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Abstract 

This thesis presents the synthesis methods and the characterizations of magnetic Fe3O4 

nanoparticles, silica spheres with Fe3O4 nanoparticles embedded, and three dimensional 

magnetic photonic crystals (MPCs) prepared from the spheres. The structure, material 

composition, magnetic and optical properties, photonic band gaps (PBGs), as well as how 

these properties depend on the concentration of the magnetic nanoparticles, are investigated 

by X-ray diffraction (XRD), scanning electron microscopy (SEM), vibrating sample 

magnetometer (VSM), superconducting quantum interference device (SQUID), Faraday 

rotation (FR) and optical spectrophotometers. Well-organized, face center cubic (fcc)-

structured, super-paramagnetic 3D MPCs have been obtained and their PBGs are investigated 

through optical spectra.  

Fe3O4 nanoparticles are synthesized by standard co-precipitation method and a rapid mixing 

co-precipitation method with particle size varied from 6.6 nm to 15.0 nm at different 

synthesis temperature (0°C ~ 100°C). The obtained Fe3O4 nanoparticles, which show 

crystalline structure with superparamagnetic property, are embedded into silica spheres 

prepared at room temperature through a sol-gel method using the hydrolysis of tetraethyl 

orthosilicate (TEOS) in a base solution with different concentrations. By controlling the 

synthesis conditions (e.g., chemicals, the ratio of chemicals and stirring time), different size 

of MPC spheres in range of 75 nm to 680 nm has been obtained in a narrow distribution. The 

sphere suspensions in ethanol are dropped on glass substrate in the permanent magnetic field 

to achieve well organized 3D MPCs with (111) triangular close packed crystal plane of fcc 

structure parallel to the surface of substrate. 

From the transmission & forward scattering spectra (TF), five PBGs have been distinguished 

for these MPCs and they are defined as 1
st
, 2

nd
, 3

rd
, 4

th
 and 5

th
 PBGs according to the order 

of peaks that appear in mathematic fitting analysis. The positions (peak wavelengths) of 

PBGs show sphere size dependence: with the increase of the sphere size, they increase 

linearly. Comparing with pure SiO2 PCs at certain sphere size, the positions of PBGs for 

MPCs containing moderate Fe3O4 conc. (4.3 wt. %) are at longer wavelengths. On increasing 

the Fe3O4 conc., however, the PBGs shift back to shorter wavelength. The PBGs shift to 



 
 

longer or shorter wavelength is due to the combined effect of refractive index n increasing, as 

well as the increase of refractive index difference ∆n, which are caused by the embedded 

Fe3O4 nanoparticles.  

The transmission spectra (T) with varied incidence angle of p- and s- polarized light are 

studied, obtaining angular dependent and polarization sensitive PBGs. It is found that with 

the increase of the incidence angle, the 1
st
 PBGs shift to shorter wavelength while the 3

rd
 ones 

shift to longer wavelength. High Fe3O4 conc. MPCs (6.4 wt. %) show enhancement of this 

angular dependence. It is also found that the PBGs show dependence on the polarize direction 

of incident light. Normally, at a certain incidence angle the PBGs sift more for p- polarized 

incident light than for s-polarized light with respect to normal incidence. This polarized 

dependence can also be enhanced for high Fe3O4 conc. MPCs. With a high concentration of 

Fe3O4 nanoparticles, the polarization sensitivity of p- and s- increased. 

These PBG properties indicate applications of 3D MPCs as functional optical materials, 

coatings, wavelength and polarization fibers for fiber optical communications devices and 

dielectric sensors of magnetic field, etc..  

Key words: Fe3O4 nanoparticles, silica, magnetic photonic crystal, photonic band gap, 

optical transmission property, sphere size, polarization, angular dependence 
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1. Introduction 

Photonic crystals (PCs) have attracted keen interest from academia and industry since 1987 

as their property of manipulating photons [1-2]. It is a kind of artificial optical material in 

which the refractive index changes in a periodic structure comparable to the wavelength of 

light. Due to light diffraction at the periodic structure, varied in one or more dimensions (1D, 

2D, 3D), electromagnetic waves propagating through PCs form allowed and forbidden energy 

band gaps (photonic band gaps, PBGs) according to the structure PCs, a similar way as the 

effect of semiconductor crystals on electrons [3-6]. As a new photonic era of technology, 

intensive theoretical studies and experimental investigations have been in progress on PCs 

and PBGs for their various and functional applications [7], like light emitting diodes (LEDs) 

[4], microelectronic devices [8], optical fibers [9-10], waveguide [11-12] and nonlinear 

devices[13], etc..  

In recent years, magnetic materials have been used to fabricate these artificial optical PCs, 

namely magnetic photonic crystals (MPCs). With a periodic structure of PCs constructed by 

materials possessing magnetic property, MPCs could make it possible to control and modify 

the path, direction and polarization of electromagnetic waves since the refractive index and/ 

or the lattice parameter become magnetic field dependent [6,14-15]. Unique optical 

phenomena, like magneto-optical Faraday rotation and Kerr effect, enhanced magnetic 

circular, magnetic-field-induced second-harmonic generation and magnetic linear 

birefringence, endows MPCs prospective applications in functional optical devices [16-18]. 

Compared with 1D and 2D MPCs, 3D MPCs are much more attractive, as the efficient 

diffraction, inhibition of spontaneous emission and strong localization of light can be 

achieved more comprehensively [19]. However, their production methods are demanding and 

expensive [8,11,17,20]. Recent studies on PCs and PBGs are mainly on high dielectric 

materials, like silicon (ε = 11.7), GaAs (ε = 13) and alumina (ε = 8.9) [7,12], while low 

dielectric materials are lacking of studies. Míguez [21] had investigated the optical properties 

of packed sub-micrometer SiO2 spheres, and found the PBGs of PCs can be changed through 

the sphere size. We have developed this study for MPCs [22].  
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Various types of magnetic materials, like bismuth-substituted yttrium iron garnet (Bi: YIG) 

[14-15], micro- and submicron-sized colloidal magnetic particles [17, 22] and colloidal nano-

crystal clusters [23] have also been developed in making MPCs. Nano-sized Fe3O4 particles 

are commonly used in MPCs as its attractive properties, like superparamagnetism [24], 

electric properties (the inter valance charge-transfer transition between Fe
2+

 and Fe
3+

 ions) 

and so on [25-26], which are related to its structure with 32 oxygen ions (O
2-

) regularly cubic 

close packed along [111] direction and formed two different types of interstices, octahedral 

interstice and tetrahedral interstice for iron ions (Fe
2+

 and Fe
3+

) [27].  

For nanoparticles, some physical properties, like magnetic, electrical and optical properties, 

and some chemical properties, change a lot compared with bulk material because of the size 

effect [28], e.g., the coercivity of 15 nm elongated iron particles is about 10
4
 times that of 

bulk counterpart [29]. To obtain nano-sized Fe3O4 particles, numerous methods such as co-

precipitation [30-32], thermal decomposition [33], sol-gel reaction [34], polyol process [35], 

electrochemical method, and vapour method, etc. [36], have been developed. Co-precipitation 

technique is probably the simplest and most efficient method to synthesis Fe3O4 

nanoparticles using ferrous and ferric salts as precursors mixed with base, usually NaOH or 

NH4OH, in aqueous medium [32]. The main disadvantage of this aqueous solution synthesis 

is that the process is difficult to well controlled, especially for nucleation stage of 

nanoparticles. Many factors, like precursors, molar ratio of the reactants, pH value [31,37], 

temperature and stirring velocity [38], etc., are still not understood in this complicated 

chemistry of ferrous and ferric ions. As a result, the control of size distribution, shape and 

morphology of Fe3O4 nanoparticles is limited. The real reaction time for magnetite co-

precipitation has been studied recently, and a higher mixing rate was suggested [39]. 

To obtain 3D MPCs structures with a period in one or more directions comparable with 

optical wavelength, silica (SiO2) is a kind of popular material used to form spheres with 

Fe3O4 nanoparticles embedded inside because of its extraordinary stability [40]. The common 

method for synthesis silica was developed by Stöber and his colleagues [41], using the 

hydrolysis of tetraethyl orthosilicate (TEOS) by a sol-gel method, and Bogush [42-43] 

extended their works to get a better size control of SiO2 spheres.  
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In the present work, nano-sized Fe3O4 particles have been synthesised with different size by 

co-precipitation method, and embedded into SiO2 spheres successfully through sol-gel 

technique. The sphere size are controlled by modifying the parameters of the sol-gel process, 

and average values from 75 nm to 680 nm in a narrow distribution (less than 10%) have been 

obtained. Well organized 3D fcc-structured MPCs, with different concentration of Fe3O4 

nanoparticles have been achieved by arranging these spheres in a permanent magnetic field. 

The properties of these low dielectric constant MPCs (ε ≈ 2.2) are studied by investigating 

their optical properties. Functional PBGs show dependence on sphere size, the concentration 

of Fe3O4 nanoparticles, incidence angle of light and the polarization sensitivity of light. 

These properties of MPCs and the functional PBGs indicate the prospective applications on 

functional optical devices, like filters, field sensors and communication devices, etc.. 
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2. Synthesis and characterization methods 

2.1 Synthesis of Fe3O4 nanoparticles 

Fe3O4 nanoparticles were synthesized from iron chlorides (FeCl2•4H2O, Fluka analytical, 

97%, and FeCl3•6H2O, Sigma-Aldrich, 97%) or iron sulfides (FeSO4•4H2O, Alfa Aesar, 99% 

and Fe2(SO4)3•6H2O, Alfa Aesar, reagent grade) through alkaline hydrolysis as:  

Fe
2+ 

+ 2 Fe
3+

 + 8NH3·H2O   Fe3O4 + 8NH4
+ 

 + 8H2O,  (2-1) 

by standard co-precipitation methods [31] [44-45] and a rapid mixing co-precipitation (with a 

millisecond order of time scale for mixing) [39]. 

For standard co-precipitation, iron chlorides or sulfates with a mole ratio of [Fe
2+

]: [Fe
3+

] = 

1:2 were diluted in de-ionized water to form a 0.2M / 0.3M iron ion solution (pH value, 2~3) 

and mixed fully using magnetic stirrer. Ammonia (Fluka, assay (T) 25%) was diluted into 2 

M / 3M (pH value, 13~14), heating up to certain temperature (25 °C ~ 90 °C) with argon 

protection in a reflux bottle. The above iron ion solution was added into the ammonia 

solution slowly, and thereby precipitate black predominantly Fe3O4 suspensions in few 

minutes. The mixed solution with a pH value maintained at 10-11 at the synthesis 

temperature with the stirring for a certain time (10mintes to 2 hours). Surfactants like tartaric 

acid, oleic acid or pluronic (F127) can be added into the iron ion solution to prevent the 

agglomeration of precipitated magnetic nanoparticles.   

For rapid mixing co-precipitation, same amount of iron ion solution (0.2 M) and ammonia 

(2M) in two jets were mixed by impinge the jets at a speed of ca. 8 m/s [39]. As the needle 

tips are directed onto each other, iron ion solution was mixed with the base immediately (in 

millisecond order) and nano-sized magnetic particles were obtained. The mixed solution was 

kept in ice-water (0 °C), room temperature (25 °C) and boling water (100 °C) for two hours 

to achieve nanoparticles with different particle size and magnetic properties.  

The obtained black suspensions with magnetic nanoparticles inside were washed sequentially 

by de-ionized water for 3 times, followed by washing in ethanol thrice to remove the 

contaminants. By using a magnet the particles were separated from the liquid. Part of the 

washed particles was dried in air at 40~70 °C over night to obtain powder samples for XRD 
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and VSM measurements, while the other part was stored in high purity ethanol (99.7%) for 

further experiments.   

2.2 Synthesis of Fe3O4 embedded SiO2 spheres 

Silica spheres were prepared at room temperature by sol-gel method according to Bogush‟s 

extended work on Stöber‟s method [41-42]. Appropriate amount of Fe3O4 nanoparticles were 

added to a mixed solution of ethanol, de-ionized water and ammonia, mechanically stirred for 

1 hour to obtain a uniform solution. Then necessary amount of tetraethyl orthosilicate (TEOS, 

Alfa Aesar, 99.9%) was added drop by drop while continuously stirring for 2-4 hours to 

obtain silica spheres in a narrow size distribution. Figure 2-1 shows the schematic growth 

process of Fe3O4 nanoparticles and silica spheres with nano-sized Fe3O4 embedded. The 

mole concentration of de-ionized water (2.5-10 M), ammonia (0.5-2 M), TEOS (0.17-0.3 M) 

and the amount of Fe3O4 nanoparticles (1.8-460 mg) have been changed to achieve size 

variation in the range 75 to 680 nm and Fe3O4 concentration variation in range of 0.36 wt.% 

to 6.4 wt.%.  

 
Fig. 2-1 The schematic growth process of Fe3O4 nanoparticles and Fe3O4 embedded SiO2 

spheres. The surfactants can be used to prevent the agglomeration of Fe3O4 nanoparticles. 

The obtained spheres were washed thrice by ethanol, and separated from it by centrifuge at 

5300 rpm for 4 minutes each time, and then stored in high purity ethanol (99.7%) for 

preparing magnetic photonic crystals, MPCs. Part of these spheres was dried at 70 °C for 10 

hours to achieve powder samples for characterizations. 
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2.3 Preparation of 3D magnetic photonic crystals 

3D MPCs were then deposited on glass substrate by dropping the sphere suspension in 

ethanol, as the schemata showed in Fig. 2-2. In the presence of a permanent magnetic field 

normal to the surface of the glass substrate, the arrangements of spheres will be improved a 

lot. The thickness of the film can be controlled by the sphere concentration and amount of the 

suspension we dropped. 

 

Fig. 2-2 The schematic deposition process of 3D MPCs [44].  

2.4 Characterizations 

2.4.1 X-ray diffraction 

X-ray diffraction (XRD) is a non-destructive analytical method which can be used to identify 

phase and orientation, determine structural properties, measure the thickness of thin film, and 

estimate the size of nanoparticles, etc.. In this system, the incident beam of monochromatic 

X-ray with a certain wavelength λ will be scattered by atoms, and coherent scattering can 

happen from atoms at parallel lattice planes (hkl) to give a maximum intensity. As W.H. 

Bragg and W.L. Bragg developed in 1913 [46], the coherent scattering can only happen when 

the wavelength have certain relationship with incidence angle (theta, θ) for certain crystal 

plans, that is the Bragg‟s condition: 

mdhkl sin2 , (2-2) 

where hkld is the lattice spacing between two parallel (hkl) crystal planes, m is the diffractive 

order, always integer. Figure 2-3 shows the schematic representation of this diffraction. 
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With the Bragg‟s law, X-ray diffractometer is designed to vary the θ angle to determine the 

diffractive information from crystal planes with different lattice spacing hkld . For cubic 

structure, the hkld  can be calculated from its lattice parameter, a, as: 

222 lkh

a
d hkl

.  (2-3) 

Beside, the crystal grain size D (smaller than 100nm) can be calculated from the broadening 

of XRD diffraction peaks Bhkl according to Sherrer formula [47]: 

coshklB

K
D , (2-4) 

where K is the dimensionless shape factor which has a typical value of 0.89 in our case.   

 

Fig. 2-3 The schematic representation of Bragg diffraction. The phase difference of X-ray 

scattered from two parallel crystal planes are DB+BF, which is the main factor for Bragg 

condition in Eq. (2-2). 

For our magnetic nanoparticles and Fe3O4 embedded silica spheres in this thesis, powder 

samples were prepared and investigated by XRD (D500 X-Ray Diffractometer) using Cu-Kα 

radiation (λ = 0.154056 nm), with a speed of 4 seconds/step and 0.02 °/step, performed over a 

range 25 ° ≤ 2θ ≤ 65 °.  

2.4.2 Vibrating sample magnetometer 

Vibrating sample magnetometer (VSM) is used for magnetic property measurements. The 

schemata of VSM measurement is showed in Fig. 2-4: a sample is vibrated in a constant 

magnetic field and for a magnetic material, an induction voltage across the terminals of the 

pick-up coils is caused proportional to the magnetization of the sample, according to 
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Faraday‟s law of induction. With the collected electrical output signals, the magnetic moment 

of samples can be obtained [48]. 

 

 

Fig. 2-4 Schematic of VSM system. 

VSM (Model 155 EG&G Princeton Applied Research) was used to determine the magnetic 

properties of powder samples in this thesis. Two types of measurements were taken for each 

sample: 1) a high magnetic field sweep from ± 7600 Oersted to see the saturation 

magnetization and 2) a low field sweep from ± 200 Oersted to determine the coercivity of the 

samples. The typical time constant for these measurements is 0.1 second, with 800~4000 ms 

per point.  

2.4.3 Faraday rotation measurement 

Faraday rotation, or Faraday Effect, is a magnetio-optical phenomenon that linearly polarized 

light traveling through a substance experience a rotation with an external magnetic field, as 

showed in Fig. 2-5.  

 

 

Fig. 2-5 Schematic of Faraday rotation. The polarized light is rotated when it travels through 

a substance in a magnetic field. 
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The result of the interaction between the light and the magnetic field, and the rotation β can 

be described as: 

VBd ,   (2-5) 

where B is the magnetic flux density, d is the length of the path, and V is the Verdet constant 

(empirical proportionality constant) for the material. The detected rotation angle β indicates 

the Faraday rotation constant for the substance measured. 

The facility we used for Faraday rotation measurement is designed and constructed by Ström 

[49], by detecting the changes of light power transmitted through analyzer as the applied 

magnetic field. The wavelengths of light we used for our samples were 398 nm, 472 nm, 525 

nm, 590 nm and 660 nm from LED sources. 

2.4.4 Superconducting quantum interference device 

The superconducting quantum interference device (SQUID) magnetic property measurement 

system (MPMS) is a very sensitive magnetometer used to measure extremely small magnetic 

fields. The central element of a SQUID is a ring of superconducting material with two thin 

film insulators, as showed in Fig. 2-6, to form two parallel Josephson junctions in which the 

electron-pairs can tunnel across the barrier.  

 

Fig. 2-6 Typical Josephson junction in SQUID. 

With a magnetic flux of 0, 0 , 02 ( Wb
e

h 15

0 10017.2
2

) and so on, constructive 

interference will be caused by the same phase in two junctions, while destructive interference 

will be caused by the opposite phase difference when the flux is 
0

2

1
,

0
2

3
 and so on, and 

critical current density will be caused by these interferences [50]. The critical current is 
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sensitive to the magnetic flux as a function of the superconducting loop and thus tiny 

magnetic moments can be measured by this device.  

In our study, MPM2-1 SQUID from Quantum Design, USA was used for magnetic property 

room temperature measurements. The sample was vibrated along the axis of the 

superconducting magnet and electric current was induced by the magnetic moment of the 

sample in a similar way as in VSM system, and the output of current information tells the 

magnetic property of the sample.  A SQUID has the highest sensitivity and is appropriate to 

study the magnetic properties of nanoparticles both at low fields and as a function of 

temperature from liquid helium to room temperature. 

2.4.5 Scanning electron microscopy 

Scanning electron microscopy (SEM) is an instrument that produces images of a sample 

surface by using electron beam, rather than light. The beam of electrons is produced by an 

electron gun at the top of the microscope, and focused by magnetic lens to a spot on the 

sample, as showed in Fig. 2-7.  

 

Fig. 2-7 Schematic illustration of SEM [51]. 

Signals like X-ray, secondary electrons, backscattered electrons, Auger electrons and 

cathodaluminescence etc. are emitted by the interactions between beam and the specimen. 

The secondary electrons, which can only exist very near the sample surface (<10 nm), can be 
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determined by the special detector as its low energy. With the functions of scanning coils, the 

electron beam can be deflexed and scan the surface regularly, and the surface information can 

be showed by the signal of secondary electrons. 

In this thesis, a dual beam SEM / focus ion beam (FIB) Nova 600 Nanolab (FEI Co.) and 

HITACHI S-3000N SEM was used for the investigations of morphologies, sphere size, cross 

section images, and the structure of arranged spheres. The images were taken at an 

accelerating voltage of 20 KV with a typical work distance of 9-10 mm.  

2.4.6 Optical spectrophotometer 

The optical properties, including transmission & forward scattering spectra (TF), forward 

scattering spectra (F), reflection & backward scattering spectra (RB) and backward scattering 

spectra (B) were obtained from an optical transmission spectrophotometer (Perkin Elmer 

Lambda 900, UV Vis NIR Spectrometer) equipped with PELA 1000, 150 nm spectral 

integrating sphere detector from Lab Sphere, while the transmission spectra (T) and reflection 

spectra (R) were calculated from the measurement results, as: T = TF−F and R = RB−B. For 

the sphere detector showed in Fig. 2-8, there are two holes (1 and 2) for keeping the sample: 

hole 1 is for the TF (when hole 2 is filled with 4, the white holder, so that all light go through 

the sample can be detected) and F (when hole 2 is filled with 3, the black holder, and the 

transmission spectra are absorbed and can not be detected) spectra measurements, while hole 

2  is for the RB (with window 5 closed to detect all light from the sample) and B (with 

window 5 open that the reflective light can not be detected) spectra measurements.  

 

Fig. 2-8 Schematic illustration of the optical spectrometer. 

For our MPC samples with an area of 1×1 cm
2
, TF, F, BR and B were measured in the 200 -

1700 nm wavelength range, and the T and R spectra were calculated from the experimental 

data. 

1 2 
4 

3 

Sphere detector 

5 
1   hole for sample 

2   hole for sample  

3   black holder for hole 2 

4   white holder for hole 2 

5   window for reflective light 

Light 
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2.4.7 Transmittance versus incidence angle spectra measurement 

The angular dependence and polarization sensitive transmission spectra in this thesis were 

measured by a laboratory set-up of the absolute spectrophotometer [52] in Uppsala 

University, as showed in Fig. 2-9. In this facility, an off-axis parabolic mirror (Optical 

Surfaces Ltd.) is used to focus the light source with wavelength range of 200-1100 nm onto 

the sample. There is a polarizer between the parabolic mirror and the sample, and certain 

polarized light (p- or s-) can be chosen as the incident light. The sample can be rotated to 

change the incidence angle, and the T spectra are collected by the detector behind the sample. 

The obtained T spectra on a 4×4 mm
2
 area of MPCs with different incidence angle and 

polarization direction of light can be compared to show the angular dependence and 

polarization sensitivity of PBGs. 

 

Fig. 2-9 Schematic view of the experimental setup for incidence angle and polarization 

direction dependent transmission spectra measurement. The light incidence angle can be 

changed by rotating the sample in certain direction, and the state of polarized light can be 

chosen by the polarizer. 

 

  

Parabolic 

mirror Polarizer 
Sample Detector 
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3. Experimental work and summary of the appended papers 

The structure, magnetic and optical properties of bare Fe3O4 nanoparticles, Fe3O4 embedded 

silica spheres, and 3D magnetic photonic crystals are investigated in the appended papers. 

The Fe3O4 nanoparticles with sizes of 6.6 to 15.0 nm have been synthesized by changing the 

conditions of co-precipitation (methods, chemicals, temperature and pH value, etc.), and the 

consequent magnetic properties, with coercivity ranging from 0.5 Oe to 41.4 Oe, and 

saturated magnetization from 52 emu/g to 70 emu/g have been obtained. These nano-size 

magnetic particles were embedded into silica spheres, which are then well arranged into 3D 

fcc-structured MPCs in a permanent magnetic field. The sphere size is varied from 70 nm to 

680 nm and the embedded Fe3O4 conc. is in the range of 0.36 wt. % to 6.4 wt. %. The optical 

transmission properties of MPCs have been investigated, obtaining 5 photonic band gaps 

(PBGs) which are found to be dependent on the sphere size, concentration of embedded 

Fe3O4 nanoparticles, incidence angle, and the polarization of incident light.  

Paper I. Enhanced linear sphere size dependence of photonic band 

gaps for 3D nanocomposite magnetic photonic crystals 

This paper presents the silica sphere size dependence in the range 70-650 nm, containing 

embedded 4.3 wt. % nano-sized magnetic iron oxide particles on the photonic band gaps 

in a film of 3D magnetic photonic crystals. Scanning electron microscope and optical 

transmission spectrophotometer are used to investigate the structure of MPCs and the 

photonic band gaps at UV-Vis-near IR wavelength range. The result shows that the 3D 

MPCs follow face-centered-cubic (fcc) structure sphere layer stacking, with the (111) 

crystal plane parallel to the glass substrate surface. From optical transmission spectra, five 

photonic band gaps are observed, and the peak wavelengths of the PBGs (λC) are found to 

increase linearly with the sphere size (Φ). Furthermore, on embedding magnetic 

nanoparticles the position of PBGs is shifted to higher wavelengths. In addition, the 

average refractive index, 1.5 ± 0.1, obtained for the MPCs from the slopes of λC(Φ) is 

found to be larger than the reported value of 1.349 for pure silica PCs.   
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Paper II. Effect of Fe3O4 nanoparticles on the optical transmission 

properties of 3D Magnetic Photonic Crystals 

In this paper, magnetic and optical properties of three-dimensional magnetic photonic 

crystals, consisting of silica spheres in the size range 190-680nm embedded with 8, 9 and 

13 nm Fe3O4 nanoparticles, have been investigated. By changing the concentration of 

Fe3O4 nanoparticles, the effect of embedding magnetic particles is studied through optical 

spectra. The band gaps are found to be a linear function of the constituent sphere size in 

the MPC films with certain Fe3O4 concentration. From the slopes of these functions, the 

deduced refractive index for the constituents in the films is found to increase with the 

concentration of the embedded magnetite nanoparticles. The observed shifts in the 

photonic band gaps PBGs in the films is qualitatively explained in terms of the variations 

of refractive index and the contrast index difference arising from the concentration of the 

embedded nanoparticles. We also find that the angular dependence of PBG positions for 

MPCs at small incidence angles is strongly dependent on the p- and s- polarization states 

of the incident light. The polarization sensitivity of PBGs to the Fe3O4 concentration is 

also discussed. 

Paper III. Co-precipitation of iron oxide nanoparticles by rapid mixing 

Synthesis of magnetite appears to be a topic of continued interest because of its versatility 

and the variety applications. Among the chemical techniques to synthesize Fe3O4, co-

precipitation approach although very common, seems to be extremely sensitive to the 

consequences of nucleation, growth and most of all the rate of the reaction involved.  

In this paper, we consider the role of rapid mixing and its consequences on co-

precipitation at ice-point, room temperature and boiling water temperatures on the 

magnetic properties of Fe3O4. We obtained crystallites varying in the range from 6.6 nm 

(grown in ice water) to 7.9 nm (grown in boiling water) as determined from the 

broadening of XRD diffraction peaks using the Scherrer approach. With the increase of 

the crystal grain size, the saturate magnetization of iron oxides increases from 52 emu/g 

to 63 emu/g, and the coercivity increases from 0.5 Oe to 7.9 Oe. Layers of nanosized 

magnetic particles on glass substrates show wavelength dependence of Faraday rotation 
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loops which show a reversal phenomenon in the sign of the magnetization around 550 nm 

that is related to the transparency of the obtained particles. 

Paper IV. Mathematical analysis of the transmission spectrum and 

photonic band gaps for low-refractive index, magnetic 

photonic crystal 

This paper analyzes quantitatively the five photonic band gaps observed for the magnetic 

photonic crystals in their absorbance spectrum over visible and near infrared range. The 

absorbance spectra calculated from transmission & forward scattering spectra are fitted as 

a sum of Gaussian peaks, and PBGs are defined according to its order of these peaks. A 

significant portion of the transmission intensity are found to be diffracted to the angles 

outside of the specular transmission at the shortest visible wavelengths, while mainly 

specula transmission and reflection is obtained at the 1
st
 band gap at the longest 

wavelength. 

Further comments 

Sphere size distribution 

The size distribution influences the arrangement of spheres, and thus has a great effect on 

optical property. Figure 3-1 shows the typical transmission spectra (T) of one MPC sample 

with large size variations (Fig. 3-1a) and one with well arranged spheres in a narrow size 

distribution (Fig. 3-1b). Notice that the absorbance peaks can only be found in well 

organized MPCs due to constructive interference for periodic structure. The sphere size 

distribution thus becomes significantly important to obtain PBGs from optical 

measurements. Figure 3-2 shows the effect of stirring time in the sol-gel process on the 

size distributions counting from ca. 300 spheres. The average size obtained is found to be 

476 nm and 468 nm on stirring for 2 and 4 hours respectively. Obviously, 4 hours stirring 

achieves spheres in a much narrower size distribution.  
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Fig. 3-1 Transmission spectra of MPCs with disorder structure (a) and well arranged 

structure (b). The insert figures are SEM morphologies of the two samples. 

400 440 480 520 560
0

5

10

15

20

25

%

Sphere size (nm)

 2 hours

 4 hours

 

Fig. 3-2 Stirring time influences the size distribution (average size: 476 nm for 2 hours 

and 468 nm for 4 hours). 

Different size of spheres 

Silica spheres with moderate Fe3O4 concentration (4.3 wt. %) have been synthesized with 

size variation from 75 nm to 646 nm, by changing the chemical ratio in sol-gel process 
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(part 2.2), as SEM images showed in Fig. 3-3. The size distributions of the above spheres 

are narrow, smaller than 10% as determined from line scans of the SEM images.  

 

Fig. 3-3 SEM images of MPCs with varied sphere size: (a) 75 nm; (b) 210 nm; (c) 358 nm; 

(d) 468 nm; (e) 624 nm and (f) 646 nm. (Average size of ca. 300 spheres for each).  
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4. Conclusions 

In this thesis, the synthesis methods and the characterization techniques of Fe3O4 

nanoparticles, silica spheres with or without embedded Fe3O4, fabrication of 3D magnetic 

photonic crystals and their functional photonic band gaps were studied. Following 

conclusions can be drawn from the study: 

1. Nano-sized Fe3O4 particles have been obtained by co-precipitation with 

controllable particle size (6.6 nm ~ 15.0 nm) on suitably modifying the synthesis 

methods and the temperature. Finer particles can be achieved with a much smaller 

coercivity (0.54 Oe) by rapid mixing the precursors for co-precipitation rather 

than using standard co-precipitation (41.4 Oe) approach. 

2. The obtained Fe3O4 nanoparticles of concentrations 0.36 wt. %, 4.3 wt. % and 6.4 

wt. % have been embedded into silica spheres. The sphere size has been varied 

from 75 nm to 680 nm by modifying the chemical ratio of sol-gel process, and the 

size distribution can be controlled in 10% by a longer time stirring (4 hours).  

3. The triangular close packed arranged spheres show the stacked layers to have an 

fcc structure with (111) crystal plane parallel to the surface of glass substrate, i.e. 

3D fcc-structured MPCs were obtained.  

4. For a well arranged 3D MPCs, five Photonic Band Gaps (PBGs) are observed in 

the transmission & forward scattering spectra. They were classified according to 

the order of the peaks appearing in the fitting analysis. 

5. The wavelength positions of the PBGs are found to be sphere size dependent: 

with the increase of the sphere size, the positions of PBGs shift linearly to longer 

wavelength. The refractive index of magnetic PCs, about 1.5, calculated from the 

slope of the linear function for the 1
st
 PBGs of MPCs with moderate Fe3O4 conc. 

(4.3 wt. %), is larger than that for pure SiO2 PCs. 

6. With the increasing concentration of Fe3O4 nanoparticles in MPCs, the PBGs 

were found to shift to longer or shorter wavelengths depending on the 

concentration of the embedded magnetite particles. 

7. On increasing the incidence angle from the normal, the different ordered PBGs 

shift to shorter or longer wavelength regimes. This angular dependence is 
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enhanced for MPCs indicating the possible role of changes in the refractive index 

on embedding magnetic particles. 

8. The PBGs are also found to strongly depend on p- and s- polarization states of the 

incident light. The PBGs of p- polarized light shift more than s- polarized light at 

certain incidence angle with respect to normal incidence. The embedded Fe3O4 

nanoparticles are found to increase this polarization sensitivity as well.  
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5. Suggestions for future study 

The study presented in this thesis was mainly focused on the synthesis and optical 

transmission property of 3D MPCs and its functional PBGs. More experiments and analyses 

are needed to promote the applications of MPC for optical devices: 

1. Magneto-optical properties of MPCs, like Faraday rotation and Kerr effect, can be 

useful to study the effect of embedding Fe3O4 nanoparticles for a better 

understanding of the magnetic field effect.   

2. The band structure of these MPCs needs to be calculated to verify the existing 

experimental analyses and to guide the design of MPCs for specific applications. 

3. The theory of functional PBGs is not well understood. Experiments by varying 

the embedded materials, like the type and size and concentration of the magnetic 

nanoparticles, would be useful for a better understanding of the observed 

phenomena.  

4. The effect of external magnetic field on the functional properties of MPCs and 

PBGs need to be studied for producing controllable PBGs. 

 

 

 

  



21 
 

6. References 

[1] Eli Yabnolovitch. Physical review letters 1987; 58 (20): 2059-2063. 

[2] Sajeev John. Physical review letters 1987; 58(23): 2476-2489. 

[3] David J. Norris, Erin G. Arlinghaus, Linli Meng, Ruth Heigny and L.E.Scriven. Adv. 

Mater. 2004, 16, No.16, 1393-1399. 

[4] Thomas F. Krauss, Richard M. De La Rue. Progress in Quantum Electronics 1999; 23: 

51-96. 

[5] V. Berger. Current Opinion in Solid State and Materials Science 1999; 4: 209-216. 

[6] I. L. Lyubchanskii, N. N. Dadoenkova, M. I. Lyubchanskii, E. A. Shapovalov and Th 

Rasing. J. Phys. D: Appl. Phys. 2003; 36: R277–R287. 

[7] Susumu Noda, Toshihiko Baba. Roadmap on photonic crystals. Japan, 2003, p.165-245. 

[8] Cefe López. Adv. Mater. 2003; 15(20): 1679-1704. 

[9] Jonathan C. Knight. Nature 2003; 424: 847-851. 

[10] Philip Russell. Science 2003; 299: 358-362. 

[11] J. D. Joannopoulos, Pierre R. Villeneuve and Shanhui Fan. Nature 1997; 386: 143-149. 

[12] John D. Joannopoulos, Steven G. Johnson, Joshua N. Winn and Robert D. Meade. 

Photonic crystals: Molding the flow of light (2
nd

 ed.). Princeton NJ: Princeton University 

Press., 2008, p.122-134. 

[13]Marin Soljaèiæ and J. D. Joannopoulos. Nature materials 2004; 3: 211-219. 

[14] M. Inoue, R. Fujikawa, A. Baryshev, A. Khanikaev, P. B. Lim, H. Uchida, O. 

Aktsipetrov, A. Fedyanin, T. Murzina and A. Granovsky. J. Phys. D: Appl. Phys. 2006; 

39: R151–R161. 

[15] Mitsuteru Inoue, Hironaga Uchida, Kazuhiro Nishimura and Pang Boey Lim. J. Mater. 

Chem. 2006; 16: 678–684. 

[16] V. I. Belotelov and A. K. Zvezdin. J. Opt. Soc. Am. B 2005; 22(1): 286-292. 



22 
 

[17] V. V. Pavlov, P. A. Usachev, R. V. Pisarev. D. A. Kurdyukov. S. F. Kaplan, A. V. 

Kimel, A. Kirilyuk and Th. Rasing. Applied physics letters 2008; 93: 072502.  

[18] J. V. Boriskina,  S. G. Erokin, A. B. Granovsky, A. P. Vinogradov and M. Inoue.  

Physics of the Solid State 2006; 48(4): 717-721. 

[19] H. Uchida, R. Fujikawa, T. Kodama, A. V. Baryshev, K. Nishimura, M. Inoue. IEEE 

Transactions on magnetic 2005; 41(10): 3526-3528. 

[20] V. V. Pavlov, P. A. Usachev, R. V. Pisarev, D. A. Kurdyukov, S. F. Kaplan, A. V. 

Kimel, A. Kirilyuk and Th.Rasing. Journal of Magnetism and Magnetic Materials 2009; 

321: 840–842. 

[21] H. Míguez, C. López, F. Meseguer, A.Blanco, L. Vázquez and R. Mayoral. Appl. Phys. 

Lett. 1997; 71(9): 1148-1150. 

[22] Mei Fang , Tarja T. Volotinen , S. K. Kulkarni , Lyubov Belova. K. V. Rao. Proceeding 

to Journal of Apply physics. 

[23] Jianping Ge and Yadong Yin. J. Mater. Chem. 2008; 18: 5041–5045. 

[24] Xiangling Xu, Gary Friedman, Keith D. Humfeld, Sara A. Majetich, and Sanford A. 

Asher, Superparamagnetic Photonic Crystals. Adv. Mater. 2001; 13, No. 22, 1681-1683. 

[25] Julia Mürbe, Annett Rechtenbach, Jörg Töpfer. Materials Chemistry and Physics 2008; 

110: 46-433. 

[26] Chih-Hao Hsia, Tai-Yen Chen, and Dong Hee Son. Nano Lett. 2008; 8(2): 571-576. 

[27] R.M.Cornell, U.Schwertmann. The Iron Oxides: Structure, Properties, Reactions, 

Occurrences and Uses (2
nd

 ed.). Wiley-VCH, Weinheim, 2003, p.32. 

[28] Taeghwan Hyeon. Chem. Commun. 2007; 927–934. 

[29] B. D. Cullity. Introduction to magnetic materials. ADDISON-WESLEY,1972, p.383. 

[30] Tevhide Ozkaya, Muhammet S.Toparak, Abdulhadi Baykal, Hüsenyin Kavas, Yüksel 

Köseoğlu and Bekir Aktaş. Journal of Alloys and Compounds 2009; 472 (1-2): 18–23. 

[31] E.Illé, E. Tombácz. Journal of Colloid and Interface Science 2006; 295: 115-123. 



23 
 

[32] Shouheng Sun and Hao Zeng. J. Am. Chem. Soc. 2002; 124: 8204-8205. 

[33] Kyounga Woo, Jangwon Hong, Sungmoon Choi, Hae-Weon Lee, Jae-Pyoung Ahn, Chul 

Sung Kim and Sang Won Lee. Chem. Mater. 2004; 16: 2814-2818. 

[34] Zhifei. Dai, Felix Meiser, Helmuth Möhwald. Journal of Colloid and Interface Science. 

2005; 288: 298-300. 

[35] Wei Cai, Jiaqi Wan. J. of Colloid and Interface Science 2007; 305: 366–370. 

[36] Sophie Laurent, Delphine Forge, Marc Port. Chem. Rev. 2008; 108: 2064–2110. 

[37] D. K. Kim, Y. Zhang, W. Voit, K. V. Rao, M. Muhammed. Journal of Magnetism and 

Magnetic Materials 2001; 225: 30-36. 

[38] Roberto Valenzuela, María Cecilia Fuentes, Carolina Parra, Jaime Baeza, Nelson Duran, 

S. K. Sharma, Marcelo Knobel, Juanita Freer. Journal of Alloys and Compounds 2009; 

488: 227-231. 

[39] Valter Ström, Richard T. Olsson and K.V.Rao. Real time measurement of nanoparticle 

synthesis: the magnetic response during co precipitation of magnetite. In manuscript. 

[40] Suchita Kalele, S. W. Gosavi, J. Urban and S. K. Kulkarni. Current Science 2006; 91(8): 

1038-1052. 

[41] Werner Stöber, Arthur Fink. Journal of Colloid and Interface Science 1968; 26: 62-69. 

[42] G. H. Bogush, M. A. Tracy and C. F. Zukoskiiv. Journal of Non-Crystalline Solids 1988; 

104: 95-106. 

[43] G. H. Bogush and C. F. Zukoskiiv. Jounal of Colloid and Interface Science 1991; 

142(1): 1-18. 

[44] Chih-Kai Huang, Chia-Hung Hou, Chii-Chang Chen,Yen-Ling Tsai, Li-Ming Chang, 

Hung-SenWei, Kuo-Huang Hsieh and Chia-Hua Chan. Nanotechnology 2008; 

19(055701): 1-5. 

[45] Tcipi Fried, Gabriel Shemer and Gil Markovich. Adv. Mater. 2001; 13(15): 1158-1161. 

[46] W. L. Bragg. Proceedings of the Cambridge Philosophical Society 1913; 17: 43–57. 



24 
 

[47] P. Scherrer, Göttinger Nachrichten Gesell.1918; 2: 98. 

[48] K. H. J. Buschow and F. R. de boer. Physics and magnetism and magnetic materials. 

Unite states of America, 2004, p.87-89. 

[49] Valter Ström and K. V. Rao. Rev. Sci. Instrum. 2008; 79: 025109. 

[50] S. Maguire-Boyle, A. Barron. Theory of A Superconducting Quantum Interference 

Device (SQUID) (2009). Available at: http://cnx.org/content/m22750/1. 

[51] Diagram courtesy of Iowa State University SEM Homepage (2006). Available at: 

http://www.purdue.edu/REM/rs/sem.htm. 

[52] Per Nostell, Arne Roos, Daniel Rönnow.  Rev. Sci. Instrum. 1999; 70(5): 2481-2494. 

http://cnx.org/content/m22750/1
http://www.purdue.edu/REM/rs/sem.htm



