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Abstract

Undoped and nickel doped ferrihydrite nanoparticles are prepared by chemical routes. The
samples are characterized by x-ray diffractometer, thermogravimetric analyzer and vibrating
sample magnetometer. The average crystallite size is found to be about 2 nm. The prepared
nanoparticles of undoped and nickel doped ferrihydrite are found to be antiferromagnetic at room

temperature.
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CHAPTER 1
INTRODUCTION

1.1 Magnetic Materials

On the basis of behavior of materials in external applied magnetic field all the known
materials can be classified into diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic and

ferrimagnetic materials [1-3].

Diamagnetic materials are repelled by an external magnetic field. In these materials all the
electrons are paired and so net atomic magnetic moment is zero. The magnetization of these
materials is always opposite to the applied field. In other words the magnetic susceptibility of

these materials is always negative. Also this susceptibility is independent of temperature.

In paramagnetic materials the atoms have unpaired electrons. In presence of external
magnetic field the moments try to align themselves along the applied field direction. The
magnetization of these materials varies with temperature as M = C/T, where C is a constant. This
1s known as Curie law. Paramagnetic materials remain magnetized as long as the applied field is

present. The magnetization of the system becomes zero on the removal of the field.

In ferromagnetic materials the atomic/ionic magnetic moments feel very strong interaction.
This interaction is known as exchange interaction. This interaction is capable of aligning the
moments in parallel orientation. However the exchange interaction in ferromagnetic materials is
short range in nature. Ferromagnetic materials are divided into small region called as magnetic
domain. In a magnetic domain all the moments are aligned in same direction. However these
domains are randomly oriented giving rise to zero magnetization in absence of any external
applied field. Above a critical temperature Tc¢, known as the Curie temperature, a ferromagnetic
material becomes paramagnetic. At this temperature the thermal energy becomes larger than the
exchange interaction energy of magnetic moments. Due to this reason any ferromagnetic

material becomes paramagnetic above this critical temperature.

In antiferromagnetic materials the neighboring magnetic moments are aligned in opposite

direction. Because of this, antiferromagnetic materials give rise to zero magnetization in absence



of any external applied field and at lower temperature. Antiferromagnetic materials have small
but positive magnetic susceptibility. Antiferromagnetic ordering remains only below a critical
temperature called Néel temperature. Above Néel temperature the antiferromagnetic ordering

breaks and the material becomes paramagnetic.

In ferrimagnetic materials the neighboring magnetic moments of atoms/ions are aligned in
opposite directions. But the magnitudes of neighboring moments do not equal to each other as in
the case of antiferromagnetic materials. Because of this imbalance in magnitudes of magnetic
moments, ferrimagnetic materials posses a non zero magnetization. Above a critical temperature

the ferrimagnetic ordering breaks and the material becomes paramagnetic.

1.2 Superparamagnetism

Superparamagnetism is shown by small ferromagnetic or ferrimagnetic particles. In
superparamagnetic state the anisotropy energy of the particles becomes smaller than the thermal
energy. In this situation the magnetization vector of the system can not remain fixed in direction.
This behavior is similar to paramagnetism and known as the superparamagnetism. The
phenomenon of superparamagnetism is also shown by small particles of antiferromagnetic
materials. For these materials the anisotropy energy signifies the energy required to change the

direction of all spins by 180° [4].

1.3 Literature Review

A brief review of works relevant to this project is summarized below.

Seehra et al. (2000) studied magnetic properties of two-line ferrihydrite nanoparticles. It was

found that the value of particle magnetic moment increases with increase in temperature [5].

Punnoose et al. (2004) reported change in the magnetic properties of ferrihydrite nanoparticles
on doping with Ni, Mo and Ir. They observed that Ni substitutes the Fe throughout the

nanoparticle, whereas doping with Mo and Ir occurs primarily at the surface [6].



Seehra et al. (2004) synthesized silicon doped ferrihydrite and proposed that silicon chemisorbed
on the surface of ferrihydrite. Their study predicts that with the increase of silica doping d-

spacing increases as a result of which crystallinity decreases [7].

Pannalal et al. (2005) reported that ferrihydrite shows a weak ferromagnetic behavior at room

temperature [8].

Jentzsch et al. (2006) studied the reactivity of ferrihydrite doped with aluminum. As the amount
of aluminum substitution increases, it was observed that there is an increase in the activation
entropy and a decrease in the activation enthalpy. The decrease in activation free energy

increases the reactivity of ferrihydrite nanoparticles [9].

Berquo et al. (2007) synthesize silicon doped ferrihydrite at different temperatures and showed
that with increase in temperature, particles size increases. Neel temperature for ferrihydrite was
found to be about 422 K. Magnetic properties of natural ferrihydrite collected from marine
shallow-water hydrothermal system were also studied. Seven line XRD pattern and open

hysteresis loop was observed [10].

Michel et al. (2007) gave single phase model for ferrihydrite contradicting the existing model
given in literature. It was found that this structure contains 20% tetrahedrally and 80%

octahedrally coordinated iron [11].

Paktunc et al. (2013) studied the structure of undoped and Ge doped ferrihydrite. It was
concluded that there is not any tetrahedral positions for Fe atoms. So the structure given by
Michel et al. was contradicted. But still there is not any final structure for Ferrihydrite. Still it is a

matter of debate [12].
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CHAPTER 2
EXPERIMENTAL DETAILS

2.1 Synthesis

In this work nanoparticles of ferrihydrite are synthesized by chemical route following the
procedure described elsewhere [6]. Aqueous sodium hydroxide solution is added drop wise into
aqueous solution containing Fe*" and Ni** ions in appropriate amount with constant stirring until
pH of the system reaches to 10. The resulting precipitate is filtered and washed several times.
The precipitate is dried at 70 °C for overnight. The dried flakes are grinded to get a fine powder

sample.
2.2 Characterization Techniques

2.2.1 X-Ray Diffraction

X-ray diffraction technique is used to analyze the structure of a material. X-ray diffraction is
based on Bragg’s law [1]. According to this law a beam of x-rays incident at an angle 8 produces

constructive interference if
2dsind=ni

where d and A are interplanner spacing and wavelength of incident x-rays respectively. Also n =
1, 2, ..... A schematic arrangement of different component in an x-ray diffractometer is shown in

following figure.

Incident light
(wavelength A)




2.1: A beam of x-rays falling on a set of parallel atomic planes at an angle 0 [13].

2.2.2 Thermogravimetric Analyzer
Thermogravimetric analyzer is used to check thermal stability of a material. In this the
sample is heated at a constant heating rate in appropriate atmosphere. The mass of the
sample is recorded as a function of temperature. Changes in the mass of sample at different
temperatures are analyzed for possible reasons. A schematic diagram of a thermo

gravimetric analyzer is shown in following figure.

Balance
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High temperature
furnance

Purge gas
Oxidising or inert

Figure 2.2: Schematic diagram of thermogravimetric analyzer [14].

2.2.3 Vibrating Sample Magnetometer
A vibrating sample magnetometer is used to measure magnetization of a sample. This
instrument is based on Faraday's law of induction. According to this law a changing magnetic
flux induces an emf.
The sample is magnetized by applying an external magnetic field. This magnetized sample is

allowed to vibrate inside a coil. The induced emf across the coil is measured. This emf is directly

12



proportional to the magnetization of the sample. After a proper calibration the magnetization of

sample can be measured as a function of applied magnetic field, temperature and time.

Compensation cail

ﬁM@
Fermanent magnet
Light source Photo detectors
=y
Mirrdr
=ample
F\-\—._.__\_\_——‘_'_‘_'_’_,_,—H:"'

Figure 2.3: Schematic diagram of vibrating sample magnetometer [15].
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 Structural characterization

Room temperature x-ray diffraction patterns for undoped and nickel doped ferrihydrite
nanoparticles are shown in Figures 3.1 and 3.2 respectively. It is noticed that both the samples
are poorly crystalline. The observed broad peaks in the patterns indicate that the samples are
nanocrystalline. The average crystallite size is calculated using the modified Scherer formula.
[16]

B 0.91
cosf, (B, —B;)’

where A is the wavelength of the r-rays, 0p is the Bragg’s angle, By is the full width at half
maximum of the sample and Bs is the FWHM of a standard sample. The average crystallite size

for undoped and nickel doped ferrihydrite samples are found to be about 2 nm.

14
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Figure 3.1 X-ray diffraction pattern for ferrihydrite nanoparticles.
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Figure 3.2 X-ray diffraction pattern for nickel doped ferrihydrite nanoparticles.

3.2 Thermogravimetric Analysis

Many compounds are not stable and decompose to other compounds on heating. Thermal
stability of a compound can be checked by thermogravimetric analysis. In this analysis mass of
sample is recorded as a function of temperature. During this process the sample is heated at a

constant heating rate in air. Result of this analysis is shown in Figure 3.3.
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Figure 3.3: Thermogravimetric analysis of undoped ferrihydrite nanoparticles.

This figure shows that the mass of sample becomes almost constant at about 380 °C. Above
this temperature the material is converted into hematite.

3.3 Magnetization measurement

Magnetization of undoped and nickel doped ferrihydrite nanoparticles are measured using a

vibrating sample magnetometer. These measurements, at room temperature, are shown in Figure
16



3.4. This figure shows that there is no hysteresis. Both samples are found to be antiferromagnetic
at room temperature. It is also clear that the magnetization of nickel doped ferrihydrite nanoparticles

is slightly larger than that of undoped sample.
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Figure 3.4: Magnetization as a function of applied magnetic field at room temperature for
undoped and nickel doped ferrihydrite nanoparticles.
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CHAPTER 4
CONCLUSION

In this work undoped and nickel doped ferrihydrite nanoparticles are synthesized by chemical
routes. Samples are characterized by x-ray diffraction, thermogravimetric analyzer and vibrating
sample magnetometer. Both samples are found to be poorly crystalline. Average crystallite size
for both the samples is found to be about 2 nm. Ferrihydrite is found to decompose into hematite
on heating. Magnetization of ferrihydrite nanoparticles increases due to doping with nickel. Both

samples are found to be antiferromagnetic at room temperature.
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