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Magnetic-field-guided assembly of colloidal matter has long been regarded as one of 

the most unique methods for bottom-up fabrication of functional materials, owing to the 

instantaneous and anisotropic nature of magnetic interactions. The magnetic assembly 

process is driven by magnetic dipole–dipole interactions which magnitude and direction 

can be conveniently controlled by the field strength and direction. The collective property 

of the resultant superstructures can often response to the external magnetic stimuli, 

allowing the facile design of smart and responsive devices. Tremendous efforts have been 

made in the development of magnetic-field-guided assembly strategies; however, current 

magnetic assembly processes were limited to spherical, isotropic building block; while 

little progress has been achieved to the assembly of anisotropic building blocks, which, 

however, hold great promise as they often possess shape-dependent physical and 

chemical properties and add more degrees of freedom to the materials design.   



 vii 

In this dissertation, I summarized my explorations on magnetic anisotropic 

nanostructures, from their controlled synthesis, guided assembly, to the tuning of the 

resultant superstructures, with a special emphasis on the tuning of their collective optical. 

To start with, I developed a sophisticated method for the controlled synthesis of one-

dimensional magnetic nanostructures, with tunable size, shape, aspect ratio and magnetic 

property. These magnetic nanostructures have great uniformity and serve as excellent 

building blocks for magnetic assembly. I studied the assembly behavior of these building 

blocks, investigated the effects of their morphology, volumetric fraction, and the 

direction and strength of external magnetic fields, and optimized the assembly process 

with respect to these factors.  

    After successfully assembling the anisotropic magnetic building blocks into organized 

structures with positional periodicities and/or orientational orders, I investigated the 

optical tuning of the resultant superstructures. Owing to the anisotropy of building 

blocks, these superstructures exhibit unique angular-dependent optical property, which 

can be controlled by changing the direction of external magnetic fields, as anisotropic 

magnetic particles spontaneously align themselves parallel to the field direction. I 

demonstrated this concept by using the magnetic field direction to tune the photonic 

property, polarity and plasmonic property of as-assembled superstructures. Such method 

is instant, reversible, contact-less, and only requires a weak magnetic field. It is expected 

to provide a general and very effective mean to assemble a wide range of nanoscale 

objects, and paves the way towards fabrication of novel superstructures and design of 

function devices in many fields. 
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Chapter 1 

 

Introduction 

 

1.1 Introduction to Colloidal Assembly 

The self-assembly of colloidal particles represents for an ideal model system in 

condensed matter physics, which allows exploration of the phase complexity in a single 

sample as the inter-particle interactions can be conveniently tuned.[1-6] Compared with 

other atomic systems, it is more convenient to conduct the study of colloidal particles in 

more experimentally accessible length and time scales. During the last several decades, 

progress in the fundamental study of colloidal assembly has enabled deep understanding 

of atomic world. For example, the study of colloidal assembly in aqueous dispersion helped 

to clarify the early stage of crystallization in dilute solutions; and the assembly of binary 

nanoparticles provided valuable insight for the construction of ionic crystals.  

On the other hand, self-assembly of colloidal particles is also of practical interest as it is 

a powerful bottom-up method for the fabrication of functional nanostructured materials, 

which include but not limit to nanoscale electronic, magnetic, optical, catalytic, and many 

energy-related devices.[7-14] More importantly, by designing and modifying the physical 

and/or chemical property of colloidal building blocks and/or their surroundings, the self-

assembly process can often be triggered and controlled by certain physical   stimuli  

(temperature,[15,  16]  light,[17,  18]  humidity,[19,  20]  mechanical  stress,[21]  electric  and  

magnetic  fields[22-­27])  or  chemical  stimuli  (chemical  interactions,[28,  29]  ionic  strength  
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and  environmental  pH[30-­34]),  resulting  in  an  acceleration  and  improved  precision  of  the  

whole  process. 

    Among variety of strategies for the guided assembly of colloidal matter, magnetic-field-

guided routes have been regarded as the most unique due to the instantaneous and 

anisotropic nature of magnetic interactions, and have been widely introduced to the 

materials fabrication and design of function devices in many fields, such as photonics[35-

39], drug delivery[40, 41], object patterning[42-46], magnetic levitation[47-50] and so on. 

Magnetic-field-guided colloidal assembly routes have several common characteristics. 

First, the assembly process is driven by magnetic dipole–dipole interactions which are 

directional in nature, and can be either attractive or repulsive, depending on the angle 

between the magnetic field and the line connecting the dipoles, thus permitting significant 

experimental design freedom.[51] Second, strong magnetic interactions can be effectively 

and reversibly initiated by the application of an external magnetic field, providing enough 

driving force for the rapid assembly of colloidal matter even within one second.[52, 53] 

Third, magnetic interactions act at a distance, enabling contactless manipulation of objects, 

and are independent of changes in experimental conditions, including temperature, pH and 

solvent composition.[54] Fourth, magnetic fields can easily be created, either by permanent 

magnets or electromagnets. More importantly, their strengths and spatial distributions can 

be programmed macroscopically and microscopically, allowing the realization of fine 

control over the assembly of colloidal matter, from the movement of one single object in a 

locally magnetized area to the globally synchronized motion of large numbers of 

objects.[55] 
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1.2 General Principle of Magnetic Interactions 

    Generally, colloidal magnetic particles experience various type of magnetic interactions 

in external magnetic fields.[27, 56] Upon the application of external magnetic fields, they 

are magnetized with an induced magnetic dipole moment   𝑚 = 𝜒𝐻𝑉 , where 𝜒  is the 

volume susceptibility of the particle, 𝐻 is the local magnetic field, and 𝑉 is the volume of 

the particle. For a particle with a magnetic moment of 𝑚, its induced magnetic field 𝐻ଵfelt 

by another particle can be described as: 

𝐻ଵ = [3(𝑚 ∙ 𝑟)𝑟 − 𝑚] 𝑑ଷ⁄  

where  𝑟 is the unit vector parallel to the line pointed from the center of the first particle to 

that of the second particle, and 𝑑 is the center-center distance. The dipole-dipole interaction 

energy of second particle with the same magnetic moment 𝑚 can be thus written as:  

𝑈ଶ = 𝑚 ∙ 𝐻ଵ = (3 cosଶ 𝜃 − 1)𝑚ଶ 𝑑ଷ⁄  

where 𝜃 ranging from 0° to 90°, is the angle between the direction of external magnetic 

field and the line connecting the center of the two particles. The dipole force exerted on 

the second particle induced by the first particle can be expressed as:  

𝐹ଶଵ = ∇(𝑚 ∙ 𝐻ଵ) = 3𝑟(1 − 3 cosଶ 𝜃)𝑚ଶ 𝑑ସ⁄  

which clearly shows the dependence of the dipole-dipole force on the configuration of the 

two dipoles. At the critical angle of 54.09°, the interaction approaches zero. The dipole-

dipole interaction  is  attractive  when  0°  ≤  α  < 54.09° and repulsive in cases where 54.09° < 

α  ≤  90°.  When the interaction energy is large enough to overcome thermal fluctuations, the 

magnetic dipole-dipole force drives the self-assembly of particles into one-dimensional 

(1D) chain-like structures along the dipole moment. 
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Figure 1.1 (a) Magnetic field distribution around a superparamagnetic particle with a 
dipole moment in the same direction as the external magnetic field. The repulsive (b) and 
attractive (c) dipole–dipole forces in different particle configurations drive the formation 
of particle chains along the magnetic field (d). The color bar on the right shows the relative 
strength of the local magnetic field. 
 

    Practically, the magnetic fields for experimental use are generated by a permanent 

magnet or an electromagnet, and are therefore not always homogeneous. Magnetic particles 

in a non-homogeneous magnetic field will experience a force along the direction of 

increasing field strength. The magnitude of this magnetophoretic force is monotonically 

related to the difference between the magnetic susceptibility of the particles and the 

magnetic susceptibility of their surroundings. If the difference is larger enough, the 

magnetophoretic force can be approximated as: 

𝐹௣௛௥ = ∇𝐵ଶ ∙ 𝑉𝜒 2𝜇଴⁄  
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It drives the movement of particles towards regions with the maximum magnetic field 

strength and subsequently induces a particle concentration gradient or crystallization.  

    Magnetic shape anisotropy can also play a very important role in the magnetization of 

particles of anisotropic shapes.[57-59] A magnetized particle will have induced magnetic 

poles at its surface, which will produce a demagnetizing field in the opposing direction to 

the magnetization, 𝐵ௗ௘௠௔௚ = −𝜇଴𝑁 ∙ 𝑚, where  𝑁 is the demagnetizing tensor, and 𝑚 is 

the induced magnetic moments. Then the energy of the particle in its own demagnetizing 

field is given by the integral: 

𝐸ௗ௘௠௔௚ = −
1
2
න𝐵ௗ௘௠௔௚ ∙ 𝑚𝑑𝑉 =

1
2
න𝜇଴(𝑁 ∙ 𝑚) ∙ 𝑚𝑑𝑉 

For an infinitely long cylinder, the expression can be simplified as: 

𝐸ௗ௘௠௔௚ =
1
4
𝜇଴𝑚ଶ sinଶ 𝜃 

where 𝜃 is the angle between the major axis of the cylinder and the field direction. As a 

result, anisotropic particles spontaneously align their major axis parallel to the direction of 

external magnetic fields, in order to reduce the demagnetizing field as well as the energy 

associated with it.[60, 61] For an infinitely expanded and/or very thin ellipsoid, the 

expression can be simplified as: 

𝐸ௗ௘௠௔௚ =
1
2
𝜇଴𝑚ଶ cosଶ 𝜃 

where 𝜃 is the angle between the major axis of the thin ellipsoid and the field direction. As 

a result, an in-plane orientation of magnetic moment of thin ellipsoid is energetically 

favorable, and it spontaneously align their plane parallel to the direction of external 
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magnetic fields, in order to reduce the demagnetizing field as well as the energy associated 

with it.[62-64] 

 

1.3  Magnetic  Assembly  of  Spherical  Nanoparticles 

    Magnetic   nanoparticles   assemble   into   various   kinds   of   structures   under   external  

magnetic   fields,   with   key   factors   which   determine   the   final   equilibrium   state   of   the  

assembly  process  being  the  magnitude  of  magnetic  interactions  between  particles  as  well  

as  the  local  concentrations  of  particles.  The  strength  of  external  magnetic  fields  directly  

determine   both   factors,   which   enable   people   to   fully   control   the   assembly   process   of  

nanoparticles  into  desired  structures.  On  one  hand,  it  determines  the  magnitude  of  induced  

dipole   moments   in   particles   and   therefore   controls   the   magnitude   of   dipole-­dipole  

interactions  between  particles;;  on  the  other  hand,  magnetophoretic  forces  induced  by  the  

inhomogeneity   of  magnetic   fields   drive   the  movements   of   particles   towards   increasing  

magnetic   field   strength   and   therefore   creates   differences   in   the   local   concentrations   of  

particles. 

 

1.3.1 1D  Assembly  of  Spherical  Nanoparticles   

    One  of  the  most  remarkable  features  of  the  assembly  of  magnetic  nanoparticles  is  the  

formation  of  ordered  structures.  The  transition  from  randomly  distributed  nanoparticles  to  

1D   particle   chains   may   represent   the   simplest   switch   between   random   and   ordered  

states.[53,  65,  66]  As  a  direct   result  of   the  directional  magnetic  dipole-­dipole  force,   the  

chaining  of  nanoparticles  happens  when  the  force  is  strong  enough  to  overcome  the  thermal  
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fluctuations.  Structures  of  1D  particle  chains  formed  by  nanoparticles  with  various  kinds  

of   sizes   and   chemical   compositions   have   been   intensively   investigated,   with   spherical  

superparamagnetic  magnetite  nanoclusters  chosen  here  as  a  model  system.[67]   

These   superparamagnetic   nanoclusters   are   composed   of   tiny   (~   10   nm)   magnetite  

crystals.  They  show  acute  magnetic  response  and  can  be  easily  manipulated  by  external  

magnetic   fields.   Their   zero   net   magnetic   moments   prevent   them   from   permanent  

magnetically   induced   aggregation,   and   make   the   assembly   process   reversible.   In   the  

meanwhile,   their   highly   charged   surfaces   provide   a   sufficient   long-­range   inter-­particle  

electrostatic   repulsive   forces,  which   balance  with   the  magnetic   dipole-­dipole   attractive  

forces  and  aid  in  an  establishment  of  force  equilibrium  with  in  the  chain-­like  structures.  

This  equilibrium,  however,  is  dynamic  and  sensitive.  Slight  changes  in  the  field  strengths  

can  lead  to  destruction  of  the  original  equilibrium  and  reconstruction  of  a  new  equilibrium,  

and  the  inter-­particle  separations  as  well  as  the  periodicities  of  chain-­like  structures  change  

as  a  result. 
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Figure  1.2  (a)  A  representative  TEM  image  of  the  superparamagnetic  nanoclusters  building  
blocks;;  (b)  Scheme  of  Bragg  diffraction  from  the  1D  chain-­like  structures  assembled  from  
the   building   blocks;;   (c)   Reflectance   spectra   of   an   aqueous   dispersion   of   chain-­like  
structures  under  magnetic  fields  with  different  strengths;;  (d)  Digital  photos  showing  the  
diffraction  color  change  in  a  typical  sample  encapsulated  in  a  capillary  tube  with  a  width  
of  1  cm  in  response  to  a  magnetic  field  with  increasing  strengths  from  left  to  right. 
 

        These  chain-­like  structures  with  ordered  arrangements  of  nanoclusters  serve  as  one  of  

the  smallest  photonic  structures,  with  their  diffraction  wavelengths  determined  by  Bragg’s  

law,  𝑚𝜆 = 2𝑛𝑑 sin 𝜃,  where  𝑛  and  𝑑  are  their  effective  refractive  index  and  periodicity,  𝑚  

is  the  diffraction  order,  and  𝜃  is  the  glancing  angle  of  the  incident  light.[36,  37]  In  response  

to   the  change  of  the  external   field  strength,   the  periodicities  of   the  chain-­like  structures  

alter.  Their  diffraction  wavelengths  are  therefore  responsive  to  external  magnetic   fields.  

After  carefully  designing  the  sizes  of  nanoclusters,  their  photonic  colors  can  be  effectively  

tuned   within   the   visible   light   spectrum,   from   blue   to   red.   The   color   change   happens  

instantly  upon  the  change  in  field  strength.   
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        In  1D  chain-­like   structures,   the  magnetic  dipole-­dipole   attractive   forces   are  perfectly  

balanced  by   the   electrostatic   repulsive   forces   between  particles.  The   inter-­chain   forces,  

mainly  magnetic  dipole-­dipole  repulsive  forces,  separate  the  chain  away  from  each  other.  

However,   chain-­like   structures   are  not   the   end  of   the   self-­assembly  phases  of   spherical  

nanoclusters.  When   stronger   magnetic   fields   were   applied,   the   magnetophoretic   force  

induced   the  movement  of  particles   towards  higher  gradient  areas.   In  addition,   the   inter-­

particle  dipole-­dipole  interactions  became  stronger.  1D  chain-­like  structures  become  less  

thermodynamically   favorable   under   this   condition.   As   a   result,   they   further   coalesce  

through  a  side-­by-­side  assembly  manner  into  zigzag  multiple  chains,  2D  planar  structures,  

or  even  3D  structures.   

 

1.3.2 2D  Assembly  of  Spherical  Nanoparticles 

    The  presence  of  2D  planar  structures  have  been  proposed  and  indirectly  observed  by  a  

number  of  theoretical  and  experimental  works,  although  a  solid  evidence  for  the  existence  

of  2D  planar  structures  has  yet  been  achieved  until  a  recent  study.[68]  By  taking  advantage  

of  a  sol-­gel  process,  the  dynamic  2D  structures  formed  by  the  magnetite  nanoclusters  can  

be   in-­situ   stabilized   for   further   characterization.   It   is   clearly   revealed   by   the  

characterization   results   that   these   2D   structures   were   evolved   from   the   side-­by-­side  

coalescence  of  1D  chain-­like  structures.  They  have  well-­defined  sheet-­like  morphology,  

with  lengths  and  widths  over  20  µm,  and  an  average  thickness  of  less  than  200  nm,  which  

is   equivalent   to   the   diameter   of   a   single   magnetite   nanocluster   and   is   two   orders   of  

magnitude  smaller.   



10 
 

 

 

 
Figure  1.3   (a-­c)  SEM  images  of  2D  planar  structures   formed  by   the  nanoclusters   from  
different  angles  and  under  different  magnifications.   Inset:  A  digital   image  of  2D  planar  
structures   taken   under   an   optical   microscope   in   dark   mode   clearly   reveal   their   green  
structural  color. 
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1.3.3 3D  Assembly  of  Spherical  Nanoparticles   

    Further  increasing  the  local  particle  concentrations  and  the  field  strength  resulted  in  the  

formation   of   highly   crystalline   3D   structures.   Small-­angle   X-­ray   scattering   technique  

(SAXS)  was  used  to  investigate  the  3D  assembly  process  of  magnetite  nanoclusters.[69]  

In   the   absence   of   magnetic   fields,   the   nanoclusters   suspension   exhibited   three   major  

diffraction  rings  with  q  ratios  of  √8:  √24:  √32,  which  corresponded  to  (220),  (422)  and  

(440)   planes   respectively   and   indicated   the   nanoclusters   formed   a   polycrystalline   fcc  

structure.  The  change  in  the  structures  was  negligible  when  a  100  G  magnetic  field  was  

applied;;  however,  a   reorganization  of  polycrystalline  structure  into  well-­oriented  single-­

crystalline-­like  structure  was  found  when  the  field  strength  further  increased  to  900  G,  as  

evidenced  by  the  evolution  of  diffraction  patterns  from  rings  to  three  sets  of  six  diffraction  

spots.  These  diffraction   spots  have  q   ratios  of  √3:  √4:  √7,  which  corresponds   to   (110),  

(200)  and  (210)  planes  and  suggests  that  magnetite  nanoclusters  formed  a  single-­crystalline  

hexagonal-­packed   structures.   The   diffraction   spots   in   the   scattering   pattern   got   further  

separated  at  a  higher  magnetic   field  strength  of  1600  G,  indicating  the  formation  of  the  

structure   with   improved   crystallinity.   The   diffraction   wavelengths   of   3D   photonic  

structures  also  changed  during  this  process,  with  a  blue  shift  from  ~  620  nm  to  ~  500  nm.   
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Figure  1.4  (a-­d)  Digital  images  of  highly  crystalline  3D  structures  of  nanoclusters  taken  
under  an  optical  microscope  in  dark  mode.  Inset:  The  corresponding  SAXS  pattern  of  3D  
structures.  Scale  bar:  20  µm;;  (e)  Reflectance  spectra  of  3D  structures  under  magnetic  fields  
with  different  strengths. 
 

1.4  Magnetic Assembly of Anisotropic  Particles 

Living  systems,  for  example,  Morpho  butterfly,  peacock  and  Chrysochroa  fulgidissima,  

often  utilize  ordered  assemblies  of  anisotropic  motifs  such  as  plates  and  rods  to  produce  

their   striking   color   effects.[70,   71]  Compared  with   spherical   building   blocks,   a   unique  

feature  of  the  anisotropic  building  blocks  is  that  the  collective  property  of  their  assemblies  
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often  show  strong  angular  dependence.  In  addition  to  the  positional  order  that  is  usually  

considered   for   describing   assemblies   from   spherical   building   blocks,   one   should   take  

orientational  order  into  account  when  anisotropic  building  blocks  are  assembled.  Lots of 

efforts have been made to organizing anisotropic colloidal particles such as polystyrene 

and ZnS,[72-78] albeit the assembly methods are conventional and time-consuming, and 

the resulting structures do not exhibit unique collective property than those from spherical 

particles.  

The  key  to  the  exploration  in  the  assembly  of  anisotropic  building  blocks  is  the  effective  

tuning  in  their  orientations,  in  which  magnetic  assembly  strategy  has  unique  advantages.    

Owing  to  their  anisotropic  morphology,  the  orientation  of  anisotropic  magnetic  particles  

can   be   easily   controlled   by   external  magnetic   fields.  Upon   the   application   of  magnetic  

fields,   they   instantly   rotate   and   align   their   long   axis   parallel   to   the   field   direction   to  

minimize  their  magnetostatic  energy,  making  them  ideal  building  blocks  for  constructing  

ordered  structures  with  novel  collective  property. 

 

1.4.1 Anisotropic  Structures  for Light Scattering Modulation 

Anisotropic  magnetic nanostructures suspended in a carrier fluid have been intensively 

studied for their potential use in light transmission modulation.[79-81] The common idea 

in these applications is to use external stimulus, such as a magnetic field, to coax and 

assemble magnetic nanostructures into ordered or aligned systems in a reversible way, 

which results in the change of their scattering cross section. A simple demonstration for 

this idea is the use of Fe3O4/SiO2/TiO2 peapod-like nanostructures for magnetically 
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controlled light intensity modulation and chopping.[82, 83] In a typical light modulation 

experiment, an aqueous solution containing the peapod-like nanostructures is placed in a 

cylindrical glass cell. The glass cell is positioned inside a solenoid which is driven by an 

audio amplifier which in turn is driven by a function generator. Alternating linearly 

polarized magnetic fields of a few mT magnitude were facilely obtained at the center of 

the solenoid with tunable frequency capability. A constant intensity polarized laser beam 

is directed at the sample, goes through the sample, and is then detected by a photodetector 

which in turn is monitored by an oscilloscope. A typical result of the optical intensity 

modulation under an alternating magnetic field with a strength of 4.5 mT and a frequency 

of 905 Hz is shown in Figure 1. The top signal drives the solenoid magnetic field, while 

the bottom signal is what is observed at a photodetector due to the modulated light. The 

light intensity modulation is achieved by a change of the scattering cross sections of the 

peapod-like nanostructures, due to their alignments with the alternating magnetic field, as 

schematized in Figure 1d. For a full period of the periodic signal driving the magnetic field, 

the peapod-like nanostructures align themselves twice, once for the +B direction and the 

other  for  the  −B  direction,  allowing  maximum  light  passage  each  time.  As  a  result,  the  laser  

beam comes out of the sample with its intensity modulated at twice the frequency of the 

driving magnetic field signal. The high fidelity in the waveform of the modulated signal 

and the constant-phase relation between the driving signal and the modulated signal benefit 

from the small inertia of the particles. It is worth noting that the modulation frequency is 

comparable with the frequency of commercial mechanical spoked-wheel-based optical 

choppers. Since no mechanical moving parts are involved, this magnetically controlled 
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light intensity modulation system may find applications in optical circuits with advantages 

including high reliability, long lifetime, and great flexibility and convenience for a high 

degree of device integration. 

 

 

 
Figure 1.5 (a) Schematic diagram of the experimental setup used for modulation of laser 
intensity; (b) TEM image of Fe3O4/SiO2/TiO2 peapod-like superstructure; (c) Oscilloscope 
screenshot  of  light  modulation  with  peapod  superstructures  with  lengths  of  1  ~  3  μm  at  905  
Hz; (d) Depiction of how light modulation is caused during a full cycle of the magnetic 
field oscillation.  
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1.4.2 Anisotropic  Structures  for Light Reflection Modulation 

    The similar concept was also extended to materials with planar morphology. When light 

encounters a metallic surface, the penetrating light causes the cloud of negative charge – 

consisting of weakly bound electrons of the metal atoms – to vibrate in phase with the light 

frequency, and this vibrating and charged cloud produces light of the same frequency, 

specifically reflected light. Therefore, the use of planar metallic materials as scatters not 

only enables the light transmission modulation, but also bring the opportunities for 

effectively modulating the intensity of reflected light and thus benefits the development of 

reflective displays.[84-86]   

    Gold microplates were chosen as an example for the demonstration of this idea.[87] 

After being synthesized, they were rendered magnetically functional via conjugation to 

amine  terminated  superparamagnetic  γ-Fe2O3@SiO2 nanoparticles. Since only a thin layer 

of magnetic material is necessary to render the plates magnetic, they retain their high 

reflectivity and their surrounding solution remains transparent, while their orientation can 

be readily, rapidly and reversibly tuned by applying a magnetic field oriented in varying 

directions. If the direction of incident light is fixed, the reorientation of microplates with 

external magnetic fields will results in the changes of its projected area as well as its 

scattering cross section, and thus the changes in the light transmittance and reflectance.  

    The reflectance of a dispersion of gold microplates can be conveniently modulated by 

external magnetic fields. As shown in Figure 2c, the reflectance was strongly dependent 

on the angle of the applied magnetic field. Almost no change in reflectance occurred when 

𝜃 was increased from 0° ~ 60°, while a dramatic increase from 1% to 6% was observed as 
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𝜃 was increased from 60° to 90°, suggesting a six fold difference between the maximum 

and minimum reflectance states. The transmittance changes of gold microplates dispersion 

exposed to a direction-varying magnetic field was also monitored by the transmittance 

spectra. As shown in Figure 2d, it could be varied from 42 % to 72 % as 𝜃 was decreased 

from 90° to 0°. This observed increase was largely due to a gradual change in the projected 

cross section of the plates, which was minimized when the major axis was aligned with the 

beam path and maximized when the plates were oriented perpendicular to the beam path.  

    In the absence of a magnetic stimulus, the gold plates dispersion exhibited a shiny, 

golden color reminiscent of bulk gold. Upon the application of a magnetic field oriented 

parallel to the viewing direction, the plates rapidly aligned with the applied field and the 

solution became transparent due to the minimized cross section of the microplates. As the 

applied magnetic field was rotated such that the angle between the magnetic field and the 

viewing direction (𝜃 ) increased, the plate solution transitioned from being clear and 

transparent to opaque and reflective. This optical change was due to the plates in the 

solution becoming aligned perpendicular to the viewing angle (𝜃 = 90°), which maximized 

the projected cross section of the plates to reduce transmitted light , as well as direct more 

reflected light back to the observer, as suggested by Figure 2e.  
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Figure 1.6 (a) SEM images of gold microplates with magnetic nanoparticle deposition; (b) 
Optical microscopy images of gold microplates under an applied magnetic field with 
varying orientations relative to the viewing directions: 0°, 45°, and 90°, from left to right; 
(c) Reflectance spectrum of a dispersion of gold microplates exposed to a magnetic field 
oriented at various angles (from 0° to 90°) relative to the path of the incident light; (d) 
Transmittance spectrum of a dispersion of gold microplates exposed to a magnetic field 
oriented at various angles (from 0° to 90°) relative to the path of the incident light; (e) 
Digital photographs of a bulk gold microplate solution under an applied magnetic field 
with various orientations (𝜃) relative to the viewing direction. 
 

1.4.3 Anisotropic  Structures  for Light Interference Modulation 

If the thickness of the planar structures is comparable to the wavelength of visible light, 

structural colors will be observed as a result of the interference between incident light 

reflected by the upper and lower interfaces of planar structures. Thin-film interference is 

common in the natural world as exemplified by soap bubbles and oil films. Unlike the 

colors from organic dyes or pigments, interference colors are free from bleaching, and 
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allow for considerably longer lifetime in real applications associated with colorful 

displays.[88-90] The active tuning of interference colors represents for one important 

mechanism for the modulation of light in its wavelengths.[91] 

The magnetic modulation of light interference has been successfully demonstrated using 

magnetically responsive polystyrene microplates.[92] These microplates were fabricated 

from tiny Fe3O4 nanocrystals (less than 10 nm) through a template-directed assembly 

method. The interference colors of microplates are highly dependent on their thicknesses, 

and can be tuned from red to blue by modifying the experimental parameters, for instance, 

the original amount of Fe3O4 nanocrystals, as shown in Figure 3c – 3e. These microplates 

exhibit satisfactory response to external magnetic fields after being dispersed into a liquid 

medium. They spontaneously align their plane parallel to the field directions. The 

reflectance spectrum of one typical microplate at an incident angle of 0° showed a series 

of diffraction maxima and minima in the visible and near-IR range, a phenomenon that is 

typical for thin-film interference (Figure 3f). All the peaks and valleys were assigned to 

different orders of constructive and destructive interferences, respectively. With an 

increase of the incident angle to 3°, the peak and valley positions of the same interference 

orders shifted to shorter wavelengths, as indicated in Figure 3g. The angular-dependent 

optical properties were further demonstrated by the continued blueshift of the peaks and 

valleys at even higher incident angles of 9° and 15°.  

The  rotation  of  one  single  plate  upon  the  application  of  an  external  magnetic  field  was  

monitored under a dark-field  optical  microscope.  In  the  absence  of  a  magnetic  field,  the  

plates  lie  flat  with  their  main  axis  parallel  to  the  substrate  due  to  gravity.  Therefore,  the  
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reflected  light  does  not  travel  along  the  observation  direction  and  no  interference  color  can  

be observed. Instead, only random scattered light is visible from the plate (Figure 3h). 

When  a  magnetic  field  is  applied  at  an  angle  15°  offset  from  the  horizontal,  the  plate  aligns  

its main axis parallel to the field to minimize its magnetostatic potential, so that the 

reflected  light  goes  into  the objective lens and its vivid structural color can be observed 

(Figure  3h).  Such  “ON   /  OFF”  color   switching  of  microplates   is  very  convenient   to  be  

achieved by magnetically controlling their orientations. Further optimization of this light 

interference modulation system and its integration with existing optical devices will enable 

a wide range of chromatic display applications in various fields. 
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Figure 1.7 (a)  Schematic  illustration  of  thin  film  interference.  The  light  reflected  from  the  
upper and lower interfaces (𝐼ଵ and 𝐼ଶ) interfere with one another to form a new wave.  𝜃ଵ is 
the incident angle, while 𝜃ଶ responds to the diffractive angle; (b) A representative TEM 
image of a single microplate; (c-e) Bright-field  optical   images  of  dried  nanocrystal thin 
plates with different thicknesses formed against the same square-shape template. Scale bar: 
20 µm; (f) Reflectance spectrum of a typical nanocrystal thin-film microplate at an incident 
angle of 0°; (g) Reflectance spectrum of a typical nanocrystal thin-film microplate at an 
incident angle of 3°, 9° and 15°; (h) Schematic illustration of the ON/OFF switch of the 
diffractions of a thin microplate observed under a dark-field  optical  microscope;;  (i)  The  
reflected  light  does  not  travel  along  the  observation  direction,  corresponding  to  an  “OFF”  
state;;  (j)  The  observed  structural  color  of  the  microplate  when  a  magnetic  field  of  15°  offset  
from  the  horizontal  direction  is  applied,  corresponding  to  an  “ON”  state.   
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1.5 Scope of This Dissertation 

Despite the tremendous progress made in the development of magnetic-field-guided 

assembly strategies, the potential of the magnetic assembly has not been fully exploited, 

and a number of challenges still present. For example, current  magnetic  assembly  processes  

were  more  or  less  limited  to  spherical,  isotropic  building  blocks;;  while  very  limited  effort  

has  been  made  to  the  assembly  of  anisotropic  building  blocks,  which,  however,  hold  great  

promise  as  they often possess shape-dependent physical and chemical properties and add 

more degrees of freedom for manipulating the collective properties of the resultant 

superstructures.  

This dissertation summarized my explorations in the magnetic assembly of anisotropic 

nanostructures, from their controlled synthesis to guided assembly, with special emphasis 

on the collective optical property of the as-assembled structures and their potential 

applications in optical devices. In Chapter 2, I discussed about a new type of magnetically 

responsive photonic ink with fast response, good reversibility and bi-stability based on 1D 

photonic nanochains. Each chain can be treated as an anisotropic magnetic particle, and it 

spontaneously align along the field direction upon the application of an external magnetic 

field. Owing to the periodical arrangement of magnetite and silica along their long axis, 

these nanochains exhibited angular-dependent photonic property and were exploited as 

basic color units for the photonic ink. The photonic response of the ink could be rapidly 

and repetitively switched  “on”  and  “off”  by  tuning  the  direction  of  external  magnetic  fields.  

More importantly, when highly viscous solvents were introduced as dispersants, temporary 

bi-stability was achieved in the photonic ink, as the rotations of nanochains were 
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suppressed, and they were allowed to stay temporary aligned after the removal of external 

magnetic field and to retain their photonic response for a considerably long period. The 

effects of the lengths of nanochains was also investigated. It was found that the bi-stability 

of photonic inks enhanced as the nanochains became longer. By designatedly choosing 

nanochains with different lengths, the fabrication of inks with more sophisticated color 

expression was also demonstrated. 

    In Chapter 3, I demonstrated the synthesis of anisotropic Fe@SiO2 nanoellipsoids and 

their self-assembly into a new class of magnetically responsive photonic structures. In 

contrast to the conventional colloidal crystals made from spherical particles where dynamic 

tuning of photonic property is mainly achieved by controlling the field strength, the 

photonic property of novel colloidal crystals assembled from these highly uniform shape- 

and magnetically anisotropic nanoellipsoids can be dynamically tuned by controlling the 

direction of magnetic fields. These novel photonic structures diffracted incident light at a 

minimum wavelength when the field direction was perpendicular to the incident angle, as 

the periodicity of photonic structure was determined by the shorter axis of nanoellipsoids 

under this situation. When the field direction was parallel to the incident angle, the 

orientation of nanoelliposoids changed, and the periodicity of photonic structure was then 

determined by the longer axis of nanoellipsoids. As a result, they diffracted incident light 

at a maximum wavelength. I also investigated the effect of field strength. I found that it 

only affected the intensity of diffracted light, as the orientation of nanoellipsoids became 

more uniform and the positional order of photonic structures was improved. 
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In Chapter 4, I continued my investigation on the self-assembly of anisotropic magnetic 

nanoparticles, but with more elongated building blocks. I started with the synthesis of 

anisotropic Fe3O4@SiO2 nanorods with larger aspect ratios, and studied their self-

organization into liquid crystal phases under high volume fractions. The optical property 

of the resultant liquid crystals were demonstrated to be instantaneously and reversibly 

tuned with external magnetic fields. Depending on the direction of the applied external 

field, the resultant liquid crystal alters the polarization of light and is thus able to control 

the intensity of the light transmitted through it. Optical switching tests indicated that this 

liquid crystal is extremely sensitive to the directional change of external magnetic fields, 

and exhibits an instant response within 0.01 s. Combining with a UV curable resin, the 

magnetically responsive liquid crystals can be made into thin films, which orientations can 

be fixed completely or in selected areas by combining magnetic alignment and lithography 

processes, allowing the creation of patterns of different polarizations and control over the 

transmittance of light in particular areas.  

In Chapter 5, I further extended the magnetic tuning mechanism into the tuning of non-

magnetic nanomaterials, with gold nanorods being chosen for demonstration. Magnetic 

orientational control of the gold nanorods was achieved by attaching them to 

superparamagnetic iron oxide nanorods in a parallel manner, so that the resultant hybrid 

nanostructure aligned themselves parallel to the direction of external magnetic field upon 

its application. I then demonstrated the magnetic control of the excitation of plasmonic 

modes of gold nanorods. Depending on the angles between them and the field directions, 

the  excitation  magnitude  of  gold  nanorods’  transverse  plasmon  and  longitudinal  plasmon  
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could be gradually tuned. As a result, the colloidal dispersion of AuNRs showed color 

switching in response to the changes in the orientation or strength of external magnetic 

fields. Such tuning is instant and reversible, and can be operated under considerably weak 

magnetic fields or alternating magnetic fields with high frequency, as suggested by optical 

switching tests. This strategy is expected to be extended to magnetic tuning of other 

anisotropic plasmonic nanostructures.   

 

1.6 Reference 

1. Bishop, K.J.M., et al., Nanoscale Forces and Their Uses in Self-Assembly. Small, 
2009. 5(14): p. 1600-1630. 

2. Glotzer, S.C. and M.J. Solomon, Anisotropy of building blocks and their assembly 
into complex structures. Nature Materials, 2007. 6(8): p. 557-562. 

3. Li, M., H. Schnablegger, and S. Mann, Coupled synthesis and self-assembly of 
nanoparticles to give structures with controlled organization. Nature, 1999. 402(6760): p. 
393-395. 

4. Mirkin, C.A., et al., A DNA-based method for rationally assembling nanoparticles 
into macroscopic materials. Nature, 1996. 382(6592): p. 607-609. 

5. Velev, O.D., A.M. Lenhoff, and E.W. Kaler, A class of microstructured particles 
through colloidal crystallization. Science, 2000. 287(5461): p. 2240-2243. 

6. Whitesides, G.M. and B. Grzybowski, Self-assembly at all scales. Science, 2002. 
295(5564): p. 2418-2421. 

7. Dinsmore, A.D., et al., Colloidosomes: Selectively permeable capsules composed 
of colloidal particles. Science, 2002. 298(5595): p. 1006-1009. 

8. Freeman, R.G., et al., Self-Assembled Metal Colloid Monolayers - an Approach to 
Sers Substrates. Science, 1995. 267(5204): p. 1629-1632. 

9. Redl, F.X., et al., Three-dimensional binary superlattices of magnetic nanocrystals 
and semiconductor quantum dots. Nature, 2003. 423(6943): p. 968-971. 



27 
 

10. Shevchenko, E.V., et al., Structural diversity in binary nanoparticle superlattices. 
Nature, 2006. 439(7072): p. 55-59. 

11. Vlasov, Y.A., et al., On-chip natural assembly of silicon photonic bandgap crystals. 
Nature, 2001. 414(6861): p. 289-293. 

12. Xia, Y.N., B. Gates, and Z.Y. Li, Self-assembly approaches to three-dimensional 
photonic crystals. Advanced Materials, 2001. 13(6): p. 409-413. 

13. Sun, S.H. and C.B. Murray, Synthesis of monodisperse cobalt nanocrystals and 
their assembly into magnetic superlattices (invited). Journal of Applied Physics, 1999. 
85(8): p. 4325-4330. 

14. Zerrouki, D., et al., Chiral colloidal clusters. Nature, 2008. 455(7211): p. 380-382. 

15. Moon, H.J., et al., Temperature-responsive compounds as in situ gelling biomedical 
materials. Chemical Society Reviews, 2012. 41(14): p. 4860-4883. 

16. Liu, W.G., et al., A rapid temperature-responsive sol-gel reversible poly(N-
isopropylacrylamide)-g-methylcellulose copolymer hydrogel. Biomaterials, 2004. 25(15): 
p. 3005-3012. 

17. Schumers, J.M., C.A. Fustin, and J.F. Gohy, Light-Responsive Block Copolymers. 
Macromolecular Rapid Communications, 2010. 31(18): p. 1588-1607. 

18. Alvarez-Lorenzo, C., L. Bromberg, and A. Concheiro, Light-sensitive Intelligent 
Drug Delivery Systems. Photochemistry and Photobiology, 2009. 85(4): p. 848-860. 

19. Sidorenko, A., et al., Reversible switching of hydrogel-actuated nanostructures into 
complex micropatterns. Science, 2007. 315(5811): p. 487-490. 

20. Ge, J.P., et al., Rewritable Photonic Paper with Hygroscopic Salt Solution as Ink. 
Advanced Materials, 2009. 21(42): p. 4259-+. 

21. Arsenault, A.C., et al., From colour fingerprinting to the control of 
photoluminescence in elastic photonic crystals. Nature Materials, 2006. 5(3): p. 179-184. 

22. Kim, S.Y. and Y.M. Lee, Drug release behavior of electrical responsive poly(vinyl 
alcohol)/poly(acrylic acid) IPN hydrogels under an electric stimulus. Journal of Applied 
Polymer Science, 1999. 74(7): p. 1752-1761. 

23. Ge, J., et al., Drug Release from Electric-Field-Responsive Nanoparticles. Acs 
Nano, 2012. 6(1): p. 227-233. 



28 
 

24. Li, H., et al., Model development and numerical simulation of electric-stimulus-
responsive hydrogels subject to an externally applied electric field. Biosensors & 
Bioelectronics, 2004. 19(9): p. 1097-1107. 

25. Medeiros, S.F., et al., Stimuli-responsive magnetic particles for biomedical 
applications. International Journal of Pharmaceutics, 2011. 403(1-2): p. 139-161. 

26. Filipcsei, G., et al., Magnetic field-responsive smart polymer composites. 
Oligomers Polymer Composties Molecular Imprinting, 2007. 206: p. 137-189. 

27. He, L., et al., Magnetic Assembly Route to Colloidal Responsive Photonic 
Nanostructures. Accounts of Chemical Research, 2012. 45(9): p. 1431-1440. 

28. Yan, X.Z., et al., Stimuli-responsive supramolecular polymeric materials. 
Chemical Society Reviews, 2012. 41(18): p. 6042-6065. 

29. Popat, A., et al., Enzyme-Responsive Controlled Release of Covalently Bound 
Prodrug from Functional Mesoporous Silica Nanospheres. Angewandte Chemie-
International Edition, 2012. 51(50): p. 12486-12489. 

30. Zhao, B. and J.S. Moore, Fast pH- and ionic strength-responsive hydrogels in 
microchannels. Langmuir, 2001. 17(16): p. 4758-4763. 

31. Markland, P., et al., A pH- and ionic strength-responsive polypeptide hydrogel: 
Synthesis, characterization, and preliminary protein release studies. Journal of Biomedical 
Materials Research, 1999. 47(4): p. 595-602. 

32. Solomatin, S.V., et al., Environmentally responsive nanoparticles from block 
ionomer complexes: Effects of pH and ionic strength. Langmuir, 2003. 19(19): p. 8069-
8076. 

33. Carrick, L.M., et al., Effect of ionic strength on the self-assembly, morphology and 
gelation of pH responsive beta-sheet tape-forming peptides. Tetrahedron, 2007. 63(31): p. 
7457-7467. 

34. Zhang, K.P., Y.L. Luo, and Z.Q. Li, Synthesis and characterization of a pH- and 
ionic strength-responsive hydrogel. Soft Materials, 2007. 5(4): p. 183-195. 

35. Ge, J.P., et al., Assembly of Magnetically Tunable Photonic Crystals in Nonpolar 
Solvents. Journal of the American Chemical Society, 2009. 131(10): p. 3484-+. 

36. Ge, J.P., Y.X. Hu, and Y.D. Yin, Highly tunable superparamagnetic colloidal 
photonic crystals. Angewandte Chemie-International Edition, 2007. 46(39): p. 7428-7431. 

37. Ge, J.P. and Y.D. Yin, Magnetically tunable colloidal photonic structures in 
alkanol solutions. Advanced Materials, 2008. 20(18): p. 3485-+. 



29 
 

38. Xu, X.L., et al., Superparamagnetic photonic crystals. Advanced Materials, 2001. 
13(22): p. 1681-1684. 

39. Xu, X.L., S.A. Majetich, and S.A. Asher, Mesoscopic monodisperse ferromagnetic 
colloids enable magnetically controlled photonic crystals. Journal of the American 
Chemical Society, 2002. 124(46): p. 13864-13868. 

40. Chorny, M., et al., Targeting stents with local delivery of paclitaxel-loaded 
magnetic nanoparticles using uniform fields. Proceedings of the National Academy of 
Sciences of the United States of America, 2010. 107(18): p. 8346-8351. 

41. Forbes, Z.G., et al., An approach to targeted drug delivery based on uniform 
magnetic fields. Ieee Transactions on Magnetics, 2003. 39(5): p. 3372-3377. 

42. Li, K.H. and B.B. Yellen, Magnetically tunable self-assembly of colloidal rings. 
Applied Physics Letters, 2010. 97(8). 

43. Ooi, C., R.M. Erb, and B.B. Yellen, On the controllability of nanorod alignment in 
magnetic fluids. Journal of Applied Physics, 2008. 103(7). 

44. Yellen, B.B. and G. Friedman, Analysis of repulsive interactions in chains of 
superparamagnetic colloidal particles for magnetic template-based self-assembly. Journal 
of Applied Physics, 2003. 93(10): p. 8447-8449. 

45. Yellen, B.B. and G. Friedman, Programmable assembly of colloidal particles using 
magnetic microwell templates. Langmuir, 2004. 20(7): p. 2553-2559. 

46. Yellen, B.B., O. Hovorka, and G. Friedman, Arranging matter by magnetic 
nanoparticle assemblers. Proceedings of the National Academy of Sciences of the United 
States of America, 2005. 102(25): p. 8860-8864. 

47. Mirica, K.A., et al., Magnetic Levitation in the Analysis of Foods and Water. 
Journal of Agricultural and Food Chemistry, 2010. 58(11): p. 6565-6569. 

48. Mirica, K.A., et al., Using Magnetic Levitation To Distinguish Atomic-Level 
Differences in Chemical Composition of Polymers, and To Monitor Chemical Reactions 
on Solid Supports. Journal of the American Chemical Society, 2008. 130(52): p. 17678-+. 

49. Mirica, K.A., et al., Measuring Densities of Solids and Liquids Using Magnetic 
Levitation: Fundamentals. Journal of the American Chemical Society, 2009. 131(29): p. 
10049-10058. 

50. Shapiro, N.D., et al., Measuring Binding of Protein to Gel-Bound Ligands Using 
Magnetic Levitation. Journal of the American Chemical Society, 2012. 134(12): p. 5637-
5646. 



30 
 

51. Kraftmakher, Y., Magnetic field of a dipole and the dipole-dipole interaction. 
European Journal of Physics, 2007. 28(3): p. 409-414. 

52. Ge, J.P. and Y.D. Yin, Responsive Photonic Crystals. Angewandte Chemie-
International Edition, 2011. 50(7): p. 1492-1522. 

53. Hu, Y.X., L. He, and Y.D. Yin, Magnetically Responsive Photonic Nanochains. 
Angewandte Chemie-International Edition, 2011. 50(16): p. 3747-3750. 

54. Erb, R.M., et al., Magnetic assembly of colloidal superstructures with multipole 
symmetry. Nature, 2009. 457(7232): p. 999-1002. 

55. He, L., et al., Magnetic Assembly and Patterning of General Nanoscale Materials 
through Nonmagnetic Templates. Nano Letters, 2012. 13(1): p. 264-271. 

56. Wang, M.S., L. He, and Y.D. Yin, Magnetic field guided colloidal assembly. 
Materials Today, 2013. 16(4): p. 110-116. 

57. Damon, R.W. and J.R. Eshbach, Magnetostatic Modes of a Ferromagnet Slab. 
Journal of Physics and Chemistry of Solids, 1961. 19(3-4): p. 308-320. 

58. Beleggia, M., et al., On the magnetostatic interactions between nanoparticles of 
arbitrary shape. Journal of Magnetism and Magnetic Materials, 2004. 278(1-2): p. 270-
284. 

59. Ignatchenko, V.A., I.S. Edelman, and D.A. Petrov, Magnetostatic fields in planar 
assemblies of magnetic nanoparticles. Physical Review B, 2010. 81(5): p. 054419. 

60. Kasperski, M., Magnetostatic modes in a uniform magnetic nanorod. Journal of 
Applied Physics, 2014. 116(14): p. 143904. 

61. Joseph, R.I. and E. Schlomann, Theory of Magnetostatic Modes in Long, Axially 
Magnetized Cylinders. Journal of Applied Physics, 1961. 32(6): p. 1001-1005. 

62. Vi, K. and M.A. Sigal, Magnetostatic Waves in a Thin Uniaxial Platelet with Stripe 
Domains Magnetized Along the Easy Axis. Physica Status Solidi b-Basic Solid State 
Physics, 1992. 170(2): p. 569-584. 

63. Sigal, M.A. and V.I. Kostenko, Magnetostatic Modes in a Thin Uniaxial Platelet 
with Bubble Lattice at Normal Magnetization. Physica Status Solidi a-Applied Research, 
1991. 128(1): p. 219-234. 

64. Craik, D.J. and P.V. Cooper, Criteria for Uniaxial Magnetostatic Behavior in Thin 
Platelets. Physics Letters A, 1972. A 41(3): p. 255-256. 



31 
 

65. Guo, L., et al., Uniform magnetic chains of hollow cobalt mesospheres from one-
pot synthesis and their assembly in solution. Advanced Functional Materials, 2007. 17(3): 
p. 425-430. 

66. Zhang, Y., et al., The Shape Anisotropy in the Magnetic Field-Assisted Self-
Assembly Chain-like Structure of Magnetite. Journal of Physical Chemistry C, 2009. 
113(19): p. 8152-8157. 

67. Ge, J.P., et al., Superparamagnetic magnetite colloidal nanocrystal clusters. 
Angewandte Chemie-International Edition, 2007. 46(23): p. 4342-4345. 

68. Zhang, Q., et al., Photonic Labyrinths: Two-Dimensional Dynamic Magnetic 
Assembly and in Situ Solidification. Nano Letters, 2013. 13(4): p. 1770-1775. 

69. He, L., et al., Self-assembly and magnetically induced phase transition of three-
dimensional colloidal photonic crystals. Nanoscale, 2012. 4(15): p. 4438-4442. 

70. Ingram, A.L. and A.R. Parker, A review of the diversity and evolution of photonic 
structures in butterflies, incorporating the work of John Huxley (The Natural History 
Museum, London from 1961 to 1990). Philosophical Transactions of the Royal Society B-
Biological Sciences, 2008. 363(1502): p. 2465-2480. 

71. Galusha, J.W., et al., Study of natural photonic crystals in beetle scales and their 
conversion into inorganic structures via a sol-gel bio-templating route. Journal of 
Materials Chemistry, 2010. 20(7): p. 1277-1284. 

72. Forster, J.D., et al., Assembly of Optical-Scale Dumbbells into Dense Photonic 
Crystals. Acs Nano, 2011. 5(8): p. 6695-6700. 

73. Lee, S.H. and C.M. Liddell, Anisotropic Magnetic Colloids: A Strategy to Form 
Complex Structures Using Nonspherical Building Blocks. Small, 2009. 5(17): p. 1957-
1962. 

74. Liddell, C.M. and C.J. Summers, Nonspherical ZnS colloidal building blocks for 
three-dimensional photonic crystals. Journal of Colloid and Interface Science, 2004. 
274(1): p. 103-106. 

75. Hosein, I.D., S.H. Lee, and C.M. Liddell, Dimer-Based Three-Dimensional 
Photonic Crystals. Advanced Functional Materials, 2010. 20(18): p. 3085-3091. 

76. Ding, T., et al., Fabrication of 3D Photonic Crystals of Ellipsoids: Convective Self-
Assembly in Magnetic Field. Advanced Materials, 2009. 21(19): p. 1936-1940. 

77. Hu, Y.D., et al., Janus Photonic Crystal Microspheres: Centrifugation-Assisted 
Generation and Reversible Optical Property. Langmuir, 2013. 29(50): p. 15529-15534. 



32 
 

78. Hu, Y.D., et al., Microfluidic Fabrication and Thermoreversible Response of 
Core/Shell Photonic Crystalline Microspheres Based on Deformable Nanogels. Langmuir, 
2012. 28(49): p. 17186-17192. 

79. Li, J., et al., Field modulation of light transmission through ferrofluid film. Applied 
Physics Letters, 2007. 91(25): p. 253108. 

80. Fan, F., et al., Magnetically tunable terahertz magnetoplasmons in ferrofluid-filled 
photonic crystals. Applied Physics Letters, 2013. 103(16): p. 161115. 

81. Chen, S., et al., Tunable optical and magneto-optical properties of ferrofluid in the 
terahertz regime. Optics Express, 2014. 22(6): p. 6313-6321. 

82. Ye, M.M., et al., Self-assembly of superparamagnetic magnetite particles into 
peapod-like structures and their application in optical modulation. Journal of Materials 
Chemistry, 2010. 20(37): p. 7965-7969. 

83. Zorba, S., et al., Superparamagnetic Magnetite Nanoparticle Superstructures for 
Optical Modulation/Chopping. Journal of Physical Chemistry C, 2010. 114(41): p. 17868-
17873. 

84. Erb, R.M., et al., Locally Reinforced Polymer-Based Composites for Elastic 
Electronics. Acs Applied Materials & Interfaces, 2012. 4(6): p. 2860-2864. 

85. Mao, Y.W., J. Liu, and J.P. Ge, Tuning the Transmittance of Colloidal Solution by 
Changing the Orientation of Ag Nanoplates in Ferrofluid. Langmuir, 2012. 28(36): p. 
13112-13117. 

86. Bubenhofer, S.B., et al., Magnetic switching of optical reflectivity in 
nanomagnet/micromirror suspensions: colloid displays as a potential alternative to liquid 
crystal displays. Nanotechnology, 2009. 20(48): p. 485302. 

87. Goebl, J., et al., Magnetically tunable colloidal micromirrors. Nanoscale Horizons, 
2016. 1(1): p. 64-68. 

88. Gu, Z.Z., et al., Structural color and the lotus effect. Angewandte Chemie-
International Edition, 2003. 42(8): p. 894-897. 

89. Kinoshita, S. and S. Yoshioka, Structural colors in nature: The role of regularity 
and irregularity in the structure. Chemphyschem, 2005. 6(8): p. 1442-1459. 

90. Parker, A.R., 515 million years of structural colour. Journal of Optics A-Pure and 
Applied Optics, 2000. 2(6): p. R15-R28. 

91. Lezec, H.J., et al., Submicrometer dimple array based interference color field 
displays and sensors. Nano Letters, 2007. 7(2): p. 329-333. 



33 
 

92. He, L., et al., Magnetochromatic Thin-Film Microplates. Advanced Materials, 2015. 
27(1): p. 86-92. 

 

  



34 
 

Chapter 2 

 

Magnetically Rewritable Photonic Ink Based on 1D Nanochains 

 

2.1 Introduction 

Photonic materials are very common in nature. For example, the iridescent colors 

displayed in the wings of Morpho butterflies and peacocks were found to result from a 

different mechanism from that of dyes or pigments, which produce colors by the absorption 

of light to excite an electron between the ground and excited state of the chromophore. In 

contrast, the color in photonic structures has a more physical origin that stems from the 

modulation of photon motions when light travels through their periodic nanostructures.  

Such unique colors originating from the interaction of light with periodically arranged 

structures of dielectric materials are often named as structural colors, which are iridescent 

and metallic, cannot be mimicked by chemical dyes or pigments, and free from photo-

bleaching.  

Structural-colored photonic materials with band gaps located in the visible regime have 

been considered as important chromatic materials. Among different version of photonic 

materials, photonic papers and inks are of particular interest in marketplace. Unlike the 

backlit LCD type displays which emit light, electronic paper based displays reflect light 

and do not need to undergo frequent refreshing during use so they are significantly more 

energy efficient. Because they do not emit light, they are also free of glare under strong 
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illumination such as sunlight, making them superior to other emissive display technologies, 

especially for outdoor applications, such as e-book readers and billboards.[1-4]      

A commonly desired feature for electronic paper is self- maintenance of property - bi-

stability - for the purposes of recording visual information for a considerably long period 

and avoiding the energy cost for constant refreshing.  In a bi-stable system, energy is only 

consumed during occasional refreshing; afterwards the information displayed by the 

electronic paper will be kept for minutes or even longer without the need of any energy 

input.  The first generation of electronic papers are composed of microcapsules containing 

positively charged black and negatively charged white particles which, upon the 

application of an electric field, migrate to the oppositely charged electrodes and therefore 

display black and white patterns.[5, 6] These particles will not immediately migrate back 

to their original positions after the removal of electric field so that the black-white 

information recorded in the microcapsules kept recognizable over an extended period.  The 

remaining challenges of this type of electronic papers include relatively slow response and 

lack of the ability to display color contents. 

Lots of efforts have been devoted into the development of photonic inks and papers 

which display structural colors, although many such systems still have difficulties to create 

bi-stability.[7-13] In the cases that bi-stability can be established, the stimuli usually 

involve slow processes such as solvent swelling or heat transport so that instant writing of 

arbitrary patterns remains a challenge.[14-18] In this chapter, I demonstrated the feasibility 

of using superparamagnetic 1D nanochains for fabricating rewritable photonic inks that 

can record visual information under magnetic fields. 1D photonic nanochains containing 
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periodically arranged magnetic spheres along their long axis are used as the basic color 

units, which can be magnetically switched on and off very rapidly.[19] Only if they are 

aligned parallel to the viewing angle by the magnetic field, incident light can be diffracted 

and strong photonic  response  can  be  observed,  corresponding  to  an  “On”  state,  otherwise  

no diffraction occurs and nanochains only show the native brown color of magnetite, 

corresponding  to  an  “Off”  state.  The  “On”  state  can  be  maintained  for  different  lengths  of  

period by controlling the length of the nanochains or the viscosity of the solvents. In 

solvents with high viscosities, the rotational movements of nanochains are limited so that 

they can stay temporary aligned after the removal of external magnetic field and retain their 

photonic response for a considerably long period. 

 

2.2 Synthesis and Characterization 

    Chemicals. Ethanol (denatured), anhydrous iron(III) chloride, ammonium hydroxide 

(28-30 % solution in water), tetraethyl orthosilicate (TEOS), sodium hydroxide, ethylene 

glycol (EG), tetraethylene glycol (TEG), polyethylene glycol 400 (PEG 400) and glycerol 

were purchased from Fisher Scientific. Polyacrylic acid (PAA, MW = 1800) and diethylene 

glycol (DEG) were obtained from Sigma-Aldrich. All chemicals were directly used as 

received without further treatment. Deionized water was used for all the solution 

preparations and reactions. 

    Synthesis of magnetite colloidal nanoclusters (CNCs). A FeCl3 in DEG stock solution 

was prepared by dissolving FeCl3 (2 mmol) in DEG (50 mL); this solution was heated at 

80  °C  for  1  hr  under  nitrogen,  cooled,  and  stored  under  room  temperature.  A  NaOH  in  DEG  
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stock solution was prepared by dissolving NaOH (50 mmol) in DEG (20 mL); this solution 

was  heated  at  120  °C  for  1 hr under nitrogen, cooled, and stored in an oven  at  70  °C.  For  

the synthesis of 130 nm CNCs, a mixture of 0.288 g of PAA, 1 mL of FeCl3 stock solution 

and  17  mL  of  DEG  was  heated  to  220  °C  in  a  nitrogen  atmosphere  with  vigorous  stirring  

to form a transparent, light yellow solution. After 1.5 hrs, 1.75 mL of NaOH stock solution 

was injected rapidly into the above hot mixture, and the temperature dropped to about 

210  °C  instantly.  The  reaction  solution  slowly  turned  black  after  about  2 min and became 

slightly turbid. The reaction mixture was heated for an additional 1 hr and then cooled 

down to room temperature. The final products were centrifuged and washed with a mixture 

of water and ethanol for at least three times, and then dispersed in 3 mL of water. For the 

synthesis of 110 nm CNCs, all the experimental condition were kept the same, except that 

the volume of NaOH stock solution was adjusted to 1.70 mL. For the synthesis of 150 nm 

CNCs, all the experimental condition were kept the same, except that the volume of NaOH 

stock solution was adjusted to 1.80 mL. 

    Synthesis of 1D photonic nanochains. The optical property of photonic nanochains are 

determined by the size of initial CNCs. Generally, when 110 nm CNCs were used, the 

resultant photonic nanochains reflected blue light; when 130 nm CNCs were used, the 

resultant photonic nanochains reflected green light; when 150 nm CNCs were used, the 

resultant photonic nanochains reflected red light. For the synthesis of long green photonic 

nanochains, 3 mL of aqueous dispersion of 130 nm CNCs was dispersed in a mixture of 1 

mL of ammonium hydroxide and 20 mL of ethanol under sonication. The mixture was then 

transferred into a three-neck flask under mechanical stirring at 600 rpm,  and  120  μL  of  
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TEOS was quickly injected. After 12 min, the mixture was transferred to a plastic cup (45 

× 65 mm) and placed above a 75 × 6 mm neodymium disc magnet at a distance of 1 cm for 

2 s. After removal of the magnetic field, the mixture was allowed to sit undisturbed for 

another 15 min, after which it was centrifuged, washed with ethanol for three times, and 

dispersed in water. For the synthesis of short blue photonic nanochains, 3 mL of aqueous 

dispersion of 110 nm CNCs was dispersed in a mixture of 1 mL of ammonium hydroxide 

and 20 mL of ethanol under sonication. The mixture was then transferred into a three-neck 

flask under mechanical stirring at 600 rpm,  and  100  μL  of  TEOS  was  quickly   injected.  

After 18 min, the mixture was transferred to the same plastic cup and placed above the 

same neodymium disc magnet at a distance of 1 cm for 1 s. After removal of the magnetic 

field, the mixture was allowed to sit undisturbed for another 15 min, after which it was 

centrifuged, washed with ethanol for three times, and dispersed in water. 

    Fabrication of bi-stable photonic inks and displays. The photonic nanochains were 

magnetically separated from the above aqueous dispersion. 3 mL of viscous polar solvents 

such as EG, DEG, PEG 400 and glycerol were added into the photonic nanochains, 

respectively. The mixture was then vigorously vortexed and sonicated for 30 min. The 

mixture was injected into a home-made 75 × 50 × 1 mm glass vessel for bi-stable display 

demonstration. 

    Characterization. The morphology of the CNCs and 1D nanochains were characterized 

by a Tecnai T12 transmission electron microscope (TEM) and a Philips FEI XL30 scanning 

electron microscope (SEM). The diffraction spectra were measured by an Ocean Optics 

HR 2000CG-UV-NIR spectrometer coupled with a six-around-one reflection-
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backscattering probe. The spectra integration time of collecting the signals was set to be 

300 ms. A Zeiss AXIO Imager optical microscope connected with a camera was used to 

take the digital microscope images for 1D nanochains. A permanent magnet was placed 

underneath the sample stage and could be manually moved vertically to change the distance 

between it and the sample. 

 

2.3 Results and Discussions 

The fabrication of 1D photonic chains is based on a previous work from our group. The 

superparamagnetic Fe3O4 CNCs are initially coated with a thin layer of silica, assembled 

into temporary chain-like structures by applying a magnetic field, and these temporary 

chain-like structures are then further stabilized to permanent nanochains with an additional 

coating of silica layer. The key to the successful synthesis of nanochains is to induce the 

1D assembly of CNCs by brief exposure to external fields during the silica coating process, 

so that the CNCs stay temporarily connected, allowing additional silica deposition to fix 

them into mechanically robust rods or wires. The process is highly controllable: the 

periodicity can be varied by using CNCs of different sizes, the inter-particle spacing can 

be fine-tuned by adjusting the timing of magnetic field exposure, and the length of the 

chains can be controlled by changing the duration of the magnetic field exposure. TEM 

and SEM characterizations of the resultant product in Figure 2.1a and 2.1b clearly revealed 

its 1D chain-like morphology, which appear in the form of many linearly connected spheres. 

The core-shell structure can be better observed in the inset of Figure 2.1b. The periodically 

arranged Fe3O4 cores and the smooth silica coating can be identified by the contrast 
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between the core and the shell. Note that the magnetic cores are not in direct contact with 

each other, confirming the initial silica deposition before the chain formation. By tuning 

the sizes of initial CNCs, the structural colors of the chains can be tuned from blue to red, 

as demonstrated in Figure 2.1c, 2.1d and 2.1e. 

 

 

 
Figure 2.1 (a) A representative SEM image of nanochains; (b) A representative TEM 
image of nanochains. Inset: an enlarged TEM image of a single nanochain, scale bar: 200 
nm; (c,d,e) Optical images of red, green and blue nanochains in the presence of a magnetic 
field parallel to the viewing angle. 
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    The periodic arrangement of the Fe3O4 and silica along their along axis makes these 

nanochains one of the smallest photonic structures. Their photonic property is, however, 

highly sensitive to their orientations. Only if they are aligned parallel to the viewing angle, 

incident light can be diffracted and strong photonic response can be observed; otherwise 

no diffraction occurs, and nanochains only exhibit the native brownish color of magnetite. 

Owing to the magnetic substance embedded inside nanochains, their orientations can be 

conveniently controlled by external magnetic fields. They spontaneously align themselves 

parallel to the field directions to minimize their magnetostatic energy. As a result, if the 

field direction is parallel to the viewing angle, the structural colors of photonic nanochains 

can  be  observed,  corresponding  to  an  “ON”  state;;  otherwise,  we  can  only  see  their  intrinsic  

brownish  color,  corresponding  to  an  “OFF”  state.   

    In addition to the magnetic forces, the thermal fluctuation of nanochains and the 

resistance force from the friction between nanochains and solvent molecules also play an 

important role in determining the orientation of nanorods, when nanorods are dispersed in 

a solvent. The magnitude of the following two forces are not comparable to the magnetic 

forces in the presence of an external magnetic field (the strength of magnetic fields used 

throughout this chapter is 200 G, unless specified otherwise). As a result, all the nanochains 

are aligned instantly (less than a second) along the field direction. When the magnetic field 

is removed, the nanochains naturally rotate away from their original orientations, and their 

rotational diffusivity is then determined by the competition between the resistance force 

and their thermal fluctuation. Theoretically, the rotational diffusivity 𝐷௥  of a Brownian 

hard rod is given by:[20] 
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𝐷௥ =
3𝑘஻𝑇(ln(𝐿 𝑏⁄ ) + 𝛾)

𝜋𝜂𝐿ଷ
 

where 𝑘஻ is  Boltzmann’s  constant,  𝑇 is temperature in Kelvin, 𝜂 is the solvent viscosity, 𝐿 

and 𝑏 are the length and diameter of the rod, and 𝛾 is a correction term.  

According to the above equation, the viscosity of the solvent is reversely proportional to 

the rotational diffusivity of nanorods. It therefore determines the behavior of nanorods, in 

the absence of external magnetic fields. As the solvent becomes more viscous, the 

rotational diffusivity of nanorods decreases, and it takes longer time for them to rotate away 

from their previous orientation. Considering the case that all the nanorods were aligned by 

an external magnetic field parallel to the viewing angle and the field was then removed, 

the nanorods dispersed in more viscous solvents were expected to take more time to rotate 

away from their previous orientation (which is parallel to the viewing angle), and their 

photonic signals (structural colors) were expected to last for longer consequently (Figure 

2.2). For nanorods dispersed in low viscous solvents, they would quickly rotate away from 

their previous orientation and lose their photonic signal. As a result, only their intrinsic 

brownish color would be observed. 
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Figure 2.2 Scheme showing how the viscosities of solvents affect the optical property of a 
dispersion  of  “green”  photonic  nanorods  after  the  removal  of  magnetic  fields.     
 

    Owing to the silica shell on their surface, these photonic nanochains can be well 

dispersed in many polar solvents with different viscosities. The photonic property of 

nanochains in these solvents were then investigated, with special emphasis on the situations 

right after the removal of external magnetic fields.  Herein  I  will  only  discuss  the  “green”  

photonic nanochains for simplicity; other photonic nanochains are expected to follow the 

exactly same principle. The following solvents were chosen: EG, DEG, TEG, PEG 400, 

and glycerol-water mixtures. In the first step, the nanochains from one batch of synthesis 

were divided into several portions, and were then dispersed in these solvents, respectively. 

A magnetic field parallel to the detection angle of the spectrometer was applied to the 

nanochains dispersions, and their reflection spectra were measured and standardized, as 
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presented in Figure 2.3a. It can be clearly seen that the reflection spectrum of photonic 

nanochains in water is very different from other solvents. The much broader reflection peak 

can be attributed to the vigorous thermal fluctuations of nanochains in water, as the 

viscosity of water is the smallest among these solvents. The peak wavelength of nanochains 

in  water  is  also  the  shortest,  which  can  be  explained  by  the  Bragg’s  law  that  the  diffraction 

wavelength is proportional to the overall refraction index of the system. The reflection 

spectra of nanochains in other solvents exhibited only small differences in their peak 

wavelengths. Figure 2.3b clearly reveals this trend, in which the reflection peak 

wavelengths were plotted against the refractive indexes of solvents. 
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Figure 2.3 (a) Standardized reflection spectra of the same photonic nanochains in different 
solvents; (b) A plot of the reflection peak wavelengths against the refractive index of 
solvents. 
  

    In the next step, the magnetic field was removed, and the reflection spectra of photonic 

nanochains in different solvents were measured against time. Nanochains dispersed in 

water lost their photonic property almost immediately upon removal of the external 

magnetic field, therefore their reflection spectrum was not monitored. The reflection 

spectra of photonic nanochains dispersed in other solvents were presented in Figure 2.4. In 

addition, glycerol-water mixture with volume fractions of 89%, 91%, 93% and 95% were 
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investigated respectively. For EG which has the smallest viscosity among these solvents, 

the initial reflectance of the photonic nanochains is ~20% in the presence of a magnetic 

field, and this value drops to ~10% (about half of the intensity of the initial reflectance) 

within 6 s after the removal of magnetic field, as shown in Figure 2.4a. For PEG 400 which 

has a medium viscosity, the time for the reflectance to drop to half of its initial value 

increases to 60 s, as shown in Figure 2d. In the case of 95% glycerol with the highest 

viscosity, the elongation in the half-decay time becomes more obvious. The reflectance of 

the dispersion is still above 10% in 150 s after the removal of magnetic field, as suggested 

by in Figure 2.4h. 
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Figure 2.4 Reflection Spectra of photonic nanochains in (a) EG; (b) DEG; (c) TEG; (d) 
PEG 400; (e) 89% glycerol solution; (f) 91% glycerol solution; (g) 93% glycerol solution; 
(h) 95% glycerol solution in certain time periods after the removal of external magnetic 
fields. 
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    The viscosities of the above solvents were listed in Figure 2.5a. From the plot in Figure 

2.5b, the decay half-life of the reflectance were found to monotonously increase with the 

solvent viscosities, in accordance with the theory. Given that the rotational diffusivities of 

nanochains are inversely proportional to the solvent viscosities, the Brownian rotation of 

photonic nanochains is more restricted as the solvent viscosities increase. As a result, their 

orientation changes slower and their photonic response can be maintained for a longer 

period. 

 

 

 
Figure 2.5 (a) Viscosities of various polar solvents used in this experiment; (b) A plot of 
the half-life of reflectance decay versus the solvent viscosities.   
 

    The above nanorods dispersions can serve as promising bi-stable photonic inks, 

benefitting from the instant alignment of the nanochains in response to the application of 

external fields and their delayed rotational movements after field removal. In one 

demonstration, a unique bi-stable photonic writing tablet were fabricated by dispersing 

nanochains in 95% glycerol solution and sealing the solution inside a 75 mm × 50 mm × 1 

mm glass vessel. A refrigerator magnet with stripe-patterned field distribution with a 
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strength of 130 G (as illustrated in Figure 2.6a) was used to investigate the performance of 

the tablet.[21] Upon the application of a magnetic field, alternating green or brown stripes 

appeared within 1 s, owing to the strong magnetic interactions between nanochains and the 

magnet, as shown in Figure 2.6b. In the areas where the magnetic field was parallel to the 

viewing angle, green strips could be observed, while brown stripes appeared in areas where 

the direction of magnetic field was perpendicular. As shown in Figure 2.6c, the alternating 

strips remained visually almost unchanged 3 mins after the removal of the magnet, 

suggesting a good bi-stability of the photonic dispersion. Although gradual intensity decay 

occurred over time, the strips remained distinguishable after more than 10 mins. Patterns 

or letters can also be manually written on this writing tablet by using a small piece of 

magnet  as  a  “pen”,  as  shown  in  Figure  2.6d. 
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Figure 2.6 (a) Scheme showing the field orientations of the stripe-patterned refrigerator 
magnet (black arrows) and the corresponding alignment of the nanochains in response to 
such a complex field; (b) Digital photo of the display right after removing the stripe-
patterned magnet; (c) Digital image of the display in 3 mins after the removal of the magnet; 
(d)  Letters  written  on  the  display  manually  by  using  a  small  magnetic  “pen”.  Scale  bar:  1  
cm. 
 

As the color of photonic inks is solely dependent on the field direction, information can 

be simply written on or erased from the inks by applying magnetic fields parallel or 

perpendicular  to  the  viewing  angle.  A  photonic  ink  based  on  “green”  nanochains  with  a  

maximum reflection peak around 540 nm was chosen for investigation. Their optical 

images during the writing and erasing operations were presented in Figure 2.7a and 2.7b. 

The writing and erasing operations were repeated for 12 cycles, and corresponding 

reflectance of the photonic inks was measured and plotted, as shown in Figure 2.7c. Both 

the writing and erasing process can be finished within 1 s, owing to the fast response of the 
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nanochains   to   external  magnetic   fields.   The   reflectance   doesn’t   change   obviously   after  

twelve cycles, indicating an excellent reversibility of the photonic ink.  

 

 

 
Figure 2.7 (a, b) Dark-field optical microscopy images of inks after (a) writing and (b) 
erasing, with the top right insets indicating the field directions; (c) A Plot of the change in 
the reflectance intensity of photonic ink in 12 cycles of writing and erasing operations. The 
reflectance was measured at the wavelength of 540 nm, and 1 s after each operation. 
     

    In addition to the solvent viscosities, the lengths and the aspect ratios of nanochains also 

determine their rotational diffusivities, as described by the previous equation. To 

investigate the effect of the chain lengths, two types of nanochains, one with an average 

length  of  10  μm,   and  another  with   an   average   length  of   3.5  μm  were   fabricated.  Their  
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Brownian rotations in a 95% glycerol solution were then monitored by an optical 

microscope operated in a dark-field mode. Figure 2.8a and 2.8b show the movement paths 

of these two nanochains in 1 min. The time interval between neighboring pictures is set to 

be 6 s. For the measured nanochains, no significant change in their lengths was observed; 

therefore in the later discussions, their movements were treated as two-dimensionally, 

within the focal plane.  

    The mean square displacements (MSDs) for the rotation of nanochains were evaluated 

and plotted against time, as shown in Figure 2.8c and 2.8d. After fitting the observed values, 

the  rotational  diffusivity  of  the  3.5  μm  chain  is  found  to  be  8.8 × 10ିଷ 𝑟𝑎𝑑ଶ 𝑠⁄ , which is 

about  23  times  higher  than  that  of  the  10  μm  chain  (3.8 × 10ିସ 𝑟𝑎𝑑ଶ 𝑠⁄ ). This result fits 

the theoretical expectation which predicted that the rotational diffusivities of nanochains 

are nearly inversely proportional to the cube of their lengths. It is however worth noting 

that these data only describe the one-directional in-plane rotation of nanochains within 1 

min, the diffusivities over a longer period might be lower than these values since the 

rotation may appear more random. 

 



54 
 

 

 
Figure 2.8 (a, b) Dark-field optical microscope images showing the Brownian rotations of 
(a)  a  10  μm  nanochain  and  (b)  a  3.5  μm  nanochain  in  a  95%  glycerol  solution.  From  left  to  
right,  top  to  bottom,  the  time  interval  between  two  pictures  is  6  s.    Scale  bars:  10  μm; (c, 
d)  Plots  of  MSDs  versus  time  for  the  rotations  of  (c)  the  10  μm  nanochain  and  (d)  the  3.5  
μm  nanochain. 
 

    The different rotational diffusivities of nanochains of different lengths allows for the 

design of more complicated features, for example, a photonic ink display that can show 

two distinct colors when the external field is switched on and off. This concept was then 

successfully demonstrated by mixing two photonic nanochains with different diffraction 

colors and chain lengths. The shorter nanochains are much easier to undergo thermal 

fluctuations, and therefore lose their photonic properties relatively quicker after the 

removal of external magnetic fields, while the longer nanochains are able to maintain 

aligned and diffract the incident light for much longer time. In one demonstration, shorter 

blue nanochains and longer green nanochains were synthesized respectively, and mixed 
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together in a 95% glycerol solution with a volumetric ratio of approximately 7:1. As shown 

in Figures 2.9a and 2.9b, upon the application of an external magnetic field, the blue 

nanochains dominate since their volume concentrations are higher; however, blue dots 

disappear quickly after the removal of the magnetic field while the green dots are able to 

maintain for a longer period. An interesting photonic ink display were then constructed by 

sealing this ink in a glass vessel. With the application of the same patterned magnetic field 

as previously used, the device shows a blue color due to the higher concentration of the 

blue nanochains. The original blue stripes fade out within only 2 s after the removal of the 

pattern magnet, leaving only green stripes which can stay for an additional 10 mins, as 

shown in Figure 2.9c and 2.9d. This unique display may find immediate uses in anti-

counterfeiting or color signage applications. 
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Figure 2.9 (a) A dark-field optical microscopy image of an ink containing two types of 
photonic nanochains with different diffraction colors (blue and green) and chain lengths (~ 
2  μm  and  ~  10  μm)  in  response to an external magnetic field parallel to the viewing angle;  
(b) An image of the same ink in 30s after removing the magnetic field;  (c) A digital photo 
of a display fabricated using this ink in the presence of a patterned magnet;  (d) A digital 
photo of the same display in 30s after removing the patterned magnet. Scale bars are 10 
μm  in  (a,  b)  and  1  cm  in  (c,  d). 
 

2.4 Conclusion 

    In summary, I have developed a new type of ink with fast response, good reversibility 

and temporary bi-stability by taking advantage of the viscosity dependent rotational 

diffusivity of the magnetic photonic nanochains.  The photonic response of inks can be 

selectively turn on or off by tuning the direction of external magnetic fields.  Temporary 

bi-stability can be enhanced by increasing the solvent viscosity and/or the length of 

nanochains. Inks based on 95% glycerol solution are able to retain their color for at least 
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three minutes, which enables people to percept the information without energy supply. The 

electrode-less remote control, temporary bi-stability, excellent rewritability, reduced 

energy consumption, and the low toxicity of the materials promise many intriguing 

applications.  For example, the delayed photonic decay might already be useful for creating 

unique security features for anticounterfeiting.  More complex security encoding involving 

more sophisticated color expression can be achieved by mixing photonic nanochains of 

different lengths.  For signage type applications, intermit refreshing of the patterns by 

pulsed magnetic field may allow retaining the color information for infinitely long period 

while at the same time significantly reduce the energy cost.  
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Chapter 3 
 

Magnetic Assembly and Tuning of Ellipsoidal-Nanoparticle-Based Colloidal 

Photonic Structures 

 

3.1 Introduction  

When the periodicity of and the dielectric contrast in the assemblies of dipolar particles 

match visible diffraction conditions, they may display iridescent structural colors. The 

diffraction wavelength (or band gap position) of the colloidal crystals can be described by 

Bragg’s   law,  𝑚𝜆   =   2𝑛𝑑 sin 𝜃, where 𝑚 is the diffraction order, 𝜆 is the wavelength of 

incident light, 𝑛  is the effective refractive index, 𝑑  is the lattice spacing, and 𝜃  is the 

glancing angle between the incident light and diffraction crystal plane. In order to 

magnetically tune the photonic property of colloidal crystals, the external magnetic field 

must be able to induce changes in either the refractive index of the components, or the 

symmetries, lattice parameters or orientations of the ordered arrays.  

Monodisperse colloidal magnetic particles have long been regarded as one of the most 

suitable building blocks for magnetically responsive photonic structures, since their 

magnetic responses are much stronger than normal paramagnetic materials and their 

dipole-dipole interactions can be fully initiated and controlled by external magnetic fields. 

However, the self-assembly of colloidal particles into high-dimensional ordered structures 

usually requires a sufficiently high concentration, therefore the average excluded volume 

of each particle becomes smaller, allowing less space for effective tuning of the photonic 

property of the as-assembled structures. The use of anisotropic particles, however, is 
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expected to bring up with more degrees of freedom in designing. In addition to the 

positional order that is usually considered for describing assemblies from spherical 

building blocks, one should take orientational order into account when anisotropic building 

blocks are assembled.[1]  

    Efforts along this direction, however, has been very limited, mostly due to the 

unavailability of high quality anisotropic building blocks and the lack of effective 

mechanism for assembly and tuning. In this chapter, I investigated the synthesis of well-

defined ellipsoidal colloidal particles with anisotropy in both morphology and magnetic 

properties, and then demonstrated their assembly into 3D ordered structures with unique 

tunable photonic properties. Unlike conventional colloidal crystals made from spherical 

magnetic particles where dynamic tuning of photonic property can only be achieved by 

controlling the field strength,[2-4] the diffraction properties of the current systems are 

strongly dependent on the field direction, which affects the orientation of the ellipsoidal 

particles. A wide range of tuning in diffraction spectrum can therefore be achieved by 

controlling the direction of the external magnetic field, while the field strength has only 

minimal influence on the diffraction wavelength. These novel photonic structures 

displayed a unique U-shaped profile in reflectance peaks in response to the variations in 

field direction: they diffract at a minimum wavelength when the field direction is 

perpendicular to the incident angle, and a maximum wavelength when the field is switched 

to parallel direction; and the diffraction intensity reaches maximum values when the fields 

are either parallel or perpendicular to the incident light, and decreases when the field 

direction is switched off-angle. The shift in diffraction in response to the change in field 
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direction is instantaneous and reversible. This work represents a unique demonstration of 

magnetically responsive photonic structures whose diffraction property can be widely 

tuned by controlling the field direction rather than the field strength.  

 

3.2 Synthesis and Characterization 

    Chemicals. Ethanol (denatured), Iron(III) chloride hexahydrate, hydrochloric acid (37 % 

solution in deionized water), ammonium hydroxide (28-30 % solution in deionized water) 

and tetraethyl orthosilicate (TEOS) were purchased from Fisher Scientific. Polyacrylic acid 

(PAA, MW = 1800), cetyltrimethylammonium bromide (CTAB) were obtained from 

Sigma-Aldrich. All chemicals were directly used as received without further treatment. 

    Synthesis of FeOOH nanorods. The synthesis of FeOOH nanorods was based on a 

previous report with slight modifications. In a typical synthesis of smaller FeOOH 

nanorods, FeCl3·6H2O was dissolved in 40 mL of deionized water and the molarity of Fe3+ 

was adjusted to 0.02 M. The undissolved precipitates were discarded after centrifugation 

at 11000 rpm for 3min. The supernatant was transferred to a three-neck flask and heated at 

81 °C under magnetic stirring for 12 hrs. The particles were then isolated by centrifugation, 

washed with deionized water for several times, and dispersed in 7.2 mL of deionized water. 

In a typical synthesis of larger FeOOH nanorods, FeCl3·6H2O was dissolved in 40 mL of 

deionized water and the molarity of Fe3+ was adjusted to 0.1 M. 1g of CTAB was added 

into the solution. The undissolved precipitates were discarded after centrifugation at 11000 

rpm for 3min. The supernatant was transferred to a three-neck flask and heated at 90 °C 



62 
 

under magnetic stirring for 18 hrs. The particles were then isolated by centrifugation, 

washed with deionized water for several times, and dispersed in 36 mL of deionized water. 

    PAA functionalization of FeOOH nanorods. A PAA stock solution was first prepared 

by dissolving 0.072 g of PAA in 10 mL of deionized water. Typically, 3 mL of the above 

FeOOH dispersions and 1 mL of PAA stock solution was added into 16 mL of deionized 

water under sonication. The mixture was then stirred for 12 hrs to allow the complete 

functionalization of nanorods. Afterwards, the excess PAA in the solution was removed by 

centrifugation, and the FeOOH nanorods were redispersed in 3 mL of deionized water. 

    Synthesis of FeOOH@SiO2 nanoellipsoids. The above aqueous dispersion of PAA-

functionalized FeOOH was added into 20 mL of isopropanol, followed by the addition of 

1  mL  of  ammonium  hydroxide.  For  the  silica  coating  of  smaller  FeOOH  nanorods,  400  μL  

of tetraethyl orthosilicate (TEOS) was added into the above mixture in every 30 mins until 

the total amount of TEOS reached 2.4 mL. For the silica coating of larger FeOOH nanorods, 

200  μL  of  TEOS  was  added  into  the  above  mixture  in  every  30  mins  until  the  total  amount  

of TEOS reached 1.2 mL. After an additional 1 hr of reaction, the silica-coated elliptical 

nanoparticles were isolated by centrifugation, washed with ethanol and deionized water for 

several times, and dispersed in 1 mL of ethanol. 

    Reduction of FeOOH@SiO2 nanoellipsoids. An ethanolic dispersion FeOOH@SiO2 

nanoellipsoids was transferred to a combustion boat, which was placed in a tube furnace 

(MTI Corporation OTF-1200X), and heated to 500 °C under N2 protection, and then 

reduced at this temperature for 2 hrs by pure H2 to produce the magnetic nanoellipsoids. 
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The as-reduced nanoellipsoids were kept in pure H2 atmosphere until the temperature drop 

to room temperature.   

    Assembly of nanoellipsoids into photonic structures. The as-reduced magnetic 

nanoellipsoids were dispersed in deionized water by sonication for 30 min. The dispersion 

was then transferred to a 100 mL three-neck flask and boiled at 100 °C for 2 hrs with 

refluxing. The nanoellipsoids were isolated by centrifugation and washed by deionized 

water for several times. Size selection was then applied and non-dispersible aggregates 

were discarded by centrifugation at 2000 rpm for 2 min. The dispersions of nanoellipsoids 

were first concentrated to the maximum volume fraction beyond which aggregations would 

form, and a certain amount of deionized water was then added into the dispersions to reach 

the desired concentration. The concentrated dispersions of nanoellipsoids displayed 

photonic colors, from blue to red, suggesting the formation of photonic structures. 

    Characterization. The morphology of the initial FeOOH nanorods and Fe@SiO2 

nanoellipsoids was characterized using a Tecnai T12 transmission electron microscope. 

The UV-vis spectra were measured using a probe type Ocean Optics HR2000CG-UV-vis 

spectrometer in reflection mode with an integration time of 150 ms. The magnetic fields 

applied to samples during the measurement were generated by an 1" cubic neodymium 

magnet. The strength and the direction of magnetic fields can be tuned by manually 

controlling the distance between the magnet and the sample and rotating the magnet. Zeta 

potential measurement of the nanoellipsoids dispersion was performed by using a Beckman 

Coulter Delsa Nano C Zeta Potential Analyzer. For achieving the rainbow photonic pattern, 

the nanoellipsoids dispersion with a volume fraction of 27% was encapsulated in a flat 
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glass capillary tubes, and placed on the top of a refrigerator magnet (nonideal linear 

Halbach array) purchased from McMaster-Carr. 

 

3.3 Results and Discussion 

Representative TEM images of the starting nanorods and the final product elliptical 

nanoparticles were shown in Figure 3.1. The nanorods in Figure 3.1a have an average 

length of 70 nm and width of 10 nm; while the nanorods in Figure 3.1b are a bit larger, 

with an average length of 110 nm and width of 20 nm. Both nanorods exhibit a well-defined 

rod-like morphology. The elliptical nanoparticles synthesized from the smaller nanorods 

had an average length of 190 nm and an average diameter of 130 nm; while the 

nanoellipsoids synthesized from the larger nanorods had an average length of 220 nm and 

an average diameter of 130 nm. Both nanoparticles exhibit a well-defined elliptical 

morphology, and their size distributions are very uniform, according to the TEM images in 

Figure 3.1c and 3.1d. For simplicity in discussion, the smaller nanorods are named as 

“nanorods   A”,   and   the   larger   nanorods   are   named   as   “nanorods   B”.   Accordingly, the 

elliptical  nanoparticles  synthesized  from  nanorods  A  are  named  as  “nanoellipsoids  A”,  and  

the  elliptical  nanoparticles  synthesized  from  nanorods  B  are  named  as  “nanoellipsoids  B”. 
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Figure 3.1 TEM images of (a) Nanorods A; (b) Nanorods B; (c) Nanoellipsoids A; (d) 
Nanoellipsoids B. Scale bar: 200 nm. 
 

    XRD  patterns  in  Figure  3.2a  clearly  show  that  the  nanorods  A  and  B  are  both  pure  β-

FeOOH (akaganeite), with the strongest diffraction peak at around 35°. Due to the high 

reducing ability of hydrogen, these FeOOH nanorods are reduced to pure iron under the 

above experimental condition, XRD patterns of nanoellipsoids A and B only show the 

characteristic peak of iron (110) and (200) facets, as shown in Figure 3.2b. No other peak 

can be observed, except for an absorption shoulder at around 25° which can be attributed 

to amorphous silica. The XRD peaks of FeOOH nanorods are relatively weak, owing to 
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the thick silica coating and the relatively small size of iron nanoparticles embedded inside 

the nanoellipsoids. Magnetic property characterizations of nanoellipsoids A and B (Figure 

3.2c and 3.2d) indicated that both nanoellipsoids are ferromagnetic. Nanoellipsoids A have 

a saturated magnetization of 0.6 emu/g and a coercivity of 500 G, while nanoellipsoids B 

have a saturated magnetization of 1.2 emu/g and a coercivity of 800 G. Although the 

coercivities of nanoellipsoids are relatively large, their inter-particle magnetic interactions 

are relatively weak, owing to their extremely low saturated magnetizations. The magnitude 

of magnetic interactions between particles are determined by the magnetic moments of 

particles, which relates to the saturated magnetizations of particles.  

 

 

 
Figure 3.2 (a) XRD patterns of nanorods A and B; (b) XRD patterns of nanoellipsoids A 
and B; (c) Magnetic hysteresis loop of nanoellipsoids A; (d) Magnetic hysteresis loop of 
nanoellipsoids B.  
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    The key for the successful assembly of nanoellipsoids into ordered photonic structures 

is the presence of charges on their surfaces which provide long-range strong 

electrorepulsive forces. Owing to the high temperature treatment, the as-reduced 

nanoparticles barely have any change on their surfaces. In order to enhance the charges on 

the nanoparticles surfaces, I refluxed the nanoparticles in water for a certain period of time. 

Hot water acts as an etchant to slightly etch the dense silica surface, to create more silanol 

groups on the surfaces and thus to allow nanoparticles assemble into ordered structures 

without aggregations.[5] By using the nanoellipsoids A as an example, I demonstrated the 

effect of refluxing time on the surface charge of nanoparticles and the diffraction intensity 

of photonic structures assembled from them. A magnetic field (~ 50 mT) was applied 

perpendicular to the  direction  of  incident  light  during  the  measurement.  The  ζ-potential of 

as-reduced nanoparticles was -31 mV, as indicated in Figure 3.3. After being concentrated, 

they were not able to form photonic structures since their relatively low charged surfaces 

were not sufficient for stabilizing them and therefore no reflectance can be measured. 

Refluxing nanoellipsoids in water significantly enhance the surface charges as well as their 

photonic  performance.  After  being  refluxed  for  2  hrs,  their  ζ-potential dropped to -57 mV, 

comparable to the polyacrylate-capped Fe3O4 particles (-49 mV) and refluxed Fe3O4@SiO2 

(-56.5 mV),[6, 7] and are thus excellent building blocks for constructing photonic 

structures. Elongating the refluxing time to 150 min led to almost same results, so I set the 

refluxing time to 2 hrs and used the resultant nanoellipsoids for all the following 

experiments. 
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Figure 3.3 Dependence of zeta potentials of nanoellipsoids A and reflectance of the 
resultant photonic structures assembled from nanoellipsoids A under a perpendicular 
magnetic field on the refluxing times. 
 

    For the description of the ordered structures assembled from spherical nanoparticles, 

people usually use positional orders; however, when it comes to the nanoellipsoids, we 

have to also take orientational orders into account.[7] The orientation of nanoellipsoids can 

be conveniently tuned by an external magnetic field, owing to the anisotropic magnetic 

cores embedded inside them. Upon the application of magnetic fields, nanoellipsoids rotate 

and align their long axis parallel to the field direction. Such rotation immediately results in 

changes in the orientational orders. In addition, as the direction of incident light is fixed, 

the rotation of nanoellipsoids also gives rise to changes in the periodicity of the photonic 

structures. As schematized in Figure 3.4, in the left situation, the periodicity of photonic 

structures is based on the long axis of nanoellpisoids, and is thus the largest. As a result, 
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the diffraction wavelength of the photonic structures reaches the maximum. In the middle 

situation, the periodicity of photonic structures is based on the short axis of nanoellpisoids 

and is the smallest, therefore the diffraction wavelength of the photonic structures reaches 

the minimum. In the right situation, the periodicity of photonic structures is right in 

between the previous two scenarios, and the diffraction wavelength of the photonic 

structures also falls in between them. 

  

 

 
Figure 3.4 Scheme showing the tuning of periodicity and diffraction wavelength of the 
photonic structures assembled from nanoellipsoids by external magnetic fields.  
 

    To allow the formation of photonic structures, the aqueous dispersions of nanoellipsoids 

were concentrated to a volume fraction of 18%. The optical property of resultant photonic 

structures were then investigated under magnetic fields (~ 50 mT) with varying directions. 

As shown in Figure 3.5a and 3.5b, the diffraction wavelengths reached the minimum when 

the field direction was perpendicular to the incident light, and gradually red shifted as the 

field direction rotated from perpendicular to parallel to the incident light. Such shift in 

reflection wavelengths responds to the change of field direction immediately (within less 

than a second) and is fully reversible. A notable feature of such magnetic tuning is that the 
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maximum intensity is achieved at the two end points when the magnetic fields are either 

parallel or perpendicular to the incident light. When the field direction is switched away 

from these two end points, the relative intensity decreases and reaches a minimum at the 

middle point (~ 45 from the parallel and perpendicular directions), resulting in an overall 

U-shaped profile of reflectance peaks. This is a major difference when compared to the 

previous reported 1D photonic chains where the strongest reflectance is only achievable 

under intermediate field intensity and the profile of reflectance peaks is an inverted U curve. 

The minimum diffraction wavelengths of photonic structures assembled from 

nanoellipsoids A and B were found to be 530 nm and 513 nm, respectively; while the 

maximum diffraction wavelengths were 643 nm and 725 nm, respectively. Compared to 

nanoellipsoids A, photonic structures assembled from nanoellipsoids B exhibited a broader 

tuning range of about 212 nm. The relatively larger aspect ratio of nanoellipsoids B lead to 

more changes in the inter-planar spacing when the orientation of the assembled crystals are 

switched, resulting in a broader tuning range in photonic response. 

    The orientational dependence of the nanoellipsoidal assemblies can find direct use in 

creating photonic patterns under magnetic fields with non-uniform field directions. As 

demonstrated in Figure 3.5c and 3.5d, when subjected to complex magnetic field produced 

by a non-ideal linear Halbach array which has a spatially rotating pattern of magnetization, 

a dispersion of nanoellipsoids A (with a volume fraction of 32%) encapsulated in a flat 

glass tube exhibits an alternating pattern containing blue and green stripes. The green strips 

are at the areas where the magnetic fields are parallel to the viewing angle; while the blue 

strips are the areas where the magnetic fields are perpendicular to the viewing angle. More 
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interestingly, when a dispersion of nanoellipsoids B (with a volume fraction of 27%) was 

used, I was able to observe alternating red, green and blue strips, which almost covered the 

entire visible spectrum. The red strips were at the areas where the magnetic fields were 

parallel to the viewing angle; while the blue strips were the areas where the magnetic fields 

were perpendicular to the viewing angle. The green strips were located between red and 

blue strips, corresponding to the areas where the magnetic fields were tilted between 

parallel and perpendicular. It is noteworthy that similar transition strips were also present 

in Figure 3.5c; however, they can hardly be distinguished due to their relatively low 

contrast to the main blue and green strips. Unlike our previously demonstrated 1D photonic 

assembly which only shows single color stripes at areas with field parallel to the incident 

angle,[2] the current system displays stripes of various colors at areas with parallel and 

horizontal fields.  
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Figure 3.5 (a) Reflection spectra of photonic structures assembled from nanoellipsoids A 
under magnetic fields with varying field directions; (b) Reflection spectra of photonic 
structures assembled from nanoellipsoids B under magnetic fields with varying field 
directions; (c) A Digital image of a capillary tube with photonic structures assembled from 
nanoellipsoids A on a piece of refrigerator magnet; (d) A Digital image of a capillary tube 
with photonic structures assembled from nanoellipsoids B on the same piece of refrigerator 
magnet. Scale bars for (c) and (d): 1 mm. 
 



73 
 

    The field strength also play an important role since it determines to which degree the 

nanoellipsoids can be aligned by external magnetic fields. Figure 3.6a and 3.6b showed the 

reflection spectra of photonic structures assembled from nanoellipsoids A and 

nanoellipsoids B, under external magnetic fields with fixed directions (either parallel or 

perpendicular to the direction of incident light) but varying strengths. Two sets of reflection 

spectra can be found in each figure. When the field direction is perpendicular to the light, 

nanoellipsoids align themselves perpendicular to the light as well; the periodicity is 

determined by the shorter axis of nanoellipsoids and results in a reflection peak at shorter 

wavelengths. When the field direction is parallel to the light, the periodicity is determined 

by the longer axis of nanoellipsoids and accounts for in a reflection peak at longer 

wavelengths. The field strength is found to influence the reflectance rather than reflection 

wavelengths, for both nanoellipsoids A and nanoellipsoids B. The increased reflectance is 

believed to result from the better orientational order of nanoellipsoids. Because of the 

limited amount of magnetic species embedded inside them, the rotations of nanoellipsoids 

require a sufficient high magnetic field to allow the magnetic torque to overcome the 

rotational resistance. Meanwhile, the reflection wavelengths remain the same as the field 

strength increases, which indicates that the positional order of photonic structures is 

determined solely by electrostatic interactions. It also suggested that the magnetic 

interactions between nanoellisoids are negligible, owing to the limited amount of magnetic 

species inside them, and this fact is in accordance to our previous findings that the saturated 

magnetizations of nanoellipsoids are extremely low. 
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Figure 3.6 (a) Reflection spectra of photonic structures assembled from nanoellipsoids A 
under magnetic fields with varying field strengths; (b) Reflection spectra of photonic 
structures assembled from nanoellipsoids B under magnetic fields with varying field 
strengths. 
 

    In addition to orientation, the inter-planar spacing of the photonic structures is also 

determined by the volume fractions of the nanoellipsoids.[8] As the volume fraction 

decreases, the average distances between nanoellipsoids increase, resulting in an expansion 

of crystal lattice as well as a red-shift of reflection wavelength. In the absence of magnetic 

fields, the reflection spectra of photonic assemblies formed by nanoellipsoids A under 
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different volume fractions were recorded and exhibited in Figure 3.7a. The reflection peak 

shifted from 425 nm to 660 nm, as the volume fractions decreased from 32% to 10%. 

Consistently, a rainbow-like color effect was observed in Figure 3.7b in the dispersion of 

nanoellipsoids A with a volume fraction gradient, which was achieved by centrifugation at 

3000 rpm for 5 min.  

The synergy of both field directions and volume fractions allows for a wide range of 

tuning of the optical property of photonic assemblies. Figure 3.7c plotted the changes in 

peak positions with volume fraction of the dispersion for nanoellipsoids A. The blue dots 

and green dots refer to the reflection wavelengths measured under magnetic fields parallel 

and perpendicular to the incident light, respectively; while the red dots correspond to the 

reflection wavelengths measured in the absence of a magnetic field. Interestingly, for each 

volume fraction, the differences in the peak position of the photonic assemblies under 

parallel and perpendicular magnetic fields remain constantly at around 105 nm, as 

represented by the black dashed line. Such difference in peak positions is attributed to the 

difference in the long axis and the short axis of nanoellipsoids, and therefore is not 

subjected to any change in the volume fractions. In the absence of magnetic fields, the 

orientation of nanoellipsoids is less uniform. The inter-planar spacing of the assembled 

photonic structures and the wavelengths of reflection peaks are always between those under 

parallel magnetic fields and under perpendicular magnetic fields. The nanoellipsoids prefer 

to align themselves along the surface of sample container, which is perpendicular to the 

incident angle so that the reflection peak is closer to that of the case in a perpendicular 

magnetic field even at a relatively low volume fraction (Figure 3.7c). As the volume 
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fraction increases, the orientational order of nanoellipsoids in the absence of magnetic 

fields enhances and eventually becomes nearly the same as the case aligned by magnetic 

field, as confirmed by the coincidence of the peak positions at a high volume fraction of 

32%.  The enhanced orientational order can be explained by the reduced excluded volume 

of each nanoellipsoid under a higher volume fraction. The nanoellipsoids decreased their 

orientational entropy but increased translational entropy to reach a more energetically 

favorable structure, in which most of nanoellipsoids align parallel.[9-14]   
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Figure 3.7 (a) Reflection spectra of the colloidal dispersion of nanoellipsoids A under 
different volume fractions in the absence of magnetic fields; (b) A digital image of a 
dispersion of nanoellipsoids A in a glass capillary tube with a volume fraction gradient; (c) 
Dependence of reflection wavelengths of photonic structures on the volume fractions of 
nanoellipsoids A, in the presence and the absence of external magnetic fields. 
 

    Theoretical investigations have predicted that anisotropic nanoparticles would 

preferentially form a stretched face-centered cubic (fcc) structure as the volume fraction 

reaches a critical threshold.[15-17] Stretching an fcc lattice along different axes altered its 

symmetry, and resulted in new crystal lattices. As illustrated in Figure 3.8a, when the 

original fcc lattice is stretched along <100>, <110>, or <111> axes, it transforms into body-
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centered tetragonal lattice (bct), body-centered orthorhombic lattice (bco), or face-centered 

orthorhombic lattice (fco), respectively.  

    I estimated the crystal structures of the nanoellipsoidal assemblies under magnetic fields, 

based on their diffraction properties. The periodicities of photonic assemblies along 

different   axes  were   calculated   using   diffraction  wavelengths   through  Bragg’s   law;;   and 

were then plugged in the above three lattices to find out the lattice constants. As shown in 

Figure 3.8b, the fco lattice has the closest value to the experimental volume fractions 

compared to the bct and bco lattices. More importantly, in the fco lattice, the distances 

between one particular ellipsoid and its twelve nearest neighbors are almost identical; while 

in the bct or bco lattices, the distances between one particular ellipsoid and its twelve 

nearest neighbors are not identical, and the variations in them can be more than 30 nm or 

60 nm, respectively, as calculated and plotted in Figure 3.8c. As the assembly of 

nanoellipsoids is driven solely by electrostatic forces, the surface to surface distances 

between one particular nanoellipsoid to its neighbors are not expected to vary significantly. 

Therefore in our system, nanoellipsoids were most likely to assemble into an fco lattice, in 

accordance to previous theoretical predictions that the fco lattice is most energetically 

favorable among the above three structures.[18] 
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Figure 3.8 (a) Possible structures resulting from the assembly of nanoellipsoids; (b) 
Comparison of the measured volume fractions to the calculated values for nanoellipsoids 
A; (c) Calculated surface-to-surface distances between one particular nanoellipsoid to its 
nearest neighbors in the three possible structures. 
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3.4 Conclusion 

    In summary, I synthesized shape- and magnetically anisotropic nanoellipsoids and 

demonstrated their assembly into photonic structures. It is found that changing the 

directions of magnetic fields significantly changes the diffraction wavelengths of the 

photonic structures, while altering the strength of magnetic fields only slightly influences 

their reflectance. Moreover, based on the photonic property of the as-assembled structures 

along different directions under a magnetic field, I investigated the assembly manner of 

nanoellipsoids and calculated the surface-to-surface distances between nanoellipsoids at 

different volume fractions. Our strategy can be extended to the self-assembly of other 

anisotropic nanoparticles and the dynamic tuning of their optical property by magnetic 

fields. These tunable anisotropic photonic structures not only enhance our understanding 

of self-assembly of anisotropic nanoparticles but also provide a new platform for building 

novel active optical components, color presentation and display devices. 
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Chapter 4 

 

Magnetically Actuated Liquid Crystals 

 

4.1 Introduction  

    Liquid crystals are state of matter intermediate between that of a crystalline and an 

isotropic liquid.[1-4] They possess many of the mechanical properties of liquid, e.g., high 

fluidity, formation, and coalescence of droplets. At the same time they are similar to 

crystals in that they exhibit anisotropy in their optical,[5-7] mechanical,[8] electrical,[9-11] 

and magnetic properties.[12-14] Examples of liquid crystals can be found both in the 

natural world and in technological applications. Most of electronic displays use liquid 

crystals.[15-17] Liquid-crystalline phases are abundant in living systems.[18] For example, 

many proteins and cell membranes are liquid crystals. Other well-known examples of 

liquid crystals are solutions of soap and various related detergents,[19] as well as the 

tobacco mosaic virus.[20] 

    The characteristic feature of liquid crystals is the presence of long-range orientational 

order in the arrangement of constituent molecules, and sometimes 1D or 2D quasi long-

range translational or positional order.[21-23] The quintessential property of a liquid 

crystal is its anisotropy. The optical, mechanical, electrical and magnetic properties of 

liquid crystal medium are defined by the orientation order of the constituent anisotropic 

molecules. Due to the anisotropy of the electrical and magnetic properties, the orientation 

of the liquid crystal molecules is effectively controlled by electric or magnetic fields. As a 
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result, by changing the liquid crystal molecules orientation, it is possible to change optical, 

mechanical properties of the medium. All of these are important to the functioning of 

devices based on liquid crystals: digital watches, calculators, flat TV-displays, 

thermometers and liquid crystal displays are all examples of what liquid crystal technology 

can achieve.  

    Liquid crystal phases can be divided into two classes: thermotropic liquid crystal phases 

and lyotropic liquid crystal phases. Thermotropic liquid crystal phases are formed by 

organic molecules in a certain temperature range.[24] Thermotropic organic molecules do 

not need solvent to form liquid crystal phase. In contrast, lyotropic liquid crystal phases 

form a solution, and the concentration controls the liquid crystallinity in addition to 

temperature.[25-27] Nowadays there are a plenty of ways to generate a liquid crystal phase. 

The thermotropic liquid crystals are usually formed by molecules with anisotropic shape, 

either elongated or disk-like. The lyotropic liquid crystals generally are two-component 

systems where building blocks are dissolved in a solvent. The building blocks forming 

lyotropic liquid crystals can be various, from amphiphilic organic molecules[28-30] to 

inorganic anisotropic nanostructures.[31-36] 

    Anisotropic colloidal inorganic particles, such as rods and platelets, have the ability to 

spontaneously self-organize into various liquid crystalline phases when brought in 

suspensions.[37-40] In the 1940s, Onsager explained in his seminal work the isotropic (I) 

to nematic (N) phase transition for rod-like particles on basis of the particle shape alone: 

at sufficiently high concentration the loss in orientational entropy is smaller than the gain 
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in excluded volume entropy.[41] In the nematic state, the excluded volume decreases, and 

this gives rise to the translational entropy of the system  

∆𝑆௧௥ = −𝑘஻ln  (1 − 𝑉௘௫௖௟ 𝑉⁄ )~𝑘஻𝜌𝐿ଶ𝐷 

where ρ = 𝑁 𝑉⁄  is the density of rods with length L and diameter D. However, there is also 

a decrease in orientational entropy in the nematic state, 𝑆ே = 𝑘஻ lnΩே, in comparison to 

the isotropic state, 𝑆ூ = 𝑘஻ lnΩூ, 

∆𝑆௢௥ = 𝑘஻ln Ωே Ωூ⁄ ~𝑘஻ 

where Ωூ,ே gives the number of orientational states in the isotropic or nematic mesophase. 

At the nematic-isotropic transition, these two contributions compensate each other, ∆𝑆௢௥ +

∆𝑆௧௥ = 0, and the critical density is 𝜌௖~1 (𝐿ଶ𝐷)⁄ , or a critical volume fraction is given by 

∅௖ = 𝑉௥௢ௗ௦ 𝑉⁄ ~ (𝑁𝐿𝐷ଶ) (𝑁𝐿ଶ𝐷) = 𝐷 𝐿⁄⁄ .  

    The Onsager model is based on monodisperse spherocylinders with only hard-rod 

interactions and its applicability is limited to real systems. Building blocks in most real 

systems are polydisperse and there are additional interactions between them, for example, 

electrostatic, steric, and solvation interactions.[39, 40] These interactions can alter the 

effective diameter and the degree of dispersion of building blocks, and thus also influence 

their organization behavior.  

    In addition to fundamental issues related to self-organization of particles and their liquid 

crystal behavior, research on inorganic compounds opens the way toward devices that 

would take benefit from intrinsic properties of minerals such as large refractive index, 

absorption dichroism, ferroelectricity or ferromagnetism. A largely unexplored area in this 

field is the designed synthesis of anisotropic magnetic materials and their assembly into 
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liquid crystals with magnetically tunable optical properties, which are in fact of both 

fundamental and practical importance. From the fundamental point of view, they served as 

ideal model systems in condensed matter physics, which allow explorations of the phase 

complexity in a single liquid crystal sample as the inter-particle interactions can be 

conveniently tuned by magnetic fields within an experimentally accessible timescale. A 

more in-depth understanding in the phase transitions and the related changes of optical 

property of the liquid crystal sample under magnetic fields can be achieved. From a 

practical point of view, the ionic strength of colloidal suspensions made it especially 

difficult to electrically switch the orientation of inorganic liquid crystals causing a short-

circuit problem; while magnetically-switchable liquid crystal samples do not have this 

issue but benefit from the instantaneous and contactless nature of magnetic manipulation. 

In order to achieve magnetically tunable liquid crystals, incorporation of ferro- or 

ferrimagnetic materials into liquid crystals has been attempted, although a long interaction 

time is usually required to induce uniform molecular alignment.[42-48] Another proposed 

strategy is to enhance the intrinsic magnetic property of the constituents of liquid crystals, 

for example, by doping rare earth metal ions into liquid crystal molecules[49-52] or by 

developing alternative inorganic building blocks with a higher magnetic susceptibility.[53-

57]  However, most such studies have been limited to paramagnetic materials, which can 

only be aligned in extremely strong external magnetic fields.   

    In this chapter, I proposed to start from the synthesis of ferromagnetic or ferrimagnetic 

inorganic building blocks with higher magnetic susceptibilities and then assemble them 

into liquid crystals, and then investigate the optical tuning of liquid crystals with a magnetic 
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field. The optical property of a liquid crystal is determined by many factors, one of the 

most important is its director, the average direction of the long axes of building blocks. As 

the orientation of magnetic building blocks is always parallel to the fields, the direction of 

liquid crystals can be easily controlled by external magnetic fields. By tuning the direction 

to be parallel or at a certain angle to the transmission axis of cross polarizers, it is expected 

to gain a control over the transmittance of liquid crystals. Moreover, the optical property 

of liquid crystals is also related to the sizes and shapes of building blocks as well as their 

intrinsic optical property including light absorbance and birefringence.   

 

4.2 Synthesis and Characterization 

Chemicals. Ethanol (denatured), anhydrous iron(III) chloride, hydrochloric acid (37 % 

solution in water), ammonium hydroxide (28-30 % solution in water) and tetraethyl 

orthosilicate (TEOS) were purchased from Fisher Scientific. Polyacrylic acid (PAA, MW 

= 1800), 2,2-dimethoxy-2-phenylacetophenone (DMPA), poly(ethylene glycol) diacrylate 

(PEGDA, MW = 700) and diethylene glycol (DEG) were obtained from Sigma-Aldrich. 

All chemicals were directly used as received without further treatment. 

Synthesis of FeOOH nanorods. The synthesis of FeOOH nanorods is based on a 

previous literature with small modifications.[57] Typically, 7.776 g of anhydrous FeCl3 

were  dissolved  in  80  mL  of  deionized  water.  The  solution  was  added  into  450  μL  of  37%  

HCl and then centrifuged at 11000 rpm for 3 mins to remove precipitates. The purified 

solution was transferred to a 100 mL three-neck flask, heated to 98 °C, and kept at that 

temperature for 16 hrs with refluxing. After the reaction, the solid product was collected 
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by centrifugation at 5000 rpm for 3 mins, and then stored in 20 mL of deionized water for 

future use. 

    PAA functionalization of FeOOH nanorods. A PAA stock solution was first prepared 

by dissolving 0.072 g of PAA in 10 mL of deionized water. The above aqueous dispersion 

of FeOOH nanorods was then mixed with 10 mL of PAA stock solution under vigorous 

stirring. After 12 hrs, the mixture was centrifuged at 5000 rpm for 3 mins, and the solid 

product was washed by deionized water for at least three times. 

    Synthesis of FeOOH@SiO2 core/shell nanorods. In a typical coating procedure, 30 mg 

of PAA-functionalized FeOOH nanorods was dispersed in 3 ml of deionized water, and 1 

mL of ammonia solution was added. The mixture was vigorously sonicated for 4 mins, and 

was added into 20 mL ethanol. The mixture was then transferred into a 50 mL Erlenmeyer 

flask,  and  100  μL  of  TEOS  was  added  into  the  mixture  with  stirring.  After  1  hr,  the  silica-

coated nanorods were recovered from the solution mixture by centrifugation, washed by 

deionized water for several times and stored in deionized water. 

    Reduction of FeOOH@SiO2 nanorods to Fe3O4@SiO2 nanorods. With the protection 

of nitrogen, 60 mL of diethylene glycol was heated to 220 °C, to which the above 

FeOOH@SiO2 aqueous dispersion was slowly added. The color of the mixture changed 

from yellow to brownish instantly, and to black at the end of the reduction. The reduction 

process usually took 24 hrs, after which the as-reduced Fe3O4@SiO2 nanorods were 

collected by centrifugation, washed by ethanol for several times and dispersed in deionized 

water. 
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    Self-assembly of Fe3O4@SiO2 nanorods into liquid crystal phases. As-reduced 

Fe3O4@SiO2 nanorods were further purified by magnetic separation for three times. After 

magnetic separation, certain amounts of deionized water was added into the nanorods to 

yield aqueous nanorods dispersions with desired volume concentrations. Liquid crystal 

phases would spontaneously form as the volume concentrations of nanorods exceeded a 

threshold. 

    Fabrication of liquid crystal PEGDA films. A mixture solution of PEGDA and water 

(volume ratio of 7:3) was prepared. As-reduced Fe3O4@SiO2 nanorods were dispersed in 

the mixture solution and purified by magnetic separation for three times. After magnetic 

separation, certain amounts of PEGDA/water mixture solution was added into the nanorods 

to yield a nanorods dispersion with a volume concentration of 10 %. DMPA (photo-

initiator) was added into the nanorods dispersion at a mass fraction of 5%. For photo-

polymerization, about  2  μL  of  solution  was  used  each  time.   It  was  sandwiched  between  

one cover glass and one glass slide. A mask can be placed on the top of cover glass, and a 

magnet field can be applied to the sample by an NdFeB magnet if necessary. The typical 

exposure time to UV-light for thorough polymerization is 20 s.  

    Characterization. The morphology of the FeOOH and Fe3O4@SiO2 nanorods were 

characterized under a Tecnai T12 transmission electron microscope (TEM). The cross-

section morphology of PEGDA films with Fe3O4@SiO2 nanorods embedded inside was 

characterized using a Philips FEI XL30 scanning electron microscope (SEM). Magnetic 

property measurement of Fe3O4@SiO2 nanorods was performed using a Lakeshore 

vibrating sample magnetometer with 736 VSM controller, Model 142A, Model 642 



89 
 

Electromagnet power supply and Model EM4 HV electromagnet. The magnetic moment 

was measured as function of applied magnetic field at room temperature. Transmittances 

of liquid crystals and PEGDA films were measured with an Ocean Optics HR2000CG-

UV-NIR spectrometer. Microscopic and polarized microscopic observations of nanorods 

dispersions  and  films  were  carried  out  under  an  Applied  Biosystems®  ArcturusXT™  LCM  

System or an Omano OM339P Transmitted Light Polarizing Microscope.  

    The birefringence of the sample was measured under a multi-functional spectral-domain 

optical coherence tomography (OCT) system with a polarization-sensitive OCT 

function.[58] During the measurement, the sample was sealed in a glass capillary tube with 

an inner thickness of 300 µm and a magnetic field was applied by placing a magnet next 

to the sample. Images of sample were acquired by the system with nanorods aligned 

parallel or perpendicular to the direction of light, controlled by the external magnetic fields. 

The accumulated phase retardation caused by the birefringence of the sample was 

calculated by comparing the phase of A-lines acquired with orthogonal polarization states, 

using a generalized Jones-matrix based analysis.[59] The birefringence was then found 

from this phase difference and the known thickness of the sample.  

    For the optical modulation test of liquid crystals, an aqueous liquid crystal sample is 

sandwiched between two glass slides and placed in between a polarizer and an analyzer. 

The thickness   of   sample   liquid   film   is   approximately   100  μm.  The  magnetic   field  was  

generated by a Helmholtz coil which is driven by an audio amplifier which in turn is driven 

by a generator. A compensating capacitor is used to counteract the inductive reactance due 

to the solenoid for a given frequency. A constant intensity polarized laser beam is directed 
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at the sample, goes through the sample, and is detected by a photodetector which in turn is 

monitored by an oscilloscope.[60, 61] 

    Figure 4.1 shows the schematic diagram of the experimental setup. During the 

measurement, the generator input a 100 Hz alternating current signal to the Helmholtz coil, 

and an alternating magnetic field is created accordingly. The direction of magnetic field 

can be either along the blue arrow in the scheme, or opposite to it. The quickly switching 

of the field direction from one side to the opposite side results in the oscillation of nanorods. 

As their orientaion become temporarily displaced from their equilibrium position, laser 

beam passes through the cross polarizer and gives a detectable signal. Nanorods orient 

themselves parallel to the field twice within one full cycle, and hence twice allowing 

maximum light passage, resulting in a response frequency of 200 Hz. 

 

 

 
Figure 4.1 Scheme for the optical modulation experimental setup. 
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4.3 Results and Discussion 

    The major challenge of our proposed work lies in the controlled synthesis of anisotropic 

magnetic building blocks. Even with the significant advances in colloidal synthesis 

achieved in the past two decades, preparation of magnetic (Fe, Co, Ni or magnetite) 

anisotropic nanostructures with uniform size and well defined shape has remained difficult. 

Herein, our strategy involves the preparation of nonmagnetic anisotropic nanostructures as 

precursors, surface passivation to enhance the colloidal stability, and then conversion of 

the precursors into magnetic anisotropic nanostructures, as schematized in Figure 4.2. 

Metal (Fe, Co and Ni) hydroxides are long known to grow into anisotropic shapes because 

of their low-symmetry crystal lattices, and are thus excellent starting materials. A 

representative TEM image of FeOOH nanorods is shown in Figure 4.3a. The FeOOH 

nanorods were further coated with a layer of silica through a sol–gel process and then 

reduced to Fe3O4 by diethylene glycol at an elevated temperature. As shown in Figure 4.3b, 

the product maintains a well-defined rod-like morphology, with an average length of 1.5 

μm   and   diameter   of   200   nm.   XRD   patterns   of   FeOOH   nanorods   and as-reduced 

Fe3O4@SiO2 nanorods in Figure 4.3c confirm their materials phases. Magnetic hysteresis 

loop measurement reveals the ferrimagnetic nature of Fe3O4@SiO2 nanorods, showing a 

saturated magnetization of 18 emu/g and a coercivity of 300 Oe and suggesting their good 

response to external magnetic fields, as shown in Figure 4.3d. The silica layer on the 

nanorods surface plays an important role in their stabilization in the colloidal dispersion: it 

acts as a physical barrier to separate the magnetic cores from each other, attenuates their 

magnetic dipole–dipole interactions, and prevents them from aggregating. The abundant 



92 
 

hydroxyl groups on the silica surface provide sufficient long-range electrostatic repulsion 

and short-range solvation forces for stabilizing the magnetic nanorods, granting them 

excellent dispersibility in various polar solvents such as water and alcohols.  

 

 

 
Figure 4.2 Scheme for the preparation of magnetic anisotropic nanostructures. 
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Figure 4.3 (a) A representative TEM image of FeOOH nanorods; (b) A representative 
TEM image of Fe3O4@SiO2 nanorods; (c) XRD patters of FeOOH nanorods and 
Fe3O4@SiO2 nanorods; (d) Magnetic hysteresis loop of Fe3O4@SiO2 nanorods. 
 

    A theoretical sedimentation rate of 4.7 μm·min-1 for magnetic rods was calculated based 

on a model for the sedimentation of cylinders in the dilute limit.[62] Experimentally, for a 

suspension of magnetic rods in water with a volume fraction (Ф) of 1%, I measured a much 

lower sedimentation rate of 0.70 μm·min-1 for days 2 to 4, and a rate of 0.65 μm·min-1 for 

days 5 to 6.[63] This value is expected to further decrease as the volume fraction of 

magnetic rods and the viscosity of suspension increased,[64, 65] and I did not observe 

obvious sedimentation of magnetic rods in the liquid crystal sample within a week. 
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    Upon the application of an external magnetic field, the magnetic nanorods align 

themselves along the field direction, producing the orientational order needed for the 

formation of liquid crystals.  Since the average size of the nanorods is much larger than the 

detection limit of conventional small angle X-ray scattering measurement, resolving the 

crystal structure of the sample in the magnetic field is difficult to achieve.  An alternative 

method which allows us to directly observe the alignment of the nanorods is to fix the 

nanorods in a polymer matrix.[66]  In this case, Fe3O4@SiO2 nanorods were dispersed in 

a UV curable PEGDA resin at a volume fraction of 10%.  Under an external magnetic field, 

the dispersion was exposed to UV light to initiate polymerization. The polymerized solid 

was cut and its cross section was examined. As shown in Figure 4.4a, a uniform alignment 

of nanorods could be observed, which confirmed the orientational order of the nanorods 

that leads to liquid crystal properties; although it is still difficult to resolve positional order 

by using this method.  

    Figure 4.4b shows the POM images of the aqueous dispersions of Fe3O4@SiO2 nanorods 

at different volume fractions from 1% to 10%, which indicates a clear transition from an 

isotropic phase to an ordered nematic phase as the volume fraction increased, and confirms 

the liquid crystal behavior of the dispersions.  Further phase transitions from nematic phase 

to columnar phase or smectic phase are expected at even higher volumetric fractions, as 

theoretically predicted [67, 68] and experimental proved, [69, 70] although solid evidence 

for the formation of such phases requires small angle x-ray scattering test and cannot be 

provided solely by polarized optical microscope observations. 
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Figure 4.4 (a) SEM image of a fixed magnetic liquid crystal in a polymer matrix showing 
the ordered arrangement of magnetic nanorods; (b) POM images of aqueous dispersions of 
Fe3O4@SiO2 nanorods in a capillary tube at different volume fractions of 1%, 3%, 5% and 
10%  (from  top  to  bottom).  Scale  bars:  500  μm. 
 

    The above results have confirmed that Fe3O4@SiO2 nanorods can assemble into liquid 

crystal phases. In the next step, I demonstrated that the optical property of such liquid 

crystals can be tuned by an external magnetic field. Generally, when light enters a liquid 

crystal sample, it breaks up into the fast (the ordinary ray) and slow (the extraordinary ray) 

components.[71] Because the two components travel at different velocities, the waves get 

out of phase. When the rays are recombined as they exit the birefringent material, the 

polarization state has changed because of this phase difference. Let us consider about the 

case that a liquid crystal sample being sandwiched between crossed polarizers with its 

direction aligned at some angle to the transmission axes of crossed polarizers. Because of 

the birefringent nature of the sample, the incoming linearly polarized light 

𝐸௜௡௖௜ௗ௘௡௧ = ൬
𝐸௫
𝐸௬
൰ = ൬𝐸଴ cos 𝛼𝐸଴ sin 𝛼

൰ 
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becomes elliptically polarized. 

𝐸௦௔௠௣௟௘(𝑧) = ൬
𝐸௫ exp 𝑖𝑘௘𝑧
𝐸௬ exp 𝑖𝑘௢𝑧

൰ 

Using Jones calculus for optical polarizer 

𝐴መ = ቀ sinଶ 𝛼 − cos𝛼 sin 𝛼
− cos𝛼 sin 𝛼 cosଶ 𝛼

ቁ 

We obtain the light behind the second polarizer (analyzer), 

𝐸௢௨௧ = 𝐴መ𝐸௦௔௠௣௟௘(𝑧 = 𝐿) = 𝐸଴sin(2𝛼)sin(∆𝑘𝐿 2⁄ )exp[𝑖(𝑘௢ + 𝑘௘)𝐿 2⁄ ] ቀsin 𝛼cos𝛼ቁ 

and the output intensity becomes 

𝐼௢௨௧ = |𝐸௢௨௧|ଶ = 𝐸଴ଶsinଶ(2𝛼)sinଶ ൬
∆𝑘𝐿
2

൰ = 𝐼଴sinଶ(2𝛼)sinଶ ൬
𝜋∆𝑛𝐿
𝜆

൰ 

where 𝐼଴ is the intensity of light passing through the first polarizer; 𝛼 is the angle between 

the transmission axes of the polarizer and the director of the liquid crystal; ∆𝑛  is the 

birefringence - the difference in the refractive indices of liquid crystals along the fast 

direction and the slow direction; 𝐿 is the sample thickness; and 𝜆 is the wavelength of 

incident light. Therefore, when this ray reaches the second polarizer, there is now a 

component that can pass through, and the region appears bright. If the transmission axis of 

the first polarizer is parallel to either the ordinary or extraordinary directions, the light is 

not broken up into components, and no change in the polarization state occurs. In this case, 

there is no transmitted component and the region appears dark. 

    The birefringence of the liquid crystals formed by Fe3O4@SiO2 nanorods was measured 

to be 0.15 and did not show significant change as the field strength increased, suggesting a 

good alignment of the nanorods even under weak magnetic fields. When the field direction 
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was parallel or perpendicular to the polarizer, the long axes of nanorods were parallel to 

the transmission axes of crossed polarizers. α was equal to 0° or 90°, thus only dark optical 

views could be obtained, as shown in Figure 4.5a and 4.5c.  As the field direction turned 

to 45° relative to the polarizer, 𝛼  changed to 45°, and then the intensity reached the 

maximum, resulting in bright views under POM, as shown in Figure 4.5b and 4.5d. In 

contrast, the corresponding bright field optical microscopy images of the same sample did 

not show apparent differences in the darkness of the view in response to the changes in the 

direction of the magnetic field, as indicated in Figure 4.5e – 4.5h. The magnetic torque 

exerted on the liquid crystals is so strong that it overwhelms the substrate and boundary 

effects. All the nanorods reorient instantly as the magnetic field applied, no difference in 

the orientations of rods near the edge and rods far away from the edge is observed, as 

suggested by Figure 4.6. 
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Figure 4.5 (a-d) POM images and (e-h) bright-field OM images of a magnetic liquid crystal 
film under magnetic fields oriented in different directions. Black arrows at the top-left 
indicate the transmission axis of the polarizer (P) and analyzer (A). White arrows indicate 
the direction of magnetic fields. The top-right corner in each image contains no sample.  
Scale  bars:  500  μm. 
 

 

 

 
Figure 4.6 Polarized optical microscope images of liquid crystals near the edge of capillary 
tube in the (a) absence and (b) presence of  a  magnetic  field.  Scale  bar:  100  μm. 
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    In order to obtain a quantitative understanding of its switching frequency, I studied the 

optical properties of the liquid crystal under a high-frequency alternating magnetic field. 

Upon the application of a high-frequency alternating magnetic field, magnetic nanorods 

oscillate as a result of the quick switching of field polarity from one direction to the 

opposite.[60, 72, 73] As the orientation of the nanorods is temporarily displaced from the 

equilibrium position, which is parallel to the transmission axis of the polarizer, a laser beam 

passes through the cross polarizer and gives a detectable light signal. The strength of signal 

is measured and plotted in Figure 4.7. The black curve in Figure 4.7b indicates that this 

liquid crystal exhibits a rapid response to an alternating 5 mT field. The transmittance 

changes drastically within 0.01 s, corresponding to a switching frequency of 100 Hz, while 

in a control experiment, no transmittance change is observed in the absence of the liquid 

crystal sample (red curve).  

 



100 
 

 

 
Figure 4.7 (a) Scheme for tuning the optical property of liquid crystals; (b) The 
transmittance intensity profile of a magnetic liquid crystal under an alternating magnetic 
field. 
 

    One advantage of magnetic liquid crystals is the possibility for convenient fixation of 

the orientational order. In our previous study, we demonstrated that thin films patterned 

with various optical polarizations can be conveniently produced by combining the 

magnetic liquid crystals with lithography processes.[74] As schematically shown in Figure 

4.8a, a liquid crystal solution containing magnetic nanorods and PEGDA resin was first 

sandwiched between a glass cover slip and a glass slide to form a liquid film. A photomask 
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was then placed on top of the sample, followed by the application of a magnetic field. Upon 

exposure to UV light, the orientation of the nanorods in the uncovered regions was fixed 

along a specific direction within the plane of the film. The photomask was then removed 

and the sample was again exposed to UV light in the presence of a magnetic field rotated 

45° (in plane) from the initial field direction. In the end, it is obtained a thin film with 

polarization patterns showing different transmittances to a polarized light. Figure 4.8b –

4.8d display the POM images of as-prepared samples after the application of different 

patterns. In these cases, the transmission axis of the polarizer was set to be parallel to the 

initial field direction. The areas cured during the first exposure appear dark under the POM, 

owing to the parallel arrangement of the nanorods relative to the transmission axis of the 

polarizer, while the areas cured during the second exposure are bright since all nanorods 

are oriented 45° relative to the transmission axis of the polarizer. An enlarged bright field 

optical microscopy image is shown in Figure 4.8e, which accentuates the alignment of the 

nanorods at the boundary of the bright (left) and dark (right) areas (separated by the dotted 

line), and clearly confirms the 45° angle between the two orientations. 
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Figure 4.8 (a) Scheme showing the lithography process for the fabrication of thin films 
with patterns of different polarizations; (b-d) POM images of various polarization-
modulated patterns; (e) enlarged OM image shows the arrangement of nanorods in the 
pattern (left) and surrounding area (right). Scale bars: (b-d)  500  μm;;  (e)  10  μm. 
 

Changing the orientation of the nanorods relative to the transmission axis of the polarizer 

allows convenient modulation of the transmittance intensity. As depicted in the extreme 

cases in Figure 4.9a – 4.9d, shifting the transmission axis of the polarizer to be parallel to 

the direction of the second field completely reverses the dark and bright areas, while almost 

no contrast can be observed under their bright-field optical images (Figure 4.9e and 4.9f). 

In Figure 4.9g, I have plotted the dependence of measured transmittance on the angle 

between the orientation of the nanorods and the transmission axis of the polarizer, which 

is in accordance with previous theory. The transmittance of the polarized light of the film 

or consequently its brightness under POM can be fully modulated by controlling the 

relative orientation of the nanorods in different areas during the lithographic processes. 
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Figure 4.9h demonstrates a single film with varying brightness in different areas fabricated 

by a multi-step lithography process, in which the magnetic field was gradually shifted from 

0° to 45° relative to the transmission axis of the polarizer. More interestingly, if we only 

perform the first curing process, the uncured areas remain in the liquid phase so that the 

orientation of the nanorods within can still be tuned by magnetic fields, allowing 

continuous change in the contrast between the pattern and the background.  

 

 

 
Figure 4.9 (a-d) POM images of two polarization-modulated patterns under cross 
polarizers before (a-b) and after (c-d) shifting the direction of the transmission axis of the 
polarizers for 45°; (e-f) bright-field images of the same patterns; (g) A plot of the 
dependence of the thin film transmittance on the angle between the nanorod orientation 
and the transmission axis of the polarizer; (h) POM image of a single thin film patterned 
with different brightness in different areas by controlling the relative orientation of the 
nanorods,  which  is  indicated  by  the  white  arrows.    Scale  bars:  500  μm. 
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    The above magnetic tunable liquid crystal films may be instantly used for many optical 

applications. However, since magnetite is a black material and can absorb visible light, the 

use of magnetite in liquid crystals may limits their practical applications. I have 

investigated the transmittances of all the liquid crystal samples used throughout this chapter. 

The transmission spectra of the liquid crystal thin liquid and solid (PEGDA) films with 

different thickness were measured, as shown in Figure 4.10a. The relationship between the 

transmittance of the liquid crystal films and their thicknesses were also plotted. It can be 

found that liquid crystal films with a thickness of 30 µm can generally allow half of the 

light passing through. Given that liquid crystals involved in most applications are typically 

in the form of thin films, there can still be sufficient light transmission and the absorption 

of iron oxide may not be a big limitation. 

 

 

 
Figure 4.10 (a) Transmittance of aqueous dispersions of Fe3O4@SiO2 nanorods with 
different liquid film thickness and a cured film with Fe3O4@SiO2 nanorods embedded 
inside; (b) Plot of transmittance at 700 nm on the thickness of liquid films. Inset: A digital 
image of a UV-cured  film  with  a  thickness  of  30  μm. 
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4.4 Conclusion 

    In summary, I have successfully produced a magnetically actuated liquid crystal system 

based on magnetic iron oxide nanorods, and demonstrated its instantaneous and reversible 

orientational tuning using magnetic fields. Depending on the direction of the applied 

external field, this liquid crystal alters the polarization of light and is thus able to control 

the intensity of the light transmitted through it. Optical switching tests indicate that this 

liquid crystal is extremely sensitive to the directional change of external magnetic fields 

and exhibits an instant response within 0.01 s. The magnetic nanorods can also be dispersed 

in a UV curable resin to produce thin film liquid crystals, the orientation of which can be 

fixed completely or in selected areas by combining magnetic alignment and lithography 

processes, allowing the creation of patterns of different polarizations and control over the 

transmittance of light in particular areas. Although the absorption of iron oxide can limit 

some potential applications, the liquid film involved in most optical applications are 

typically in the form of thin films which can still allow sufficient transmittance of the light. 

The magnetically actuated liquid crystal reported here is therefore expected to provide a 

new platform for fabricating novel optical devices that can be widely applied in many fields, 

such as displays, waveguides, actuators, optical modulators, and anti-counterfeiting 

features. 
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Chapter 5 

 

Magnetic Tuning of Plasmonic Excitation of Gold Nanorods 

 

5.1 Introduction 

    Noble metal nanoparticles have been used, albeit unknowingly, for thousands of years. 

Medieval artisans had been creating nanoparticles when utilizing gold for pigmentation of 

stained glass windows and ceramics. One of the most famous examples of this practice is 

the Lycurgus Cup, a Roman artifact in which the glass exhibits dichroic behavior. This 

unique effect occurs because of the metallic nanoparticles that are incorporated into the 

glass, which scatter green light when illuminated from the outside and transmit red light 

when illuminated from the inside.  

    In 19th century, Faraday attributed these vibrant colors to very finely divided colloidal 

gold, or gold nanoparticles as known today. However, a theory that explains why fine noble 

metal particles exhibit varied colors was not proposed until fifty years after. A German 

scientist named Gustav Mie was able to predict the optical properties of spherical metallic 

nanoparticles  by  solving  Maxwell’s  equation  for  an  electromagnetic  light  wave  interacting  

with small spheres having the same macroscopic frequency dependent material dielectric 

constant as the bulk metal.  

    The solution of this electrodynamic calculation with appropriate boundary conditions 

for a spherical object leads to a series of multiple oscillations for the extinction cross-

section of the nanoparticles. For nanoparticles much smaller than the wavelength of light 
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(2𝑟 ≪ 𝜆, or roughly 2𝑟 < 𝜆௠௔௫ 10⁄ ) only the dipole oscillation contributes significantly, 

and the Mie theory leads to the following relationship (dipole approximation): 

𝜎௘௫௧(𝜔) =
9𝜔
𝑐
𝜀௠
ଷ ଶ⁄ 𝑉

𝜀ଶ(𝜔)
[𝜀ଵ(𝜔) + 2𝜀௠]ଶ + 𝜀ଶ(𝜔)ଶ

 

where 𝜎௘௫௧ 𝑉 is the particle volume, 𝜔 is the angular frequency of the exciting light, 𝑐 is 

the speed of light, and 𝜀௠ and 𝜀(𝜔) = 𝜀ଵ(𝜔) + i𝜀ଶ(𝜔) are the dielectric functions of the 

surrounding medium and the material itself respectively.  

    The above equation has been used extensively to explain the absorption spectra of small 

metallic nanoparticles in a qualitative as well as quantitative manner. The resonance 

condition is fulfilled when 𝜀ଵ(𝜔) = −2𝜀௠ if 𝜀ଶ is small or weakly dependent on 𝜔. In a 

plasmon resonance, a collective oscillation of the surface electrons that occurs when light 

interacts with a particle at its resonant frequency. The rapidly oscillating electrons are 

associated with the production of very strong electromagnetic fields in the immediate 

vicinity of the nanoparticle. For many metals, this occurs within the visible region of the 

electromagnetic spectrum, resulting in many vivid colors, as observed by Faraday, and 

unique optical spectra, as predicted by Mie. 

    The wavelengths at which resonance occurs can be manipulated by altering the size, 

shape, and dielectric constants of the particles and the environment surrounding the 

particles.[1-11] For larger nanoparticles, the dipole approximation is no longer valid and 

the plasmon resonance depends explicitly on the particle size as 𝑥 is a function of the 

particle radius 𝑟. The larger the particles become, the more important are the higher-order 

modes, as the light can no longer polarize the nanoparticles homogeneously. These higher-
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order modes peak at lower frequencies, and therefore the plasmon band red shifts with 

increasing particle size. In the meantime, the plasmon bandwidth increases with increasing 

particle size. This is illustrated experimentally from the spectra shown in Figure 5.1. 

 

 

 
Figure 5.1 (a) Photograph of the colloidal gold nanoparticle solutions; (b) UV-vis-NIR 
spectra of the gold nanoparticles with different sizes. 
 

    Shape effects seem to be even more pronounced in the plasmon resonance of 

nanoparticles.[12-20] The optical absorption spectrum of a collection of randomly oriented 

gold nanorods with aspect ratio R can be modelled using an extension of the Mie theory. 
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Within the dipole approximation according to the Gans treatment, the extinction cross-

section 𝜎௘௫௧ for elongated ellipsoids is given by the following equation: 

𝜎௘௫௧(𝜔) =
𝜔
3𝑐

𝜀௠
ଷ ଶ⁄ 𝑉෍

൫1 𝑃௝ଶ⁄ ൯𝜀ଶ
൛𝜀ଵ + ൣ൫1 − 𝑃௝൯ 𝑃௝ൗ ൧𝜀௠ൟ

ଶ
+ 𝜀ଶଶ௝

 

where 𝑃௝ are the depolarization factors along the three axes A, B and C of the nanorod 

with A > B = C, defined as 

𝑃஺ =
1 − 𝑒ଶ

𝑒ଶ
൤
1
2𝑒

ln ൬
1 + 𝑒
1 − 𝑒

൰ − 1൨ 

𝑃஻ = 𝑃௖ =
1 − 𝑃஺
2

 

and the aspect ratio R is included in e as follows: 

𝑒 = ቈ1 − ൬
𝐵
𝐴
൰
ଶ

቉
ଵ ଶ⁄

= ൬1 −
1
𝑅ଶ൰

ଵ ଶ⁄

 

    The plasmon resonance absorption band splits into two bands as the particles become 

more elongated along one axis.[21-24] The aspect ratio is the value of the long axis (length) 

divided by the short axis (width) of a cylindrical or rod-shaped particle. As the aspect ratio 

increases, the energy separation between the resonance frequencies of the two plasmon 

bands increases. The high-energy band absorbing at around 520 nm corresponds to the 

oscillation of the electrons perpendicular to the major (long) rod axis and is referred to as 

the transverse plasmon absorption. This absorption band is relatively insensitive to the 

nanorod aspect ratio and coincides spectrally with the surface plasmon oscillation of the 

nanodots. The other absorption band at lower energies is caused by the oscillation of the 

free electrons along the major (long) rod axis and is known as the longitudinal surface 
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plasmon absorption. Figure 5.2 shows the colors and absorption spectra of gold nanorods 

with different aspect ratios. The longitudinal plasmon band maximum red shifts with 

increasing aspect ratio while the transverse absorption band maximum barely changes. 

 

 

 
Figure 5.2 (a) Photograph of the colloidal gold nanorods solutions with increasing aspect 
ratios from left to right; (b) UV-vis-NIR spectra of the gold nanorods with increasing aspect 
ratios from left to right. 
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    The vibrant colors of plasmonic nanomaterials enable some instant color-related 

applications, such as signage and anti-counterfeit devices.[25-29] The plasmon resonance 

absorption of plasmonic nanoparticles has an absorption coefficient orders of magnitude 

larger than commercially absorbing dyes, and anisotropic-shaped nanostructures have 

plasmon resonance absorptions that are even stronger. In addition to the generation of vivid 

colors, the rapidly oscillating electrons are associated with the production of very strong 

electromagnetic fields in the vicinity of the nanoparticle. These fields are known to affect 

the properties of other materials and are of great potential to be used in nanoscale sensing 

applications to enhance sensitivity in modern analytical techniques based on spectroscopy. 

Manipulation of the surface plasmon resonance and the resulting electromagnetic fields are 

the focus of much of the research in the plasmonic nanostructures. Creation of novel 

plasmonic nanostructures with tunable optical property and desired electromagnetic fields 

for specific applications are the current and future goals of this field.  

 

5.2 Synthesis and Characterization: 

    Chemicals. Polyvinylpyrrolidone (PVP, MW = 10000, K15), potassium iodide (KI), 

hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O), hydrazine hydrate (100%, 

hydrazine 64%), 3-aminopropyltriethxoysilane (APS) and tetraethyl orthosilicate (TEOS) 

were purchased from Acros. Polyoxyethylene(10) cetyl ether (Brij C10), polyacrylic acid 

(PAA), L-ascorbic acid, hexadecyltrimethylammonium bromide (CTAB,   ≥   99%),  

polyacrylic acid (PAA, MW = 1800), 2,2-dimethoxy-2-phenylacetophenone (DMPA), 

poly(ethylene glycol) diacrylate (PEGDA, MW = 700), diethylene glycol (DEG), sodium 
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borohydride (NaBH4, 99%) and 4-styrenesulfonic acid sodium salt hydrate (NaSS) were 

purchased from Sigma-Aldrich. Nickel chloride hexahydrate (NiCl2·6H2O), ethanol 

(denatured), sodium hydroxide (NaOH), diethylamine, hydrochloric acid (HCl, 37.5%), 

cyclohexane and isopropanol were purchased from Fisher Scientific. All chemicals were 

used as received without further purification. Deionized water was used for all the solution 

preparations and reactions. 

    Synthesis of silica templates with rod-shaped cavities. In a typical synthesis, 8.5 g of 

Brij C10 was dissolved in 15 mL of cyclohexane and was kept at 50 °C. Under stirring, 1.0 

mL of NiCl2 solution (0.8 M) was added and stirred until homogeneity. After that, 0.45 mL 

of hydrazine hydrate was added dropwisely to form nickel-hydrazine complex nanorods. 

After  3  hrs  of  reaction,  23  μL  of  APS  and 1 mL of diethylamine were added and the reaction 

system was stirred for 1.5 hrs, ensuring complete hydrolysis and condensation of APS on 

the surface of the newly formed nickelhydrazine nanorods. Then, 2.3 mL of TEOS were 

added for silica coating, which was allowed to proceed for 3 hrs. The nickel-hydrazine 

nanorod@silica core/shell structured material was collected by centrifugation, washed with 

isopropanol, and stored in 25 mL of isopropanol. 9.2 mL of the above solution was taken, 

centrifuged, dispersed in 35 mL of HCl (1 M), and stirred for 1 hr at room temperature. 

After etching, the solid was recovered by centrifugation, washed with water, and dispersed 

in   15   mL   of   ethanol   containing   300   μL   of   ammonium   hydroxide   (28%)   for   the  

deprotonation of the aminopropyl groups. The solid was then washed with ethanol and 

stored in 15 mL of ethanol. 
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    Synthesis of PVP-protected gold nanorods. Typically, 2 mL of the above ethanol 

solution containing silica nanotubes was taken, centrifuged, washed with water to pH 

neutral,  and  dispersed  in  0.5  mL  of  water.  Then,  30  μL  of  HAuCl4 (0.1 g/mL in water, 0.25 

M) was added and stirred for 15 mins. The solid was collected by centrifugation, washed 

with water three times, and redispersed in 1 mL of water, to which was added 0.5 mL of 

NaBH4 solution (0.1 M, freshly prepared and cooled in an ice bath). The solid dispersion 

turned red, forming Au seed@silica nanotube yolk/shell structures, and was then recovered 

by centrifugation and washed with HCl (0.01 M) and water to remove residual NaBH4. The 

obtained Au seed@silica nanotubes were etched with 15 mL of water at 70 °C for 1 hr and 

were stored in 3 mL of water as a stock solution. For the subsequent seeded growth of gold 

nanorods, chemicals were added to a glass vial in the following order: 2 mL of water, 400 

μL  of  PVP  solution  (Mw  10000,  5%  wt  in  water),  150  μL  of  KI  (0.2  M),  200  μL  of  ascorbic  

acid  (0.1  M),  and  30  μL  of  HAuCl4 (0.1 g/mL, 0.25 M), forming a clear colorless solution 

(growth  solution).  80  μL  of  the  Au  seed@silica  stock solution was injected into the growth 

solution. After 8 mins of reaction, the Au nanorod@silica material was collected by 

centrifugation and washed with water. They were dispersed in 40 mL of PVP 10000 (1.25% 

wt)  solution  and  heated  to  98  °C.  200  μL  of  diethylamine  and  200  μL  of  NaOH  (1  M)  were  

injected and the dispersion was stirred for 1 hr. Finally, the gold nanorods were recovered 

from the dispersion by centrifugation at 5000 rpm for 15 mins, and were dispersed in 10 

mL of water. 

    Synthesis of FeOOH nanorods. The synthesis of FeOOH nanorods is based on a 

previous literature with small modifications. In a typical synthesis, 1 g of CTAB and 1.08 
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g of FeCl3·6H2O were dissolved in 40 mL of water. The solution was centrifuged at 11000 

rpm for 3 min, and the insolvable precipitates were discarded. The purified solution was 

heated to 85 °C with gently stirring and maintained at that temperature for 12 hrs. After the 

reaction, the solid product was collected by centrifugation at 11000 rpm for 12 mins, 

washed by water for three times, and then stored in 12 mL of deionized water for future 

use. 

    PAA functionalization of FeOOH nanorods. A PAA stock solution was first prepared 

by dissolving 0.072 g of PAA in 10 mL of deionized water. Typically, 1 mL of the above 

FeOOH nanorods dispersion, 1 mL of PAA stock solution and 18 mL of water was mixed 

together for PAA functionalization of FeOOH nanorods. After overnight stirring, the 

nanorods were recovered by centrifugation and then dispersed in 3 mL of water.  

    Synthesis of FeOOH@SiO2 core/shell nanorods. In a typical coating procedure, 3 mL 

of the above PAA-functionalized FeOOH nanorods dispersion and 1 mL of ammonia 

solution was mixed together. The mixture was vigorously sonicated for 4 min, and was 

added into 20 mL of ethanol. The mixture was then transferred into a 50 mL Erlenmeyer 

flask,  and  60  μL  of  TEOS  was  added  into  the  mixture  with  stirring.  After  1  hr,  the  silica-

coated nanorods were recovered from the solution mixture by centrifugation, washed by 

water for several times and stored in 2 mL of water. 

    Reduction of FeOOH@SiO2 nanorods to Fe3O4@SiO2 nanorods. With the protection 

of nitrogen, 60 mL of diethylene glycol was heated to 220 °C, to which the above 

FeOOH@SiO2 aqueous dispersion was slowly added. The color of the mixture changed 

from yellow to brownish instantly, and to black at the end of the reduction. The reduction 
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process usually took 24 hrs, after which the as-reduced Fe3O4@SiO2 nanorods were 

collected by centrifugation, washed by ethanol for several times and dispersed in 6 mL of 

ethanol. 

    Assembly of gold nanorods onto Fe3O4@SiO2 nanorods. Fe3O4@SiO2 nanorods were 

first modified with amino groups to ensure their affinity with gold nanorods. Typically, 

500  μL  of  APS  was  added  to  6  ml  of ethanol dispersion of Fe3O4@SiO2 nanorods. After 

overnight stirring, nanorods were collected by centrifugation, washed by ethanol for 

several  times  and  dispersed  in  6  mL  of  ethanol.  Under  the  assistance  of  sonication,  25  μL  

of magnetic nanorods dispersion was added into 5 mL of the above gold nanorods 

dispersion. After sonication for an additional 5 mins, the hybrid gold-Fe3O4 nanorods were 

magnetically recovered from the solution. They were purified by magnetic separation for 

several times and then stored in 3 mL of water.  

    Silica coating of hybrid gold-Fe3O4 nanorods. Hybrid gold-Fe3O4 nanorods were 

modified with sulfonate groups by mixing their aqueous dispersion (3 mL) with 1 mL of 

NaSS solution (0.1 M). After overnight stirring, hybrid nanorods were collected by 

centrifugation, washed by water for several times and dispersed in 3 mL of water. 1 mL of 

ammonia solution was added into the hybrid nanorods dispersion. The mixture was 

sonicated  for  4  min,  and  was  mixed  with  20  mL  of  ethanol  and  60  μL  of  TEOS with stirring. 

After 1 hr, the silica-coated hybrid nanorods were recovered from the solution mixture by 

centrifugation, washed by water for several times and stored in water. 

    Fabrication of hybrid nanorods PEGDA films. A mixture solution of PEGDA and 

water (volume ratio of 7:3) was prepared. As-reduced Fe3O4@SiO2 nanorods were 
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dispersed in the mixture solution and purified by magnetic separation for three times. After 

magnetic separation, certain amounts of PEGDA/water mixture solution was added into 

the nanorods. DMPA (photo-initiator) was added into the nanorods dispersion at a mass 

fraction of 5%. The solution was then transferred into a homemade glass cell with a 

thickness of 1mm. A flat magnet sheet with precut shape (purchased from Mcmaster Carr) 

was placed at the bottom of glass cell to generate a magnetic field for the local alignment 

of hybrid nanorods, and the cell was exposed to UV-light for at least 1 min for the complete 

polymerization.  

Characterization. The morphology of the silica templates, gold nanorods, Fe3O4@SiO2 

nanorods and their assemblies was characterized by using a Tecnai T12 transmission 

electron microscope (TEM). The UV-Vis spectra were measured by a probe-type Ocean 

Optics HR2000CG-UV-Vis spectrophotometer in absorption mode with an integration 

time of 5 ms. Digital pictures of hybrid nanorods were taken by a Canon EOS Rebel T5i 

DSLR camera, with or without a Tiffen 58 mm linear polarizer glass filter.  

For the optical characterization of hybrid nanorods under alternating magnetic field, an 

aqueous solution of nanorods is placed in a cylindrical glass cell. The length and diameter 

of the glass cell are 1 cm. The glass cell is positioned inside a solenoid (15 cm in length) 

which is driven by an audio amplifier which in turn is driven by a function generator. A 

compensating capacitor is used to counteract the inductive reactance due to the solenoid 

for a given frequency. Alternating (ac), linearly polarized magnetic fields of ~ 10 mT 

magnitude were facilely obtained at the center of the solenoid with tunable frequency 

capability. A constant intensity laser beam is directed at the sample, goes through the 
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sample, and is finally detected by a photodetector which in turn is monitored by an 

oscilloscope. 

 

5.3 Results and Discussion 

    Owing to the anisotropic distribution of surface electrons, gold nanorods display more 

complex resonance modes than their spherical counterparts. The oscillating electric field 

of an incident light induces the coherent oscillation of the conduction electrons along both 

the long and short axes of gold nanorods. The mean free paths of electrons travelling along 

the two axes are different, resulting in different oscillation frequencies and correspondingly 

two bands of different wavelengths in extinction spectrum. The band at a shorter 

wavelength is attributed to the excitation of transverse plasmon, in which electrons oscillate 

along the short axes, whereas the band at a longer wavelength results from the excitation 

of longitudinal plasmon, in which electrons oscillate along the longer axis. 

        The  excitation  of  transverse  and  longitudinal  modes  is  determined  by  the  orientation  of  

the  nanorods  relative  to  the  direction  of  oscillating  electric  field  of  incident  light,  in  other  

words,  the  polarization  of  light.  When  the  polarization  of  light  is  parallel  to  the  long  axis  

of  the  nanorods,  only  the  longitudinal  plasmon  is  excited.  Similarly,  only  the  transverse  

mode  will  be  excited  if  the  polarization  of  light  is  parallel  to  the  short  axes  of  gold  nanorods.    

Figure  1  schematically  illustrates  the  excitation  of  plasmon  modes  of  gold  nanorods  upon  

the  incidence  of  ordinary   light.  For  the  simplicity   in  discussion,   the  direction  of  light   is  

fixed   in  y   axis,   and   then   the  electric   field  of   light   oscillates   in  xz   plane   as   it   is   always  

perpendicular  to   the  propagation  direction  of  light.   If  gold  nanorods  are  aligned  along  z  
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axis,  both  the  transverse  plasmon  along  x  axis  and  the  longitudinal  plasmon  along  z  axis  

will   be   excited,   displaying   two   typically   observed   bands   in   the   extinction   spectrum.  

Aligning  gold  nanorods  along  the  x  axis  leads  to  a  similar  result  as  both  longitudinal  and  

transverse   modes   can   be   excited.   However,   a   dramatic   difference   occurs   when   gold  

nanorods  are  aligned  along  the  y  axis.  In  this  case,  electron  oscillation  only  occurs  along  

the  short  axes,  therefore  results  in  the  excitation  of  transverse  plasmon  only.   

 

 

 
Figure 5.3 Scheme showing the plasmon excitation of AuNRs under ordinary light. The 
black arrows indicate the polarization of light; blue curves represent longitudinal plasmon 
resonance while red curves represent transverse plasmon resonance. 
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        The  above  analysis  suggests  a  new  mechanism  that  allows  dynamic  tuning  of  the  optical  

property  of  gold  nanorods  even  under  normal  light  illumination.    A  critical  question  is  then  

how   to   enable   the   desired   magnetic   orientational   control   of   gold   nanorods.   I   have  

developed  a  strategy  to  overcome  this  challenge  by  attaching  gold  nanorods  to  the  surface  

of  magnetic  nanorods  in  a  parallel  manner,  so  that  orientational  control  of  gold  nanorods  

can  be  simply  achieved  by  aligning  the  magnetic  nanorods.    As  magnetic  nanorods  tend  to  

orient  themselves  parallel  to  the  direction  of  the  external  magnetic  field  to  minimize  their  

magnetic  potential  energy,   the  gold  nanorods  attached  to  the  magnetic  nanorods  will  be  

aligned   along   the   same   direction,   thus   enabling   magnetic   control   of   their   plasmonic  

excitation. 

        In  order  for  the  designed  scheme  to  work,  there  are  a  few  requirements  on  the  magnetic  

nanorods.  The  most  important  requirement  is  that  their  net  magnetization  should  be  small  

enough  to  avoid  magnetically  induced  aggregation,  but  their  magnetic  response  should  be  

strong  enough  to  guarantee  an  effective  reorientation  under  normal  magnetic  fields.  The  

diameter  of  the  magnetic  nanorods  should  be  kept  close  to  that  of  the  gold  nanorods  so  that  

a   parallel   attachment   is   highly   preferred   when   the   two   types   of   nanorods   are   brought  

together  through  coordination  covalent  bonds.     

        In  order  to  produce  magnetic  nanorods  with  the  required  features,  I  have  developed  a  

unique   solution   phase   synthesis   which   involves   first   preparation   of   nonmagnetic   iron  

oxyhydroxide  (FeOOH)  nanorods,[30,  31]  coating  with  a  thin  layer  of  silica  through  a  sol-­

gel  process,  and  then  dehydration  and  reduction  in  diethylene  glycol  to  produce  magnetic  

magnetite  (Fe3O4)  nanostructures  of  a  similar  morphology.  Representative  TEM  images  of  
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FeOOH  nanorods  and  Fe3O4@SiO2  nanorods  were  presented  in  Figure  5.4a  and  5.4b.  The  

FeOOH  nanorods  have  an  average  length  of  200  nm  and  width  of  40  nm.  The  as-­reduced  

Fe3O4@SiO2  nanorods  still  exhibit  a  well-­defined  rod-­like  morphology.  The  inner  core  of  

nanorods  become  hollow,  owing  to  the  decrease  in  mass  and  the  increase  in  density  during  

the  reduction  process.  The  magnetic  property  of  Fe3O4@SiO2  nanorods  was  also  measured,  

as  shown  in  Figure  5.4c.  They  have  a  saturated  magnetization  of  20  emu/g  and  a  coercivity  

very   close   to   zero,   suggesting   their   superparamagnetism,   and   negligible   inter-­particle  

magnetic  interactions  in   the  absence  of  external  magnetic  fields.  The  silica  layer  on  the  

surface   plays   important   roles:   it   helps   maintaining   the   rod-­like   morphology   during  

reduction,  prevents  the  as-­reduced  magnetic  Fe3O4  from  aggregation,  and  also  facilitates  

the  surface  functionalization  of  magnetic  nanorods  with  amino-­groups  for  linking  to  gold  

nanorods.   

        PVP-­stabilized   gold   nanorods  were   then   synthesized,   and   one   of   their   representative  

TEM  images  is  shown  in  Figure  5.4d.  The  gold  nanorods  have  a  well-­defined  morphology,  

with  an  average  length  of  75  nm  and  width  of  30  nm.  PVP-­stabilized  gold  nanorods  were  

chosen  particularly  for  their  good  affinity  to  amino-­group-­functionalized  surfaces.  There  

have  been  a  lot  of  well-­developed  methods  for  the  synthesis  of  gold  nanorods  with  beautiful  

morphology;;  however,  almost  all  of  them  use  CTAB  as  a  surfactant  to  guide  the  1D  growth  

of  gold.  As  a  result,  the  CTAB-­capped  gold  nanorods  are  positively  charged  and  show  no  

affinity  to  positively  charged  amino  groups.   
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Figure 5.4 (a) A TEM image of bare FeOOH nanorods; (b) A TEM image of the 
Fe3O4@SiO2 nanorods; (c) Magnetic hysteresis loop of the Fe3O4@SiO2 nanorods; (d) A 
TEM image of the gold nanorods. 
 

        The  extinction  spectra  of  the  bare  FeOOH  nanorods,  Fe3O4@SiO2  nanorods  and  gold  

nanorods  were  measured.  Owing   to   the   intrinsic   orange   color   of   FeOOH,   the   aqueous  

dispersion   of   FeOOH   nanorods   exhibit   an   obvious   absorption   shoulder   in   shorter  

wavelengths.  However,  after  being  reduced,  the  absorption  shoulder  attenuated  a  lot.  The  

extinction   spectra   of   the   gold   nanorods   exhibit   two   characteristic   peaks.  The   peak   at   a  

shorter  wavelength  corresponds  to  the  transverse  plasmon  excitation;;  while  the  peak  at  a  

longer  wavelength  corresponds  to  the  longitudinal  plasmon  excitation.   
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Figure  5.5  UV-­Vis  extinction  spectra  of  the  FeOOH  nanorods,  Fe3O4@SiO2  nanorods  and  
gold  nanorods.   
 

        The   gold   nanorods   were   then   binded   to   amino-­group-­functionalized   Fe3O4@SiO2  

nanorods.    Due  to  the  high  affinity  between  gold  surface  and  amino  groups,  gold  nanorods  

tend  to  attach  to  the  magnetic  nanorods  by  maximizing  the  contact  area,  as  confirmed  by  

the  TEM  observation  shown  in  Figure  5.6a.  Magnetic  tuning  of  the  optical  property  of  the  

gold  nanorods  under  ordinary  light  was  then  demonstrated.  In  accordance  with  the  above  

discussion,  the  perceived  color  of  gold  nanorods  changed  with  the  direction  of  magnetic  

field.  When  the  field  was  parallel  to  the  incident  light,  gold  nanorods  were  aligned  along  

the  same  direction  so  that  only  transverse  plasmon  could  be  excited,  resulting  in  a  red  color  

of  the  dispersion;;  when  the  field  was  tuned  perpendicular  to  the  direction  of  incidence,  the  

color  turned  to  green  owing  to  the  dominant  excitation  of  the  longitudinal  plasmon  mode.  

The  plasmon  property  was  very  sensitive  to  the  external  magnetic  field,  including  both  the  
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field  direction  and  field  strength.  As  the  angle  between  the  directions  of  incident  light  and  

the  magnetic  field  changed  from  90°  to  0°,  the  excitation  of  longitudinal  mode  decreased  

in  magnitude,  leading  to  an  attenuated  band  at  the  wavelength  of  around  700  nm,  as  shown  

in  Figure  5.5b.  Meanwhile,  only  a  slight  change  over  the  plasmon  band  at  520  nm  could  be  

observed  as  transverse  plasmonic  mode  was  always  excited. 

        The  effective   rotation  of  nanorods   requires  only   a  weak  magnetic   field.  As  shown   in  

Figure  5.5c,  when  a  magnet  moved  along  the  incident  direction  towards  the  sample,  the  

resonance  band   at   700  nm  became   significantly   suppressed.  A  change   in   the  extinction  

spectrum  could  be  observed  when  the  magnet  was  20  cm  away  from  the  sample,  which  

corresponds   to  a   field  strength  of  8  G  and   indicates  an  acute   response  of   the  sample   to  

magnetic  fields.  The  band  at  700  nm  reached  a  minimum  at  a  sample-­magnet  distance  of  4  

cm,  corresponding  to  a  field  strength  of  50  G.  Further  increasing  the  field  strength  had  no  

effect  in  the  extinction  spectra  of  hybrid  nanorods,  suggesting  that  all  the  nanorods  were  

aligned  by  external  magnetic  fields. 
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Figure  5.6  (a)  TEM  images  of  the  as-­assembled  structures.  Scale  bar:  100  nm;;  (b)  Spectra  
of  a  dispersion  of  gold-­Fe3O4  hybrid  nanorods  under  external  magnetic  fields  with  different  
directions  relative  to  that  of  the  incident  light  (from  perpendicular  (90)  to  parallel  (0));;  
(c)  Spectra  of  the  dispersion  under  magnetic  fields  with  varying  strengths  controlled  by  the  
sample-­magnet  distance.    The  field  direction  is  parallel  to  the  incident  direction  of  light. 
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        In  a  control  experiment,  I  investigated  the  optical  property  of  pure  gold  nanorods,  pure  

Fe3O4@SiO2  nanorods  and  a  simple  mixture  of  gold  nanorods  and  Fe3O4@SiO2  nanorods  

in  the  absence  and  presence  of  external  magnetic  fields,  as  presented  in  Figure  5.6.  The  

gold   nanorods   exhibit   no   optical   response   to   magnetic   fields;;   while   the   other   two  

dispersions  exhibit  a  small  difference  in  the  intensity  upon  the  application  or  removal  of  

magnetic  fields,  owing  to  the  orientation  change  of  Fe3O4@SiO2  nanorods.  No  change  in  

the   plasmonic   property   of   gold   nanorods   is   observed,   as   their   orientation   cannot   be  

controlled  by  external  magnetic  fields  in  this  situation.  This  is  consistent  with  our  previous  

findings.   

 

 

 
Figure 5.7 UV-Vis spectra of pure gold nanorods, Fe3O4@SiO2 nanorods and a simple 
mixture of two nanorods (gold nanorods not attached to Fe3O4@SiO2 nanorods) under 
external magnetic fields with direction parallel or perpendicular to incident light.  
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        Magnetic   orientational   control   of   gold   nanorods   under   the   illumination   of   linear  

polarized  light  provides  more  opportunity  in  tuning  their  plasmon  resonance,  for  example,  

by  completely   suppressing  either   the   transverse  or   longitudinal  mode.  As  schematically  

illustrated  in  Figure  5.7a,  under  the  illumination  of  z-­polarized  light  incident  along  y  axis,  

the   plasmon   excitation   of   gold   nanorods   changed   in   different   manners   when   they   are  

rotated   in   the   yz   or  xy   planes.  When   gold   nanorods  were   aligned   along   the   z   axis,   the  

transverse   mode   resonance   was   completely   suppressed,   and   only   a   strong   band   for  

longitudinal  mode  could  be  observed,  as  confirmed  by  the  extinction  spectra  in  Figure  5.7b.  

Rotating   the   nanorods   from   z   axis   towards   y   axis   gradually   enhances   the   transverse  

plasmon  excitation  while  at  the  same  time  suppressing  the  longitudinal  mode,  as  evidenced  

by  the  gradual  decrease  of  the  band  at  700  nm  and  rising  of  the  one  at  520  nm.  In  the  end,  

when  the  nanorod  were  aligned  along  y  axis,   the  absorption  band  at  700  nm  disappears  

almost  completely.  The  color  of  nanorod  dispersion  changes  accordingly,  from  green  to  red,  

as  shown  in  the  inset  in  Figure  5.7b.  When  the  orientation  of  gold  nanorods  are  tuned  within  

the  xy  plane,  the  longitudinal  mode  cannot  be  excited,  so  that  the  absorption  band  at  520  

nm   dominates   the   absorption   spectra   (Figure   5.7c),   and   the   gold   nanorods   dispersion  

remains   in   a   red   color.   The   complete   suppressions   of   either   longitudinal   or   transverse  

plasmon  modes  can  be  achieved  in  the  above  cases,  suggesting  very  good  alignment  of  

gold  nanorods  with  external  magnetic  fields. 
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Figure  5.8   (a)  Scheme   showing   the  plasmon  excitations  of   gold  nanorods  under   linear  
polarized   light;;   (b).   Extinction   spectra   of   a   dispersion   of   the   hybrid   nanorods   under   a  
magnetic  field  with  its  direction  varying  from  perpendicular  to  parallel  within  the  yz  plane  
relative  to  the  incident  light.  The  incident  light  is  linearly  polarized  along  the  z  axis.  The  
inset   shows   digital   images   of   the   dispersion   under   a   magnetic   field   with   its   direction  
parallel  (bottom)  and  perpendicular  (up)  to  the  incident  beam;;  (c)  Extinction  spectra  of  the  
dispersion   under   a   magnetic   field   with   its   direction   varying   within   the   xy   plane   from  
perpendicular   to   parallel   relative   to   the   incident   light.   The   incident   light   is   linearly  
polarized  along  the  z  axis. 
 

        In  order  to  obtain  a  quantitative  understanding  of  the  rate  of  optical  response,  I  studied  

the  optical  property  of  hybrid  nanorods  under  alternating  magnetic  fields.[32,  33]  Upon  the  

application  of  such  a  field,  the  orientation  of  gold  nanorods  oscillated,  leading  to  alternating  

changes  in  their  extinction  spectra,  as  schematized  in  Figure  5.8a.  At  a  200  Hz  magnetic  

field,  gold  nanorods   showed  a  6%  modulation   to  a   laser  beam  at  650  nm  (red  curve   in  

Figure  5.8b),  which  was  close  to  the  excitation  wavelength  of  longitudinal  mode  of  gold  
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nanorods.  To  confirm  that  this  effect  is  resulted  from  gold  nanorods,  another  laser  beam  at  

530  nm  (corresponding  to  the  resonant  wavelength  of  the  transverse  mode)  was  chosen  and  

only  a  0.15%  modulation  was  achieved,  which  could  be  attributed  to  the  changes  in  the  

extinction   cross-­section   of  magnetic   nanorods.  The  modulation   percentages   showed   no  

variations  after  many  cycles,   indicating  good  reversibility  of  the  magnetic  tuning.  More  

interestingly,  the  optical  response  of  gold  nanorods  to  a  rotating  magnetic  field  could  be  

clearly  visualized  by  placing  their  colloidal  dispersion  on  the  top  of  a  magnetic  stirrer.  Then  

the  nanorods  rotated  just  like  a  stir  bar,  and  displayed  alternating  green  and  red  colors  under  

ordinary  light  or  linear  polarized  light  with  a  direction  parallel  to  the  rotating  plane  of  stirrer.  

No  color  change  could  be  observed  when  the  nanorods  dispersion  was  illuminated  under  

incident  lights  polarized  perpendicular  to  the  rotating  plane,  in  great  accordance  with  above  

findings. 
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Figure 5.9  (a) Scheme showing optical modulation using gold nanorods oscillating under 
an alternating magnetic field with field direction parallel to the incident laser beam. 
Longitudinal plasmon can only be excited when gold nanorods are displaced from the 
parallel position and illuminated by light with comparable wavelength. The resulting 
change in extinction thus leads to intensity modulation of the laser beam; (b) Optical 
modulation of gold nanorods to laser beams with different wavelengths under a 200 Hz 
alternating magnetic field: 650 nm (Red) and 532 nm (black). 
 

    The instant color change of these hybrid gold-magnetic nanorods under different 

magnetic field and different incident lights makes them excellent candidates for lots of 

applications, which include but not limit to data storage,[34] photonics,[26, 35-38] and 

biomedicine.[39-42] As practical applications usually favor solid materials rather than 
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liquid dispersions, it is further demonstrated that these hybrid gold-magnetic nanorods can 

be made into color changing solid polymer films, by taking advantages of a photo-

polymerization technique. The hybrid gold-magnetic nanorods were first coated with a 

layer of silica to enhance their dispersibility in pre-polymer solutions. A representative 

TEM image of the coated hybrid nanorods is presented in Figure 5.9a. After being 

dispersed in a PEGDA solution and then cured under UV light, solid polymer films with 

color patterns were obtained, as shown in Figure 5.9b, 5,9c and 5.9d.  

 

 

 
Figure 5.10 (a) A TEM image of the silica-coated hybrid gold-Fe3O4 nanorods; (b-d) 
Digital images of PEGDA solid films with hybrid nanorods embedded inside. Scale bar: 1 
mm. 
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5.4 Conclusion 

In   summary,   I  have  successfully  demonstrated   the  magnetic  manipulation  of  plasmon  

excitation  of  gold  nanorods  by  controlling  their  orientation  relative  to  the  incident  lights.    

Such  tuning  is  enabled  by  attaching  gold  nanorods  to  Fe3O4  nanorods  whose  orientation  

can  be  magnetically   controlled.  By   tuning   the  direction  of  magnetic   field,   I   am  able   to  

control  the  excitation  of  plasmonic  modes  of  gold  nanorods  under  the  incidence  of  ordinary  

and   polarized   light.      The   colloidal   dispersion   of   gold   nanorods   shows   instant   color  

switching   in   response   to   the  changes   in   the  orientation  or  strength  of  external  magnetic  

fields.  The  optical   switching   is   extremely   sensitive   and  can  operate   under   considerably  

weak  magnetic  fields  or  alternating  magnetic  fields  with  high  frequency.  The  same  strategy  

can  be  extended  to  dynamic  tuning  of  the  optical  property  of  other  anisotropic  plasmonic  

nanostructures  by  using  magnetic  fields.  These  tunable  plasmonic  hybrid  nanostructures  

not  only  enhance  our  understanding  in  plasmonic  tuning,  but  also  provide  a  new  platform  

for  building  novel  active  optical  components,  color  presentation  and  display  devices,  and  

highly  sensitive  and  selective  chemical  and  biomedical  sensors.     
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Chapter  6 

 

Conclusion  and  Outlook 

 

6.1  Conclusion  of  This  Thesis 

        In   this   thesis,   I   have   presented   our   recent   understandings   in   the   fabrication   of  

magnetically  responsive  structures  with  tunable  optical  property  via  a  self-­assembly  route.  

The  key  factors  to  success  fabrications  are  the  design  of  magnetically  responsive  building  

blocks  with  distinct  sizes,  shapes  and  chemical  compositions,  as  well  as  the  establishment  

of  an  equilibrium  between  magnetic  dipole-­dipole  attractive  forces  and  comparably  strong  

long-­range   electrostatic   repulsive   forces   for   their   assembly.  The   self-­assembly   of   such  

building  blocks  system  into  photonic  structures,  liquid  crystals  and  plasmonic  structures  

have   been   demonstrated.   Owing   to   the   instantaneous   nature   of  magnetic   dipole-­dipole  

interactions,  they  quickly  respond  to  the  change  in  the  external  magnetic  fields,  within  less  

than  one  tenth  of  a  second,  making  them  very  promising  candidates  for  a  large  variety  of  

applications,  such  as  displays,  optical  devices  and  sensors. 

 

6.2  Outlook  and  Future  Work 

Despite  the  tremendous  progress  made  in  the  development  of  magnetically  responsive  

optical  structures,  a  number  of  challenges  still  present.  I  believe  that  future  research  in  this  

area   will   be   primarily   focused   on   the   design   and   synthesis   of  magnetically   responsive  

building  blocks  with  more  complexity  in  their  sizes,  shapes,  chemical  compositions  and  
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physical   properties.   One   general   example   is   the   2D   planar   magnetically   responsive  

building  blocks,   such  as  nanodisks   and  nanoplates.  The   synthesis  of  2D  materials  with  

uniform  and  controllable  size  distributions  is  demanding  as  it  requires  for  different  growth  

rates   of   materials   towards   different   directions   and   thus   sophisticate   controls   of   both  

thermodynamic  factors  and  kinetic  factors  during  the  synthesis;;  however,  they  are  expected  

to   bring   more   degree   of   freedom   into   the   system   design   and   introduce   novel   optical  

properties  or  new  methods  of  tuning  to  the  as-­assembled  structures.  Other  examples  include  

but  not  limit  to  materials  with  3D  morphologies  including  tetrahedral,  cubic,  octahedral,  

rhombohedral,   etc.  These  well-­defined  materials   have   crystalline   planes   and   axes  with  

distinct   orientations,  which   interact  with   light   in   different  manners   and   thus   add  more  

complexity  to  the  resultant  superstructures.   

Fundamental   understandings   to   the   self-­assembly  manner   of   building   blocks   are   also  

critical  to  the  design  and  fabrication  of  resultant  superstructures.  Our  current  knowledge  in  

this   field,   however,   is   limited.   For   instance,   the   1D   and   2D   assembly   scenarios   of  

anisotropic  building  blocks  have  not  been  investigated  yet.  Comprehensive  phase  diagrams  

for   the   self-­assembly   of   nanoparticles   under   different   volume   concentration   are   highly  

desired.   Investigations  of   their   assembly  behavior  under  ultra-­strong  magnetic   fields  or  

high-­frequency   alternating   magnetic   fields   are   also   of   great   interest,   which   helps   the  

development  of  new  magnetic  tuning  methods.  Continuous  research  in  these  directions  will  

provide   people   with   better   accuracy   and   precision   in   predicting   and   controlling   the  

resultant  structures.  Advances  in  the  synthesis  of  building  blocks  and  in  the  fundamental  

understandings  about  the  self-­assembly  manners  are  expected  to  prospect  the  fabrications  
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of  responsive  structures  with  more  complex  design  with  more  exciting  and  novel  optical  

effects. 

The   last   but   the   biggest   challenge   towards   the   practical   applications   of  magnetically  

responsive   structures   is   their   scalability,   from   the   synthesis   of   building   blocks   to   their  

assembly  to  superstructures.  In  most  previous  studies,  the  synthesis  of  nanoparticles  was  

in  a  milligram  scale,  or  even  in  a  microgram  scale;;  while  in  most  industrial  applications,  

people  is  talking  about  gram  scale  or  kilogram  scale,  which  are  more  than  six  orders  of  

magnitude  larger  in  the  amount.  The  upscale  synthesis  of  nanoparticles  requires  a  much  

more  sophisticate  control  on  the  reaction  process  and  usually  specially-­designed  reaction  

apparatus.  On  the  other  hand,  as  the  amount  of  building  blocks  increases,  more  factors  need  

to  be  considered,  which  include  but  not  limit  to  the  concentration  gradients  in  the  building  

blocks  dispersions,  the  homogeneity  of  magnetic  fields  as  well  as  the  time  cost.  As  a  result,  

the  assembly  method  may  need  to  be  revised  accordingly,  which  certainly  requires  a  lot  of  

efforts.  Ultimately,   after   solving   these   issues,   I  hope   that   these  magnetically   responsive  

optical  structures  will  be  commercialized  for  industrial  applications.  

 

 




