
holography experiment. As for the bare-Fe3O4 also here a particle’s phase shift is quantified 
in order to assess its magnetization. Figure 19E shows the phase shift along the dotted line in 
figure 19D, along this axis a phase shift of 1.5 rad is observed. The calculated phase shift for 
a 70nm magnetite particle is 1.52rad, a close match with the observed phase shift. 

 
Figure 19: Holography experiment on pAA-Fe3O4. A: Brightfield image. B: mean inner potential image C: magnetic 
phase shift image, arrows indicating misalignment errors. D Magnetic induction map with contour spacings at 2π/16 
intervals. E: magnetic phase shift along the line scan from A to A’ in figure. 
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At this point it would appear that the magnetic state of the found particles follows the size of 
the overall particle which is in the stable single domain (SSD) size range as opposed to the 
size of the subunit which is in the superparamagnetic (SP) size range. An interesting 
comparison can now be made with the work of Ge et al48 where the magnetic state followed 
the size of the sub-units of around 10nm in size. By looking at the difference of the particles 
some insight may be gained as to why the magnetic states differ. 

Two different explanations might be found for the difference in magnetic state, first of all the 
HR-TEM showed that for pAA-Fe3O4 the sub-units have partially coalesced. Since Fe3O4 is a 
semi-metal the minority spin electrons are free to move (are conductive) within the crystal. If 
conductivity between two subunits can occur due to the partial coalescence then it would seem 
very unlikely that two separate energetic states could exist for these two subunits as these 
would be immediately canceled by the flow of electrons. As such it may be more appropriate 
from an electromagnetic point of view to consider two conducting subunits as one. 

A second argument would be that the physical separation combined (or compared) with the 
size of the sub-unit caused decoupling of the magnetic states of the sub-units. Muxworthy & 
Williams demonstrated already in 2008 that strings of cubic crystals should transition from SP 
to SSD at larger sizes when the distance between the cubes becomes larger31. Since the total 
magnetic moment of a ferrimagnet scales with its volume, a larger particle produces a larger 
external field which could be described as having a farther reach. The result would be that 
smaller SP particles would need less separation to maintain their independence or 
superparamagnetism. In general SP particles become harder to stabilize at smaller sizes as 
their alternation frequency increases even further at decreasing size31. Following this 
interpretation the particles should have smaller sub-units (10 nm vs 14 nm) at larger distances 
(distinguishable vs coalesced), to remain SP.   

One could even combine the two hypothesis and state that although conductivity would cause 
SSDs stabilization, the magnetic coupling should happen first due to its longer range. 
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IV Time resolved cryo-TEM & Formation mechanism 
In order to better understand the formation of the flower-like pAA-Fe3O4 particles, a time 
resolved experiment was performed. In this experiment samples were collected during the 
synthesis and immediately vitrified to produce a time sampling of the particle formation. The 
experiment was designed with 2 distinct goals in mind: 1) understanding mesocrystal 
formation 2) investigating the aggregation of mesocrystalline particles into chains. The 
formation of Fe3O4 was expected to be observed in the very early stages of the mineral 
formation as darkening of color was observed very quickly after immersion in the heat bath. 
As such the first sample (0’) was taken directly after the immersion and the second sampling 
closely followed, limited by the time required to finish the vitrification procedure.  

As for the second point, following the aggregation, the initial idea was to relate the a priori 
expected magnetic state to the aggregation state. A small particle for instance is expected to 
be superparamagnetic and in extension expected to have a lower chance of aggregating. In 
any given population of superparamagnetic and stable domain particles one would therefor 
expect to find a correlation between size and aggregation. This expectation can also be 
expanded to include branching points (large, multidomain) and end points (smaller).   

Direct observations  
Figure 20 shows the cryogenic time series for the pAA-Fe3O4 synthesis, for each time step an 
effort was made to select an image containing all typical features of the sample. In this time 
series three observations are made: organization of green rust, dispersed Fe3O4 and large 
particles at early time points. The first observation is found in figure 20A&B where a platelet 
structure typical for green rust (GR) is shown, peculiar however is that they appear to be 
grouped in small clusters with a size range of  roughly 50 nm to 200 nm.  In some cases these 
GR clusters even appear in strings (figure 20B and figure 21E) while in some other cases the 
GR clusters are grouped in a disorderly fashion (figure 20A and figure 21A). Interestingly these 
GR clusters are most pronounced in the early time samples, in later samples (>30min)) GR is 
still present but no longer in the typical clusters as before. The second observation is shown 
in figures 20B-H where on top of the aggregated chains individually dispersed Fe3O4 particles 
are found, which have not been observed before in our cryo-TEM images. The significance of 
these particles is that, given their size, they would be expected to have stable magnetic 
domains, a very difficult magnetic state to disperse. It also demonstrates that it should be 
possible to make Fe3O4 dispersed as single particles beyond the superparamagnetic size 
range. The third observation is the presence of large Fe3O4 particles at very early time 
samples, as seen in figure 20B&C. A single chain aggregate was found as early as 7 min, 
consisting of 60 nm particles making these particles similar in size to the final particles. The 
apparent growth rate in these early samples seems inappropriate for the size of the final 
product, which should be much larger if it were to continue growing at the same rate.  
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Figure 20: cryo-TEM time sampling of pAA-Fe3O4, vitrified at 0’, 7, 14, 25, 34, 45, 60 and 120 min respectively for 
images A-H.  

Theoretical interpretation 
The next step is to assess the implications of these observations, here an attempt is made to 
understand and contextualize the particle organization both within the green rust clusters and 
flower-like particles themselves as well as the organization of these objects into chains. 
Additionally the implications of the particle size evolution are discussed. 

The first observation, GR clusters, is most likely explained by the pAA as the 450 kDa polymer 
is certainly long enough to be able to adsorb to multiple GR platelets at the same time. This 
bridging between multiple particles would force them closer together, a similar fate might be 
expected for Fe3O4 formed from these GR particles. This particle linking could also explain 
why the small subunits are found aggregated into the flower-like-particles as opposed to being 
dispersed as might be expected from superparamagnetic Fe3O4. However, polymer 
adsorption onto colloids is also associated with enhanced dispersibility through steric 
hindering. In addition to the pAA the absolute concentration of ionic species as well as the pH 
will also influence the colloidal structure as the ionic strength will influence the electrostatic 
interactions while the pH will dictate the surface charge of the GR and Fe3O4. 

These arguments, addressing the GR aggregates and aggregation into mesocrystals could 
also be applied to the aggregation into chains or lack thereof. However, for the larger 
structures magnetic domains are expected and should be regarded as well. The chains as 
discussed in chapter I are likely the result of magnetic dipoles, supported by the holography 
in chapter III. This magnetic state might be different for the dispersed Fe3O4 particles as the 
chain magnetization follows the shape anisotropy (along the chain) which is lacking for the 
dispersed particles, but also because strong dipoles are unlikely to be dispersed. As a 
consequence the dispersed particles would be expected to have weak magnetic interactions.  
Two magnetic states might be expected to have such weak interactions. First of all these 
particles could have preserved a superparamagnetic state through mesocrystallinity similar to 
what is observed in the work of Ge et al48. Secondly these particles can be interpreted as 
(single) vortex domains. In such a vortex, the magnetic domains take on a circular shape66 
greatly reducing the external field by magnetic loop formation. These states are often found 
between single and multi-domain particles and the spherical shape would be beneficial to the 
formation of these vortices.  
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The initial plan to relate these magnetic states to the particle size and aggregation state was 
abandoned due to the minor differences between the acquired samples. As the combination 
of limited population sizes (too few particles per type) compared with small differences 
between the populations would lead to unreliable or inconclusive statistics. The relatively 
similar size of the particles at different time points is still very insightful and can be understood 
as a formation where these flower-like-structures form sequentially instead of in parallel. Here 
conversion would be observed not as growth of particles following an en masse nucleation 
event, but instead an increase of Fe3O4 particles would be observed, at the expense of the 
amount of observed GR particles. In all cases, something other than growth time must be 
inhibiting the continued growth of particles formed in the initial stages. Most intuitively this 
would be attributed to the pAA due to its adsorptive properties, as well as being a known 
growth (and nucleation) control agent19. As the pAA appears crucial in many aspects of this 
formation mechanism a time resolved experiment without the polymer present might be very 
revealing. Especially since Altan et al67 produced similarly sized particles without additives 
and Lenders et al52 have shown the irregular morphology for additive free methods. 
Suggesting that the mechanism might not be that specific for the pAA synthesis at all. 

 
Figure 21: cryogenic bright field-TEM (cryo-BF-TEM) of different stages of Fe3O4-pAA formation acquired from 
multiple yet identical syntheses. Figure 2D as an exception is imaged in dry state as opposed to cryogenic. A, B, 
and D showing the development of individual particles at their respective heating time of 0s, 7min and 4h C: 
Selected area electron diffraction (SAED) of the area indicated by the blue circle. E, F and G showing the 
development of larger aggregated structures at their respective heating time of 0 s, 45 min and 4 h. 
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Formation mechanism  
Given the unexpected results of these time resolved samples it was decided to speculate on 
a formation mechanism for these flower-like particles produced by the partial oxidation 
mechanism. Two possible mechanism are described and a visualization is provided in figure 
22. The aim of this speculation is not to provide a supported theory for the formation 
mechanism, but rather to create a framework for future experimental design.    

The first thing to consider is the mineral formation itself: figure 21A&E show the very first stage 
of Fe3O4 formation: the GR platelets; it is from this stage that nucleation of Fe3O4 must occur. 
In principle there are three plausible nucleation mechanisms: homogeneous nucleation, 
heterogeneous nucleation and solid state conversion. Of these three nucleation mechanisms 
solid state conversion seems unlikely due to the large difference in both shape and crystal 
structure between the green rust precursor and the Fe3O4 product. When comparing 
homogeneous nucleation versus heterogeneous nucleation the latter is in general the more 
favorable energetically whenever a nucleation site exists. Since the green rust could provide 
such a nucleation site the a priori hypothesis should be one of heterogeneous nucleation, also 
because the Fe3O4 forms in proximity of the green rust. Due to the limited solubility of Fe at 
alkaline conditions growth is expected to occur in a two-step process where iron is dissolved 
from the precursor phase on the one hand and precipitated as Fe3O4 on the other hand. As a 
result one would expect both the nucleation and the growth to be facilitated by the presence 
or proximity of GR. 

Given the affinity of pAA with the Fe minerals the polymer is expected to be adsorbed onto 
the GR platelets. This adsorption might cause the aggregation into clusters and it would make 
the GR less accessible to the NO3

- or dissolved Fe species explaining the growth/nucleation 
control properties of the polymer. At this point a distinction can be made between the two 
mechanism shown in Figure 22. In Figure 22A the process is described as cluster growth 
where the nuclei formed at the GR within the pAA and directly adsorbed onto the polymer 
forcing the different nuclei relatively close together. As the initially independent 
superparamagnetic particles grow their magnetization values and therefor external magnetic 
field increases also. This magnetization will lead to first the alignment of the crystals (in 3D) 
and then stabilization of the magnetization direction. The formed mesocrystal then reduces its 
internal interface, which could be from inward diffusion of molecular Fe(II/III) or through a local 
form of Oswald ripening creating what is observed as the flowerlike particle. Part of the internal 
interface is preserved due to the competing adsorption of pAA. It is quite possible that 
magnetic stabilization occurs as late as the interface elimination phase which could be 
determined by determining the magnetic state of the intermediate mesocrystal. This 
mechanism might also be recognized in Figures 21A-D where it has been indicated in yellow 
and a similar mechanism has been suggested for polyol methods by Wan et al13. 
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However, since the nucleation is not observed or recognized and since no evidence can be 
found that the Fe3O4 is contained within the pAA in the early stages we should also consider 
the alternative. Figure 22B shows this mechanism of aligned aggregation where the formed 
Fe3O4 is initially assumed to be dispersed. As these superparamagnetic particles grow their 
magnetization direction alternates less frequently and the chance of forming small aggregates 
increases. These small aggregates might have stable magnetic domains which will stabilize 
and attract nearby superparamagnetic particles. Also here first alignment should occur 
followed by magnetic stabilization since the superparamagnetic particle will feel an increasing 
magnetic field as it approaches the larger aggregate. Adding particles to the mesocrystal will 
increase its total magnetic moment aiding in the attraction of even more particles. For this 
mechanism a secondary explanation could be provided for the (flower-like) particle size limit. 
Since at a certain size the preferred magnetic state would be a vortex which lacking a strong 
external magnetic field would be much less capable of attracting new particles (sub-units). For 
this mechanism one might also expect slightly elongated particles due to the strong magnetic 
attraction near the poles. 

 

     

 

 
Figure 22: Speculated formation mechanism where in A:  pAA adsorbs onto the minerals (GR, Fe3O4). GR oxidizes 
to Fe3O4 forming many individual particles within the pAA (1.1 & 1) in the superparamagnetic size range which 
align themselves through magnetic interactions either directly (1) or after formation (1.2). The formed mesocrystal 
reduces its surface area to form the flower-like-particle (2). B: pAA adsorbs onto the minerals (GR, Fe3O4). GR 
oxidizes to Fe3O4 forming many individual particles in a dispersed state (1), the largest particles will start attracting 
others (2) forming the intermediate mesocrystal (3) which reduces its surface area to form the flowerlike structure. 
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Conclusion 
In this thesis Fe3O4 both with and without pAA present was synthesized in an attempt to 
understand the relation between crystallographic and magnetic properties of nanosized Fe3O4. 
Both syntheses initially produced particles with irregular morphologies, pAA-Fe3O4 however 
maintained this irregular morphology while for bare-Fe3O4 this morphology is considered an 
intermediate state, producing facetted crystals. Upon closer inspection the pAA-Fe3O4 

demonstrated a fragmented structure containing a significant amount of interior interface. HR-
ET revealed the internal interface to consist of both completely separated sub-units as well as 
linear tunnels (channels) through the structure, leading to the conviction that this larger particle 
is the result of the coalescence of the smaller sub-units. The majority of the separable sub-
units were found to be within superparamagnetic size range with a typical radius of 7nm while 
a minority exceeded the 10 nm radius, taken as the transition from superparamagnetism to 
single stable domains. Despite the small size of the sub-units both pAA-Fe3O4 and bare-Fe3O4 

were found be in the stable single magnetic domain state through EH. PAA-Fe3O4 however, 
did demonstrate a more complex magnetic state, allowing curvatures and vortex-like states 
throughout the chain aggregate. When the crystallographic structure of the pAA-Fe3O4 was 
investigated using HR-ET it was found that the majority of the sub-units within a particle 
corresponded to a single crystal and as a result composed a 3D mesocrystal. In some 
instances sub-units within the crystallographic structure were found corresponding to 1D 
alignment with the surrounding crystals while the area covered by these 1D aligned crystals 
was similar to the size found for the sub-units. 

A theoretical analysis of the crystal structure showed that only the crystal of a paramagnetic 
magnetic particle should respond to all directions of a local magnetic field while a single stable 
domain particle would only force alignment in one crystal dimension. This would make the 1D 
aligned sub-units either single stable domain or alternatively have aligned feeling only a 1 
dimensional field, for instance at the poles of the larger particle. This same analysis could also 
explain why 3D Fe3O4 mesocrystals typically have sub-units in the paramagnetic size range 
when found in literature48,50,68. The concluding hypothesis would therefore be that the 
alignment mechanism is magnetic in nature and changes in dimensionality depending on the 
magnetic state. 

The impact of this work has in our opinion 3 major aspects: A characterization tool, insight into 
magnetite formation and insight into nano-magnetism. The HR-ET analysis shown in this work 
will in our opinion expand the ability to characterize (poly) crystalline materials on the nano-
scale. The structural determination as well the time-resolved experiments will aid in the 
understanding of Fe3O4 formation as it had described in great detail an important intermediate 
state of the partial oxidation method. The combined analysis of crystallinity and magnetism 
will be useful in not only understanding a mechanism for mesocrystal formation but also help 
in understanding why certain magnetics states appear when they do. This could ultimately be 
used to not only understand but also actively control the magnetic states of nanoscopic 
materials which would be a major technological improvement.  
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Appendices 
A. Experimental, Magnetite syntheses. 

 
Materials 

Ultrapure water was prepared by a milli-Q directi 8/16 system and used in all instances. 
Dispersed gold fiducials of 5 nm and with an optical density of 50 were acquired from 
Utrecht Cell Microscopy Core (C.M.C). The poly(acrylic acid) Mv ~ 450,000 Da, FeCl2∙4H2O 
and FeSO4∙7H2O acquired from Sigma Aldrich. KNO3 and KOH were purchased from 
Merck. All chemicals were used as received. 

Bare Magnetite synthesis 

A 0.3 M KOH and a 0.15 M KNO3 stock solution were prepared by dissolution in water. 
Both solutions were degassed for at least 30 minutes by a continuous bubbling of N2 gas. 
A specialized double walled glass reactor was filled with 25 ml of water and placed within 
a glove bag flushed with N2. The oxygen concentration in the glove bag was monitored 
continuously and kept below 5%. The reactor was degassed by a continuous bubbling of 
humidified argon gas. The stock solutions were attached to an automated and computer 
controlled (Methrom applikon) titration system containing two 905 Titrando titration units 
within the glove bag while the pH was monitored by the Tiamo 2.3 software. 0.0225 g of 
Fe(II)Cl2∙4H2O was added to the reactor. The pH was set to 9 using the titration setup, at 
around pH 7 a green color appeared in the solution which darkened as the pH approached 
9. As the pH reached 9 the addition of KNO3 was started at a rate of 0.03 ml/min until a 
total volume of 1.31 ml was added. After 24 h the solution was transferred to an argon 
filled septum vial. 

This synthesis was repeated separately for the holography experiments, in which case the 
only point of variance was the amount of Fe(II)Cl2∙4H2O being 0.032 g.  

pAA Magnetite synthesis (1) 

7 ml of 0,5 M KOH was mixed with 10 ml 0,5 M KNO3, 0,0456 g of pAA (polyacrylic acid) 
was weighted and added to the mixture which was then degassed by continuous argon 
flow for at least 30 min. 0,1810 g of FeSO4*7H2O was dissolved in 8 ml of degassed water. 
The entire synthesis was performed under continuous argon flow and at 90oC and started 
by addition of the mixture to the iron solution. At this point the pH was 13-14 and the 
mixture turned a very dark green. After a while (<30min) the mixture was completely black. 
After 6 hours the heating was removed and the liquid was transferred into 2 septum vials 
which had been previously filled with argon. 

pAA Magnetite synthesis (2) 

7 ml of 0,5 M KOH was mixed with 10 ml 0,5 M KNO3, 0,0463 g of pAA (polyacrylic acid) 
was weighted and added to the mixture which was then degassed by continuous argon 
flow for at least 30 min. 0,1809 g of FeSO4*7H2O was dissolved in 8 ml of degassed water. 
The entire synthesis was performed under continuous argon flow and at 90o C and started 
by addition of the mixture to the iron solution. At this point the pH was 13-14 and the 
mixture turned a very dark green. After a while (<30 min) the mixture was completely black. 
After 4 hours the heating was removed and the liquid was transferred into 2 septum vials 
which had been previously filled with argon. 
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pAA Magnetite synthesis time resolved 

7 ml of 0.5 M KOH was mixed with 10 ml of 0.5 M KNO3, 0.044 g of pAA (polyacrylic acid) 
was added to the mixture and briefly sonicated to aid the dissolving of pAA. The solution 
was then degassed by continuous N2 flow for at least 30 min. 0.185 g of FeSO4*7H2O was 
dissolved in 8 ml of degassed water. The entire synthesis was performed under continuous 
N2 flow and started by addition of the mixture to the iron solution after which the reactor 
was immersed in a 90oC oil bath. Vitrified time samples were taken at 0’, 7, 14, 25, 34, 45, 
60 and 120 min. 
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B. Experimental, TEM sample preparation 
The carbon support grids were glow discharged using a Cressington 206 carbon coater 
operating at 25A under a 0.2 mbar air atmosphere in order to increase the hydrophilicity of the 
grids. TEM grids were purchased from Quantifoil Micro Tools GmbH.    

Preparation of cryogenic samples 
Quantifoil, R 2/2 200-mesh Cu TEM grids were used for the imaging of all cryogenic samples. 
TEM grids were glow discharged for 40s prior to sample application. The virtification was 
performed with a Virtobot™ Mark III (Fischer Scientific; former FEI) at 100% humidity, a 20 µl 
droplet was deposited on the TEM grid followed by 3 s blotting at a 1 mm offset after which 
the TEM grid was inserted into liquid ethane without delay.  

Preparation of holographic samples 
The samples studied by holography were prepared by drop-coating on lacey carbon coated 
Cu TEM grids and inserted to the microscope immediately following the drying process. 
 
Preparation of tomographic samples 
Prior to sample preparation a diluted gold fiducial dispersion was prepared by adding 54 µl 
H2O to 6 µl of 5 nm gold concentrated dispersion followed by 5 min of sonication to ensure 
proper mixing. Quantifoil, R 2/2 200-mesh Cu TEM grids with a 2 nm carbon layer were glow 
discharged for 40 s and then suspended on a 20 µl diluted gold dispersion droplet for 5 min 
followed by manual blotting in a shear-like fashion.  

C. Microscopic acquisition 
Holographic acquisition 
Brightfield images of the holographic samples and the electron holograms were recorded 
using the FEI Titan “Holo” microscope at ER-C. It was operated in magnetic field free Lorentz 
mode at 300 kV. A positively charged biprism was typically used at 120 V voltage that results 
in ~2.6 nm fringe spacing. The holograms were recorded using a conventional CCD camera 
at 2048x2048 pixels (Gatan). A dual-axis tomography holder (Fischione) was used to control 
the specimen position.  
 

Tomographic acquisition 
Tomographic tilt series were recorded using a TU/e Cryo Titan (Thermo Fisher Scientific; 
former FEI), which was operated at 300 kV and is equipped with a field emission gun and a 
postcolumn Gatan Energy Filter (GIF). The TU/e cryo Titan is equipped with an autoloader 
and as such does not require a holder. A post-GIF Gatan CCD camera was used at 2048x2048 
pixels. A single rotation axis was used to tilt the stage from -68° to 68° at 2° intervals. Focus 
was determined from the image shift of the fiducials, applying beam tilting of 16 mrad between 
the images. ET3 was acquired at -300nm defocus with an exposure of 2s while ET1 and ET2 
were acquired at -200nm defocus with an exposure of 1s.   
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D. Code & data 
In this appendix all matlab code is provided as well as the tabulated data of all found crystal 
planes in ET3. Matlab version 2017a with all default toolboxes installed was used for all 
calculations. In addition to these default matlab functions the DIP image toolbox69 was installed 
as well as several specialized functions for the reading and writing of microscopy image 
formats. The holograms were processed using custom made software from 
forschungszentrum jülich, written in SEMPER language, by Andras Kovacs. The tomographic 
tilt series were reconstructed using IMOD70 running on windows 7 through Cygwin71. 

1. Matlab code for morphological analysis 
The process of segmenting ET3 into distinguishable subdomains involved the use of 5 Matlab 
scripts and 2 manual segmentation steps. First the overall algorithm will be described from a 
computational perspective in a stepwise procedure followed by the actual code in order to 
maximize transparency and reproducibility. The stepwise procedure is described here: 

1. The tomographic volume was filter by a 1D maximum filter with a length of 9 pixels 
(0.86nm) in all 3 directions. The average of these 3 direction filters in order to produce 
the overall ‘filtered volume’. This step is described by the function maxfilt.m. 

2. The filtered volume was binned by a factor of 8, (although the original volume would 
provide a similar result) in order to reduce manual segmentation effort. The magnetite 
particle was manually segmented from the volume background with Avizo producing 
the ‘crude particle segmentation’. 

3. The binning was reversed for the crude particle segmentation by the function antib.m 
allowing it to be used as a mask on the filtered volume. 

4. The crude particle segmentation was used to remove the background pixels from the 
filtered volume by the script magm.m producing a ‘crudely masked filtered volume’. 

5. Within the crudely masked filtered volume the internal interface (cracks) were manually 
segmented from the magnetite with Avizo, producing the ‘crack segmenation’. 

6. Using the filtered volume, crude particle segmentation and the crack segmentation 
both an intensity based watershed and a distance based watershed were attempted, 
eventually only the distance based watershed was used. This step is described by the 
script WS_D.m and results in a labeled volume. 

7. The size (in pixels) of all sub-units/labels was determined by counting all unique labels 
in the labeled volume. This step is described by the function cntU.m 
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Maximum filter (maxfilt.m) 
function [  ] = maxfilt(name,fs) 
%MAXFILT, replace the value of 'name' by moving maxima in kernel lenght fs, 
%which must be odd and at least 3. 
m=tom_mrcread(name); 
m=m.Value; 
s=size(m), cl=class(m) %prompt size and class 
pd=((fs-1)/2); %padding array. 
m=padarray(m,[pd pd pd]); %edge will be flawed but syntax requirements are met. 
  
%%output array for each dimsenion, I sure hope it fits the RAM  
mf1=zeros(s,cl); % output array of same size and class 
mf2=zeros(s,cl); % output array of same size and class 
mf3=zeros(s,cl); % output array of same size and class 
  
%% s(1) filtering loop  
for i=((1+pd):(s(2)+pd))  
    fprintf('current loop largest iteration is %d\n',i)     
    parfor j=((1+pd):(s(3)+pd)) 
        %% filtering loop 
        fcl=m(:,i,j); %extract current 1D array 
        ocl=zeros(s(1),1,cl); %create output column 
        for k=((1+pd):(s(1)+pd)) 
            ker=fcl((k-pd):(k+pd)); 
            ocl((k-pd))=max(ker(:)); %put maximum in output                       
        end  
        mf1(:,i,j)=ocl; %place column in output 
    end 
end 
clear ocl 
  
%% s(2) filtering loop  
for i=((1+pd):(s(1)+pd)) % 
    fprintf('current loop largest iteration is %d\n',i) 
    parfor j=((1+pd):(s(3)+pd)) 
        %% filtering loop 
        fcl=m(i,:,j); %extract current 1D array 
        ocl=zeros(s(2),1,cl); %create output column 
        for k=((1+pd):(s(2)+pd)) 
            ker=fcl((k-pd):(k+pd)); 
            ocl((k-pd))=max(ker(:)); %put maximum in output                       
        end  
        mf2(i,:,j)=ocl; %place column in output 
    end 
end     
     
%% s(3) filtering loop  
  
for i=((1+pd):(s(1)+pd)) % 
    fprintf('current loop largest iteration is %d\n',i) 
    parfor j=((1+pd):(s(2)+pd)) 
        %% filtering loop 
        fcl=m(i,j,:); %extract current 1D array 
        ocl=zeros(s(3),1,cl); %create output column 
        for k=((1+pd):(s(3)+pd)) 
            ker=fcl((k-pd):(k+pd)); 
            ocl((k-pd))=max(ker(:)); %put maximum in output                       
        end 
        mf3(i,j,:)=ocl; %place column in output 
    end 
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end 
mf1=mf1((1):end,(pd+1):end,(pd+1):end); 
mf2=mf2((pd+1):end,(1):end,(pd+1):end); 
mf3=mf3((pd+1):end,(pd+1):end,(1):end); 
  
clear m 
mfs=zeros(s,'single'); 
mfs=mf1+mf2+mf3; 
clear mf1 mf2 mf3 
mfs=cast((mfs./3),cl); 
  
[~, name, ext]=fileparts(name); 
tom_mrcwrite(strcat(name,'f',num2str(fs),ext),mfs,'le')  
  
end 
 

Binning reversal (antib.m) 
function [ m ] = antib( binm,bf ) 
%antibinning inverts a binary back to original size of size*bf 
%   this function takes a binary and inflates it back into the the 
%unbinned size allowing a crude mask to be made on small data files, and 
%then applying them to a larger datase 
s=size(binm); 
m=zeros(s(1),s(2),s(3),'logical'); % new mask created 
  
for i=(1:s(1)) 
    st(1)=(i*bf)-1; %start pixel 
    en(1)=(i*bf)-2+bf; %end pixel    
    i 
     
    for j=(1:s(2)) 
        st(2)=(j*bf)-1; %start pixel 
        en(2)=(j*bf)-2+bf; %end pixel        
         
        for k=(1:s(3)) 
            st(3)=(k*bf)-1; %start pixel 
            en(3)=(k*bf)-2+bf; %end pixel 
            m(st(1):en(1),st(2):en(2),st(3):en(3))=binm(i,j,k);             
        end             
    end   
end 
 

Magnetite masking (magm.m) 
%% script to remove non masked pixels 
name='et3_sirt_2dflt_25it_int_cr.rec'; 
namem='et3_sirt_2dflt_25it_labels.rec'; 
I=tom_mrcread(name); 
I=I.Value; 
m=tom_mrcread(namem); 
m=logical(m.Value); 
rv=min(I(:)); 
I(~m)=rv; 
tom_mrcwrite('et3_sirt_2dflt_25it_int_cr_m.rec',I,'le'); 
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Distance based watershed (WS_D.m) 
%% read and combine the crack labels with the magnetite labels 
tic 
dip_initialise 
  
%% load cracks segmentation 
namec='et3_sirt_2dflt_25it_cr_intf9_flabels.rec'; 
C=tom_mrcread(namec); 
C=logical(C.Value); %1= crack 
s=size(C); %size ramains identical 
  
%% load crude particle segmentation 
namem='et3_sirt_2dflt_25it_cr_lab_mag2.rec'; 
M=tom_mrcread(namem); 
M=logical(M.Value); %1=magnetite 
  
%% combine crude particle segmentation and cracks segmentation 
C(~M)=1; %set all non magnetite pixels to 1 
tom_mrcwrite('c_m_l.mrc',C,'le'); 
  
  
%% load 3df9 image stack (filtered reconstruction) 
nameo='et3_sirt_2dflt_25it_cr_int.rec'; 
O=tom_mrcread(nameo);  
  
%% Distance map based 
D=bwdist(C); 
sig=15; 
D=imgaussfilt3(D,sig);% gaussian 
tom_mrcwrite('Dist.mrc',D,'le'); %have us a distance map 
  
%% Actual watershed  
%seed at minima (probably redundant in this way, good to have explicit) 
lm=int16(dip_minima((-D),(~C),3,0)); %input, mask, connectivity definition (full cube), label 
(0) or binary (1) 
tom_mrcwrite('lm.mrc',lm,'le'); 
%seeded watershed 
ws2=int16(dip_seededwatershed(lm,(-D),(~C),3,'low_first',800,-1,0));%, seed, input, 
mask,connectivity,hill/valley,Intesity limit merging,size limit merging,label (0) or binary 
(1) 
tom_mrcwrite('ws_D.mrc',ws2,'le'); 
%% count & find unique labels 
fr=cntU(ws2); 
save('fr.mat','fr'); 

 

Count unique labels (cntU.m) 
function [ fr ] = cntU( labf ) 
U=unique(labf); 
s=size(U); 
fr=zeros(s(1),2);%empty array 
for i=1:s(1) 
   loc=find(labf==U(i)); 
   l=length(loc);    
   fr(i,:)=[i,l]; 
end 
ax=[1:length(fr)]; 
fr=sortrows(fr,2); 
end 
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2. Matlab code for crystallographic analysis  
The crystallographic analyses was performed on the aligned tomographic tilt series. The 
advantage of doing so lies in the fact that all variance in image plane rotation should be 
removed and the fact that the stage rotation axis is always parallel to the vertical direction of 
the image. The coordinate acquisition and backmapping was performed in one script 
HR_ana.m, producing a table of all found crystal planes as well as a backmapped image of 
each crystal plane. To facilitate easy interpretation a function was written (pla.m) from simple 
algebra converting two miller indices to the corresponding 3D angle of the crystal planes. In 
addition to this a script (plv.m) was produced to visualize all planes and angles for the 
especially significant <111> directions.   

Observed crystal planes of ET3 
Plane number 
(#) 

Tilt angle 
(degrees) 

d-spacing 
(Å) 

Projection angle 
(degrees) 

Particle (0 indicates 
discarded) 

1 -66 2.8 107.8 0 
2 -58 4.9 118.8 3 
3 -56 9.2 117.2 4 
4 -50 2.7 100.6 1 
5 -50 4.4 74.0 1 
6 -48 2.7 100.7 1 
7 -48 4.4 73.2 1 
8 -46 2.7 100.2 0 
9 -44 2.7 100.6 1 

10 -30 5.1 110.2 1 
11 -28 5.2 110.2 1 
12 -28 2.1 99.0 4 
13 -26 2.1 99.1 4 
14 -26 5.2 109.7 1 
15 -24 2.1 99.0 4 
16 -22 5.0 142.2 2 
17 -16 3.0 51.0 2 
18 -14 4.9 178.9 1 
19 -14 3.0 97.2 3 
20 -10 4.9 114.0 4 
21 -10 4.9 40.3 3 
22 -8 4.9 40.5 3 
23 -8 4.9 114.1 4 
24 -8 2.4 114.4 4 
25 -6 4.9 113.9 4 
26 -6 5.1 68.5 1 
27 -6 4.9 40.4 3 
28 -4 4.9 114.4 4 
29 -4 5.2 67.5 1 
30 -2 2.6 82.6 2 
31 -2 5.1 68.0 1 
32 -2 5.0 152.8 4 
33 -2 4.3 168.4 4 
34 -2 2.6 162.3 3 
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35 -2 2.5 143.6 4 
36 0 2.6 82.3 2 
37 0 5.2 67.6 1 
38 0 4.3 50.2 1 
39 0 2.6 67.4 1 
40 0 2.5 67.8 1 
41 0 5.0 45.4 4 
42 2 3.0 130.3 3 
43 2 2.6 82.2 2 
44 2 5.2 67.6 1 
45 2 5.0 44.4 4 
46 4 3.0 130.9 3 
47 4 2.6 118.0 2 
48 4 2.6 82.4 2 
49 4 2.5 71.2 2 
50 4 5.0 67.8 1 
51 4 4.9 43.9 4 
52 4 3.0 96.4 3 
53 6 2.6 118.2 2 
54 6 2.6 82.1 2 
55 6 4.2 9.8 2 
56 6 4.9 41.7 4 
57 6 5.1 66.7 1 
58 8 2.6 82.1 2 
59 10 2.6 82.5 2 
60 10 2.7 77.4 1 
61 14 2.6 82.9 2 
62 14 2.7 77.8 1 
63 14 3.0 77.8 4 
64 14 3.0 79.4 4 
65 14 2.6 73.0 4 
66 14 2.7 60.0 1 
67 14 9.3 159.1 1 
68 16 3.0 159.9 1 
69 16 3.0 78.7 4 
70 18 3.0 78.5 4 
71 20 2.6 129.1 1 
72 20 2.5 99.8 3 
73 20 5.1 111.7 2 
74 20 3.0 78.3 4 
75 20 2.6 65.6 3 
76 20 9.7 14.8 4 
77 20 4.9 2.6 2 
78 22 3.0 78.8 4 
79 24 2.5 100.4 3 
80 24 5.0 112.3 2 
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81 24 3.0 78.6 4 
82 26 2.5 100.3 3 
83 26 5.0 112.3 2 
84 30 2.6 100.4 3 
85 32 3.0 69.1 3 
86 32 4.9 68.9 3 
87 34 4.9 68.7 3 
88 36 6.1 97.4 4 
89 40 4.8 69.7 3 
90 46 2.5 98.3 3 
91 52 2.5 98.0 3 

 

 
Figure 23: all planes of ET3 supported by reference d-spacings of Fe3O4. A: d-spacing/Projection angle 
representation B d-spacing/tilt angle representation. 
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High resolution analysis (HR_ana.m) 
%% inputs 
  
%tilt series name 
name='et3_crI.ali'; 
%Tilt angles aquired form negative to positive 
la=-68;in=2;ua=68; %lower angle, increment, upper angle in degrees 
rot=(la:in:ua); %rotation vector, I prefer it explicitly thought it could be read from the 
file 
  
% Explicit pixelsize  
pixs=0.9517; %Å/pixel (dm3 format) 
  
% reference array of d spacings 
ref=open('ref_mag.mat');% [spacings in Å,h,k,l] hkl are the miller indices of the plane 
ref=ref.ref; %ditching the structure 
  
% centroid calculation area 
rs=10; 
  
%% Loading & prelimanary calculations 
  
m=tom_mrcread(name); 
mrc=rot90(m.Value,1); clearvars m; 
s=size(mrc);  
s(3)=1; %for 2d images 
pixf=1/(pixs*s(1));% pixel frequency,assuming square image hence square pixel resoltion in 
frequency space 
planes=zeros(0,7); 
  
%% calculating the fft image and determining each spot 
% s(3)=2; %testing 
  
for i=1:s(3) 
    img=double(mrc(:,:,i)); 
    F=fftshift(fft2(img)); F=F(1:round((s(1)/2)),:); %I use 0 to pi or the top half of the 
fft. Maybe keep it later on for the backmapping. 
    dF=log(abs(F)); 
    dF(round(s(1)/2)-10:round(s(1)/2),round(s(2)/2)-10:round(s(2)/2)+10)=min(dF(:));%blank the 
center for scaling purposes 
    fdF=figure('Name','fdF','NumberTitle','off','Position',[1 1 s(2) round((s(1)/2))]); 
    fdF.NextPlot='add';  
    
    imshow(dF,[]) 
    hold on; 
    [x,y]=ginput; %collect all coordinates from the picture 
    L=zeros(round((s(1)/2)),s(2),'int8')-1; %-1 to define background 
    
    %% label area around all points 
    for xc=1:s(1) %all y coordinates 
        for yc=1:round((s(1)/2)) % all (upper) x coordinates 
            for p=1:length(x) % all measured points 
                r=sqrt((x(p)-xc)^2+(y(p)-yc)^2); % distance from point in pixels 
                if r<=rs 
                    L(yc,xc)=p; %point equals label 
                end              
            end 
        end 
    end 
    %imshow(L,[]) 
    tp=zeros(length(x),7);% temporary point strucutre [x,y,d,alpha,rotation,planetype] in 
pix,pix,Å,degrees,degrees,index of the refrenece. 
    %% centroid 
    mp=regionprops(L,dF,'WeightedCentroid');     
    xs=x.*0; 
    ys=y.*0; 
     
    for p=1:length(xs) 
        xs(p)=mp(p).WeightedCentroid(1); % lose the structure 
        ys(p)=mp(p).WeightedCentroid(2); 
        rd=sqrt((round((s(2)/2))-xs(p))^2+(round((s(1)/2))-ys(p))^2)*pixf;% distance from the 
center in 1/Å 
        lat=1./ref(:,1);% compare in reciprocal space since the error is linear here. 
        err=abs(lat-rd); 
        pli=find(min(err)==err); 
        alp=atan2d(-(ys(p)-(s(1)./2)),xs(p)-(s(2)./2)); 
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        tp(p,:)=[xs(p),ys(p),(1./rd),alp,rot(i),pli(1),i]; %pli(1) is for double planes, may 
be expanded into the future    
    end 
     
    %% plot 
    scatter(tp(:,1),tp(:,2),pi*rs^2) 
    saveas(fdF,['slice ' num2str(i)], 'fig') 
    IfdF=frame2im(getframe); 
    imwrite(IfdF,['slice ' num2str(i) '.png'], 'png') 
    planes=[planes;tp]; %add to existing output file 
    hold off 
    close fdF 
end 
%% size up the catch 
ps=size(planes); 
bms=zeros(s(1),s(2),ps(1)); %backmapped stack preallo 
%% grab % mask area to plot backmapping. 
for i=(1:ps(1)) % go through all planes 
    z=planes(i,7); %read which image the plane was taken from 
    img=double(mrc(:,:,z)); 
    Fm=fftshift(fft2(img)); %fft whole image to convert. 
    x1=planes(i,1); y1=planes(i,2); %read xy coordinatesfm( 
    x2=s(2)-x1+1; y2=s(1)-y1+1; 
    mas=zeros(s(1),s(2),'logical'); 
     for xc=1:s(2) %all x coordinates 
        for yc=1:s(1) % all y coordinates 
            r1=sqrt((x1-xc)^2+(y1-yc)^2); % distance from point in pixels 
            r2=sqrt((x2-xc)^2+(y2-yc)^2); % distance from point in pixels 
                if r1<=rs || r2<=rs 
                     mas(yc,xc)=1; %true equals to be preserved area. 
                end              
        end 
    end 
    Fm(~mas)=0; 
    bm=abs(ifft2((ifftshift(Fm))));  
    bms(:,:,i)=bm; 
    figure(25);imshow(bm,[])     
    IfdF=frame2im(getframe); 
    imwrite(IfdF,['plane' num2str(i) 'slice' num2str(z) '.png'], 'png') 
    pause(1) 
end 
save('planes.mat','planes','-v7.3') 
clear z 
%% Convert spherical coordinates of planes to cartesian coordinates of the normal vectors. 
vec=figure('Name','vec','NumberTitle','off'); 
hold on 
plot3([-10 10],[0 0],[0 0],'k') 
plot3([0 0],[-10 10],[0 0],'k') 
plot3([0 0],[0 0],[-10 10],'k') 
  
for p=1:ps(1) 
  
d=planes(p,3); 
rot=planes(p,5)+90; % plane is tilted 90 degrees  
alpha=planes(p,4);  
  
x=d*sind(rot)*cosd(alpha); 
y=d*sind(rot)*sind(alpha); 
z=d*cosd(rot) ; 
  
%% plotting vectors in 3D 
plot3([0 x],[0 y],[0 z],'b') 
  
end 
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Crystal plane visualization (plv.m) 
%% create 6 fold figure, for 1D alignment interpretation 
O=[0 0 0]; 
% triangles in the following format? 
%% 1. reminder miller indices  
hold on 
figure (1) 
%%set defaults 
ax = gca; 
ax.XAxis.Label.String = 'X-Axis'; 
ax.XAxis.Label.FontSize =22 ; 
ax.YAxis.Label.String = 'Y-Axis'; 
ax.YAxis.Label.FontSize =22 ; 
ax.ZAxis.Label.String = 'Z-Axis'; 
ax.ZAxis.Label.FontSize =22 ; 
ax.XAxis.TickValues = [0 1]; 
ax.YAxis.TickValues = [0 1]; 
ax.ZAxis.TickValues = [0 1]; 
ax.XAxis.FontSize = 20; 
ax.YAxis.FontSize = 20; 
ax.ZAxis.FontSize = 20; 
ax.XGrid = 'on'; 
ax.YGrid = 'on'; 
ax.ZGrid = 'on'; 
  
%% 
plot3([0;1],[0;1],[0;1],'LineWidth',2,'Color','b'); 
fill3([1;0;0],[0;1;0],[0;0;1],'c') 
  
%% 2. all miller indices 
figure (2) 
hold on 
ax = gca; 
ax.XAxis.Label.String = 'X-Axis'; 
ax.XAxis.Label.FontSize =22 ; 
ax.YAxis.Label.String = 'Y-Axis'; 
ax.YAxis.Label.FontSize =22 ; 
ax.ZAxis.Label.String = 'Z-Axis'; 
ax.ZAxis.Label.FontSize =22 ; 
ax.XAxis.TickValues = [-1 1]; 
ax.YAxis.TickValues = [-1 1]; 
ax.ZAxis.TickValues = [-1 1]; 
ax.XAxis.FontSize = 20; 
ax.YAxis.FontSize = 20; 
ax.ZAxis.FontSize = 20; 
ax.XGrid = 'on'; 
ax.YGrid = 'on'; 
ax.ZGrid = 'on'; 
  
plot3([-1 1],[-1 1],[-1 1],'LineWidth',2,'Color','b') % -1-1-1 to 1 1 1 
plot3([-1 1],[1 -1],[-1 1],'LineWidth',2,'Color','b') % -1 1-1 to 1-1 1 
plot3([-1 1],[1 -1],[1 -1],'LineWidth',2,'Color','b') % -1 1 1 to 1-1-1 
plot3([-1 1],[-1 1],[1 -1],'LineWidth',2,'Color','b') % -1-1 1 to 1 1-1 
  
%% 3. all lower miller indices 
figure (3) 
hold on 
ax = gca; 
ax.XAxis.Label.String = 'X-Axis'; 
ax.XAxis.Label.FontSize =22 ; 
ax.YAxis.Label.String = 'Y-Axis'; 
ax.YAxis.Label.FontSize =22 ; 
ax.ZAxis.Label.String = 'Z-Axis'; 
ax.ZAxis.Label.FontSize =22 ; 
ax.XAxis.TickValues = [-1 1]; 
ax.YAxis.TickValues = [-1 1]; 
ax.ZAxis.TickValues = [-1 1]; 
ax.XAxis.FontSize = 20; 
ax.YAxis.FontSize = 20; 
ax.ZAxis.FontSize = 20; 
ax.XGrid = 'on'; 
ax.YGrid = 'on'; 
ax.ZGrid = 'on'; 
  
plot3([0 -1],[0 -1],[0 -1],'LineWidth',2,'Color','b') % 0 0 0 to -1 -1 -1 
plot3([0 1],[0 -1],[0 -1],'LineWidth',2,'Color','b') % 0 0 0 to 1 -1 -1 
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plot3([0 -1],[0 1],[0 -1],'LineWidth',2,'Color','b') % 0 0 0 to -1 1 -1 
plot3([0 1],[0 1],[0 -1],'LineWidth',2,'Color','b') % 0 0 0 to 1 1 -1 
  
  
%% 4. 70° angle in projection angle 
figure (4) 
hold on 
ax = gca; 
ax.XAxis.Label.String = 'X-Axis'; 
ax.XAxis.Label.FontSize =22 ; 
ax.YAxis.Label.String = 'Y-Axis'; 
ax.YAxis.Label.FontSize =22 ; 
ax.ZAxis.Label.String = 'Z-Axis'; 
ax.ZAxis.Label.FontSize =22 ; 
ax.XAxis.TickValues = [-1 1]; 
ax.YAxis.TickValues = [-1 1]; 
ax.ZAxis.TickValues = [-1 1]; 
ax.XAxis.FontSize = 20; 
ax.YAxis.FontSize = 20; 
ax.ZAxis.FontSize = 20; 
ax.XGrid = 'on'; 
ax.YGrid = 'on'; 
ax.ZGrid = 'on'; 
  
plot3([0 -1],[0 -1],[0 -1],'LineWidth',2,'Color','b') % 0 0 0 to -1 -1 -1 
plot3([0 1],[0 -1],[0 -1],'LineWidth',2,'Color','b') % 0 0 0 to 1 -1 -1 
plot3([0 -1],[0 1],[0 -1],'LineWidth',2,'Color','b') % 0 0 0 to -1 1 -1 
plot3([0 1],[0 1],[0 -1],'LineWidth',2,'Color','b') % 0 0 0 to 1 1 -1 
  
fill3([0;1;1],[0;1;-1],[0;-1;-1],'g') 
  
%% 5. 109° angle in projection angle 
  
figure (5) 
hold on 
ax = gca; 
ax.XAxis.Label.String = 'X-Axis'; 
ax.XAxis.Label.FontSize =22 ; 
ax.YAxis.Label.String = 'Y-Axis'; 
ax.YAxis.Label.FontSize =22 ; 
ax.ZAxis.Label.String = 'Z-Axis'; 
ax.ZAxis.Label.FontSize =22 ; 
ax.XAxis.TickValues = [-1 1]; 
ax.YAxis.TickValues = [-1 1]; 
ax.ZAxis.TickValues = [-1 1]; 
ax.XAxis.FontSize = 20; 
ax.YAxis.FontSize = 20; 
ax.ZAxis.FontSize = 20; 
ax.XGrid = 'on'; 
ax.YGrid = 'on'; 
ax.ZGrid = 'on'; 
  
plot3([0 -1],[0 -1],[0 -1],'LineWidth',2,'Color','b') % 0 0 0 to -1 -1 -1 
plot3([0 1],[0 -1],[0 -1],'LineWidth',2,'Color','b') % 0 0 0 to 1 -1 -1 
plot3([0 -1],[0 1],[0 -1],'LineWidth',2,'Color','b') % 0 0 0 to -1 1 -1 
plot3([0 1],[0 1],[0 -1],'LineWidth',2,'Color','b') % 0 0 0 to 1 1 -1 
  
fill3([0;-1;1],[0;1;-1],[0;-1;-1],'g') 
 
Crystal plane angle (pla.m) 
function [ theta ] = pla(a,b) 
%pla input 2 vectors (or miller indices) get angle out 
%    
costheta = dot(a,b)/(norm(a)*norm(b)); 
theta = acosd(costheta); 
  
end 
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