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Abstract 
 

Experimental investigations suggest that replacing the spherical nanoparticles of a conventional 

ferrofluid with anisotropic magnetic nanotubes would lead to a stronger field-induced viscosity 

enhancement and a much-improved stability against shear thinning, thus resulting in potential 

technological exploitation of switchable magnetic-field-induced viscosity enhancement in 

applications. 

The development of positive and negative templating strategies for the synthesis of magnetic 

nanotubes out of a variety of materials is described. The positive template is Tobacco mosaic virus 

(TMV)—in natural form or genetically engineered to express specific surface chemistries and 

lengths—which we exploit as a template for the electroless deposition (ELD) of nanosized clusters 

of nickel and as a scaffold for magnetic particles in a conventional ferrofluid. Our negative 

templating strategy employs porous anodic aluminum oxide (AAO) as a substrate for the atomic 

layer deposition (ALD) of a conformal coating of iron oxide, offering precise control over the 

length and wall thickness of the resulting nanotubes. Using a reverse-micelle-based wet-chemical 

method, we attempted additional experiments designed to synthesize one-dimensional FePt 

nanorods and nanowires that manifest superparamagnetic behavior at room temperature. 

 

 

 

Keywords: nanotubes, templating, atomic layer deposition, porous anodic aluminum oxide, 

Tobacco mosaic virus, electroless deposition, ferrofluids. 
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1 Introduction 
 

Chapter 1 

Introduction 

1.1 Historical overview 
First successfully prepared in the 1960s, ferrofluids are functional nanocomposite materials that 

combine the magnetic properties of magnetic nanoparticles with the fluid properties of the carrier 

liquid in which the nanoparticles are suspended [1]. Owing to the fact that the particles are free to 

rotate, the magnetic hysteresis loops of a ferrofluid manifest the Langevin shape of an ideal 

paramagnet, but with a much larger susceptibility [2]—a property that makes it possible for the 

ferrofluids to be held in place or manipulated by externally applied magnetic fields. This 

characteristic has, in turn, led to niche applications of ferrofluids in areas as diverse as vacuum 

technology (creating low-friction, air-tight seals around rotating shafts) and high-end audio systems 

(transferring heat from the voice coils of high-power loadspeakers) [3]. Recent interest in 

ferrofluids can be traced to their potential uses in biomedical contexts, such as attacking cancer 

cells via magnetic hyperthermia or in the detection and removal of pathogens from liquid 

suspensions by magnetic filtration [4,5]. Furthermore, ferrofluids have found application in “lab-on-

a-chip” devices as a key element in microfluidic valves and pumps [6]. 

The technological exploitation of ferrofluids relies not only on the interaction between magnetic 

fields and nanoparticles, but also on the coupling between the suspended nanoparticles and the 

surrounding liquid. One surprising consequence of this coupling is the fact that even modest 

magnetic fields have the potential to increase the viscosity of a ferrofluid by several orders of 

magnitude. This so-called magnetoviscous effect has recently found application, for example, in the 

suspension systems of automobiles outfitted with MagneRide® shock absorbers [7], which feature a 
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damping behavior (i.e. stiffness) that is tunable via a built-in electromagnetic coil.* Not only can the 

resulting viscosity enhancement be quite large (orders of magnitude greater than the viscosity 

without an applied magnetic field), but it can also be established quickly, reversibly and with very 

little expenditure of energy. The first attempts to understand the origin of the magnetic-field-

induced viscosity enhancement in ferrofluids were based on a model of noninteracting 

monodisperse nanoparticles [8]; however, the predicted increase in viscosity turned out to be orders 

of magnitude smaller than the effect actually measured. Current theoretical models [9]—supported 

by computer simulations as well as cryogenic TEM [10] and small-angle neutron scattering (SANS) 

[11,12] studies of ferrofluid microstructure as a function of the applied magnetic field strength—

posit the field-induced formation of chain-like aggregates of nanoparticles, which align themselves 

with the applied field and thereby exert a much stronger drag on the surrounding fluid than would 

the same nanoparticles if suspended in isolation. An appealing aspect of this model is its ability to 

account for the strong decrease in magnetoviscosity that is observed in ferrofluids subjected to 

shear forces [3], as the latter (partially) overcome the interactions holding the nanoparticle chains 

together, thus counteracting the mechanism for viscosity enhancement. 

If it were possible to replace the loosely bound nanoparticle chains of conventional ferrofluids with 

stiff magnetic nanorods or nanotubes, then the resulting ferrofluid might be expected to retain its 

field-induced viscosity enhancement even at high shear rates [13]. Not only should aspherical 

magnetic nanoparticles induce significant viscosity enhancement when held in place by an applied 

magnetic field, but a suspension of such particles would be expected to be less susceptible to shear 

thinning, since the particles will not lose their shape anisotropy in the event of shearing forces, as is 

the case with fragile chain-like agglomerates of spherical nanoparticles. 

1.2 Open questions 
In the past few decades, despite ferrofluids and the magnetoviscous effect having widely attracted 

the best efforts and involvements of scientists from various research fields, and even though 1D 

magnetic nanorods or nanotubes have been proposed as promising candidates for retaining 

enhanced magnetoviscosity at high shear rates, many challenges associated with realizing this 

vision experimentally still need to be solved: 

                                                   
* The working substance in these shock absorbers is a magnetorheological fluid (MR) rather than a ferrofluid. Because the 

ferromagnetic particles in MR fluids are typically micrometer-sized, they do not remain in suspension indefinitely; 

consequently, MR fluids tend to suffer from sedimentation and agglomeration to a much greater extent than do ferrofluids. 
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1. Is it possible to synthesize magnetic nanotubes with accurately tunable shape and 

microstructure, such as wall thicknesses, diameters and aspect ratios?  

Of the numerous techniques that have been developed to date for the synthesis of rod or tube-

shaped nanoparticles [14-17], the only ones that appear to lend themselves to being scaled up 

to the extent required for a ferrofluid are those based on positive or negative templating [17]. 

When the goal is to synthesize linear structures like rods or tubes, then positive templating 

would employ one-dimensional objects, such as nanowires, nanorods or carbon nanotubes, as 

substrates onto which functional materials are deposited. Negative templating in the one-

dimensional case would rely on objects having cylindrical pores, the inside surfaces of which 

can be coated by functional materials. Typical negative templates are porous anodic 

aluminum oxide, porous silicon, nanoporous gold thin films, or track-etched polymers. The 

Tobacco mosaic virus is chosen as a positive template, and the experimental exploration of 

this approach is described in Chapter 6. Concerning the negative template-based strategy, the 

use of the reverse-micelle-based wet-chemical method is discussed in Chapter 7, and large-

scale synthesis of nanotubes with atomic layer deposition (ALD) to coat the surface of 

nanoporous aluminum oxide membranes is described in Chapter 8. 

2. Is it possible to scale up the synthesis of nanotube ferrofluids to such an extent that their 

macroscopic properties, e.g. magnetoviscosity, can be studied in a similar manner as 

conventional ferrofluids? 

Conventional ferrofluids generally contain 1015 to 1017 nanoparticles per milliliter of carrier 

liquid. Obviously, if macroscopic quantities of a “nanotube ferrofluid” are to be prepared, 

then a scale-up approach must be found to mass produce aspherical magnetic particles at 

reasonable cost. The conventional way to measure the magnetoviscosity of ferrofluids 

requires a sample volume in the milliliter range. If this amount is to be synthesized also in the 

case of nanotube ferrofluids, the cost could be enormous. For the aim of systematic research, 

a great number of samples would have to be made and investigated. A more realistic way is 

to measure small volumes of samples (< 100 µl). This challenge is described in Section 5.10. 

3. Does the shape of magnetic nanotubes—i.e. their aspect ratio—have an effect on the 

magnetoviscosity? 

If the current understanding of ferrofluids is correct, then replacing spherical nanoparticles 

suspended in a conventional ferrofluid by ferromagnetic nanotubes or nanorods should 

simultaneously increase the magnetoviscosity at a given field strength as well as improve the 
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viscosity’s stability with respect to shear flow. In Chapter 6 to Chapter 8, I discuss the 

findings for each established method.  

In addition to the experimental results and discussions found in Chapter 6 to Chapter 8, I give a 

short overview of synthesis methods of nanotubes in Chapter 2. Magnetism is essential to 

understanding the properties of nanotube ferrofluids. For this reason I devote Chapter 3 to the 

basics of magnetism and anisotropy. Rheological terms and magnetoviscosity are introduced in 

Chapter 4. Various characterization techniques are summarized in Chapter 5. The thesis concludes 

in Chapter 9 with a summary of the answers provided by the experimental results to the open 

questions raised above. 

 

 



 

 5

2 Nanotubes 
 

Chapter 2 

Nanotubes 

Nanostructures can be defined as objects in which at least one dimension is less than 100 nm. This 

can be realized by reducing the scale of bulk materials: reducing 1 dimension to the nanometer 

scale produces 2D thin films, reducing 2 dimensions leads to 1D nanowires or nanotubes, and 

reducing 3 dimensions leads to nanoparticles or nanodots—such nanomaterials are important 

building blocks for functional devices.  

Among this array of possible nanostructures, one-dimensional nanotubes have already been proved 

to possess unique characteristics, such as mechanical, electrical or magnetic properties [18], but 

effective fabrication of perfect nanotubular structures with high quality and large numbers is only a 

recent breakthrough, and the existing methods are limited to the synthesis of certain materials 

systems—such as carbon nanotubes or fullerene-like inorganic nanotubes consisting of single-layer 

or multilayer walls. Some other solid materials, which have highly anisotropic bonding in their 

crystallographic structure, can grow into 1D structures, since the chemical bonds in certain 

directions are significantly stronger than other directions. However, materials which have this 

character are also limited to only a few examples, such as molybdenum chalcogenides and 

chalcogen elements (selenium and tellurium) [14]. 

As a matter of fact, most functional materials do not manifest a layered structure or highly 

anisotropic chemical bonding. Therefore, various templates are required to facilitate their growth 

into 1D nanotubes. In this chapter, synthetic methods for one-dimensional nanotubes are 

categorized and discussed. 

2.1 Nanotubes with a layered structure 
Perhaps the best-known material having a layered structure is graphite, in which the constituent 

carbon atoms are covalently bonded in two-dimensional graphene sheets and held together through 

weak van der Waals interactions in the 3rd dimension. Some other solid-state compounds similar to 
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graphite, such as WS2 and MoS2, also feature a layered structure. Under appropriate conditions, the 

two-dimensional layers can roll up to form seamless nanotubes rather than staying flat. From an 

energetic point of view, the tubular crystal phase lies in a thermodynamically stable or metastable 

state; therefore, the formation of such nanotubes is based on spontaneous self-organization of the 

constituent atoms. 

2.1.1 Carbon nanotubes 

Carbon is one of the most widespread elements on earth. Each carbon atom has four valence 

electrons, and this unique configuration makes carbon versatile to hybridize its bonding as sp, sp2 

and sp3. For nearly one hundred years, people knew only two phases of solid carbon: diamond with 

sp3 hybridization and graphite with sp2 hybridization. In 1985, another phase of carbon—in the 

form of a hollow sphere—was discovered and named as fullerene (C60) [19], followed by series of 

variations, such as C70, C20, C72, C76, C84 and so on. It was not until 1991 that the first carbon 

nanotube (CNT) was discovered [20]. The tubular structure of CNTs extends over a wide range of 

lengh scales. The tube diameter can vary from below 1 nm to over 100 nm, and the length ranges 

from a few hundred nanometers to even centimeters. Depending on the structure, CNTs can be 

categorized into two types: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 

nanotubes (MWCNTs). A SWCNT can be described as a cylinder of a single graphene sheet with 

both ends closed, while a MWCNT is a group of coaxial SWCNTs. The bonds in the structure of 

CNTs are mainly sp2, which is the same as graphite, although a certain amount of sp3 exists due to 

high curvature [21]. Because of various potential applications, the synthesis and characterization of 

CNTs have been actively pursued by many groups over the past 20 years. Carbon nanotubes can be 

synthesized in several ways, such as arc-discharge, chemical vapor deposition (CVD), laser ablation 

and electrochemical deposition, all of which have been described in several review articles [22,23]. 

Those methods are amenable to up-scaling, and the yield is already able to reach the “kilogram” 

range, which is very promising for industrial applications.  

2.1.2 Inorganic nanotubes and fullerene-like structures 

In 1992, Tenne from Israel reported nanotubular WS2—a first synthetic nanotube from elements 

other than carbon [24]. Later on, a series of nanotubes were made from layered (2D) compounds, 

including MoS2, BN, V2O5-x, NiCl, NbS2 and ZrS2 [25]. The compounds normally consist of two or 

more elements, but manifest a similar layered structure similar to that of graphite. In order to 

distinguish them from CNTs, such structures are called as “inorganic nanotubes”. Metal 

dichalcogenides MX2 (M = transition metal; X = S, Se, Cl, I) are a typical group of layered 

compounds. Synthetic methods involve reacting metal oxide nanorods with H2S at elevated 
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temperatures, or thermal decomposition of precursor ammonium salts (NH4)2MX4 (X = S, Se; M = 

transition metal) at appropriate conditions [25]. Inorganic nanotubes have wide applications in solid 

lubrication, catalysis, rechargeable batteries, drug delivery, solar cells and microelectronics [26]. 

2.2 Nanotubes without a layered structure 
Although CNTs and some layered inorganic nanotubes form spontaneously by the “rolling up” of 

crystal sheets, most functional materials do not have a layered structure and thus cannot be 

synthesized in a similar manner. To fabricate a precisely controlled tubular geometry, template-

directed synthesis is an ideal choice. A template is a material having a certain form that facilitates 

the growth of the desired material in a controlled shape. On demand, the template can either remain 

in the final product or be selectively removed. Concerning template types, we can distinguish 

between positive templates and negative templates (Figure 2.1). 

2.2.1 Positive template-directed synthesis 

Positive templating is the use of 1D nanorods or nanowires as substrates onto which functional 

materials are deposited. The coating process results in nanotubes with closed or open ends. In 

principle, any nanoobject that has an anisotropic shape can be used as a positive template. The 

template can either be free-standing, or it can have one or two ends embedded in a matrix. For 

example, single-crystalline nanowires such as ZnO, MgO, Sb2Se3 have been used as substrates for 

the epitaxial growth of another solid material [14,27,28]; likewise, due to their well-defined 

geometry and low cost, CNTs are exploited as versatile templates to synthesis many materials, but 

positive templating negative templatingpositive templating negative templating

 

Figure 2.1: Schematic comparison of positive and negative templating for the synthesis of 

nanotubes of defined length and diameter. Removal of the template (second step) is optional 

in the case of positive templating but mandatory for negative templating to obtain free-

standing nanotubes. 
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often the chemically inert and highly hydrophobic surface of CNTs must be carefully functionalized 

before the desired material can be deposited on it [29].   

Biotemplates are an example of a class of positive templates that ought to be well-suited to the 

large-scale synthesis of tube-shaped magnetic particles [30-32]. In general, the genetic code that 

ensures that each copy of a given biotemplate has the same shape also provides a mechanism for its 

rapid replication, thus meeting the main requirements for up-scaling. A prime example of such a 

biotemplate is Tobacco mosaic virus (TMV)—a macromolecular complex consisting of a shell of 

2130 coat protein (CP) monomers bound to a helical strand of RNA, resulting in the formation of a 

300 nm-long, tube-shaped structure with outer diameter of 18 nm and inner diameter of 4 nm, 

respectively [33]. This virus is widespread in different plant species (and in most types of 

cigarettes), accumulates to high amounts and does not infect animals. TMV self-assembles from its 

monomeric components not only inside host plants, but it may also be reconstituted in vitro [34]. In 

many respects, TMV represents an ideal candidate for the template-based preparation of huge 

quantities of nanorods or nanotubes: this virus has a precise shape, good stiffness, dimensions 

appropriate to liquid suspension even after metal deposition, good stability with respect to 

temperature and pH, proven long-term stability, and it can be harvested at high yield. Furthermore, 

the biology and structure of TMV have been studied for more than 120 years—indeed, with such 

success that today's molecular models for TMV are accurate to the atomic level [33,35]. These 

models clearly show that the outer surface, the inner (channel) surface and the ends of the virion all 

differ significantly from each other, offering the possibility to address each region specifically with 

suitable chemical modifications. It is this property that has been exploited to deposit metals, 

nanoparticles, or semiconducting oxides on different sites of the viral particles [36-40]. 

Carrying out the functionalization of virions while they are suspended in a liquid offers the 

potential for complete coating, since all parts of the virion surface are exposed to the solution. 

Layers of metals and oxides can conveniently be produced by the reduction of metal ions; however, 

the electrons required for this step cannot be supplied by electrodes (except in the case of virions 

immobilized on conductive substrates). Hence, electroless deposition (ELD) [41]—which will be 

described in Chapter 6 in detail—is the method of choice. In this manner, nanotube ferrofluids 

consisting of TMV particles sheathed with Ni, Co, or Fe oxide can be prepared.  

An alternative and much simpler route for the production of quasi-linear magnets suspended in a 

carrier fluid was pursued in parallel to the concept above: elongated natural and genetically 

engineered TMV-derived particles were introduced as bio-additives into a commercially available 

ferrofluid. This novel approach to tuning the rheological properties of a magnetic fluid—

experimentally realized and systematically studied for the first time in this study—yielded the 

surprising results detailed in Section 6.3. 
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2.2.2 Negative template-directed synthesis 

Negative templating entails the adoption of objects having cylindrical pores, the inside surface of 

which can be coated with functional materials. After removal of the negative template by selective 

etching or pyrolysis, the functional material is left behind with the desired morphology. Typical 

negative templates in the solid state are porous anodic aluminum oxide (AAO), porous silicon, 

nanoporous gold thin films, or track-etched polymers (such as polycarbonate membranes). In the 

engineering and development of novel functional nanostructures, self-ordered porous AAO 

membranes prepared by a two-step electrochemical oxidation of aluminum [42] have been widely 

used as building blocks and templates, including their use as masks or templates for chemical or 

physical deposition and their function as templates for the electrochemical synthesis of 

nanostructures [43-45]. If AAO membranes are combined with atomic layer deposition (ALD), then 

high-quality nanotubes can be prepared from a wide range of materials [46,47]. Sequential, 

consecutive pulses of vapor-phase precursors lead to surface-limited reactions that avoid shadowing 

effects even on highly structured substrates. In contrast to all other common thin-film deposition 

techniques, such as sputtering, thermal evaporation, chemical vapor deposition (CVD), or 

molecular beam epitaxy (MBE), the self-limiting nature of ALD enables coating of pores with 

aspect ratios above 1000 in a conformal, layer-by-layer fashion. Since each cycle of precursor 

pulses results in the deposition of a well-defined amount of material, the tube “wall” thickness is a 

linear function of the executed number of cycles [48,49]. 

For more than 10 years, colloidal solutions have been used as soft templates for the synthesis of 

nanomaterials having controlled size and shape, including nanoparticles, nanodiscs, nanorods and 

nanowires [50,51]. Surfactant-based templates are effective at defining the anisotropic shape of 

inorganic materials, despite the fact that colloidal templates are highly dynamic. For the synthesis 

of one-dimensional magnetic nanorods (NRs) and nanowires (NWs), a reverse-micelle-based wet-

chemical method that was pioneered by Wang et al. [52] is used in this thesis to synthesize FePt 

NRs/NWs. The experimental details are described in Chapter 7. 
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3 Magnetism and anisotropy 
 

Chapter 3 

Magnetism and anisotropy 

 
Different types of magnetism as well as the fundamentals of magnetic anisotropy and magnetization 

relaxation are described in this chapter. These concepts are indispensible for the understanding of 

magnetic nanotube and nanotube ferrofluids. The following introduction is based on textbooks by 

Kittel [53] and Myers [54]. In all formulas and descriptions, SI units are adopted unless otherwise 

specified. 

3.1 Magnetism 
To classify magnetic materials into different types, the dependency of the magnetic induction 

(magnetic flux density) B on the magnetic field strength H may be considered. In vacuum the 

following equation applies: 

 HB 0 . (3.1)

In matter, equation (3.1) is modified by the magnetization M of the sample: 

  MHB  0 , (3.2)

µ0 denotes the magnetic permeability of vacuum. The magnetic induction B is then determined by 

the applied field H and the contribution from the magnetization M of the sample. The magnetization 

M is defined as the magnetic moment per unit volume. The magnetic susceptibility per unit volume 

is a dimensionless number, which is defined as [53]  

 
B

M0  . (3.3)

Magnetism is a complicated phenomenon. There are several phenomena that induce and/or modify 

the magnetic moment of a free atom: electron spin, electron orbital angular momentum and spin-

orbit coupling. Due to these different origins, magnetism is commonly categorized into five 
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different types: diamagnetism, paramagnetism, ferromagnetism, ferrimagnetism, and 

antiferromagnetism [53], all of which are shortly described below. Moreover, there is another type 

of magnetism called superparamagnetism, having both paramagnetic and ferromagnetic 

characteristics depending on the size of the magnetic object and the time scale of the measurement, 

which is a common property observed in nanoscale particles and in ferrofluids. 

Diamagnetism 

Diamagnetism is the weakest type of magnetic behavior. Diamagnetic materials are composed of 

atoms or molecules whose net electronic spin and orbital angular moments are zero, thereby 

possessing no permanent magnetic moment. However, magnetic moments can be induced by an 

external magnetic field, because the application of a magnetic field alters the motion of electrons 

from a random state to some directional ordering, thus producing a small net magnetization. 

According to Lenz’s law the induced magnetization opposes the applied magnetic field. According 

to predictions from both classical models and quantum mechanics, the diamagnetic susceptibility 

per unit volume can be written as: 

  2
2

0

6
r

m

NZe
 , (3.4)

in which e and m are the charge and mass of an electron, respectively, Z is the number of electrons 

per atom, N is the number of atoms per volume, and <r2> is the mean square distance of the 

electrons from the nucleus.  

In the case of diamagnetism, the magnetic susceptibility χ has a negative value. Its value is 

independent of the applied field and temperature and has a small absolute value [54]: 

 |χ| ≈ 10-5. (3.5)

The magnetization reduces to zero when the magnetic field is switched off. Diamagnetism is a 

property of all matter, but when other types of magnetism are present in a material, diamagnetism, 

due to its small value, is swamped by these other magnetic effects. Typical materials that are solely 

diamagnetic are materials with filled electron shells, like inert gases, noble metals, nonmetals, NaCl, 

and CH4. Superconductors actually show a susceptibility of -1 (the Meissner effect) and are known 

as ideal diamagnets [55]. 

Paramagnetism 

The classical explanation of paramagnetism is the presence of nonzero atomic magnetic moments, 

however, in zero magnetic field they are randomly oriented and thus do not show spontaneous 

magnetism on a macroscopic scale. In a magnetic field the torque on the moments tends to align 

them with the field. This alignment usually is not complete because of disruptions by thermal 
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motion. In an external magnetic field B, a system containing N atoms, with each atom carrying a 

constant magnetic moment μ but with negligible dipole-dipole interactions, will show the 

magnetization M in the form of a Langevin function L(α) [54]: 

 )(
1

coth 


 LNNM 





  , (3.6)

in which α = μB/kBT.  

Since at normal temperatures magnetic energies are extremely small compared to the thermal 

energy, μB << kBT, α is usually a very small number (< 10-2), and in this case L(α) ≈ α/3; therefore 

equation (3.6) can be written as  

 
Tk

BN
M

B3

2
 . (3.7)

The susceptibility χ depends on temperature, and it typically lies in the range of 10-4 ~ 10-3. 

Generally, the Curie Law applies: 

 
T

C

B

M
 0 , (3.8)

where C is a material-related constant known as the Curie constant.  

To explain the origin of the atomic moment, it is only possible with quantum mechanics. In 

quantum theory, the spin-orbit interaction can be calculated; the magnetic moment of an atom or 

ion in free space is given by [53] 

 Jg B  , (3.9)

where g is the Landé factor depending on the spin, orbital and the total angular momenta, 

represented by the corresponding quantum number S, L and J [53], 

 
)1(2

)1()1()1(
1





JJ

LLSSJJ
g . (3.10)

The Bohr magneton μB is defined as 

 
m

e
B 2


 , (3.11)

where e and m are a free electron’s charge and mass, and ħ is the Planck constant divided by 2π. μB 

is closely equal to the spin magnetic moment of a free electron [53]. 

After taking energy splitting of the system in a magnetic field into account, for N atoms per unit 

volume, the resultant magnetization is [53] 
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 . (3.12)
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For simplification, the effective number of Bohr magnetons of an atom or ion is often defined as 

[53] 

   2/1)1(  JJgeff . (3.13)

According to equation (3.12), the magnetization depends linearly on the applied magnetic field and 

reduces to zero upon removal of the field. The theory is very successful at explaining complex 

magnetic properties, such as in rare earth ions (Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, 

Er, Tm, Yb, Lu). However, the calculations behave poorly when trying to explain magnetism in 

transition metal elements (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, etc.), and the reason is given in the next 

paragraph. 

Ferromagnetism 

Distinguished from diamagnets and paramagnets, a ferromagnet has a spontaneous magnetic 

moment even in zero applied magnetic field. The existence of this spontaneous magnetization is 

due to the electron spins and the atomic magnetic moment arranging themselves in a regular 

manner. The reason for such parallel spin ordering is explained with an exchange integral, predicted 

by quantum theory. In a ferromagnetic system, the orbital moments L are said to be “quenched”, i.e. 

totally or partly extinguished. The effective number of Bohr magnetons is based only on the spin 

moment S [54]: 

   2/1)1(2  SSeff . (3.14)

The resulting exchange field can be treated as a magnetic field BE, the magnitude of which can be 

as high as 103 tesla. BE is proportional to the magnetization M:  

 MBE  , (3.15)

where λ is a temperature-independent constant. At elevated temperatures, the spin ordering and 

exchange coupling are interrupted. The Curie temperature Tc is defined as the temperature above 

which the spontaneous magnetization vanishes. At T < Tc, the magnet is in the ordered 

ferromagnetic phase; when T > Tc, it changes to the disordered paramagnetic phase. In the 

paramagnetic phase, an applied field Ba can induce a finite magnetization, thus the total field is the 

sum of applied field and the applied field, now the induced magnetization is: 

 )(0 Eap BBM   , (3.16)

where χp is the paramagnetic susceptibility. 

From equations (3.15) and (3.16), the Curie-Weiss law can be derived: 
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 , (3.17)
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which describes the magnetic susceptibility for ferromagnetism above the Curie temperature. Below 

the critical temperature Tc, the material exhibits ferromagnetic behavior. 

Ferromagnets contain magnetic domains within which the magnetic moments of individual atoms 

are all oriented in the same direction. When the domains are randomly oriented, the total magnetic 

moment of the ferromagnetic materials is zero. When the moments have a preferred orientation, the 

total moment is nonzero and the substance is “magnetized”. The magnetic domains are separated by 

domain walls. A domain wall represents an interfacial free energy cost, which competes with the 

energy stored in the magnetic field (“stray-field”) surrounding a sample with nonzero net 

magnetization. At large sample volumes the stray-field dominates and a multi-domain structure is 

formed. However, below a critical sample volume, the formation of domain walls is energetically 

no longer favorable; instead, the sample tends to contain only one domain and is called mono-

domain or single-domain. For most ferromagnetic materials, the critical diameter at which the 

multi-domain to single-domain transition occurs is very small, and for spherical ferromagnetic 

particles it is estimated to be below 20 nm [56]. 
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In an external magnetic field the total magnetic moment of a ferromagnetic material may increase. 

This is caused by two effects: firstly, by growth of domains with magnetic moments in the same 

direction as the magnetic field at the expense of their neighbors; the second effect is that magnetic 

dipoles in other domains will rotate towards the direction of the field. The magnetization behavior 

of a ferromagnetic material from an initial magnetization of zero to the saturation magnetization Ms 

at which all atomic magnetic moments are aligned with the applied field is given by the dashed line 

in Figure 3.1. Hysteresis is observed upon reduction of the magnetic field due to slow 

rearrangement of the magnetic domains (solid curve in Figure 3.1). At zero magnetic field a 

remanent magnetization Mr remains. The coercive field Hc is the field at which the net 

magnetization becomes zero again. 

Ferrimagnetism 

The lattice of a ferrimagnetic solid is made up of two ferromagnetic sublattices with anti-parallel 

magnetizations. [54] At temperatures below a critical temperature Tc, a non-vanishing total 

magnetization is measured. Examples of ferrimagnetic materials are ferrites with the general 

formula MO·Fe2O3, where M stands for Fe, Ni, Mn, Cu or Mg, and the name normally contains a 

certain element and “ferrite”; for example CoFe2O4 or CoO·Fe2O3 is called cobalt ferrite. A familiar 

example is magnetite (Fe3O4 or FeO·Fe2O3). Magnetite has the inverse spinel crystal structure, in 

which the tetrahedral sites are occupied by trivalent metal ions (Fe3+), while the octahedral sites are 

occupied half by divalent (Fe2+) and half by trivalent metal ions (Fe3+). Fe3+ ions are in a state with 

M

H

Mr

Hc

Ms

M

H

Mr

Hc

Ms

 

Figure 3.1: Hysteresis curve of a ferromagnetic material, with Ms denoting the saturation 

magnetization, Mr the remanent magnetization and Hc the coercive field. The arrows in the 

circles are indications of magnetic moment alignment at different magnetization states. 
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spin S = 5/2 and each ion should contribute 5μB to the net magnetic moment, while Fe2+ are S = 2 

and the contribution from each ion should be 4μB. However, the moments from Fe3+ ions are 

antiparallel to each other, and the observed moment arises solely from Fe2+ ions, as shown in Figure 

3.2. 

Suppose CA and CB are independent Curie constants for the ions on the tetrahedral and octahedral 

sites; the ferrimagnetic Curie temperature is given by [53] 

 2/1)( BAC CCT  . (3.18)

where μ is a constant. At T > Tc, the susceptibility can be described as [53] 
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 , (3.19)

which is more complicated than the Curie-Weiss law in equation (3.17). 

Properties of typical ferrites are summarized in Table 3.1. As we can see, due to the zero net 

magnetic moment, zinc ferrite is in fact an antiferromagnetic material, which is explained in the 

next paragraph. 

Antiferromagnetism 

Antiferromagnetism is a special case of ferrimagnetism in which the two ferromagnetic sublattices 

are magnetized equally in opposite directions; therefore, the total magnetization is zero even below 

Tc. The critical temperature below which antiferromagnetic ordering exists is called the Néel 

temperature TN. At T > TN an antiferromagnet behaves like a paramagnet, and the susceptibility can 

be written as [53] 

Tetrahedral
sites:

Octahedral
sites:

8 Fe3+

8 Fe3+
8 Fe2+

2

5
S 2STetrahedral

sites:

Octahedral
sites:

8 Fe3+

8 Fe3+
8 Fe2+

2

5
S 2S

 

Figure 3.2: Schematic drawing of spin conditions in a magnetite (Fe3O4) unit cell. The Fe3+ 

atoms occupying the octahedral sites cancel the moments of Fe3+ atoms in the tetrahedral 

sites, leaving only the moments of the Fe2+ ions contributing to the net magnetization. 
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2 . (3.20)

Typical antiferromagnetic crystals are MnO, FeO, NiO, Cr, FeCl2, and many other compounds. The 

essential difference among ferromagnetism, ferrimagnetism and antiferromagnetism can be 

sketched simply as in Figure 3.3. 

3.2 Anisotropy 
In a magnetic material, certain directions of the magnetization are energetically more favorable than 

others, even in zero applied field. This can be described by magnetic anisotropy.  There are three 

main types of anisotropy in magnetic structues [57]: 

i.  Magnetocrystalline anisotropy 

  ii.  Shape anisotropy 

  iii.  Surface (or interface) anisotropy 

Magnetocrystalline anisotropy  

There is magnetocrystalline anisotropy when magnetism occurs in a crystal. This is due to the fact 

that the atomic arrangements in crystals are not isotropic in every direction; therefore, the 

magnetization curves behave differently along different crystal orientations. The total energy of the 

magnetic crystal is minimum when the atomic magnetic moments align in particular 

crystallographic directions, and external energy is required to rotate to another direction.  

 Moment per ion (μB)  

Spinel 
Tetrahedral 

sites 
Octahedral 

sites 
Theoretical 
moment/μB

Measured 
moment/μB 

Tc 
(K) 

ZnO·Fe2O3 - 5 + 5 0 0 – 
CuO·Fe2O3 - 5 1 + 5 1 1.3 728 
NiO·Fe2O3 - 5 2 + 5 2 2.3 858 
CoO·Fe2O3 - 5 3 + 5 3 3.7 793 
FeO·Fe2O3 - 5 4 + 5 4 4.1 858 
MnO·Fe2O3 - 5 5 + 5 5 4.6 573 

 

Table 3.1. Properties of ferrites [54]. 
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For example, in a hexagonal close packed (hcp) lattice such as Co, if we define θ to be the angle 

between magnetization and the c axis, then the magnetocrystalline energy σcryst can be written as [53] 

  4
2

2
1 sinsin KKcryst  ; (3.21)

in a cubic lattice such as Fe (body-centered cubic, bcc) or Ni (face-centered cubic, fcc) [53], 
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11 )(  KKcryst  , (3.22)

α1, α2, α3 are the directional cosines of the magnetization relative to the cube axes, and K1 and K2 

are phenomenological anisotropy constants.  

Shape anisotropy 

Imagine a magnetic dipole is similar to an electric dipole. Dipoles always neutralize themselves as 

long as they are well organized with in a lattice. Shape anisotropy has its origin in the existence of 

demagnetizing fields arising from free poles on the surface. An isolated magnetic object has free 

magnetic charge on the surface (similar to electronic charge), which produces a magnetic field—

with the name demagnetizing field—opposite to the direction of the external field (Figure 3.4). The 

distribution of the free magnetic charges depends strongly on the shape of the magnetic object. 

The total magnetic field inside the magnetic object is 

 demagexti HHH  . (3.23)

The demagnetizing field Hdemag can be described by the demagnetizing factor N 

 MH Ndemag  , (3.24)

where M is the magnetization of the sample, and N is a geometrical tensor. The demagnetizing field 

tends to demagnetize the sample in order to lower the total energy of the object; thus, the net 

magnetic moment tends to lie in the direction having a smaller demagnetizing factor.  

N can be represented by a complex tensor for certain geometries, but for typical ones, N can be 

calculated to be diagonal or even degenerated into simple numbers due to the symmetry [54]. In the 

isotropic sphere in Figure 3.5 (a), Nx = Ny = Nz = 1/3, there is no shape anisotropy, and the 

a b ca b c

 

Figure 3.3: Schematic drawing of (a) ferromagnetism, (b) antiferromagnetism, and (c) 

ferrimagnetism. Arrows represent the magnetic moment arrangements. 
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magnetocrystalline anisotropy dominates. In (b), the sample is a thin film in which the thickness in 

the z dimension is far smaller than the x and y dimension, resulting in Nx = Ny = 0, Nz = 1; thus, the 

sample shape anisotropy forces the magnetization to orientate in the plane of the film. In (c) the 

sample is a 1D rod, resulting in Nx = Ny = ½, Nz = 0 [54]. 

Typical magnetocrystalline anisotropy constants (K1) are of the order of 105 J/m3, and the shape 

anisotropy in a thin film has the order of 106 J/m3. Therefore, in small samples such as thin films 

and non-spherical nanoparticles, shape anisotropy prevails over volume magnetocrystalline 

anisotropy. 

Interface (surface) anisotropy 

Interface and surface anisotropy exist because the atoms on the surface experience a different 

environment compared to bulk atoms. The breaking of symmetry changes the atomic orbital and the 

spin moments and affects the total anisotropy energy. The interface energy can either be positive or 

negative, depend on certain interfaces. For multilayer thin films and nanoparticles, surface 

anisotropy may be important due to the large surface-to-volume ratio.  

3.3 Superparamagnetism  
Superparamagnetism is not another kind of magnetic ordering, but a phenomenon by which 

ferromagnetic or ferrimagnetic materials may exhibit a behavior similar to paramagnetism even at 

temperatures below the Curie (Tc) or Néel (TN) temperature. This is observed in very small particles 

or crystallites (typically 1 – 10 nm in size). In this case, even when the temperature is below Tc or 

TN (and hence the thermal energy is not sufficient to overcome the coupling forces between 
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Figure 3.4: Sketch of demagnetizing field due to free magnetic “charge” distribution on the 

surface. 
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neighboring atomic magnetic moments), the thermal energy is sufficient to change the direction of 

magnetization of the entire crystallite. The resulting fluctuations in the direction of magnetization of 

each particle cause the overall magnetization of an ensemble of such particles to average to zero. 

Thus, the material behaves in a manner similar to paramagnetism, except that instead of each 

individual atom being independently influenced by an external magnetic field, the magnetic 

moment of the entire crystallite tends to align with the magnetic field. The energy required to 

change the direction of magnetization of a crystallite is called the crystalline anisotropy energy (for 

a definition see Section 3.2) and depends both on the material properties and the crystallite size. As 

the crystallite size decreases, so does the crystalline anisotropy energy, resulting in a decrease in the 

temperature at which the material becomes superparamagnetic. 

Superparamagnetism is also observed in ferrofluids, which are composed of nanoscale magnetic 

particles suspended in a carrier fluid. Although individual particles are ferromagnetic (or 

ferrimagnetic), ferrofluids do not display ferromagnetism, since they do not retain magnetization in 

the absence of an externally applied field. This is because particles are free to rotate in a liquid; 

therefore, the magnetization directions of all the magnetic particles are random, and the average in 

any direction is zero. In fact, ferrofluids display paramagnetism, but they are often referred to as 

being superparamagnetic due to their large initial magnetic susceptibility. 

3.4 Magnetization relaxation 
The magnetization of a magnetic system will adapt and approach equilibrium when the external 

magnetic field changes. This process is called magnetization relaxation. The relaxation is not 

instantaneous but a typical dynamic process that requires a characteristic time—known as the 
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Figure 3.5: Examples of simple geometrical shapes: (a) 3D sphere; (b) 2D thin film; (c) 1D rod. 
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relaxation time. Relaxation is an important property for understanding both solid-state magnetism 

and magnetic fluids.  

Generally speaking, there are two possible modes of magnetization rotation in magnetic fluids [3]. 

In the first type of relaxation, the magnetic moment of the particle is fixed with respect to the 

particle’s crystal lattice, no matter with or without an external field. The reason is due to sufficient 

magnetocrystalline anisotropy or shape anisotropy. This kind of particle is called magnetically hard, 

and the relaxation of magnetically hard particles is realized by rotation of the magnetic moment 

together with the whole particle. This process is the so-called Brownian relaxation, which is 

characterized by a relaxation time tB given by [3]:  

 
Tk

V
t

B
B

~3
 , (3.25)

where V
~

 is the hydrodynamic volume of the particle, i.e. including any surfactant layer, η is the 

dynamic viscosity of the carrier fluid, kB is the Boltzmann constant and T the temperature.  

On the other hand, the magnetic moment may rotate inside the particle—relative to the crystal 

lattice—if the thermal energy is high enough to overcome the anisotropic energy barrier of the 

magnetic material. This kind of particle is called magnetically weak, and the relaxation is called 

Néel relaxation. The relaxation time of the Néel process, tN, is given by the Néel-Arrhenius law [3],  

 ,exp1
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with f0 denoting the Larmor frequency (commonly taken to be ~ 109 s-1), K the anisotropy constant 

of the magnetic material, V the volume of the particle and kBT the thermal energy.  

In a magnetic fluid, both relaxation regimes can exist simultaneously, but the experimental 

relaxation behavior will be dominated by the process having the shorter relaxation time. As can be 

seen in equations (3.25) and (3.26), the relaxation time is extremely sensitive to the particle volume. 

But while tN increases exponentially with particle size, tB grows only linearly with the particle 

dimension. Thus, for small particles tN will be smaller than tB and the relaxation will take place by 

rotation of the moment inside the particle. Above a certain critical diameter, the particle becomes 

magnetically hard, and Brownian relaxation will dominate. This critical diameter depends on the 

viscosity of the carrier liquid, on the thickness of the surfactant layer and in particular on the 

magnitude of the anisotropy constant K. Some reported critical diameters of materials are given in 

the Table 3.2 [3]. Note that the critical diameter depends not only on the crystal anisotropy of the 

magnetic materials, but also on shape anisotropy arising from deviations from a perfectly spherical 

particle shape. 
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From the critical diameters calculated for various magnetic materials commonly used in the 

synthesis of ferrofluids, we can see that the anisotropy constant will not only be determined by the 

crystal anisotropy, but also shape anisotropies arising from deviations from the spherical shape have 

to be considered.  

Close to the critical diameter, relaxation takes place by a mixture of both processes, and an effective 

relaxation time teff can be used for the relevant particle diameter [58]:  
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 . (3.27)

In a real ferrofluid the situation becomes more complicated due to the relatively broad size 

distribution of particles, resulting in a situation in which a fraction of the particles relaxes mainly by 

the Néel process, while the remainder follows the Brownian process. 

 

 

 

 

Material 
K 

(kJ/m3)
dcrit (nm) 

(η = 10-2 Pa·s)
dcrit (nm) 

(η = 10-1 Pa·s) 

Fe3O4 14 18 19 
Fe3O4 with certain 
shape anisotropy 

28 14 15 

Co 485 5 6 
Fe 50 12 13 

CoO·Fe2O3 200 7 8 
Ba- Hexaferrite 70 10 11  

Table 3.2. Critical diameters for the transition from Néel to Brownian relaxation for various 

magnetic materials suspended in a carrier fluid of viscosity η = 10-2 or 10-1 Pa·s [3]. 
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4 Viscosity 
 

Chapter 4 

Viscosity 

 

A nanotube ferrofluid is a liquid suspension of magnetic nanotubes. After introducing the 

fundamentals in Chapter 2 (nanotubes) and Chapter 3 (magnetism), we turn our attention here to the 

rheological properties of nanotube ferrofluids, which are essential to understand the results on the 

magnetoviscosity of nanotube ferrofluids in the following chapters. In the next sections, we discuss 

the viscosity of simple fluids and complex fluids, the solid-like behavior of a liquid, and the 

characteristics of magnetoviscosity of a ferrofluid. 

4.1 Viscosity of fluids 
In general, a distinct difference between solids and fluids is the fact that a solid can resist a shear 

stress by a static deformation, while a fluid moves and deforms continuously as long as the shear 

stress is applied. Fluids exist in two classes: liquids and gases. In the framework of this thesis 

research, unless otherwise specified, the word fluid stands solely for a liquid. 

Suppose a fluid element is confined between two parallel plates, the lower of which is fixed and the 

upper plate moves steadily at velocity u, as shown in Figure 4.1. The fluid is under shear in the 

direction of the upper plate movement by a single constant shear stress τ. The shear strain angle δθ 

grows continuously with time as long as the stress τ is maintained. For common fluids, a linear 

relation holds between the applied shear stress and the resulting shear strain rate [59]: 

 
t

  . (4.1)
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From the geometry shown in Figure 4.1, we see that  
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 tan . (4.2)

When the changes are infinitesimal, the equation above can be written as a relation between the 

shear strain rate and the velocity gradient: 
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According to equations (4.1) and (4.3), the applied shear stress is proportional to the velocity 

gradient for common linear fluids. The constant of proportionality is called the viscosity coefficient 

η: 

  
dy

du

dt

d
. (4.4)

η has the dimensions of stress-time, which in SI units is pascal-seconds (Pa·s), also known as 

dynamic viscosity. When a layer of fluid with a viscosity of 1 Pa·s is confined between two plates in 

Figure 4.1, and if the upper plate is pulled with a shear stress of 1 Pa, it moves a distance equal to 

the layer thickness in one second. 

In this thesis, unless otherwise specified, all viscosities are dynamic viscosities, and the 

corresponding SI units are used. Sometimes, one encounters cgs physical units for dynamic 

viscosity, given as poise (P) or centipoise (cP). The relation to the SI units is 

                     1 P = 0.1 Pa·s, 1 cP = 1 mPa·s = 0.001 Pa·s. (4.5)
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Figure 4.1: A fluid element straining under shear stress τ. Adapted from the drawing by 

White [59].  
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In many situations, if the ratio of the viscous force to the inertial force (characterized by the fluid 

density ρ) is considered, a kinematic viscosity is defined as [59]: 

 

  , (4.6)

with the SI unit of ν being m2·s-1. The cgs physical unit for kinematic viscosity is the stokes (St) or 

centistokes (cSt), and the relation to SI units is 

                  1 St = 1 cm2·s-1 = 10-4 m2·s-1,      1 cSt = 1 mm2·s-1 = 10-6 m2·s-1. (4.7)

The viscosity of fluids is a true thermodynamic property and varies with temperature and pressure. 

Generally for liquids, it is customary in most engineering work to neglect the pressure variation 

[60]. Temperature, however, has a strong effect, normally with η increasing with T for gases and 

decreasing for liquids [60]. 

4.2 Newtonian and non-Newtonian fluids 
Fluids that follow the stress versus strain rate law in equation (4.4) are called Newtonian fluids, 

after Isaac Newton, who first postulated this resistance law in 1687. The constant of proportionality 

η is the viscosity of a Newtonian fluid, which depends only on temperature and pressure, not on the 

stresses acting upon it. Water, ethanol, sugar solutions, glycerin, silicone oils, light-hydrocarbon 

oils are Newtonian fluids, and they exemplify fluid properties no matter how fast and how strong 

they are stirred [60]. 

However, with most fluids, like polymers, food products and suspensions, their viscosity changes 

with the applied strain rate [59]. Such fluids are called non-Newtonian fluids. According to this 

definition, non-Newtonian fluids may not have a well-defined viscosity, and rheological 

measurements must be carried out on them at different shear rates. Non-Newtonian materials can be 

classified in several ways, depending on how they deviate from ideal behavior. Two main types of 

deviations from Newtonian behavior are show in Figure 4.2. A dilatant, or shear-thickening, fluid 

increases viscosity with increasing applied shear strain rate. On the other hand, a pseudoplastic, or 

shear-thinning, fluid decreases viscosity with increasing shear strain rate [59]. At low flow rates, 

molecules or small suspended particles with preferred conformations that are long and thin have 

effectively large cross-sections due to them tumbling in solution, but at high shear strain rates the 

molecules align with the flow, giving much smaller effective cross-sections and hence much lower 

viscosities [59]. More compact molecules are not so much affected by their orientation relative to 

the flow; hence, their viscosity changes little with the shear strain rate. 
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4.3 Viscoelasticity 
In the presence of an applied stress, viscous materials—like Newtonian fluids—increase shear 

strain linearly with time, while elastic materials will instantaneously show a time-independent strain 

with corresponding stress, and once the stress is removed, they quickly return to their original state. 

Many non-Newtonian fluids exhibit both viscous and elastic characteristics under mechanical load. 

The combined viscosity and elasticity in one material is called viscoelasticity [61]. With 

viscoelastic materials, the total strain caused by shear stress can be divided into two parts: under a 

constant force the elastic displacement remains constant whereas the viscous displacement 

continues steadily. The elastic part will immediately return to zero when the stress is removed, 

while the viscous part will show a time-dependent relaxation [61]. 
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Figure 4.2: Rheological behavior of Newtonian and non-Newtonian fluids. Adapted from the 

drawing by White [59]. 
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Figure 4.3: Phase relation lag between stress and strain. 
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A typical way to explore the viscoelasticity of a complex fluid without significantly deform the 

fluid’s microstructure is to impose small-amplitude oscillatory shearing. In this shearing mode, the 

applied shear stress τ(t) varies sinusoidally with time at a frequency ω (Figure 4.3). The induced 

shear strain amplitude is represented as γ0. The shear strain rate lags behind the changes in the stress 

by a phase angle Δφ. Stress and strain is totally in phase for an ideally elastic material (Δφ = 0, all 

energy stored in the material) and out of phase for an ideally viscous liquid (Δφ = 90°, all energy 

dissipated as heat). Viscoelastic materials lie between these two limits (0 < Δφ < 90°). In general, 

the periodically varying stress can be represented as 

  )cos()()sin()()( 0 tGtGt   , (4.8)

and the complex modulus G  is defined by: 

 G( )  G ( ) i G ( ) , (4.9)

where i is the imaginary unit and   denotes angular frequency ( 2  times the oscillation frequency 

f ). The first term on the right-hand side, )(G , is called the storage modulus, while the second 

term, )(G  , is referred to as the loss modulus. The storage modulus is a measure for the storage of 

elastic energy in the sample, whereas the loss modulus is proportional to the viscous dissipation of 

energy [61]. 

The complex dynamic viscosity *  is defined as [61] 

     i  
G( )
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, (4.10)

therefore,   
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Figure 4.4: Relationships of storage and loss moduli G  and G   for prototypical “liquid-

like” and “solid-like” materials. Adopted from a drawing by Larson [61]. 
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The storage and loss moduli G  and G   for “liquid-like” and “solid-like” fluids are shown in 

Figure 4.4. A solid-like material shows GG  , and G  is frequency independent [61]. For 

liquid-like fluids, the storage modulus is much smaller than the loss modulus, because very little 

energy can be stored compared to the heat dissipation, and G  scales with frequency as 2 , which 

only becomes pronounced in the high frequency range, whereas the loss modulus G   scales as   

[61]. 

4.4 Magnetoviscous effect 
The salient property of ferrofluids is that it is possible to manipulate their flow and physical 

properties by applying moderate magnetic fields. Among such physical properties, the change of 

ferrofluids’ viscous behavior in an applied magnetic field seems to be the most prominent effect, 

which attracts lots of research attention, ranging from experimental investigations to computer 

simulations. The strength of the magnetoviscous effect at a given magnetic field B can be expressed 

by the ratio 
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, (4.12)

in which 0  denotes the zero-field viscosity, and   stands for the viscosity at a certain magnetic 

field [3]. 

In 1969, Rosensweig et. al. reported the discovery of the change of viscosity of a magnetic fluid in 

a magnetic field [62], and theirs was the very first publication to discuss magnetoviscosity. 

Independently, McTague reported a similar concept in the same year with a highly diluted model 

system [63]. Two years later, a theoretical explanation for magnetoviscosity was published by 

Shliomis [8], who developed the concept of “rotational viscosity” to account for the 

magnetoviscous effect in highly diluted ferrofluids. 

Highly diluted ferrofluids 

In general, the technological potential of ferrofluids arises primarily from the coupling of 

nanoparticle dynamics to the hydrodynamics of the surrounding liquid. The magnetoviscosity of 

ferrofluids is one of the results of this coupling. In a highly diluted ferrofluid—typically containing 

no more than 0.05 vol.% of magnetic material—interactions of particles with each other are 

unlikely and can be neglected. When a suspension of magnetic nanoparticles is under the influence 
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of a shear flow, it is obvious that the particles will rotate in the flow with their axis of rotation 

parallel to the vorticity of the flow. 

Suppose the magnetic moment is fixed in the particle, i.e. the particle is magnetically hard; then the 

rotational torques transmitted to the suspended nanoparticles by viscous flow of the carrier fluid are 

opposed by the magnetic torques generated by the forces tending to align each nanoparticle 

magnetization along the direction of the external magnetic field. Because this torque counteracts the 

free rotation of the particle in the flow, macroscopically, an increase in the fluid’s viscosity will be 

observed. This model is called the rotational magnetoviscosity model, which was proposed and 

developed by Shliomis in 1972 [8]. The details of various theoretical approaches for rotational 

viscosity are beyond the scope of this work, but interested readers can refer to relevant publications 

[3, 8]. 

The rotational viscosity model is successful in explaining the behavior of highly diluted ferrofluids. 

However, Shliomis’ theory is only valid at vanishing shear rates. The shear-rate dependence of the 

magnetoviscous effect—a very important parameter for practical applications—has not yet been 

included.   

Concentrated ferrofluids 

Highly diluted ferrofluids offer a relatively easy single-particle model for theoretical studies, but the 

changes in viscosity, that are induced by the magnetic field are on the order of a few percent at most 

[63].  Such a small enhancement is not sufficient to lead to any technical application. In order to 

generate a technically relevant strength of field-induced viscosity, the concentration of magnetic 

particles must be increased, typically into the range of 1 vol.% to 10 vol.% of magnetic material. At 

such concentrations, particles will experience a considerable amount of interactions among 

themselves, and the Shliomis’ model is no longer valid. 

With increasing particle concentration, particle-particle interaction becomes more pronounced and 

may become the most significant parameter for magnetic changes in the fluid’s viscosity. The 

typical interactions between particles that may be taken into account are the Lennard-Jones 

potential Uij
LJ and the magnetic dipole-dipole interaction Uij

dip [64]: 
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where ε is the depth of Lennard-Jones potential well, σi and σj are the finite distance of zero 

potential of the rth and jth particle, respectively, with rij denoting the distance between them, and im


 

and jm


 being their vector form of dipole moment. ijr


is the distance vector.  

Despite the strong dipole-dipole interaction, when there is no external magnetic field, the particles 

are randomly oriented and not directional due to thermal fluctuation. The presence of a magnetic 

field leads to the dynamic formation of chain-like agglomerates of nanoparticles, which exert a 

much stronger rotational drag on the surrounding liquid than would the constituent nanoparticles 

suspended in isolation, as shown in Figure 4.5. This claim has been verified theoretically by 

computer simulations [64] as well as experimentally by cryo-TEM [10] and small-angle neutron 

scattering measurements [11,12]. However, the interactions between particles within each 

agglomerate are not very strong, and the particles are only loosely bound together. Assuming that 

the interaction forces holding the nanoparticles together are overcome by shear forces transmitted 

through the carrier liquid (Figure 4.5), the model can also account for the loss of magnetoviscosity 

under shear-flow conditions [65]. To suppress this shear-thinning effect, the strategy of this thesis 

project is to replace the small, spherical nanoparticles found in conventional ferrofluids with larger, 

tube-shaped magnetic particles. If this can be achieved, then one might expect the resulting 

ferrofluid to retain its field-induced viscosity enhancement even at high shear rates. Such a 

development promises not only to contribute to a better fundamental understanding of the 

magnetoviscous effect but also to open new areas of application for this novel class of magnetic 

nanocomposites. 
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Figure 4.5. Schematic drawing of the magnetoviscous effect and shear thinning. Blue curve: 

at zero shear rate, viscosity increases with increasing magnetic field, since the magnetic field 

induces the suspended particles to arrange into chain-like agglomerates; red curve: viscosity 

drops at high shear rates because the chain-like agglomerates are broken by shear forces.  
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5 Characterization techniques 
 

Chapter 5 

Characterization techniques 

In this chapter, the experimental methods used to characterize the thin films and nanostructures of 

this thesis work are summarized and explained. These methods include various imaging modes of 

electron microscopy, x-ray diffraction and magnetic characterization techniques, etc. From the 

information delivered by these methods, the morphology, elemental composition, phase transitions, 

crystallinity, optical properties and magnetic properties of the samples can be determined. 

5.1 Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) is the main technique used to resolve the structure and 

crystallinity of nanomaterials. Both the imaging mode and the diffraction mode can be applied, 

depending on the pathway of electrons, which can be controlled by the arrangement and settings of 

apertures and lenses. 

In a TEM instrument, a high-speed electron beam hits a sample that is thin enough (normally about 

10 to 100 nm) that electrons can pass through and be captured by a CCD camera. In common TEM 

imaging, sub-nanometer resolution can be reached. With high-resolution TEM (HRTEM), the 

magnification is larger so that atomic distances can be resolved, but this normally requires the help 

of model systems and simulation of the electron-beam phase contrast [66]. The common mode of 

TEM is the bright-field (BF) imaging mode, where the (000) transmitted beam contributes to the 

image. In this mode, image contrast arises from occlusion and absorption of electrons in the sample. 

Thicker regions or regions with a higher atomic number will appear darker than other regions, due 

to stronger scattering and absorption of the electrons. In the dark-field (DF) imaging mode, the (000) 

beam is excluded, and diffraction contrast contributes solely to the image. Therefore, DF 

configuration is normally used for low-resolution purposes, but with a clear contrast indicating 

different crystal orientations, grain boundaries and defects [66]. In the scanning transmission 
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electron microscope (STEM) mode equipped with a high-angle annular dark-field detector 

(HAADF), it is possible to form atomic resolution images in which the contrast is directly related to 

the atomic number. Compared with DF TEM images, which are usually formed by permitting only 

a fraction of the scattered electrons to enter the objective aperture, STEM images are acquired by 

collecting most of the scattered electrons on the HAADF detector; therefore, STEM images are less 

noisy and have better resolution than DF TEM images. Compared to BF HRTEM, which uses 

phase-contrast, STEM produces simple and direct results that do not require complicated 

interpretation by simulation of a model system [66].  

In the diffraction mode, Bragg diffractions are expected because the electrons have a well-defined 

wavelength. When hitting a crystalline specimen, the incident electron wave will interact with the 

crystal lattice; as a result, electrons are scattered by certain crystal planes. By measuring the 

selected area electron diffraction (SAED) pattern, crystallographic characteristics, such as lattice 

parameter and symmetry, can be determined with high precision. 

Conventional TEM was performed in a Philips EM 301 TEM at an accelerating voltage of 80 kV. 

High-resolution TEM images and selective area diffraction patterns were acquired at an FEI Titan 

80-300 TEM (300 kV operating voltage, equipped with a Cs imaging corrector from CEOS GmbH 

for HRTEM and a Fischione HAADF detector for STEM). 

 

Figure 5.1: Two-dimensional slices taken through a 3D reconstruction of a tomographic scan. 

The locations of the section can be chosen arbitrarily.  
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5.2 Electron tomography 
Three-dimensional (3D) structures of nanotubes were resolved with the help of electron 

tomography (ET). Unlike the well-known CT technique used in medical care, which utilizes x-rays 

to penetrate the sample and generate projection images, ET makes use of electrons in the TEM 

device. The basic principle of tomography is shown in Figure 5.1. A 3D object can be reconstructed 

from 2D projections in different directions, which can than be examinded along arbitrarily chosen 

planes (sections) (Figure 5.1). Besides electrons and x-rays, γ-rays and ions can also be used for 

tomographic imaging. Due to the advantage of the ability to focus electrons into a small beam, the 

combination of ET with an existing TEM is an ideal tool for 3D structure determination of 

nanomaterials with high spatial resolution [67]. In TEM, both BF and DF operation modes are 

possible for ET. The use of BF TEM for tomography is often affected by Bragg contributions, 

which makes it very difficult to interpret the phase-dominated contrast [67]. However, combining 

DF STEM mode with a HAADF detector can be used to avoid Bragg contributions. In this 

technique, a high angle annular aperture excludes the central beam and all electrons scattered up to 

a certain angle from imaging; thus, a mass-thickness contrast is generated that depends 

exponentially on sample thickness. 

Tomography projection series were obtained using an FEI Titan 80 – 300 TEM (300 kV operation 

voltage) equipped with a Cs corrector (CETCOR, CEOS GmbH, Germany) and an HAADF 

detector for STEM (Fischione Inc.). In total, 77 tomograms were recorded using automatic routines 

(FEI software XPlore 3D) with a linear tilt scheme of 2° steps in a range from -76° to +76°. 

Tomogram alignment was performed within the IMOD software package [68] by feature tracking 

using gold nanoparticles as position markers [69]. In order to minimize errors, tracking correction 

was applied iteratively until the pixel shifts were reduced less than 0.3 pixel. For reconstruction, the 

SIRT algorithm of the Inspect 3D (FEI company) tomography software was used. Reconstructed 

3D images were visualized within Avizo software (TSG, Inc.) [70]. 

5.3 Scanning electron microscopy (SEM) 
The scanning electron microscope (SEM) is a type of electron microscope capable of producing 

high-resolution images of a sample surface. A sketch of the electron beam path is shown in Figure 

5.2. SEM can have several imaging modes, such as secondary electron mode, back-scattered 

electron mode, Auger electron mode, x-ray analytic mode, and so on [71]. The spatial resolution of 

SEM depends on the size of the electron spot. In advanced systems, a field-emission (FE) gun is 
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used to produce sharp electron beams with high current and high coherency, thus achieving much 

higher magnification with better image quality. Because the incoming beam interacts with a much 

bigger sample volume—from several hundreds of nanometers up to micrometers—compared to the 

distances between atoms, and different from TEM, the information are obtained from secondary 

electrons or backscattered electrons from the whole information volume, the resolution of SEM is 

not high enough to reach the atomic scale. The highest spatial resolution of a FE-SEM is typically 1 

nm – 20 nm, depending on the individual instrument and properties of the sample itself. However, 

SEM has compensating advantages, including the ability to quickly image a comparatively large 

area of the specimen and simple sample preparation procedures. 

In this thesis work, all SEM images were obtained using a LEO 1550 FE-SEM (Carl Zeiss AG). 

The electron beam spot size can be as low as 2 nm, and the acceleration voltage ranges from 0 to 30 

kV. For non-conductive samples such as Al2O3, a transparent thin layer of amorphous carbon (~ 5 

nm) is usually evaporated on the surface before transferring into the SEM chamber, in order to 

avoid accumulation of negative charge on the sample, which severely harms the image quality. In 

our laboratories, the evaporation process was usually performed using a BAL-TEC™ MCS 010 

evaporation system. 
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Figure 5.2: Schematic view of a scanning electron microscope (SEM). 
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5.4 Energy-dispersive x-ray spectroscopy (EDX) 
Energy-dispersive x-ray spectroscopy (EDX or EDS) is a method used to determine the energy 

spectrum of x-ray radiation. It is a technique used for identifying the elemental composition of a 

specimen. During EDX analysis, the specimen is bombarded with an electron beam inside an SEM. 

The bombarding electrons collide with the specimen atom’s own electrons, knocking some of them 

out of bound states. A vacant position in an inner-shell orbit is eventually occupied by a higher-

energy electron from an outer shell, which, meanwhile, gives up some of its energy by emitting an 

x-ray quantum. The amount of energy released during this process depends solely on the atomic 

type. An EDX spectrum normally does not depend on the atom’s valence bond, since most of the x-

rays are generated by electron transfer within inner shells (Figure 5.3). By measuring the 

wavelengths of energy present in the x-rays being released by a specimen during electron-beam 

bombardment, the identity of the atoms in the sample can be determined. 

The x-rays are generated from the sample surface up to 2 µm in depth, depending on the energy of 

the electron beam and the material of the specimen, [71] and thus EDX is not a true surface-

sensitive technique. An EDX spectrum normally displays peaks corresponding to the energy levels 

for which the most x-rays have been received. As shown in Figure 5.3, normally Kα, Kβ, Kγ, Lα, Lβ 

and Mα transitions can be observed. 

In this work, the EDX analysis system works as an integrated feature of the SEM. 
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Figure 5.3: left: EDX geometry; right: emission lines arising from transitions between 

electron energy levels of an atom. 
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5.5 X-ray diffraction (XRD) 
The x-ray diffraction (XRD) phase analysis of samples was carried out on a Philips X’Pert Pro x-

ray diffraction system with Bragg-Brentano θ-2θ geometry (Figure 5.4, left). 

For crystalline materials, the interplanar spacing of an array of atomic planes can be calculated from 

the Bragg equation: 

  sin2d , (5.1)

where θ is half of the angle between the incident and diffracted beams, and λ is the wavelength of 

the x-ray radiation (Figure 5.4, right). 

The x-ray generator of our diffractometer is a high-power ceramic diffraction tube with cobalt 

anode, operated at a working power of 1.4 kW (40 kV, 35 mA). Diffraction scans were generated 

by Kα x-rays, the wavelengths of which are 1.789 Å (Kα1) and 1.793 Å (Kα2). The position-

sensitive X’Celerator detector which is an ultra-fast x-ray detector based on RTMS (Real Time 

Multiple Strip) technology. This technology operates as if there were an array of over a hundred 

detectors spread over an angular range of 2.1° (2θ), simultaneously collecting data without any 

compromise in resolution. The diffractometer has the possibility to integrate a specimen-containing 

vacuum oven (mri Physikalische Geräte GmbH, Karlsruhe, Germany) at a base pressure of 10-6 

mbar in order to study thermally induced phase transformations in situ. 

5.6 X-ray reflectometry (XRR) 
The operation mode of grazing-angle incidence x-ray reflectivity (XRR) is the θ-2θ geometry, 

similar to the arrangement shown in Figure 5.4, but the intensity of the monochromatic x-ray beam 

reflected by a sample is recorded at grazing angles. Since the refractive index of x-rays in all 
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Figure 5.4: left: XRD geometry; right: Bragg condition. 
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materials is slightly less than 1, a beam in air impinging on a flat surface will be totally reflected at 

a critical angle θc, and this critical angle for total reflection is extremely small. For most materials it 

can only be observed at grazing angles of incidence below 0.3°. Above θc the reflections from layer 

interfaces interfere with each other and lead to interference fringes, which can be analyzed using the 

classical theory (Fresnel equations). Using mathematical models, the film density can be 

determined from the value of θc, and the period and intensity of reflection fringes are related to the 

thickness and the roughness of the layer. At even larger angles, the reflectivity decreases very 

rapidly due to strong absorption of x-rays during increasing penetration into the material, therefore, 

the typical range for XRR measurements is 0° < θ < 4°.  

XRR measurements were carried out using a Siemens D5000 diffractometer with Cu Kα radiation. 

The x-ray generator is fixed in place while the detector rotates twice as fast as the sample. The 

measurement curves were simulated using software from the instrument manufacturer, as shown in 

Figure 5.5. The theory of XRR is beyond the scope of this thesis work, but interested readers can 

refer to a very good book written by Daillant and Gibaud [72]. One point worth mentioning is that 

at grazing incidence, the footprint size of the incident beam can be much bigger than the sample, 

and it changes abruptly with increasing 2θ, eventually becoming smaller than the sample; 

consequently, a geometrical correction of the illuminated area had to be taken into account in order 

to describe the real measurement well.  

A thin-film sample consisting of an Fe2O3 layer on a silicon substrate is characterized by XRR in 
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Figure 5.5: XRR measurements and simulations of Fe2O3 film—deposited via ALD—on 

single-crystalline silicon wafer. Black curve: measured intensity; blue curve: simulated 

without taking into account the size of the x-ray footprint; red curve: simulated result that 

considers the size effect of the x-ray footprint. Total reflection is observed to occur below θc 

= 0.215°.  
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Figure 5.5. From the theoretical simulation (blue curve, which assumes the sample to be infinitely 

large), the critical angle can be determined to be θc = 0.215°. The simulated model shows that the 

film thickness is 10.5 nm with a top roughness of 0.6 nm; the density of the deposited Fe2O3 film is 

4.84 g/cm3, which is slightly lower than the bulk crystalline value of 5.24 g/cm3 [73]. The reason 

for this may be attributed to the amorphous nature of ALD deposition, which leads to dangling 

bonds and defects inside the atomic lattice. 

5.7 Ellipsometry 
Reflection ellipsometry (EL X-01R) is one of the methods used to characterize the thickness of the 

oxide thin films grown by ALD. 

A HeNe laser source (632.8 nm) is used to generate a light beam, which passes through a linear 

polarizer before been reflected from the thin film surface. The polarized light has two sinusoidally-

oscillating components: a p component parallel to the plane of incidence and an s component 

perpendicular to the plane of incidence. When the linearly polarized light reflects from a medium 

with a certain refractive index, the p and s components undergo different phase shifts; therefore, 

after the reflection, the beam is normally elliptically polarized, and detected by a photomultiplier. 

The two components of reflectivity are written as rp and rs, and ellipsometry measures the complex 

reflection coefficient (κ), which is the ratio of rp and rs [74]: 
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in which tan(ψ) is the amplitude ratio upon reflection, and Δ is the phase shift. Ellipsometry does 

not directly measure the parameters of the sample; rather, a model analysis must be performed in 
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Figure 5.6: Experimental arrangement in ellipsometry. 
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order to derive the optical constants and thickness parameters of the sample from the calculated ψ 

and Δ values. All measurements were carried out with a simulation program provided by the 

instrument manufacturer (DRE-Dr. Riss Ellipsometerbau GmbH, Ratzeburg, Germany).  

 

5.8 Vibrating sample magnetometer (VSM) 
Experimental investigations of the magnetic hysteresis of samples were performed using a vibrating 

sample magnetometer (VSM, Lakeshore™). The VSM is schematically shown in Figure 5.7. In this 

instrument the magnetic field is controlled by an electromagnet. This magnetic field magnetizes the 

sample, which is vibrated up and down at a relatively high frequency. The magnetized sample 

creates a flux in the pick-up coils, where a voltage is induced due to changes of flux caused by the 

sample vibration. The applied magnetic field could be varied between 0 and 1.9 T, and the 

sensitivity is 10-6 emu. All measurements were performed under ambient conditions. 

5.9 SQUID magnetometry 
The superconducting quantum interference device (SQUID) is regarded as one of the most sensitive 

magnetometers used to measure extremely weak magnetic fields with very high resolution and 

accuracy. The basic setup of a SQUID is similar to that of a VSM but with a combination of 
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Figure 5.7 : Sketch of a VSM. 
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superconducting loops and Josephson junctions, as shown in Figure 5.8. The working principle of 

the SQUID is beyond the scope of this thesis; interested readers should consult Ref. [75].  

The SQUID system used in this thesis work is a Quantum Design MPMS2 at temperatures between 

5 K and 300 K in a magnetic field up to 5 T. The absolute resolution can reach 5 × 10-8 emu. In all 

SQUID magnetization isotherm measurements, the background signal was subtracted from the 

measured values. 

5.10  Piezoelectric-membrane axial vibrator (PMAV) 
Rheological properties of complex fluids, such as suspensions of colloidal particles or polymer 

solutions, give important information about the microstructure and the dynamics of these systems. 

Most materials manifest complex behavior and their mechanical properties depend on temperature 

as well as on time or frequency, and they may become nonlinear at higher deformations or stresses. 

This is caused by their microstructures and the possible motions within them. Recently, a new 

device named “piezoelectric-membrane axial vibrator” (PMAV) was developed by Prof. W. 

Pechhold (Institut für dynamische Materialprüfung, Ulm) to measure the rheological properties of 

magnetic fluids. The general theory of the working principle of the PMAV—“squeeze flow”— is 

well developed in standard textbooks on rheology [59–61], and the theory of the PMAV has already 

been presented in the work of Kirschenmann [76].  

The PMAV, consisting of a pair of yokes, is attached to a rigid base and surrounded by a magnetic 

coil, as shown in Figure 5.9. The gap between the yokes can be adjusted from about 50 µm to the 
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Figure 5.9: Sketch of the PMAV with its axially vibrating piezoelements and gap between 

two flat surfaces, which establish the squeeze flow. 
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millimeter range by adding thin stainless steel spacer foils of well-defined thickness. The narrow 

gap is designed for the characterization of sample volumes as small as 50 µl. The sample is placed 

in the air gap between the cores of the yokes, which are covered by smooth thin glass plates (ϕ = 20 

mm). The lower plate that holds the sample is connected to eight piezoelements. The motion of the 

piezoelements is controlled by a programmable lock-in amplifier (SR850 DSP lock-in amplifier, 

Stanford Research Systems). Four of the elements are used to generate the excitation signal of 

desired frequency (8 to 200 Hz); thus, the lower plate can oscillate at this frequency with 

approximately 5 nm amplitude in the vertical direction. The liquid sample in the gap will 

experience a squeeze flow. The other four piezoelements act as sensors, which detect the response 

of the system and feed it back to the read-out ports of the lock-in amplifier. The sample response is 

converted into the complex modulus G*—often written in the form of equation (4.9)—which is 

used for the calculation of the complex dynamic viscosity *  (equations (4.10) and (4.11)). The 

contribution of the plates is excluded by an empty measurement. By means of an electromagnetic 

coil, the sample can be subjected to axial magnetic fields as strong as 110 mT. Unless otherwise 

specified, the temperature of the sample is controlled by a thermostat at 20°C ± 0.3°C, and an air-

tight compartment was constructed to enclose the PMAV measuring system in order to prevent 

water from condensing on the system and spoiling the sample. The reproducibility of the viscosity 

measurements made with this apparatus was found to be better than 0.3 mPa·s. 

For calibration purposes, the frequency-dependent viscosity of a commercial ferrofluid (SusTech 

LCE-25, SusTech GmbH, Germany) was measured in the PMAV and compared to values obtained 

from a much larger volume of the same sample by conventional cone/plate viscometry. As 

illustrated in Figure 5.10, the smooth cross-over between the two data sets between 6 and 10 Hz 

indicates that the PMAV is capable of delivering quantitatively accurate viscosity data for 

ferrofluids. Moreover, from the agreement between steady-state viscosity and dynamic 

measurements shows that the empirical “Cox-Merz rule” holds [77], which relates the linear 

dynamic moduli as functions of frequency to the steady shear flow viscosity as a function of shear 

rate. 
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Diethylene glycol (DEG) is an interesting solvent, and it mixes easily with water at any volume 

ratio. The physical properties of such mixtures—such as dynamic viscosity—are important for 

engineering applications like dehydration processes and air conditioning systems. In my thesis work, 

the aqueous solutions of DEG were used for calibrating the PMAV, and as a carrier solvent for 

nanoparticle suspensions in the studies of Chapter 6 and 8. In Figure 5.11 a DEG/H2O mixture with 

a volume ratio 7:3 is characterized in the PMAV, and its dynamic viscosity at 20°C in the 

frequency range from 8 to 200 Hz is plotted. The liquid is Newtonian and has a constant viscosity 

around 12 mPa·s. This result is in good agreement with a previous study, in which a conventional 

Cannon-Fenske viscomiter was used to determine the viscosity of the same sample, and the value 

was found to be 12.597 mPa·s [78]. 

 

Figure 5.10: Viscosity of SusTech LCE-25 

ferrofluid plotted as a function of shear rate 

(cone/plate rheometer) or frequency (PMAV) 

in zero applied magnetic field. Solid curve is a 

guide to the eye. 

Figure 5.11: Dynamic viscosity of a 

diethylene glycol (DEG) and water mixture at 

a volume ratio of 7:3 in the frequency range 

from 8 to 200 Hz. Solid curve is a guide to 

the eye. 
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6 Tobacco mosaic virus (TMV) as a 
positive scaffold for ferrofluids 

Chapter 6 

Tobacco mosaic virus (TMV) as a 

positive scaffold for ferrofluids 

As already specified in the introduction, the first step to realize a “nanotube ferrofluid” is to seek a 

proper template. The desired template should fulfill the following requirements: be tube-like, well-

defined in shape and size, mechanically and chemically stable for successive deposition processes, 

able to be harvested in a large quantity at a reasonable cost, and optimally, the length should be able 

to be accurately varied. Moreover, there are additional advantages if the template already has 

specific surface functional groups, which can serve to make the subsequent scaffolding processes 

straightforward. Among all such templates, the Tobacco mosaic virus (TMV)—a biotemplate that 

exists in nature—proved to be an ideal candidate.  

In this chapter, TMV—in its natural form or genetically engineered to express specific surface 

chemistries and lengths—is exploited as a template for the electroless deposition (ELD) of 

nanosized clusters of nickel and as a scaffold for magnetic particles in a conventional ferrofluid. 

6.1 TMV and its preparation  
TMV is a biomolecule complex that forms naturally in the shape of a 300 nm-long nanotube with 

outer and inner diameters of 18 nm and 4 nm, respectively. The virus is widespread in different 

plant species (and in most types of cigarettes!) and accumulates to high concentrations. It does not 

infect animals and people, so it can easily be handled in a laboratory without the precautions 

necessary for highly infective and mammal-harming bacteria, viruses or prions. Each TMV particle 

consists of 2130 identical coat protein (CP) subunits that self-assemble around a strand of RNA, 

either during plant cell infection or in vitro under chemically controlled conditions [34,79]. The 

structure of TMV and its physicochemical properties are well understood [33,35]. By modifying the 
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length of the encapsidated RNA strand, one can tailor the aspect ratio of the resulting artificial non-

infectious TMV-like particles to values larger or smaller than that of natural TMV [80]; likewise, 

genetic engineering techniques make it possible to modify the CP subunits themselves, enabling 

TMV variants to be prepared with altered surface chemistries [81-83]. Compared to other 

bioorganic particles, TMV is unusually stable, withstanding pH values from below 3 to 9 and 

temperatures up to 80°C [31,84]. An increase in pH leads to disassembly of the particles and ends 

with a complete separation of RNA and proteins around pH 10.5; the increase of acidity leads to 

disassembly and to complete separation of RNA and protein at pH 2.8 – 3. Low temperatures do not 

harm TMV: the virus can be stored in a deep frozen state for a very long time, and it can still infect 

plants after thawing. Even at room temperature in dry form, TMV can be stored for at least 40 years 

[31]. 

Owing to these properties, TMV has become a popular subject of nanotechnological 

experimentation, serving as a template for the directed deposition of metals [30-32,36,37], as a 

vessel for controlled chemical reactions [85] and as a building block for the assembly of three-

dimensional nanoarrays [82,86,87]. In one study [88], TMV particles were even deliberately 

introduced into a ferrofluid, and a parallel alignment of a large number of TMV particles was 

realized by applying a magnetic field to the TMV/ferrofluid sample. 

6.1.1 TMV preparation  

TMV particles were purified from systemically infected tobacco plants (Nicotiana tabacum cv 

Samsun nn) as described in Ref. [89]. TMV particles all carry an anisotropic shape, as show in 

 

Figure 6.1: TEM micrographs of natural TMV particles. The TMV particles were stained 

with uranyl acetate in order to increase the image contrast. Scale bar: 100 nm. 
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Figure 6.1. The virion concentration was determined by UV spectrophotometry and by SDS-

polyacrylamide gel electrophoresis. Aliquots containing 10, 20, 30, 45 or 90 µg TMV in sodium 

potassium phosphate buffer (10 mM, pH 7.2) were dialyzed against H2O using Slide-a-Lyzer MINI 

dialysis units (Pierce) for 2 h at room temperature. Subsequently, the solutions were frozen in liquid 

nitrogen and freeze-dried for 4 days. TMV-like tubes with different aspect ratios were synthesized 

in vitro, using three different types of RNA governing the length of the products obtained via self-

assembly reactions. Applying a procedure described in detail elsewhere [80], TMV-like nanotubes 

were generated in distinct size ranges, with predominant lengths of about 300 nm (with RNA of 

6395 nucleotides [nt]), 170 nm (with RNA of 3651 nt) and 90 nm (with RNA of 1860 nt), 

respectively. Additionally, ferrofluids containing two kinds of genetically engineered TMV variants 

of altered protein shells—LCE-25/TMVLys and LCE-25/TMVCys both about 300 nm in length—

were prepared using RNA of 6395 nt. The particles of TMV variant TMVLys expose one additional 

lysine residue on the outer surface of each CP subunit (i.e. ~2300 lysine residues per particle). 

Lysine harbors a protonated amino function under the conditions employed in this study; 

consequently, this TMV variant carries a more positive surface charge than natural TMV. In 

contrast, TMVCys exposes one cysteine residue per CP subunit, the thiol function of which is not 

expected to modify the surface charge in LCE-25 ferrofluid to a major extent. 

6.1.2 TMV/ferrofluid mixture 

A commercially available ferrofluid—LCE-25 (SusTech GmbH, Darmstadt, Germany)—which 

consists of cobalt ferrite (CoFe2O4) nanospheres (ϕ 10–18), was adopted in this thesis. Mixtures of 

TMV particles and conventional ferrofluids were prepared by adding the appropriate amount of 

diluted LCE-25 ferrofluid to a vial containing TMV powder to obtain the desired final TMV 

concentration. The resulting LCE-25/TMV mixture was subjected to an ultrasonic bath for 5 min to 

ensure a homogeneous dispersion of TMV particles in the carrier fluid. 

6.2 Electroless deposition (ELD) of Ni on TMV  

6.2.1 Electroless deposition 

Electroless deposition (ELD) is an autocatalytic redox chemical process in which metal ions are 

reduced to metal at the surface of a sample (mainly at the solid/liquid interface) [41,90]. In contrast 

to electroplating (or galvanic deposition), this process occurs in the absence of an external current 

source. In ELD the electrons come from the reductants, which behave as an anion, and the cation of 

the metal to be deposited is reduced by receiving electrons from the catalyst surface or already-
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reduced metal surface. One important advantage of ELD is the ability to metallize non-conductive 

surfaces (e.g. plastics, ceramics, or other insulating substrates). The ELD process generally takes 

place only on catalytically active metal surfaces, which means non-catalytic surfaces need to be 

coated with catalytically active centers, such as noble metal particles. This first step is the so-called 

activation (or sensitization) step (Figure 6.2). The focus in this thesis is mainly concentrated on 

autocatalytic ELD metals, where the plated metal catalyzes its own deposition.  

The pure TMV surface is non-catalytic; therefore, activation is a necessary procedure in this case. 

The noble metal ion used in this thesis was palladium (Pd), but a reductant need not be present in 

the activation solution, as the reduction of palladium can be carried out during the following step. 

The activation of a nonconductive surface can be written as Pd2+ → Pd2+
ads . 

The second step is “separation” (Figure 6.2), which aims to remove the excess palladium ions—i.e. 

those not adsorbed on TMV—from the activation solution. The adsorbed palladium is retained, but 

the excess amount is washed away in order to avoid the later deposition directly on Pd suspended in 

solution rather than located on the surface to be plated. 

After the preparation steps, ELD can be started (Figure 6.2). Among many kinds of metals and even 

alloys have been well established [91], nickel was selected as the desired material in this thesis 

work. The reductant used was dimethylamine borane (DMAB, with chemical formula 

(CH3)2NH3·BH3). The basic principle of the ELD process on TMV surfaces is shown in Figure 6.3. 

Owing to the coalescence of Ni clusters, it can be a challenge to achieve a smooth coating of the 

virion, especially at the nanometer scale. Several deposition processes have been developed that 

reproducibly result in clusters some tens of nanometers in diameter [31,92,93]. In this case, parts of 

the viral surface remain exposed to the bath. The colloidal properties of the virion are at least 

partially retained, which can be advantageous when re-suspending the coated virus particles in other 

liquids. Moreover, some solid-state properties (optical and magnetic) are better defined for clusters 

than for layers. For this reason, our metallization efforts were not restricted to only those promising 

a smooth coating of virus particles. 

 

 

Activation Separation Electroless DepositionActivation Separation Electroless Deposition
 

Figure 6.2: Flow chart of electroless deposition. 
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6.2.2 Experimental details for TMV metallization 

First of all, as described in Section 6.1, TMV was extracted from infected tobacco plants and stored 

in a 0.01 M sodium-potassium phosphate buffer solution by Priv.-Doz. Dr. Christina Wege and her 

staff in the Department of Molecular Biology and Plant Virology at the Universität Stuttgart. The 

solution was adjusted to pH 7.2 and kept at 4°C. 

The concentration of TMV in the original solution was 6 – 7 mg/ml, but it was diluted 10 times 

with water before performing each experiment. A 30 minute-long dialysis (15 min  2, meaning 

that the dialysis water bath was changed every 15 minutes) of the diluted solution was carried out in 

order to remove the buffer. A complete removal of the sodium-potassium phosphate leads to 

deposition of nickel inside the TMV channel rather than on the exterior surface of the virus [31]; for 

this reason, a dialysis time was chosen that leaves some sodium-potassium phosphate in the 

solution. The equipment utilized for the dialysis was a Slide-A-Lyzer® Mini dialysis unit, which is a 
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Figure 6.3: Overview of electroless deposition. (1) Pd2+ ions attach to the outer surface of 

TMV, and excess palladium ions are removed afterwards by dialysis (not shown). (2) Ni2+ 

ions are introduced to the palladium-activated TMV surface, and the metallization bath also 

contains a reductant, which reduces Pd(II) to Pd(0). (3) The reductant reduces Ni(II) to Ni(0) 

at the surface of the Pd clusters, with the reductant itself being oxidized. The electrons for the 

redox process are transferred through the Pd. (4) The surface of TMV is deposited with Ni 

clusters around a Pd core. The drawing is adopted from Ref. [91]. 
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disposable dialysis cup made of polypropylene and regenerated cellulose. It is used to separate 

sample components based on selective diffusion across a porous membrane. 

Water was purified with a Milipore™ apparatus such that it showed a resistivity of at least 18 

MΩ·cm. All glassware was cleaned overnight in piranha solution. All metallization experiments 

were performed in air and at room temperature, unless otherwise noted. A pH meter with a flat 

membrane-shaped electrode was used to examine the pH value (SenTix® PLUS, WTW). The 

chemicals used are listed in Table 6.1. 

 
As described in Section 6.2.1, the ELD process can be divided into the following three steps: 

1. Activation: before metallization can occur, the TMV surface must be subjected to an activation 

treatment. The viruses were activated by adding a freshly prepared solution of 1.36 mM Na2PdCl4·x 

H2O (x ≈ 3) and 1 M NaCl to an equal volume of the 0.6 – 0.7 mg/ml suspension of TMV. The 

places where Ni can grow during the later metallization step were limited to locations where Pd was 

attached during activation, because Pd acts as catalyst. The pH value used mostly during the 

experiments described in this thesis was 6.5, and the activation time was usually 4 hours. 

2. Separation: most of the Pd2+ ions that do not attach to the TMV surface during activation were 

removed using a dialysis unit with a semi-permeable membrane. Otherwise, if there are any 

unattached Pd particles present in the solution, Ni may grow on those particles. The standard 

dialysis time during the separation step was 1 hour (30 min  2, meaning that the dialysis water 

bath was changed every 30 minutes). If we assume that no TMV particles were lost during dialysis, 

then the concentration of activated TMV after dialysis was 0.3 mg/ml. 

3. Metallization: The standard metallization bath contained 0.18 M Ni(CH3COO)2·4 H2O, 0.23 M 

lactic acid and 0.034 M DMAB. Lactic acid is present to prevent the formation of the nickel 

complex Ni(OH)2. Then, a 2 M NaOH solution was added to adjust the pH value of the 

Na2PdCl4·x H2O (x≈3) Alfa Aesar, 99.95% 

NaCl MERCK, 99.99% 

Ni(CH3COO)2·4 H2O Alfa Aesar, 98% 

lactic acid Alfa Aesar, 85.0%-90.0% aq. soln. 

dimethylamine borane Alfa Aesar, 97% 
 

Table 6.1: Chemicals used for ELD experiments. 
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metallization bath. The original pH value of the mixture of Ni(CH3COO)2·4H2O, lactic acid and 

DMAB was about 4.4, whereas metallization requires a pH value around 6 ~ 9 [31]. The 

metallization bath was found to be stable for months. After preparing the solution of activated TMV 

and adjusting the pH value of the metallization bath, the electroless deposition of Ni was initiated 

by mixing 20 μl of activated TMV with 20 μl of the metallization bath. 

To characterize the metallized TMV particles, 5 µl of the reaction solution was transferred by 

pipette from the reaction vessel to a silicon wafer for SEM characterization. The excess liquid was 

carefully removed by absorption into laboratory paper. 

6.2.3 Results and discussion 

The conditions for metallization depend on many experimental parameters during the activation, 

separation and metallization steps. We attempted to optimize the ELD procedure by changing the 

pH value, the concentration of TMV, the reaction time and the temperature within tolerable ranges 

for the viruses.  

Activation 

In the activation step, theoretically, alkaline solutions are not favored for activation, as large Pd(II) 

complexes can form quickly in an alkaline environment. Moreover, TMV particles are claimed to 

agglomerate in both side-by-side and head-to-tail fashions when the pH value is below 7 [94]. 

Therefore, the usual activation pH value for the experiments described in this thesis was 6.5. 

Dialysis 

Different dialysis times of 1 hour, 1 day and 3 days were tried, and metallization was also attempted 

without dialysis altogether. Both the conditions without dialysis and 1 h dialysis lead to growth of 

nickel clusters on the outer surface of TMV. But the 1 h dialysis metallization showed a much 

larger Ni cluster size after the same deposition time [95]. When an extremely long dialysis time was 

carried out (> 1 day), nearly no or hardly any metallization took place. Consequently, a dialysis 

time of 1 h (30 min  2) was chosen for most of the experiments. 
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pH value of the metallization bath 

The original pH value of the metallization bath (0.18 M Ni(CH3COO)2, 0.23 M lactic acid and 

0.034 M DMAB solution) was 4.4 – 4.5. Metallization can take place at this pH value, but with a 

much lower deposition rate than at higher pH values. Moreover, this pH value is relatively low, 

lying in a range in which the TMV particles may decompose after exposure for a long time. 

Different pH values of the metallization bath were tried in order to find a proper range for Ni 

deposition. Experiments with pH values of 6.0, 7.0 and 8.0 were carried out. It was found that the 

higher the pH value, the faster the deposition rate [95]. 

 

Reaction time 

A particularly important parameter is the metallization reaction time. In order to observe the growth 

of nickel particles, a series of metallizations were performed for different durations. As the 

experiments were carried out manually, the minimum reaction time was limited to 15 seconds, 

 

Figure 6.4: Growth of nickel particles during metallization at pH 6.0 on the outer surface of 

TMV. (a) to (h): SEM micrographs recorded at 15 sec, 1 min, 2 min, 3 min, 5 min, 8 min, 10 

min and 30 min of metallization, respectively, showing an increase in the nickel particle size. 
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which means that as soon as the activated TMV and the metallization bath were mixed together, a 

pipette was used to transfer 5 µl of the reactants to a standard 5 mm  5 mm silicon wafer. All of 

these steps took about 15 seconds to finish. (If we consider the waiting time of about 1 min for the 

metallized TMV particles to adsorb on the silicon wafer, then the total reaction time for each data 

point was actually 1 min longer than indicated.) SEM micrographs of typical metallized virus 

particles are shown in Figure 6.4, in which a clear growth process of nickel particles on the outside 

surface of TMV is observed, as well as a steady increase in the percentage of TMV surface 

coverage. The Ni particle size grew from about 30 nm at 15 sec to about 100 nm after 5 min.  

The average particle diameters for the sequence of metallization experiments are shown in Figure 

6.5. Saturation of the average particle size is observed after about 10 min; however, when 

performing the experiment, it was noted that the metallization bath still had a greenish color even 

after 30 min of metallization, indicating the presence of excess Ni ions in solution. 

The uncertainty in the average particle diameter is added to Figure 6.5 in the form of the standard 

error of the mean. The standard deviation (SD) of particle sizes was calculated for each 

metallization time as  

 VarSD  , (6.1)

where 

  






n

i
i DD

n
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1

2

1

1
(6.2)

is the variance of the distribution of diameters iD , and n denotes the total number of diameter 

 

Figure 6.5: Average particle diameter versus metallization time, with uncertainties given by 

the standard error of the mean [95]. 



Chapter 6. Tobacco mosaic virus (TMV) as a positive scaffold for ferrofluids  

 56 

measurements that contributed to the calculation of the mean D . The standard error of the mean 

(SEM) is calculated as [95] 

 
n

SD
SEM  . (6.3)

Often in studies of this kind, the uncertainty of each data point is estimated from the SD instead of 

the SEM. This results in a larger uncertainty, as the sample size (i.e. the number of particle 

diameters that were measured) is not considered in the calculation. In fact, once a large enough 

number of diameters has been recorded, the SD will take on a more-or-less constant value; however, 

this is completely opposite to the way the uncertainty in an average value should behave: the larger 

the number of measurements, the more exact the calculated average value will be, and consequently 

the smaller its uncertainty will be [95]. 

The magnetic properties of the sample shown in Figure 6.4(h) were measured by VSM, and the 

corresponding magnetization hysteresis is show in Figure 6.6, the vertical axis of which is plotted in 

units of emu/cm3; expressed in these same units, the theoretical saturation magnetization is 1.42 

emu/cm3, but the saturation magnetization read from the measurement is about 310-3 emu/cm3. 

The experimental result therefore shows a much weaker magnetism than the theoretical value. This 

may have resulted from oxidation that occurred after the metallization. Bare nickel nanoparticles 

are easily oxidized in air [96]. Metallization was carried out in a solution exposed to ambient 

conditions, so a certain amount of oxygen is likely dissolved in the reaction solution. If this is true, 

then oxygen-depleted water could be tried in the future to suppress nickel corrosion.  
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Figure 6.6: Magnetic hysteresis of TMV metallized with nickel, as recorded by VSM. 
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Degree of agglomeration 

During ELD on the TMV surface, agglomeration of metallized particles is often a problem. By 

using a lower TMV concentration, the degree of agglomeration could be decreased[95]. Additives 

like surfactants could also be used as additional methods to reduce the occurrence of TMV 

agglomeration during and after metallization [40]. 

6.3 Viral scaffolding of conventional ferrofluids 
Owing to the difficulties encountered in coating TMV particles with magnetic layers of relatively 

high magnetization, an independent strategy of studying the ability of bare TMV additives to 

influence the magnetoviscous properties of conventional ferrofluids was pursued. A similar idea 

was investigated by Samouhos and McKinley [29], who used carbon nanotubes (CNTs) as 

templates for spherical magnetic nanoparticles; however, before magnetic particles can be attached 

to the surface of a CNT, the hydrophobic nature of CNT and its chemical inertness must be 

overcome by careful functionalization. A simpler alternative might be offered by mechanically stiff 

nanotubes having exposed functional chemical groups on their outer surfaces. If these 

functionaliyed nanotubes attract the spherical nanoparticles of a conventional ferrofluid, as sketched 

in Figure 6.7, then it may be possible to generate large quantities of the anisotropic magnetic 

structures that are hypothesized to enhance the magnetoviscous effect and overcome shear thinning 

(Section 1.1 and 4.4). 

6.3.1 Experimental details 

A commercially available ferrofluid LCE-25 (SusTech GmbH, Germany) was adopted. LCE-25 

 

Figure 6.7: Scaffolding hypothesis of generating anisotropic magnetic structures by addition 

of TMV particles to conventional ferrofluid. 
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consists of cobalt ferrite (CoFe2O4) nanospheres (  10–18 nm) suspended in diethylene glycol. The 

surfaces of the nanoparticles are negatively charged [97]; consequently, agglomeration of 

nanoparticles is prevented electrostatically without recourse to surfactant molecules. Commercial 

samples can be diluted by the addition of diethylene glycol and deionized water (DI water) without 

disturbing the colloidal stability. In corresponding experiments, LCE-25 was diluted to ten times its 

original volume, obtaining a ferrofluid with a solid volume fraction of 0.66%, corresponding to a 

weight fraction of 3.1% of the magnetic phase. Even at such a low concentration, a considerable 

degree of particle-particle interaction can be expected, which may promote the formation of 

microstructural features like particle chains in the presence of a magnetic field. In order to maintain 

the colloidal stability of the ferrofluid, the pH value of the samples was kept at about 5 in all 

experiments. TMV particles were prepared as described in Section 6.1. The dynamic viscosity of 

the LCE-25/TMV composites was measured with the PMAV, which is described in Section 5.10. 

For TEM characterization, samples were placed on Formvar-carbon-coated copper grids (300 mesh), 

washed with DI water and negatively stained with uranyl acetate (2%) in order to improve the 

contrast of the TMV particles. The structure of the TMV coat protein helix was taken from the 

Protein Data Bank at Brookhaven (PDB entry code 2OM3; resolution 4.4 Å as obtained by high-

resolution cryo-EM), and extended to the C-terminus of the TMV constructs used. The protein 

structure was visualized using Swiss-PdbViewer 4.0.1; energy minimization was performed with 

the GROMOS96 implementation of PdbViewer [98]. 

  

Figure 6.8: (a) The modulus G   and (b) the viscosity   plotted as a function of vibrational 

frequency for diluted LCE-25 ferrofluids with and without TMV additive (0.033 µg TMV/µL 

ferrofluid). Open symbols denote zero applied magnetic field, and closed symbols correspond 

to B = 110 mT. 
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6.3.2 Results and discussion 

In Figures 6.8(a) and (b), the imaginary part G   of the complex modulus G  and the real part   

of the complex viscosity   of LCE-25/TMV ferrofluids are plotted against vibrational 

frequency—both with and without an applied magnetic field—and compared to the viscosity of 

pure LCE-25. At zero applied field, the addition of TMV had no effect on G  , which is a measure 

for the dissipation of energy in the fluid, or on the viscosity  . But at 110 mT, G   increased by an 

order of magnitude in the sample containing virus particles, and, consequently, the fluid was about 

10 times more viscous than the pure ferrofluid. This enhancement persisted over the entire 

frequency range, which is indicative of an improved stability even at high shear rates. The change 

in viscosity was fully reversible upon switching the magnetic field on and off many times (Figure 

6.9), and the effect was stable upon storing the sample under ambient conditions for months. 

Varying the concentration of TMV in the ferrofluid had no discernible effect on the viscosity at 

zero applied magnetic fields, but both   and the imaginary part of the complex viscosity,   , 

increased strongly with TMV concentration as the magnetic field strength was raised (Figure 6.10).  

In order to test whether the magnetoviscosity depends on the aspect ratio of the TMV additive, 

ferrofluids containing virus-like particles ~170 nm or ~90 nm in length were prepared and tested 

 

 

Figure 6.9: Magnetoviscosity measured after 

switching a magnetic field of 110 mT on and 

off 10 times within 57 minutes. The viscosity 

took on constant values in both the field-on and 

field-off states, regardless of prior history. All 

measurements were carried out at a vibrational 

frequency of 10 Hz. 

Figure 6.10: The viscosities   and    of 

LCE-25/TMV mixtures plotted against TMV 

concentration for zero magnetic field and B = 

110 mT. All measurements were carried out at 

a vibrational frequency of 10 Hz. The smooth 

curves drawn through the data points are 

guides to the eye. 
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(Section 6.1). TEM was used to establish that the length distribution of the additive particles was 

narrow [80]. 

As in Section 4.4, the strength of the magnetoviscous effect at a given magnetic field B can be 

expressed by the ratio 

 
 
0


 (B)  (B  0)

 (B  0)
, (6.4)

in which 0  denotes the real part of the complex zero-field viscosity. When this ratio was measured 

as a function of B (Figure 6.11), we observed that, although LCE-25 ferrofluid by itself manifested 

only a small viscosity increase with applied magnetic field (filled diamonds), the addition of virus 

particles always led to significant viscosity enhancement. Furthermore, the relative viscosity scaled 

roughly linearly with magnetic field strength for all virus lengths, and, at a given magnetic field, the 

magnetoviscosity grew with TMV length, reaching 2800% at B = 110 mT and f = 10 Hz for the 

sample containing 300 nm-long virus particles. 

Direct imaging of dried LCE-25/TMV mixtures was carried out by TEM. The images shown in 

Figure 6.12 provide graphic evidence for an attractive interaction between LCE-25 nanoparticles 

and plant viral tubes. 

 

Figure 6.11: Relative viscosity (referenced to the value at B = 0) plotted against applied 

magnetic field for LCE-25/TMV ferrofluids containing TMV particles of various lengths 

(virus particle concentration 0.033 µg/µL). All measurements were carried out at a 

vibrational frequency of 10 Hz. 
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How is it possible for small concentrations of a nonmagnetic bio-additive to have such a strong 

impact on a ferrofluid property like magnetoviscosity, which seems like it should depend almost 

entirely on the size and concentration of the suspended magnetic particles? Figure 6.12(c) suggests 

a tantalizing explanation: here, the TMV particles appear to be acting as the “scaffolds” of a 

roughly linear arrangement of magnetic particles over the length of the virus, thereby generating 

rod-like magnetic structures that might be expected to induce significant viscosity enhancement 

(Section 4.4). Such linear aggregation of magnetic nanoparticles is completely absent in TEM 

images recorded from samples without TMV (e.g. Figure 6.12(a)). The most likely explanation for 

this finding is the existence of an attractive interaction between magnetic nanoparticles and TMV, 

perhaps having its origin in an electrostatic attraction between the negatively charged ferrofluid 

constituents [97] and the exterior surface of the virus, which contains positively charged patches. 

As a nucleoprotein complex, TMV is composed of amino acids arranged in such a manner that the 

outer surface exposes side chains including polar groups of various charges, which depend to a 

certain extent on the pH of the surrounding solution [33]. At the pH employed in our experiments 

(about 5), there is evidence that the net charge of the outer accessible TMV surface is positive 

[32,37], despite the presence of interspersed—but less-exposed—negative patches. In previous 

investigations of the electroless deposition of metals like Co, Ni, Ag or Au on TMV, the 

electrostatic interaction between negatively charged ions and the positively charged TMV surface 

was exploited in order to initiate metal deposition [31,36]. In our experiments, the magnetic 

particles of the conventional ferrofluid may attach to TMV for a similar reason, with hydrogen 

bridging making an additional contribution to the stability of the TMV/nanoparticles complexes. 

Figure 6.12: Bright-field TEM micrographs of (a) pure LCE-25 ferrofluid, showing the CoFe2O4 

nanoparticles that remain after drying the carrier fluid; (b) TMV particles prior to suspension in 

the ferrofluid; and (c) the LCE-25/TMV mixture. In (c), the magnetic nanoparticles are seen to 

have clustered preferentially on the surface of the virus particles. 
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Support for this hypothesis comes from a set of measurements in which we compared the influence 

on magnetoviscosity of TMV variants having altered amino acid compositions. The surface of 

TMVLys is significantly more positively charged than that of TMVCys and natural TMV (Figure 

6.13), implying that TMVLys would interact more strongly with negatively charged CoFe2O4 

nanoparticles. The magnetoviscous effect induced by TMVLys was indeed found to exceed that of 

TMVCys and natural TMV at the same TMV concentration level (Figure 6.13). Addition of TMVCys 

to the LCE-25 ferrofluid had a comparable effect on the magnetoviscosity as natural TMV, which 

again is consistent with the supposition that electrostatic interactions are primarily responsible for 

TMV/nanoparticle complex formation. 

Additional support for the scaffolding model comes not only from the length dependence evident in 

Figure 6.11—longer virus particles impart a greater viscosity enhancement, as expected 

 

Figure 6.13: Left: relative viscosity enhancement (referenced to samples with natural TMV 

additive) plotted as a function of the applied magnetic field for ferrofluids containing 

identical concentrations of TMV, TMVCys and TMVLys. All TMV variants were ~300 nm in 

length, and all viscosity measurements were carried out at 10 Hz. Right: atomic models 

indicating the electrostatic potential calculated for the distinct TMV variants of this study. 

Positive charge is shown in blue and negative charge in red. For natural TMV, despite the 

presence of interdispersed negative patches, a positive net charge of the accessible, 

protruding surface domains is expected in the pH range employed in the experiments. In 

TMVLys, lysine residues were introduced at the C-terminus of the coat protein, resulting in 

additional positively charged amino groups on the outer protein shell. In contrast, 

replacement of a serine at the surface of the coat protein by a thiol group-containing cysteine 

(mutant TMVCys) does not alter the charge to a significant extent. 
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theoretically [9]—but also from measurements of the viscosity of LCE-25/TMV ferrofluids in 

which the TMV concentration was held constant at 0.033 µg/µL while the concentration of 

CoFe2O4 particles was varied from zero to 0.7 vol%. A plot of magnetoviscosity as a function of the 

volume fraction of magnetic particles (Figure 6.14) manifests two distinct regions: at low volume 

fractions the magnetoviscosity increases much faster with the number of CoFe2O4 particles per unit 

volume than in control samples containing no TMV; however, beyond a critical magnetic 

concentration of about cc = 0.063 vol%, the slope of the magnetoviscosity vs. concentration curve is 

unaffected by the presence of TMV. Evidently, above cc each “excess” magnetic particle makes the 

same contribution to the overall magnetoviscosity as in pure LCE-25 ferrofluid, whereas the 

viscosity enhancement per magnetic particle is many times larger at concentrations below cc. 

We attribute this observation to the scaffolding of up to 0.063 vol% magnetic particles into quasi-

linear aggregates by TMV, an effect that must saturate once the virus’ capacity for taking on 

additional magnetic particles has been exhausted. At cc, there are about 720 CoFe2O4 nanoparticles 

present in the sample for each TMV, but geometrical considerations indicate that single monolayer 

coverage would correspond to the attachment of only ~140 magnetic particles. Hence, our 

interpretation of Figure 6.14 requires an effective attraction of roughly five monolayers of magnetic 

particles to each TMV nanotube, which seems plausible in light of the multilayered aggregation 

evident at the viral surfaces shown in Figure 6.12(c). Below saturation, the growth in size and 

number of TMV/nanoparticle complexes with increasing magnetic volume fraction offers a ready 

explanation for the steep slope of the magnetoviscosity curve of Figure 6.14, as previous studies of 

ferrofluids containing a broad distribution of magnetic particle sizes have found that 

magnetoviscosity is determined primarily by the larger particles in the sample—even when smaller 

particles are present in far greater number [3,99]. 

If the magnetoviscosity scaled simply with the number of (saturated) TMV/nanoparticle complexes 

per unit volume, however, then we would expect a strictly linear dependence of viscosity on TMV 

concentration. Figure 6.10 indicates that linear extrapolation of low-virus-concentration 

magnetoviscosity levels strongly underestimates the viscosity at higher TMV concentrations. If this 

measurement had been performed on a conventional ferrofluid, then the upward curvature of a   

vs. concentration plot would most likely be attributed to interactions between magnetic particles, 

which become more probable as the average particle spacing decreases. Analogous argumentation 

applied to LCE-25/TMV ferrofluids would entail that the upward curvature in   results from 

interactions between TMV/nanoparticle complexes, the likelihood of which increases as the volume 

fraction of TMV is raised. Extensive interaction between complexes may be viewed as an example 

of “network formation”, which typically manifests itself during a viscosity measurement through a 
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significant increase in the magnitude of the imaginary part of the complex viscosity,    [61]. For 

the sample of Figure 6.10,    is seen to grow rapidly with TMV concentration, implying that the 

development of an internal microstructure in the LCE-25/TMV suspension is responsible for virus-

induced viscosity enhancement. 

 

This has important consequences for the proper interpretation of the length dependence seen in 

Figure 6.11: on the one hand, the observed increase in magnetoviscosity with TMV length could 

arise from longer quasi-one-dimensional magnets being held more securely in orientation by the 

applied magnetic field; on the other hand, longer TMV/nanoparticle complexes might find it easier 

to form networks, particularly if the stability of the latter is promoted by entanglement of the rod-

like structures. (Note that the samples in Figure 6.11 each have the same TMV mass concentration, 

meaning that about three times as many ~90 nm TMV particles were present per unit volume as 

~300 nm TMV. If comparison is made between specimens of equal TMV particle number 

concentrations, then the differences in magnetoviscosity are even greater than those evident in the 

figure.) However, it is clear from the reversibility of the measured magnetoviscosity (Figure 6.9) 

that the network is stable only in the presence of an applied magnetic field, which rules out the 

irreversible formation of a gel-like microstructure. 

 

Figure 6.14: Normalized magnetoviscosity of ferrofluids with and without TMV plotted 

against CoFe2O4 particle concentration. The TMV concentration was 0.033 µg/µL for all 

samples containing virus nanotubes. All measurements were carried out at a vibrational 

frequency of 10 Hz and an applied magnetic field of 110 mT. 
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With this new class of ferrofluids it may now be possible to impart precisely controlled, rapidly 

switchable damping forces to moving parts, particularly in micromechanical devices. Moreover, the 

nonlinear increase of viscosity with TMV concentration could be exploited, for instance, by using 

magnetic fields to induce enrichment of the TMV/nanoparticle complex concentration, thus 

localizing the viscosity increase within a given region, perhaps down to micrometer dimensions. 

The consistent effects obtained from virus-like particles that were engineered to change the aspect 

ratio or the surface charge demonstrates the immense tailoring potential of biotechnology for 

technological applications. One such approach that may be of direct benefit to magnetic fluids 

would be the development and production of bio-based additive powders, which could be used to 

regulate and improve fluid properties on a larger scale. 
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7 Cylindrical-shaped reverse micelles 
for FePt nanowires 

Chapter 7 

Cylindrical-shaped reverse micelles 

for FePt nanowires 

The preparation of a useful volume of ferrofluid out of one-dimensional magnetic structures is 

feasible only if very large numbers of the latter can be synthesized without sacrificing control over 

the uniformity of the nanorod/nanotube shape. Direct wet chemical synthesis holds the promise of a 

simple and cost-effective method for the large-scale production of nanoparticles. In the past decade, 

colloidal solutions have been developed as soft templates for controlling the size and shape of 

precipitated particles, resulting in one-dimensional nanorods and nanowires having high anisotropy. 

These 1D structures can be made from magnetic materials, among which FePt is an excellent 

example due to its particular physical and chemical properties. 

In this chapter, I introduce the synthetic method of reverse micelles and discuss the experimental 

procedures and the results in detail, including the preparation of FePt nanorods and nanowires, the 

separation of nanoparticles from nanorods and nanowires, and sample characterization. 

7.1 Formation mechanism 
FePt nanoparticles have been studied extensively in recent years because of their high 

magnetocrystalline anisotropy and good chemical stability [100,101]. There are numerous 

promising applications of these materials in areas as diverse as ultra-high-density data storage [102-

106], high-performance permanent magnets [107] and catalysis [108,109]. The one-dimensional 

morphology of FePt nanorods (NRs) and nanowires (NWs) represents a degree of freedom that may 

open up additional areas of applications based on exploiting the shape anisotropy of the magnetic 

particles, such as in novel ferrofluids or magnetotransport devices [13]. For instance, it is believed 

that the phenomenon of shear thinning—which restricts the measurable magnetoviscosity of 
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conventional ferrofluids to very low shear rates [2]—could be suppressed by replacing the 

constituent spherical nanoparticles with magnetic nanorods [13]. Such a "nanorod ferrofluid"—as 

already mentioned in Section 1.1 and 4.4—might be useful as the working substance in an active 

damping system or in any other application relying on switchable force transfer via a liquid.  

A quite promising synthetic method in this regard is the approach pioneered by Wang et al. [52] for 

preparing NRs and NWs of FePt. *  From colloidal chemistry, we know that at different 

concentrations, surfactant molecules tend to form micelles having different geometries, ranging 

from spherical to cylindrical or even ordered hexagonally packed cylindrical structures [110]. Wang 

et al. [52] proposed using a mixture of oleylamine (OAM) and octadecene (ODE), because for this 

surfactant combination the length of the resulting cylindrically shaped reverse micelles can be 

tailored to the desired size and shape simply by tuning the ratio of OAM to ODE. The resulting 

one-dimensional structures behave like compartments for further chemical reactions. By loading 

platinum (II) acetylacetonate [Pt(acac)2] and iron (III) pentacarbonyl [Fe(CO)5] precursors into 

micellular compartments, followed by thermodecomposition at elevated temperature, several 

groups have succeeded in preparing NWs and NRs of FePt by this approach, with diameters of 2–3 

nm and lengths tunable from more than 200 down to 20 nm [52,111,112]. In this work I report our 

efforts to adapt this approach to the preparation of a ferrofluid out of FePt NWs and/or NRs, placing 

special emphasis on obtaining large quantities of uniformly sized anisotropic magnetic particles. 

The method in this thesis work closely followed that described by Wang et al. [52]. By reduction of 

platinum (II) acetylacetonate [Pt(acac)2] and thermal decomposition of iron (III) pentacarbonyl 

[Fe(CO)5] at elevated temperature in a mixture of oleylamine (OAM) and octadecene (ODE), 

atomic Pt and Fe can be produced for diffusion into micellar compartments to form FePt NRs and 

NWs. The synthetic chemistry is illustrated in Figure 7.1. First, the OAM and ODE self-organize 

into cylindrically shaped reverse micelles whose length can be tailored simply by tuning the ratio of 

OAM and ODE. The elongated compartments result in different molecular packing densities on 

different surfaces, as shown by (1), (2) and (3) in Figure 7.1. In area (1), OAM and ODE molecules 

are densely packed; therefore, the diffusion of Fe or Pt atoms in this area is more difficult owing to 

the presence of steric hindrance. Areas (2) and (3) have less densely packed molecules, meaning 

that diffusion in these two areas is much easier than in area (1), which facilitates the growth of FePt 

along the direction of (2) and (3) and ultimately results in the formation of FePt NRs/NWs.  

                                                   
*
Following the usual convention, I will refer to one-dimensional nanostructures having a length of 100 nm or longer as NWs, 

and those below 100 nm as NRs. 
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7.2 Preparation of FePt NRs/NWs  
All reagents—iron (III) pentacarbonyl (Fe(CO)5, ≥ 97%, Fluka), oleylamine (OAM, ≥ 70%, Fluka), 

platinum (II) acetylacetonate (Pt(acac)2, ≥ 97%, Alfa Aesar), octadecane (ODE, ≥ 90%, Alfa Aesar) 

and hexane (≥ 99%, Sigma Aldrich)—were used without further purification, and all reactions were 

carried out under protective nitrogen gas in order to avoid oxidation. A typical synthesis procedure 

was as follows: 4 ml of OAM was added in a three-necked conical flask, which was placed in an oil 

bath and bubbled with nitrogen for one hour to remove any oxygen in the solution, as shown in 

Figure 7.2. After Pt(acac)2 (0.04 g, 0.102 mmol) was added with continuous magnetic stirring, the 

N2 inlet and outlet were closed and the whole system inside the flask was protected by N2. Then the 

oil bath was heated to 70°C and held there until all of the Pt(acac)2 particles were dissolved to form 

a light yellow solution. The latter was then heated to 120°C in 5 min and kept at this temperature 

for 30 min. Subsequently, Fe(CO)5 (30 µl, 0.215 mmol) was injected into the hot solution. The 

temperature was raised to 160°C within 15 min simply by controlling the oil bath at 166°C and kept 

there for an additional 30 min. After that, the heating mantle was removed from the flask; the 

solution was allowed to cool to room temperature naturally.  

Other series of NRs/NWs were synthesized by a similar procedure but with different volumetric 

ratios of OAM/ODE. The stirring speed of the magnetic stirring bar also played an important role in 

controlling the length of FePt NRs/NWs [113].  

 

Figure 7.1: Schematic views of synthetic chemistry and the formation mechanism of FePt 

NRs/NWs [113]. 
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After the reaction mixture was cooled to room temperature, the N2-gas-protected system was 

opened to ambient environment. Besides the FePt products, the as-synthesized black solution 

contained remaining salts and surfactants, which could be washed away. FePt products were 

precipitated by adding ethanol (800 µl) into 200 µl of the as-synthesized solution and separated by 

centrifugation (Galaxy 14D, VWR) at 6000 rpm for 10 min. The yellow-brown supernatant was 

discarded. The black precipitate was then redispersed in hexane (200 µl) with the help of ultrasound 

for 3 min. The precipitation and redispersion steps were repeated several times in order to remove 

all impurities until the supernatant was fully colorless. Finally, the precipitate was dispersed in 

hexane (1000 µl) in the presence of oleic acid (OA, 1 µl) and OAM (1 µl), which stabilized the 

FePt products against agglomeration and sedimentation. 

In contrast to the results reported in Ref. [52], spherical nanoparticles (NPs) were found as a 

reaction by-product in this synthesis procedure. In order to separate them from the NWs and NRs, 

100 µl of prepared solution was diluted by adding 899 µl hexane, 0.5 µl OA, 0.5 µl OAM. After 

sonicating for 5 min, the solution was diluted with an additional 500 µl ethanol and shaken up and 

centrifuged at 1000 rpm for 30 min. All of the supernatant was transferred to another container, and 

the precipitate was redispersed in 1000 µl hexane in the presence of 0.5 µl OA and 0.5 µl OAM. 

The precipitation and redispersion steps were repeated several times until the supernatant became 

colorless. Both the supernatant and the redispersed precipitate were retained for further analysis. 

 

Figure 7.2: Experimental setup of NRs/NWs synthesis. 
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7.3 Results and discussion 
A typical TEM micrograph of FePt NWs and NRs after washing is shown in Figure 7.3(a). In 

addition to the expected presence of NWs/NRs, there are also a considerable number of spherical 

NPs in the sample. A possible explanation for this finding would be the inability of some FePt 

nuclei to grow beyond the thermodynamically preferable spherical shape, owing to local defects or 

fluctuations in the shape of the soft micellular templates. Figure 7.3(b) shows a TEM micrograph of 

the spherical NPs after the separation procedure described in the previous section, whereas Figure 

7.3(c) illustrates the final NW/NR precipitate. By choosing proper solvents and optimizing the 

parameters of the separation procedure, we were able to remove the spherical NPs completely, 

leaving solely NWs and NRs. The length distribution of the NWs and NRs shown in Figure 7.3(c) 

is plotted in Figure 7.3(d), from which we conclude that most of the wires are between 50 and 150 

nm in length. 

 

Figure 7.3: TEM micrographs of FePt NWs and NRs: (a) directly after washing, (b) spherical 

NPs after separation, and (c) NWs/NRs after separation. (d) Length distribution of the 

NWs/NRs in (c); the solid curve is a least-squares fit of a lognormal distribution function to 

the histogram. 
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The optimum composition of FePt nanoparticles is Fe55Pt45, which has a better-quality face-

centered tetragonal (fct) phase and a larger coercivity compared to other compositions [114]. The 

overall composition of the NWs/NRs was Fe55Pt45, as determined by EDX spectroscopy performed 

on powder samples. The latter were precipitated in ethanol and then deposited and dried on a silicon 

substrate and transferred into the SEM chamber, where EDX spectra were recorded at an 

acceleration voltage of 15 keV (Figure 7.4). In each spectrum, there are three Fe peaks at 0.71, 6.40 

and 7.05 keV, which come from the Lα, Kα and Kβ lines, respectively. There are also other peaks, 

too, including the O Kα peak at 0.51 keV and the C Kα peak at 0.26 keV. From the relative intensity 

of the peaks, the elemental composition of Fe and Pt can be determined to be Fe55Pt45, within the 

accuracy of the EDX analysis of approximately ±1 at%. 

XRD of as-synthesized NWs/NRs revealed the presence of the chemically disordered face-centered 

cubic (fcc) phase of FePt at room temperature (RT) and also following a 350°C anneal for 1 h 

(Figure 7.5). The broad peaks evident in the RT scan originate from the presence of nanometer-

sized coherent scattering regions, which are a direct consequence of the small diameter of the 

NWs/NRs. After correcting for the instrumental contribution to the measured full width at half 

maximum (FWHM) of the (111) Bragg peak, the Scherrer formula [115] can be used to calculate an 

average crystallite size of 3.5 nm. Thermal annealing in vacuum at and above 550°C induces a 

transformation to the chemically ordered fct structure, as evidenced by the shifting of the (111) 

peak, the splitting, for example, of the (200) peak into the (200) and (002) peaks, and the 

appearance of the (001) and (110) peaks in the XRD patterns at 550°C and 650°C. The peaks 

become sharper at higher temperatures, which indicates the occurrence of grain growth of the FePt 

crystallites and, in all likelihood, their sintering into larger aggregates. From the FWHM of the (111) 

 

Figure 7.4: EDX spectrum of FePt NRs/NWs powder sample measured at an acceleration 

voltage of 15 keV. 
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peak in the 650°C pattern, we estimate an average grain size of about 160 nm using the Scherrer 

formula. 

High-resolution TEM images (Figure 7.6, left) show good crystallinity of the FePt NWs/NRs. The 

selected area electron diffraction (SAED) image confirms that the NWs/NRs are polycrystalline 

with an fcc lattice. On the outside surface of each wire, we see evidence for the presence of an 

amorphous layer having a thickness of a few ångstroms. This may arise from oxidation of Fe atoms 

after exposure to air during TEM sample preparation. In the right-hand image of Figure 7.6, the 

atomic planes of adjacent crystallites with different orientations within a single NW are resolved. In 

region (a) the measured spacing of 0.221 nm is nearly identical to the lattice spacing of 0.223 nm 

that was calculated from the (111) peak position in the XRD pattern of Figure 7.5. In region (b) of 

Figure 7.6, not only are lattice planes resolved, but also atomic columns; again, the contrast is 

consistent with that of (111) planes, as the angle between two sets of equivalent lattice planes is 

70.5°—the interplanar angle between (111) planes in an fcc lattice. In region (c), the interplanar 

spacing of 0.133 nm corresponds to that expected for (220) planes.  

Based on a tendency evident in the HRTEM images for one set of (111) planes to align parallel to 

the long axis of a NW, we can estimate the average size of a coherent scattering region for the (111) 

Bragg reflection. In an fcc lattice, there are four sets of distinct (111) planes, all oriented at an angle 

of 70.5° relative to one another. By simple geometry, we calculate the average distance L from one 

edge of a stack of parallel (111) planes to the other when they are located within a NW of diameter 
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Figure 7.5: X-ray diffraction patterns of FePt NRs/NWs annealed under vacuum for 1 hour at 

the indicated temperatures. 
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 . (7.1)

Inserting    1.5 nm  into equation (7.1), we obtain L  3.7 nm,  which agrees quite well with the 

value for the same quantity (3.5 nm) that was estimated from the FWHM of the (111) XRD peak in 

the RT scan of Figure 7.5 inserted into the Scherrer formula. 

As can be seen in the magnetometry measurements of Figure 7.7, the as-synthesized FePt 

NWs/NRs are superparamagnetic at room temperature, while at 10 K their hysteresis loop manifests 

a coercivity of about 500 Oe (50 mT)—indicative of ferromagnetism—and a much higher 

saturation magnetization. The temperature-dependent magnetic moment was recorded during zero-

field-cooling (ZFC) and field-cooling (FC) scans between 10 and 300 K in an applied magnetic 

field of 100 Oe. Comparison of the ZFC and FC curves reveals a blocking temperature for the 

superparamagnetic-ferromagnetic transition of ~26 K. 

 

Figure 7.6: (Left) HRTEM image of FePt NWs; inset: selected area electron diffraction 

(SAED) of an agglomerate of NWs. (Right) Atomic planes of polycrystalline NWs, imaged 

by HRTEM. See text for details. 
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The magnetoviscous effect of FePt NR/NW-based ferrofluids was examined by the piezoelectric 

membrane axial vibrator (PMAV). A liquid sample containing FePt NWs of 180 nm average length, 

0.02% volume fraction, 0.38% mass fraction and volume of 90 µl was placed on the PMAV sample 

holder. The viscosity was measured at 0 mT and 10 Hz, and then the magnetic field was increased 

to 110 mT, holding the frequency constant. After a second measurement, the magnetic field was 

decreased to 0 mT. The same steps were repeated until 6 points were obtained. The temperature of 

the system was kept constant at 20.0°C during the entire measurement in order to avoid any 

viscosity variation depending on the temperature. The sample showed a 10% magnetoviscous effect 

at 110 mT and frequency of 10 Hz. The results shown in Figure 7.8 clearly illustrate an increase of 

viscosity after the magnetic field is applied, although the change is relatively small. Figure 7.7(a) 

indicates that the sample has not reached its saturation at 110 mT, therefore, applying a magnetic 

field of greater strength, as well as raising the volume fraction of FePt in suspension would give a 

stronger magnetoviscous effect, which would be highly desirable from the standpoint of 

technological application. However, due to the limitation of our PMAV setup, an magnetic field 

higher than 110 mT is not possible in this thesis. 
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Figure 7.7: Magnetic hysteresis loops of a powder sample of as-synthesized FePt NWs/NRs 

measured at 10 and 300 K; inset: zero-field-cooling (ZFC) and field-cooling (FC) 

measurements performed on the same sample, indicating a value of the blocking temperature 

of about 26 K. 
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Figure 7.8: Magnetoviscosity of a sample containing 0.02 vol% FePt NWs (180 nm). 
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8 Mass production of magnetic 
nanotubes by atomic layer depositon 
on porous alumina  

Chapter 8 

Mass production of magnetic nano-

tubes by atomic layer deposition on 

porous alumina  

In the engineering and development of novel functional nanostructures, hexagonally self-ordered 

porous alumina membranes prepared by a two-step electrochemical oxidation of aluminum have 

been widely used as building blocks and templates [42]. Combining of anodized aluminum oxide 

(AAO) membranes with atomic layer deposition (ALD) enables high-quality nanotubes [116,117] 

to be prepared from a wide range of materials [48]. In contrast to all other common thin-film 

deposition techniques, such as sputtering, thermal evaporation, chemical vapor deposition (CVD), 

or molecular beam epitaxy (MBE), the self-limiting nature of ALD enables coating of pores with 

aspect ratios above 1000 in a conformal, layer-by-layer fashion. Sequential, consecutive pulses of 

vapor-phase precursors lead to surface-limited reactions that avoid shadowing effects even on 

highly structured substrates. Since each cycle of precursor pulses results in the deposition of a well-

defined amount of material, the thin film thickness is a linear function of number of cycles and can 

be controlled precisely. In this chapter, the synthesis of highly-uniform magnetic nanotubes by 

ALD is described. 

8.1 Anodization of aluminum and geometry control 
Porous anodic aluminum oxide (AAO) membranes have received great attention, due to their 

utilization as templates for device fabrication on a nanometer scale [44]. The structure of porous 
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anodic alumina is described as a close-packed hexagonal array of columnar cells, each containing a 

central pore, of which the size and spacing can be controlled by changing the preparation conditions 

[118]. The striking feature of AAO membrane is the extremely high aspect ratio of their 

nanochannels, which is difficult to achieve with conventional lithographic techniques. Self-

organized hexagonal pore arrays can be formed naturally in sulfuric, oxalic and phosphoric acid 

solutions under appropriate anodic voltage [119].  

The AAO films were synthesized as follows. First, high-purity (99.999%) aluminum foils 

(Goodfellow GmbH) were degreased in acetone and cleaned in deionized (DI) water and ethanol 

several times. Subsequently, the aluminum foil was electropolished at +20 V in using a mixture of 

perchloric acid (HClO4, 85%) and DI water at a volume ratio of 3:1. The polishing time usually 

took 4 – 6 minutes. At this point the polished surface looked smooth and shiny. From electron 

backscatter diffraction (EBSD, Oxford Instruments INCA Crystal EBSD) images, and the 

equivalent area diameter distribution, the grain size of this aluminum foil was measured to be 

approximately 80 µm (equivalent area diameter). Therefore, for the purpose of making alumina 

pores in the 100 nm range, the grains are large enough that defects like grain boundaries will not 

have an obvious impact. 

A two-step anodization of the aluminum foil was conducted in a thermally isolated electroplating 

cell. The setup is shown in Figure 8.1. The temperature of the whole system was maintained at a 

preset value by a thermostat (F12-MB, Julabo) at maximum cooling power 0.16 kW. The Al foils 

serving as the anode were connected to a power supply with cooper wires. The counter electrode 
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Figure 8.1: (a) Setup of the electroplating cell that was used to anodize Al foil; (b) working 

principle of the two-step anodization process. 
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was a platinum mesh (99.99%). Depending on the desired final microstructure, the electrolyte 

consisted of sulfuric acid, oxalic acid or phosphoric acid, as given in Table 8.1.  

Once the samples are assembled in the setup and voltage is applied between anode (aluminum) and 

counter-electrode (platinum), the top surface of the aluminum foil will be oxidized, and the 

resulting anodized aluminum oxide (AAO) is porous instead of a smooth oxide layer. The detailed 

reason for porous structure formation is complicated and beyond the scale of this thesis, but 

successful models have been developed to explain this phenomenon [120,121]. One point to 

mention is after the first anodization, the AAO layer did not have a regular pore distribution (as 

shown in Figure 8.1(b)) because, even after electropolishing, the surface of the Al foil was still not 

perfect. After the 1st anodization for at least 10 hrs, the AAO layer can be removed by exposing it to 

a mixture of 0.2 mol/l CrO3 and 0.6 mol/l H3PO4 and warming it up to 60°C for 5 hours. The only 

residue was small self-organized structures on the aluminum surface, which were very regular. 

Subsequently, the foil was put into the anodization electrolyte again for the second anodization 

process. Thanks to the presence of the small regular structures on the foil surface, the pores that 

formed during the second anodization were all aligned and straight, which were ideal for use as 

templates for making one-dimensional nanotubes. 

The porous alumina membranes were checked under SEM as well as by atomic force microscopy 

(AFM). Normally, before transferring the samples into the SEM chamber, a thin carbon layer 

around 3 nm was evaporated onto the alumina surface in order to make it conductive, thus 

suppressing the charging effect. The resulting micrographs are shown in Figure 8.2. 

                                                   
*
Data obtained from the as-prepared state without pore-widening. 

anodization 
voltage 

(V) 
electrolyte concentration

cell 
temperature 

(°C) 

interpore 
distance 

(nm) 

average 
diameter* 

(nm) 

pore 
depth 

(µm/h) 

+25 
sulfuric 

acid 
(H2SO4) 

0.3 M 1.5 66 16 3.8 

+40 
oxalic acid 
(C2H2O4) 

0.3 M 3.0 110 24 4.0 

+195 
phosphoric 

acid 
(H3PO4) 

1.0 wt% 1.0 460 180 3.5 
 

Table 8.1. Experimental details of the anodization process for various electrolytes, and the 

resulting structure parameters of AAO. 
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Pore depth control 

From cross-sectional micrographs, the pore depth of AAO was measured for a series of samples as 

a function of anodization time (Figure 8.3(a)). The longer the anodization takes, i.e. the more 

electrical charge passes through the AAO membrane, the deeper the pores are. Pore length L is 

plotted against anodization time t, and the dependence is a direct linear relationship (Figure 8.3(b)). 

The pore depth can be tuned in a very wide range from under 100 nm to micrometer range. 

Accurate control of the anodization period is sufficient in order to obtain the exact pore depth, even 

for ultra-shallow pores under 500 nm.  

Pore widening 

After anodization, the pores could be widened by exposing the porous alumina membrane to 5 wt% 

phosphoric acid for a post-synthesis etching at 30°C (Figure 8.4(a,b)). This isotropic wet chemical 

etching opens the pores at an etching rate of 1.03 nm/min (Figure 8.4(c)). This step is necessary 

because the pores should be wide enough for subsequent ALD processes. An inner diameter of 10 

to 15 nm is needed for the precursor molecules to diffuse into the pores in a reasonably short time. 

 

Figure 8.2: As-prepared surface of a porous AAO membrane. (a) SEM micrograph of AAO 

synthesized with sulfuric acid at the anodization voltage 25 V; (b) SEM micrograph of AAO 

synthesized with oxalic acid at the anodization voltage 40 V; (c) AFM image of AAO 

synthesized with phosphoric acid at the anodization voltage 195 V. 
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Meanwhile, pore widening process also makes the AAO surface smooth, which is essential for 

making straight ALD nanotubes. 

 

 

 

Figure 8.3: (a) Cross-sectional measurements of pore depth L were performed at various 
anodization times by SEM. (b) Pore length vs. anodization time. The linear fit corresponds 
to a growth rate of 68 nm/min (~ 4 µm/h). 

 

Figure 8.4: SEM micrograph of AAO pores: (a) as-prepared; (b) after 25 min pore widening 

in 5 wt% phosphoric acid for 25 min. (c) Linear relationship between pore diameter and 

etching time. 
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8.2 Design and construction of an ALD reactor 

8.2.1 Working principle of ALD  

Atomic layer deposition (ALD) is a process for depositing highly uniform and conformal thin films 

by exposing the substrate surface to at least two chemical precursors alternatively [48,49]. The 

alternating precursor pulses constitute ALD cycles, which control the growth of thin films. In 

contrast to other common thin-film deposition techniques, such as sputtering, thermal evaporation, 

chemical vapor deposition (CVD) or molecular beam epitaxy (MBE), the self-limiting nature of 

ALD enables the coating of extremely complex substrates, such as pores, with aspect ratios as high 

as 1000 in a conformal, layer-by-layer fashion [49]. This unique property allows ALD to be applied 

to the production of high-quality, conformal inorganic material layers with accurate nanometer 

thickness. Since each cycle of precursor pulses results in the deposition of a well-defined amount of 

material, the film thickness is a linear function of the number of cycles. 

The experimental procedure of ALD on a substrate is schematically shown in Figure 8.5(a). In the 

first step, the substrate is exposed to one type of chemical precursor molecules (abbreviated as 

precursor A). Precursor A will adsorb on the substrate. Because of the self-terminating nature of the 

precursor molecules, the excess precursor molecules are purged away from the substrate, leaving 

only a single layer of A molecules. Afterwards, another type of chemical precursor (precursor B) is 

introduced to the substrate, and this leads to an irreversible chemical reaction with the previously 

adsorbed precursor A, resulting in a layer of the desired compound AB. The remaining precursor B 

molecules as well as the reaction byproduct are in the vapor state and are removed in the following 

vacuum purging step, leaving a single layer of compound AB on the substrate. Up to this point, one 

 

Figure 8.5: (a) Schematic overview of the experimental steps for an ideal two-precursor ALD 

process. (b) ALD precursor time sequence within a “cycle”. 
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ALD cycle has been completed. More cycles can be introduced in a periodic way in order to grow 

thicker films.  

The time sequence of introducing and purging of precursors is shown in Figure 8.5(b). An ALD 

process consists of hundreds or even thousands of cycles, if the desired thin film thickness lies in 

the nanometer range. In order to realize reliable and effective control of precursor pathways, a 

home-made ALD reactor including gas delivery system was constructed, and the time sequence 

could be individually programmed by computer control software for a specific ALD process. 

 

8.2.2 The ALD apparatus 

A self-designed ALD vacuum reactor was constructed in our lab. The gas-flow pathways are shown 

in Figure 8.6.  A mass flow controller is used to regulate the desired amount of Ar carrier gas, 

which normally flows at a constant rate of 20 sccm to 50 sccm, depending on the reaction 

conditions. The four precursor bottles make the system versatile enough to perform single complex 

ALD reactions involving up to four precursors or two simultaneous ALD reactions needing two or 

in some cases three precursors each, without undergoing the exchange of precursor bottles. The 

precursor bottles are kept at elevated temperature in order to maintain a high-enough vapor pressure. 

Four ALD valves and the stop valve are regulated alternately by a computer program, and only one 

valve is open at once. As long as one ALD valve is open, a certain amount of precursor molecules 

can pass though it and be carried into the vacuum chamber by the flowing Ar. The amount of 

precursor introduced into the vacuum chamber is determined by the open time of the ALD valve. In 

one ALD cycle, only a very small amount of precursor is required; therefore, an ALD valve 

oftentimes opens only for a very short time, and then quickly closes. For gaseous or liquid 

precursors, which generally have a relatively high vapor pressure, an open time of a few 

milliseconds is usually sufficient. For precursors having a very low vapor pressure, such as solid 

state precursors, the open time can be as long as several seconds. For this reason, the opening of 

precursor lines is called a “pulse”, and the valve open time is the “pulse time”. 
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Figure 8.6: Schematic drawing of the gas delivery system of the ALD reactor. 

Ar: high-purity Ar gas from central reservoir (99.999%); 

MFC: mass flow controller (Type PR4000B, MKS Instruments) 
to control the Ar gas flow rate; 

manual valve 5: manual ball valve, controls the flow of Ar gas; 

precursor bottle 1 ~ 4: reservoir made of stainless steel for 
storage of chemical precusors; for processes that require ozone, 
one of the bottles can be exchanged with an ozone generator (not 
shown); 

manual valve 1 ~ 4: safety valve of precursor bottles; 

ALD valve 1 ~ 4: 3-port ultra-fast ALD diaphragm valves  

(Swagelok) that are controlled by a computer program; 

vacuum chamber: top-and-bottom high-temperature heated 
region in which the deposition takes place; 

pump: rotary oil pump for vacuum levels as low as 10-5 mbar; 

stop valve: high-power pneumatic valve driven by a computer 
program to open and close the vacuum pumping; 

vacuum gauge: active Pirani transmitter between 510-4 ~ 1000 
mbar (TPR 281, Pfeiffer Vacuum); 

manual valve 6: to prevent materials deposition in the vacuum 
gauge during the ALD process. 
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Figure 8.7: Schematic drawing of the device control of the ALD reactor. 

Computer interface: LabVIEW virtual 
instruments (VIs) for defining automated 
processes and controlling devices. 

RS485 digital I/O port: communication 
with 7 PID controllers (USB-to-RS422/485 
single-port adapter, Meilhaus Electronic).  

USB digital I/O port: communication with 
data acquisition control box (Redlab 1008). 

Redlab 1008: USB-based data acquisition 
mini control box, including analog and 
digital I/O ports (Meilhaus Electronic). 

ME-UBRE: 8-chanel relay array for on/off 
actions of ALD valves 1 ~ 4 and the stop 
valve (Meilhaus Electronic). 

Vacuum sensor: measures 0 – 10 V analog 
voltage signal. 

PID controller 1 ~ 7: digital temperature 
controller with integrated solid state relay- 

drive (SA200, RKC Instrument Inc.). 

Heating band 1 ~ 7: control the temperature 
in different locations, regulated by 
corresponding PID controllers (250 W, max. 
450°C, HORST GmbH). 

Thermocouple 1 ~ 7: provide temperature 
input to the PID controllers (type J, 
OMEGA). 

The numbers are assigned as follows: 

1: reaction chamber 

2: reaction chamber lid 

3: gas pathways between ALD valves and 
the chamber 

4: precursor bottle 1 

5: precursor bottle 2 

6: precursor bottle 3 

7: waste gas pathway 
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The individual modules of the ALD reactor are shown in Figure 8.7. Essential parts of the ALD 

reactor are automated by pre-defined VIs, which were developed using LabVIEW (v8.0, National 

Instruments). Two digital buses from the computer are used, one of which is a USB port, and the 

other of which is an RS485 port, which is realized using a USB-to-RS422/485 single-port adapter 

(Meilhaus Electronic). Through the RS485 line, the computer exchanges data and commands with 7 

 

 

Figure 8.8: Photo of the ALD machine. 

ALD of iron (III) oxide 

precursor 
temperature 

(°C) 
pulse 

time (s)
exposure 
time (s) 

purge time 
(s) 

growth per cycle 
(nm/cycle) 

ferrocene 100 1.5 20 25 

O3/O2 
mixture 

RT 0.2 15 20 
0.012 

 
 

ALD of silicon (II) oxide 

precursor 
temperature 

(°C) 
pulse 

time (s)
exposure 
time (s) 

purge 
time (s)

growth per 
cycle 

(nm/cycle) 
3-aminopropyl-
triethoxysilane 

100 1.0 20 25 

H2O 30 0.2 20 40 

O3/O2 mixture RT 0.2 15 20 

0.070 

 

Table 8.2. Experimental parameters of the ALD process for Fe2O3 and SiO2. 
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PID (proportional-integral-derivative) controllers, which minimize the difference between the 

temperature set point and the measured temperature by regulating the actual power of the heating 

bands according to a built-in algorithm and self-adjusted parameters. When the temperature is over 

range, the alarm function within each PID controller will either beep or shutdown the flowing 

current.  A data acquisition control box (Redlab 1008, Meilhaus Electronic) is connected to the 

computer through the USB port. The Redlab 1008 has both analog and digital I/O terminals. An 

analog voltage (0 ~ 10 V) given by vacuum sensor—which is a measure of the vacuum level in the 

ALD chamber—is digitalized by a 12-bit A/D converter in differential mode. An ME-UBRE relay 

box (Meilhaus Electronic) is connected between the Redlab 1008 digital output and valve solenoids 

in order to amplify the switching power to open and close the pneumatic ALD valves and the stop 

valve. A photo of the ALD machine is shown in Figure 8.8. 

 

8.2.3 Case study: ALD thin films grown on flat / into porous substrates 
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Figure 8.9: (a) XRR spectra of six flat silicon wafers coated with Fe2O3 by ALD; (b) film 

thickness plotted as a function of the number of ALD cycles, as obtained from simulated fits to 

the measurements in (a). 
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ALD thin films on flat Si substrate 

The simplest system for studying thin-film deposition is to use a flat substrate, which offers easy 

characterization. Single-crystalline silicon wafer is chosen as the deposition substrate, on which 

iron (III) oxide thin films are deposited via ALD. Two precursors are necessary for the deposition 

of Iron (III) oxide. The experimental parameters are shown in Table 8.2. 

The x-ray reflectometry (XRR) spectra of six coated samples are shown in Figure 8.9(a); the 

coating thickness could be determined from simulation results with high precision once the other 

fitting parameters were determined. From standard literature values, the density of silicon is 2.33 

g/cm3 and the density of iron oxide is 5.25 g/cm3. The surface roughness is always assumed to be 

0.2 nm in all simulations, but this value did not have an obvious influence on the final value for the 

thin film thickness.  

In Figure 8.9(b) we see that the film thickness increases linearly with the number of ALD cycles, 

which is indicative of a constant growth per cycle (GPC) rate. This is clear evidence for a layer-by-

layer growth mode. From the slope of the linear fit, the GPC can be determined to be 0.012 nm, 

which is less than one monolayer. In an ideal ALD mode, one ALD reaction cycle would always 

lead to the growth of a complete monolayer. However, in real processes (except the AlMe3/H2O 

process, which is known as a rather ideal ALD process), the GPC is always found to be less than a 

monolayer [48]. Many factors may contribute to this observation, such as non-ideal growth modes, 

unsaturated surface reactions, precursor desorption, etc. Interested readers can consult the nice 

review by Puurunen [48] for more information. 

The film thickness was also measured by ellipsometry, with the results agreeing extremely well 

with the XRR data.    

 

Figure 8.10: SEM micrographs of porous AAO membrane: (a) without ALD; (b) after 300 

ALD cycles of iron oxide. 
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ALD of iron oxide into porous AAO substrate 

Iron oxide was also deposited into porous AAO membranes using similar ALD parameters as 

described in Table 8.2, only with longer exposure times due to the fact that molecules need more 

time to diffuse into the porous surface. In Figure 8.10 we see that after ALD the iron oxide is 

deposited on the pore walls, making the pores look smaller. The average pore diameter without 

ALD was measured to be 28.0 nm, while the same AAO sample after 300 ALD cycles had an 

average pore diameter of 19.1 nm. The growth per cycle was calculated to be 0.014 nm, which 

coincides well with the value of 0.012 nm obtained in the case of the flat substrate.  

8.3 Synthesis of nanotubes via ALD 

8.3.1 Synthetic strategy 

Syntheses of nanotubes following the approaches described below were carried out at Department 

of Applied Physics at Universität Hamburg, in cooperation with Prof. Kornelius Nielsch and Robert 

Zierold within the framework of DFG priority program 1165, as well as in our lab at Universität 

Ulm with self-constructed ALD machine which is described in Section 8.2.2.  

The approach to synthesizing magnetic nanotubes and their subsequent suspension in a carrier 

liquid is shown in Figure 8.11. The plan consists of the following steps: (a) The starting point is the 

two-step anodization of aluminum foil; (b) after obtaining a porous structure with a well-defined 

depth, a pore-widening process is applied to remove the conical shape at the pore entrance as well 

as to define the desired pore diameter; (c) the AAO membrane ready for ALD; (d) ALD of the first 

SiO2 passivation layer, which protects the iron oxide being etched away in the later dissolution step; 

(e) the interconnects are removed by a reactive ion etching (RIE) process; (f) ALD of the Fe2O3 

layer; (g) ALD of the second SiO2 passivation layer; (h) thermal reduction is applied to change 

from paramagnetic Fe2O3 to ferromagnetic Fe3O4; (i) RIE is applied again to remove the 

interconnects of the second SiO2 layer and Ar sputtering is applied to remove the interconnects of 

Fe3O4; (j) the AAO template is dissolved and the magnetic nanotubes are collected in the form of a 

nanotube ferrofluid. The underlying Al foil can be re-used in the next sample preparation, which 

makes scale-up more affordable. The desired tube is shown at bottom right: an iron oxide layer 

sandwiched between two SiO2 protection layers. 
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Combining the ability to tailor the pore depth and diameter of AAO membranes, with the precise 

control over deposition thickness afforded by ALD enables the experimentalist to control all 

geometrical tube parameters of relevance to magnetic properties. In order to prepare nanotube 

ferrofluids, two challenges have to be overcome. First, the constraints of quantity and homogeneity 

of magnetic nanotubes have to be met by the AAO template. Secondly, the tubes synthesized by 

ALD have to be separated from each other and released from the supporting template—without 

losing a significant fraction of the sample and without etching away the magnetic layer. Figure 8.11 

represents a schematic view of the approach that we developed to solve both of these problems: 

scale-up allows for the synthesis of more than 1011 nanotubes at once, and a complex procedure 

involving reactive ion etching (RIE), argon sputtering and wet-chemical etching yields well-

separated nanotubes ready for suspension in a carrier fluid. 
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Figure 8.11: The strategy for synthesizing magnetic nanotubes by ALD. 
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8.3.2 Experimental details 

Porous AAO membranes are coated with SiO2 by ALD through the alternating introduction of 3-

aminopropyltriethoxysilane (heated to 100°C), water (at 40 °C) and ozone (at RT) at a chamber 

temperature of 180 °C. Iron oxide is deposited by sequential pulses of ferrocene (heated to 100°C) 

and ozone (at RT) at a reaction temperature of 230°C. Both processes are run with a constant 

nitrogen flow of 20 sccm. Because of the porous template, the exposure time and purging time had 

to be considerably increased compared to the case of a flat substrate (Section 8.2.3) in order to 

allow precursor molecules sufficient time to diffuse into and be purged out of the thin long channels 

of the porous membrane. 

A photograph of porous AAO membranes after ALD processes of SiO2 and Fe2O3 is shown in 

Figure 8.12. In contrast to the colorless appearance without the ALD process, the coated AAO 

membranes manifest a color that depends on the pore depth, with a saturation contrast that is 

sufficient for human eyes to distinguish them easily. The color is quite homogenous all over the 

membrane area, which indicates that the pore depth is uniform, i.e. the length of the resulting ALD 

nanotubes has a very narrow size distribution. Optical reflectance spectra were performed 

systematically in order to explain this phenomenon. I summarize the experimental details and 

results in Appendix A. 

Reactive Ion Etching (RIE) and Ar sputtering 

In order to obtain well-separated tubes, the interconnects of the tubes on top of the AAO template 

must to be removed. This was realized by applying RIE twice and Ar sputtering once. Both silica 

layers (Figure 8.11 d and h) were etched in a SENTECH SI200 reactive ion etcher with CHF3 

plasma (25 sccm CHF3 flow, 15 mTorr, 75 W). Removal of the iron oxide interconnect layer 

 

Figure 8.12: A series of AAO membranes showing various colors after multilayer ALD 

processes of SiO2 and Fe2O3 [122]. The pore depth covers the range from 116 nm (left) to 

1160 nm (right). The thickness of the SiO2 and Fe2O3 layers is the same for all samples. 
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(Figure 8.11 h) was conducted in an argon-sputter process in the same machine (10 sccm Ar flow, 

10 mTorr, 200 W).  

If the top interconnects are not removed, the tubes stay together even when the AAO membrane is 

etched away later. As can be seen in Figure 8.13(a), the tubes exist in the form of micrometer-sized 

“flakes” in this case. These flakes are too heavy to be suspended in a carrier fluid. Figures 8.13(b) 

and (c) show the top view and side view of the flakes, respectively; Figure 8.13(d) shows well-

dispersed nanotubes after successful RIE and Ar sputtering processes. The free nanotubes can be 

easily suspended in a carrier fluid, yielding an ideal system for studying the rheological properties 

of a “nanotube ferrofluid”. 

Reduction of nanotubes 

Due to the low temperature of the ALD deposition method, the as-prepared ALD tubes—both the 

 

Figure 8.13: (a)-(c) interconnected tubes: (a) top view of interconnected tube blocks; (b) 

enlargement of (a), with the long axis of tubes aligned normal to the image plane; (c) side 

view of interconnected tube blocks; (d) well-dispersed tubes after successful RIE and Ar 

sputtering processes. 



8.3 Synthesis of nanotubes via ALD 

 93

silicon oxide (SiO2) and iron oxide (Fe2O3) layers—are amorphous. Moreover, thermal reduction is 

necessary to initiate phase conversion of iron oxide from nonmagnetic Fe2O3 to the magnetic phase 

(Fe3O4, magnetite). The reduction of iron (III) oxide into the magnetite phase was realized at 400°C 

in a previously evacuated stainless steel vessel under an argon (95)-hydrogen (5) flow of 200 sccm. 

Under these conditions, SiO2 did not crystallize, and, even more advantageously, it remained 

mechanically stable to retain the tubular structure of Fe3O4. 

From TEM micrographs, we can see that the as-prepared nanotubes have a smooth 3-layer structure, 

as highlighted by the green and orange markings (Figure 8.14(a)), which still remains after thermal 

reduction (Figure 8.14(b)). The SiO2 layers are intact and unchanged by the heat treatment, but 

strong contrast appears within the iron oxide layer. There are two reasons that can lead to the 

contrast: firstly, the grains in the reduced polycrystalline iron layer cover all possible crystal 

 

Figure 8.14: TEM micrographs of ALD Nanotubes: (a) without reduction; (b) with reduction 

at 400°C for 90 min; (c) high-angle annular dark-field (HAADF) scanning TEM image show 

the homogenous distribution of iron in the tubes; (d) high magnification of HAADF image 

shows small voids in the magnetic layer, which is probably caused by volume shrinkage 

during the reduction step. 
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orientations, diffract the incident electron beam to a various extents, which imparts contrast to the 

bright-field image. Secondly, thermal reduction reduces the volume of iron oxide (~ 2% volume 

shrinkage) by reducing the number of oxygen atoms. This postulation is verified by high-angle 

annular dark-field (HAADF) scanning TEM images (Figures 8.14(c) and (d)). The HAADF 

technique is sensitive to elemental weight, i.e. the atomic number. Heavier elements give a brighter 

contrast, while low-weight elements appear dark. Here, only Fe is visible because the other 

elements, such as Si and O, have a much lower atomic number. In Figure 8.14(d) we see that some 

small voids exist within the iron layer. However, thanks to the protection of the diffusion resistive 

SiO2 layers, the shape of the Fe3O4 layer remains nicely tubular, even after undergoing the phase 

transformation. 

Reconstructed 3D tomograms 

3D structures of as-prepared ALD nanotubes were visualized using electron tomography. From 

Figure 8.15(a), we can conclude that the tube-like structure has both ends open. With proper 

 

Figure 8.15: (a) 3D reconstructions of ALD nanotubes (bright dots are gold position markers 

for image alignment); (b) sections of the nanotubes in (a) taken in different directions; lower 

right: high-magnification image of the y-slice shows that the tube wall consists of a well-

defined, three-layer structure of silica (gray) and iron oxide (bright). 
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software (Avizo, TSG Inc.), the tubes could be imaged conveniently from any viewpoint. A few 

gold nanoparticles were added to the nanotube sample, and they appear as bright dots in the final 

images. These dots were used as position markers for drift correction during image reconstruction. 

Since the tomography projections are two dimensional, each one is called a “slice”; for example, an 

x-slice is the intersection with a plane cutting through the sample perpendicular to the x axis. 

Typical x, y and z-slices of nanotubes in the upper part of (a) are shown in Figure 8.15(b), 

respectively. From the slices, directional information could be deduced. The long axes of two tubes 

lie along the y direction; therefore, a y-slice shows the circular wall shape of the nanotubes. A 

magnified image of the y-slice is shown in the lower right corner of Figure 8.15(b), and from its 

contrast, we can see that the tube wall consists of three layers: an Fe2O3 layer sandwiched between 

two SiO2 layers. 

 

Figure 8.16: (a) Bright-field TEM image of ALD nanotubes; (b) selected-area electron 

diffraction (SAED) of nanotubes in (a); (c) high-magnification image showing a nanotube 

with a well-defined, three-layered wall structure consisting of silica and iron oxide (tube 

length 180 nm, diameter 90 nm, thickness of each silica layer 6 nm, iron oxide thickness 8 

nm); (d) high-resolution TEM (HRTEM) showing amorphous silica layers and a crystalline 

iron oxide layer. 
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Dissolution of the porous alumina matrix was accomplished by exposing it to 0.18 M chromic acid 

at 50°C under permanent stirring for at least 10 h. Ultrasonication helped to detach the single tubes 

and suspend them in the acid. Filtration was performed by using polycarbonate cyclopore ion track-

etched membranes with a pore diameter of 0.2 µm. The filter membrane was then rolled up and 

placed in a 2 ml Eppendorf tube filled with DI-water. Ultrasonication (for approx. 10 min) released 

the tubes from the filter membrane. Centrifugation at 13400 rpm for 30 min caused all tubes to 

settle and enabled replacement of the supernatant by fresh DI-water or other desired carrier fluids. 

TEM samples and dried nanotubes for magnetic measurements were produced by placing a droplet 

of the nanotube suspension on a TEM grid or a 250 µm-thick silicon wafer, respectively, and letting 

the solvent evaporate. 

The diffraction rings in the selected-area electron diffraction (SAED) pattern (Figure 8.16(b)) 

correspond solely to polycrystalline magnetite (Fe3O4), thus excluding the existence of iron 

compounds of other valence, such as Fe2O3 or metallic Fe. The strongest Fe3O4 peak at (311) and 

the (440) peak at 62.7° are evident in the GIXRD pattern (Figure 8.17). The crystalline aluminum 

phase detected by GIXRD is likely the result of contamination introduced during the nanotube 

releasing procedure. From the aberration-corrected high-resolution transmission electron (AC-

HRTEM) images of a dried nanotube suspension (Figures 8.16(c) and (d)), the three-layer structure 

of the SiO2-Fe3O4-SiO2 nanotube wall is apparent. The continuous silica shells are evident, since 

they remain amorphous after heat treatment. The confined iron oxide layer is polycrystalline, as 

evidenced by the various orientations of crystal planes.  
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Figure 8.17: Glancing-incidence x-ray diffraction (GIXRD) pattern of dried nanotube 

powders on a silicon wafer. The Si (311) peak arises from the sample holder, and the Al 

peaks likely arise from contamination introduced when the nanotubes were released from the 

AAO template. 
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The polycrystalline nature and the grain size of the reduced nanotubes can be determined from 

dark-field TEM images. A bright-field image of a cluster of nanotubes is shown in Figure 8.18(a), 

as well as the corresponding dark-field images at different positions around the (311) diffraction 

ring from (b) to (e). In dark-field images, all grains with the same crystal orientation that are in 

Bragg condition will appear bright, while the others remain dark. The random distribution of the 

(311) grains shows that, in the tube, there is no preferred orientation with respect to the symmetry 

axis. The crystal size is about 10 to 25 nm. 

 

 

 

 

 

 

 

Figure 8.18: (a) Bright-field TEM image of several nanotubes; (b) – (e) dark field TEM 

images of the corresponding nanotubes in (a), obtained from different positions in reciprocal 

space on the ring of (311) diffraction intensity. 



Chapter 8. Mass production of magnetic nanotubes by atomic layer depositon on porous alumina  

 98 

8.4 Characterization of free nanotubes 
SQUID magnetometry measurements performed on a dried nanotube suspension placed on a flat 

silicon substrate are displayed in Figure 8.20. Here, magnetization isotherms are shown for two 

temperatures (5 K and 300 K) in two different alignments of the substrate plane relative to the 

applied magnetic field. The in-plane and out-of-plane configurations refer to the applied magnetic 

field being oriented in the plane of the silicon substrate and perpendicular to it, respectively. A 

nonzero coercive field and remanent state are observable in both configurations at 5 K as well as at 

300 K. The coercivity at 5 K is 910 Oe in the in-plane configuration, whereas the out-of-plane 

measurement (in which the field is perpendicular to the long axis of most tubes) yields a reduced 

value of 690 Oe at the same temperature. Similar behavior is apparent in a comparison of the 

remanent magnetization (normalized to the saturation magnetization) in the two directions. At 5 K, 

the in-plane value of 55 % drops to 35 % in the out-of-plane configuration. Furthermore, raising the 

measurement temperature to 300 K lowers the magnitude of coercivity and remanence, but it does 

not change the general decrease in values for the coercive field (270 Oe/160 Oe) and remanent 

magnetization (35 %/20 %) between the in-plane and out-of-plane configurations. These 

observations define the magnetic easy axis of our anisotropic structures as lying along the long axis 

of the nanotubes, as expected. 

 

Figure 8.19: The magnetic moment measured in an applied magnetic field of 600 Oe is 

plotted in black, open circles as a function of temperature. To emphasize the sharp increase 

between 95 K and 125 K, the derivative of the magnetization with respect to the temperature 

is plotted in red, open diamonds. The peak observable at 107 K (Tv) is associated with the 

Verwey transition of magnetite. The solid curve is a guide to the eye. 
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Temperature-dependent zero-field-cooled measurements (warm-up mode) performed at a 

permanent applied field of 600 Oe (Figure 8.19) display a rapid increase between 95 K and 125 K 

in a plot of the magnetic moment vs. temperature. This obvious change in curve progression is 

associated with the Verwey transition of magnetite [123]. The derivative of the magnetic moment 

versus the temperature is plotted in the same figure as red, open diamonds; the location of the peak 

characterizes the Verwey temperature for the corresponding phase transition. The measured value 

of Tv = 107 K is lower than for bulk material (Tv ≈125 K) [123]. This observation agrees with 

previous studies for thin films [124] and electrodeposited nanowires [125], for which similarly 

reduced transition temperatures were reported, as well. The observed transition is additional 

evidence for the stoichiometry of Fe3O4 in the iron oxide layer of our nanotubes, as no Verwey 

transition occurs in the gamma phase of Fe2O3 (maghemite). To our knowledge, this is the first time 

that the Verwey transition has been observed in iron oxide films deposited by ALD. 

Figure 8.21(a) shows a photograph of a well-dispersed magnetic nanotube suspension in an 

Eppendorf tube. Applying a strong external magnetic field collects the tubes near the magnet, 

leaving the remaining solvent transparent. After removing the magnet and shaking the suspension, 

the latter reverts to the initial, well-dispersed state. 

In contrast to the hysteresis curves recorded for dried nanotubes, the liquid suspension of Figure 

8.21(b) manifests a zero crossing in the magnetization isotherm at room temperature, which 

highlights a qualitative difference in the collective magnetic properties of fixed tubes and those 
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Figure 8.20: Magnetization isotherms recorded at 5 K (open symbols) and 300 K (close 

symbols) for a dried nanotube suspension mounted in a SQUID magnetometer with (a) in-plane 

and (b) out-of-plane configurations. Reduced values of coercivity and remanent magnetization 

in the out-of-plane configuration support the conclusion that the easy-axis of magnetization lies 

parallel to long axis of each nanotube. 
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suspended in a liquid. The vanishing remanent magnetization and coercive field substantiate the 

idea of well-separated particles able to rotate. In comparison to superparamagnetism, in which 

thermal energy causes a rapid change in orientation of the magnetic moments within a particle, the 

majority of the magnetic moments within our nanotubes is fixed in direction, but the tubular particle 

itself is able to move and rotate. Thereby, the magnetization direction imposed by an external 

magnetic field is lost in the zero-field state. 

Viscosity measurements of the nanotube suspension—performed with a piezo-membrane axial 

vibrator (PMAV) equipped with a magnetic coil—are introduced in Section 5.10. The concentration 

of magnetic materials for the measured magnetic nanotube suspension amounted to 0.055 emu/mL, 

from which we estimate a volume fraction of iron oxide in the suspension of 0.02 vol% (assuming a 

saturation magnetization of 320 emu/mL at room temperature). The latter value takes into account 

the measured decrease in saturation magnetization of iron oxide upon reduction of the sample size 

into the nanometer range [126]. At a constant shear frequency of 10 Hz, the magnetoviscosity is 

observed to increase as a function of the applied magnetic field to a value of 65 % at 110 mT 

(Figure 8.23). The nonlinear, saturating curve shape of the magnetoviscosity, which was 

theoretically derived by Shliomis [8], occurs in the same field range (> 100 mT) as was observed 

for the saturation of the magnetization isotherms of the liquid suspension (Figure 8.21(b)). 

Additional viscosity measurements performed at a constant applied magnetic field (45 mT) exhibit 

a nonlinear decrease in the magnetoviscosity as a function of the frequency—an example of the 

shear-thinning effect [3,65]. It is remarkable that even at a magnetic volume fraction of only 0.02 

vol% a significant magnetoviscosity can be measured, comparable to the values obtained for a 

magnetic nanorod suspension reported by Birringer et al. in 2008 [13]. 
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Figure 8.21: The left photograph in (a) shows a well-dispersed suspension of magnetic 

nanotubes in a liquid. In the magnetic field gradient of a permanent magnet (right image), the 

tubes are collected in the vicinity of the magnet, leaving the remaining solvent transparent. 

(b) Hysteresis loops (magnetic moment normalized to the saturation magnetization) for tubes 

dried on a substrate (red, dashed line) and for a liquid suspension of nanotubes (blue, solid 

line), as measured by vibrating sample magnetometry. The coercive field and the remanence 

of the suspension are both zero, as expected for nanotubes that are free to rotate.  

on substrate (in-plane) free tubes suspended in fluid
(a) (b)

on substrate (in-plane) free tubes suspended in fluid
(a) (b)

Figure 8.22: Schematic drawing of the relaxation mechanism of nanotubes: (a) in a nanotube 

fixed on a substrate, the magnetic moment rotates within the tube; (b) for a tube suspended in a 

fluid, the tube rotates together with the magnetic moment, which is fixed within the tube. 
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Figure 8.23: Magnetoviscosity of a nanotube suspension as a function of magnetic field 

(opencircles, bottom axis) at a constant vibrational frequency (f) of 10 Hz. Gray circles depict 

the non-linear decrease in magnetoviscosity as a function of vibrational frequency (top axis) 

at a constant applied magnetic field of 45 mT. The lines drawn serve as guides to the eye. 
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9 Summary 
 

Chapter 9 

Summary 

Ferrofluids are functional nanocomposite materials that possess both the magnetic properties of 

magnetic nanoparticles and the fluid properties of the carrier liquid. This unique characteristic has 

led to niche applications of ferrofluids in areas such as vacuum technology, high-quality audio 

systems, biomedical contexts, microfluidic “lab-on-a-chip” devices, etc. The technological 

exploitation of ferrofluids relies not only on the interaction between magnetic fields and 

nanoparticles, but also on the coupling between the suspended nanoparticles and the surrounding 

liquid. One surprising consequence of this coupling is the fact that even modest magnetic fields 

have the potential to increase the viscosity of a ferrofluid by several orders of magnitude. This so-

called magnetoviscous effect has recently found application, for example, in the suspension systems 

of shock absorbers, which feature a damping behaviour that is tunable via a built-in electromagnetic 

coil. Current theoretical models suggest that the magnetoviscosity arises from the field-induced 

formation of chain-like aggregates of nanoparticles, which align themselves with the applied field 

and thereby exert a much stronger drag on the surrounding fluid than would the same nanoparticles 

if suspended in isolation. An appealing aspect of this model is its ability to account for the strong 

decrease in magnetoviscosity that is observed in ferrofluids subjected to shear forces, as the loosely 

bounded particle chains are broken by shear—a phenomenon named shear thinning. If it were 

possible to replace the loosely bound nanoparticle chains of conventional ferrofluids with stiff 

magnetic nanorods or nanotubes, then the resulting ferrofluids would be expected to retain their 

field-induced viscosity enhancement even at high shear rates, because these mechanically stable 

particles will not lose their shape anisotropy in the event of shearing forces. 

Templating strategies—both positive and negative—offer technologically feasible routes toward the 

production of magnetic nanotubes in sufficient quantity for ferrofluid applications, with ample 

flexibility regarding the choice of magnetic material and near complete control over morphological 

dimensions and uniformity. The adoption and improvement of state-of-the-art technologies for 
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synthesizing nanomaterials therefore holds the promise of realizing a new class of materials: 

nanotube ferrofluids. 

Such considerations motivated the research described in the preceding chapters of this thesis. 

Methods for preparing nanotubes and the theoretical understandings of magnetism and viscosity are 

described in Chapters 2 to 4. Three template-based synthesis routes are established in parallel 

aiming at the same goal, and experimental details and results are described in Chapters 6 to 8, 

respectively. The samples obtained are thoroughly characterized by various techniques, such as 

electron microscopy and x-ray diffraction, which are introduced in Chapter 5.  

In Chapter 1, I stated the specific goals of the research in the form of three “open questions.” Now, 

I summarize the answers learned from this study below. 

1. Is it possible to synthesize magnetic nanotubes with accurately tunable shape and 

microstructure, such as wall thicknesses, diameters and aspect ratios?  

As an excellent example of negative templating, the combination of ALD with porous AAO 

templates offers mass quantities of uniform nanotubes with accurately controlled morphology 

and an extremely narrow size distribution. The length, diameter and wall thickness can all be 

tailored with nanometer accuracy. Moreover, the unique advantage of ALD offers the 

possibility to stabilize the magnetic iron oxide by sandwiching it in between silicon oxide 

layers, which provides good mechanical stability and chemical inertness.  

Reverse micelles can act as soft negative templates for nanorods/nanowires, providing the 

possibility to tune the length over a wide range. Certain reaction byproducts, such as 

spherical nanoparticles, can be removed afterwards, but morphological characterization of the 

nanowires revealed a rather broad distribution of particle lengths. The diameter of the 

resulting nanowires, on the other hand, was independent of the wire length.  

TMV particles—with their well-defined shape and size, both in natural form and as 

genetically engineered in the lab—are ideal templates for nanotubes prepared by subsequent 

surface metallization procedures. However, the electroless deposition of Ni metal on the 

TMV surface does not result in a smooth tube-like morphology with the desired wall 

thickness, due to the technical difficulty of stopping the autocatalytic reaction. Moreover, the 

Ni nanotubes did not manifest sufficient magnetic moment, most likely due to oxidation or 

other contamination.  

Surprisingly, the conceptually simpler approach of adding bare TMV particles to a 

conventional ferrofluid dramatically enhanced the magnetoviscosity well beyond the value 

manifested by the corresponding ferrofluid without TMV. Experimentation with TMV 
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variants of various lengths and surface charge states suggests that the stronger 

magnetoviscous effect can be traced to a “scaffolding” of magnetic nanoparticles by the 

virus—i.e., to the formation of quasi-linear TMV/nanoparticles complexes. A consistent 

correlation between the length of the nanotubes comprising the virus-derived additive and the 

magnitude of the resulting magnetoviscosity was also observed.  

2. Is it possible to scale up the synthesis of nanotube ferrofluids to such an extent that their 

macroscopic properties, e.g. magnetoviscosity, can be studied in a similar manner as 

conventional ferrofluids? 

First of all, TMV particles hold the promise of easy scale up. With bio-laboratory facilities 

and standard purification procedures, it is possible to extract powder amounts in the 

milligram range. This quantity of virus allows hybridizing commercial ferrofluids ranging 

from several hundred microliters to one milliliter.  Like other wet chemical approaches, the 

reverse micelle based method scales up easily, as well. In contrast, although an innovative 

“recycling” concept has been developed for the ALD procedure—which significantly 

increases the yield—it is still both time consuming and expensive to prepare as many 

magnetic nanotubes by the ALD negative templating route as by the other two approaches. 

The final ferrofluid volume is normally around 100 µl. 

As a matter of fact, the amount of nanotube ferrofluids is always limited compared to that of 

conventional nanoparticle ferrofluids. Typical rheometers need more than 10 milliliters of 

sample for magnetoviscosity characterization, which is still not feasible in the case of 

nanotube ferrofluids produced on a laboratory level. For this reason, a novel type of 

rheometer—the piezo-membrane axial vibrator (PMAV)—had to be used to measure the 

magnetoviscosity of sample volumes as small as 50 µl. 

3. Does the shape of magnetic nanotubes—i.e. their aspect ratio—have an effect on the 

magnetoviscosity? 

Through the addition of small amounts of TMV, the magnetoviscous effect of a conventional 

cobalt ferrite-based ferrofluid was enhanced by more than one order of magnitude. A 

consistent correlation between the length of the nanotubes comprising the virus-derived 

additive and the magnitude of the resulting magnetoviscosity was also observed. The surface 

functional groups of TMV appear to be responsible for an electrostatic interaction with the 

CoFe2O4 particles, leading to the formation of quasi-linear aggregates of magnetic 

nanoparticles attached to the tube-shaped virions. We postulate that the alignment of these 

rodlike magnetic structures in an applied magnetic field leads to viscosity enhancement in 
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much the same way that dynamically formed chains of nanoparticles are thought to account 

for the magnetoviscosity of conventional ferrofluids, and the longer the rodlike structures are, 

the stronger is their influence on the viscosity. For the reverse micelle-based approach, at 

room temperature, the ferrofluids do not reach magnetic saturation, even when a field of more 

than 1 T is applied. Because of this, the measured magnetoviscous effect was very small in 

the PMAV device (design limit 110 mT), even though the extreme length of the nanowires 

might have suggested a much stronger viscosity enhancement. ALD nanotubes demonstrated 

a measurable magnetoviscosity, and, because of the possibility for precise length and 

diameter control, they are very promising for systematic studies concerning the influence of 

aspect ratio on magnetoviscosity. 

Future investigations of these novel nanotube ferrofluids should include small-angle neutron 

scattering studies to observe the alignment of the tubes in situ as a function of the applied magnetic 

field and the applied shear state. 
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Appendix A 
 
 
 
Optical interference exists in nature, such as butterfly wings and bird feathers. Upon depositing 

ALD thin films onto colorless porous anodic aluminium oxide (AAO) membrane, optical 

interference—which makes the AAO carry vivid color—can occur.  

Experimental details 

The AAO membranes with different depth were obtained by electropolishing and anodization of 

pure Al, following the procedures described in Section 8.1 (oleic acid, +40 V). The AAOs were 

transferred into the ALD chamber without an additional pore widening step. The expected pore 

diameter is about 24 nm. Atomic layer deposition (ALD) of Fe2O3 was carried out as described in 

Section 8.3. In order to completely cover the pores, thin films of 14 nm thick were deposited (1200 

cycles). The previous colorless membrane did show vivid colors after ALD. The spectra of the 

membranes were recorded from 300 nm to 900 nm, covering the whole visible range.  

Reflectance spectra were obtained using the setup shown in Figure A1. A deuterium lamp was used 

as light source (radiation wavelength between 200–900 nm). The sample and the lamp were placed 

with an incident angle θ. Reflected beam light was collected and conversed by a condenser lens, 

and selected with a slit before passing through a pre-programmed monochromator (~ 10-4 resolution, 

1 m focal length). Finally, the signal was recorded with a detector (Jobin Yvon, Spectrum), which 

composed of a liquid nitrogen cooled CCD camera. The incident angle θ can be varied from 15° to 

70° by rotating it around its axis, meanwhile the lamp rotates along a robust track (shown as a 

dashed circle in Figure A1) twice as fast. 
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Results and discussion 

The optical path within the AAO membrane is shown in Figure A1. Incident beam reflects both at 

the air-AAO and AAO-Al interfaces. According to Snell’s law, the optical path difference of the 

reflected beams is  

  22 sin2  nL , (A1)

in which L and n is the thickness and the refractive index of AAO layer, respectively.   

Constructive interference occurs when δ is an odd multiple of λ/2, that is 
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in which m is the interference order, that can be 0, 1, 2… 

Combining equations (A1) and (A2) together, the maximum of reflectance takes place at 
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Figure A1. Optical alignment for measuring the reflective spectra of AAOs. In order to obtain 

the angular dependence, the sample is placed at the center of the dashed circle and can rotate 

around it at speed ω, meanwhile the lamp moves at speed 2ω. 
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A photograph of a series of AAO membranes with and without ALD is shown in Figure A3. 

Sample 1 is a pure AAO membrane without ALD process, which is shiny and looks silver metallic 

color. Sample 2 to sample 7 are AAO membranes of different depths with Fe2O3 deposited by ALD, 

but the other parameters—such as pore diameter, Fe2O3 layer thickness, interpore distance—are all 

the same. The remarkable color variation demonstrates that the reflection spectrum depends solely 

on the AAO depth. 

 

Well-distinguished reflectance spectra from 300 nm to 900 nm of the AAOs and the angular 

dependence are shown in Figure A4: (a) 726 nm thick pure AAO membrane without ALD, and (b) 

AAO/Fe2O3 of the same thickness. The signal is normalized with respect to the reference spectrum 

obtained using a smooth Al disk as a mirror, therefore the maximum reflectance is 1. Clear 

interference bands can be seen on both plots, and as 2θ increases, a blue shift is observable. A 

significant point is all the signals in (a) are all in the range of 0.8 to 1 (the case of ideal reflection), 

human eyes can hardly distinguish the color change because of the small deviation. In contrast, the 

air
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Al

Fe2O3
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Figure A2. Model of the optical path within the AAO membrane. 

 

Figure A3. Photo of the AAO membranes (arbitrary view angle) with and without Fe2O3 by 

ALD. 1: clean colorless AAO without Fe2O3; 2 – 7: AAOs with 14 nm thick Fe2O3 layer 

deposited by ALD. The thicknesses of AAO layers are: (2) L = 132 nm; (3) L = 198 nm; (4) L 

= 330 nm; (5) L = 462 nm; (6) L = 594 nm; (7) L = 726 nm. 
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signals in (b) have a much bigger maxima-minima value, therefore resulting high color saturation, 

thus the sample shows clear colors. 

In conclusion, by depositing a high refractive index thin film such as Fe2O3 with ALD into porous 

AAO membranes, color tuning of the membrane can be realized. The colors are determined by the 

thickness of AAO membranes. Angular dependence of the optical properties of AAOs is studied 

with reflectance spectra and the maxima and minima agree well with the prediction using classic 

interference theory.    
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Figure A4. Reflectance spectra of (a) AAO membrane with thickness of 726 nm; (b) AAO 

membrane with the same thickness but with Fe2O3 of thickness at 14 nm. The sample in (b) is 

the seventh sample shown in the photo in Fig. A3. The dashed lines are guides of eye. 
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