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ABSTRACT

The present thesis deals with the unique microstructutral properties
and their novel magnetic properties of core-shell Ni-Ce nanocomposite
particles, carbon encapsulated Fe, Co, and Ni nanoparticles and the
nanocrystallization behavior of typical ferromagnetic FeysSipB^ ribbons.
These properties have intensively been investigated by high resolution
transmission electron microscopy (HREM), X-ray diffraction (XRD),
scanning electron microscopy (SEM), X-ray energy dispersive
spectroscopy (EDS); selected area electron diffraction pattern (SAED),
FT-IR, differential scanning calorimeter (DSC). In addition, magnetic
moments measurements at different temperatures and applied fields have
been performed by transmission Mossbauer spectroscopy,
superconducting quantum interference device magnetometer (SQUID),
and vibrating sample magnetometer (VSM). The present studies may
provide the insights for the better understanding of the correlation
between the unique microstructure and novel magnetic properties for
several magnetic nanostructured materials.

La presente tesis trata sobre las singulares y novedosas propiedades
microestructorales y magneticas de: las particula nanocompuestas de Ni-
Ce, las nanoparticulas de Fe, Co, y Ni encapsuladas en carbon y el
comportamiento de la nanocristalizacion de listones tipicos de Fe78Si9B13.
Estas propiedades han sido intensamente investigadas por microscopia
electronica de transmision de alta resolucion (HREM), difraccion de
rayos-X, Microscopia electronica de Barrido (SEM), espectroscopia de
dispersion de rayos-X (EDS); patrones de difraccion de electrones de
area seleccionada (SAED); FT-IR, calorimetria deferencial de barrido
(DSC). Ademas, mediciones de momentos a diferente temperaturas y
campos aplicados han sido llevados a cabo mediante espectroscopia de
transmision Mossbauer, magnetometro de vibracion de muestras (VSM)
y el dispositivo superconductor de interfaces cuantica (SQUID). Los
estudios presentes pueden proveer mejor punto de vista para mejorar el
entendimiento de la correlation entre la singular microestructura de las
muestras y sus propiedades magneticas para varios de los nuevos
materiales magneticas nanoestructurados.



CHAPTER 1

CHAPTER 1 INTRODUCTION ON
NANOSTRUCTURED MATERIALS
AND THEIR APPLICATION IN
MAGNETISM

1.1 GENERAL INTRODUCTION

During the past several decade years, the novel microstucture and

enhanced properties of nanostructured materials have been received

growing interests and attentions [1]. Recent efforts have involved not

only in synthesizing a variety of fascinating atom clusters, zero-

dimensionally quantum-well structures, and one-dimensionally

modulated multilayered materials with nanometer scale, but also in the

synthesis of three-dimensionally modulated and bulk nanophase

materials via the assembly of clusters of atoms or other appropriate

approaches [2].

Nanostructured materials are single phase or multi-phase

polycrystals, the crystal size of which is of the order of a few (typically 1

to 100 ) nanometres in at least one dimension. Thus, they can be basically

termed nanostructure crystallites (three dimensional(3D) nanostructure),

or they can consist of a lamellar structure, in whicg cae they will be

termed as layer nanostructures (one-dimensional(lD) nanostructure), or

they can be filamentary in nature (two-dimensional (2D) nanostructure).

The magnitudes of length and width are much greater than thickness in

the layered nanocrystals, and length is substantially larger than width or

diameter in filamentary nanocrystals. The nanostructured materials may

-1 -
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contain crystalline, quasicrystalline or amorphous phases and can be

metals, ceramics, or composites. Nanostructured materials have

displayed many unique physical, chemical, mechanical properties, which

are different with corresponding conventional polycrystalline materials,

such as, electrical, magnetic, optical, etc. Consequently, nanostructured

materials will be very promising in many technological application

including: information storage, color imaging, bioprocessing, magnetic

refrigeration, and ferrofluid [2].

The study of nanostructured materials will be of significant

challenge and potential opportunity.

1.2 BRIEF INTRODUCTION FOR NANOSTRUCTURED
MAGNETIC MATERIALS

1.2.1 FINE PARTICLE MAGNETISM

Nanostructured magnetic materials exhibit properties that are

different from those of the conventional micron size particles and have

been receiving growing attention from both scientific and technological

points of view [3-10].

Remarkably, magnetic nanopaticles have generated great interest

because of their size dependent properties. There are many types of

magnetic behavior, but not all are size dependent within the

nanoparticles size range (l-1000nm). For example, in a paramagnetic

materials single spins respond independently to an external field.

- 2 -



CHAPTER 1

Without even nearest neighbor interactions, the magnetization of

paramagnetic nanoparticles is identical to that of the bulk.

Much more interesting behavior is observed for nanoparticles

formed from ferromagnetic materials. The ferromagnetic interaction

cause parallel spins on adjacent atoms. However, the exchange forces

responsible are short range, and magnetostatic forces dominate at

greater distances. Magnetic domains arose spontaneously in bulk

ferromagnets to minimize their overall energy. The size of a magnetic

domain depends on the materials, but typical sizes are in the

nanoparticles size range. Below a certain size, it is energetically favorable

for a spherical particle to contain a single magnetic domain.

Before discussing the details of fine particle magnetism, a few

technical parameters must be defined. A ferromagnetic sample, such as a

magnetic recording disk, does not normally act as a magnet itself, but one

of its bits placed in a strong magnetic field, such as that from the

magnetic recording heads, will remain magnetized even when the

external field is removed. The hysteresis loop for this same process,

shows that the bit may start in an unmagnetized or virgin state. When

placed in a large enough field, it reaches its saturation magnetization, Ms.

Following saturation, the bit retains a nonzero magnetization even for the

field is removed, known as the remanent magnetization, Mr. To have zero

magnetization, we must apply a field in the reverse direction equal to the

coercivity, Hc. The corresponding important parameters are showed in

Fig. 1.1
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M

J Remanent ]
j Magnetization, Mt

Coercivity, Hc
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Magnetization, M,

H

Fig.1.1 The important parameters obtained from a magnetic hysteresis loop. The
saturation magnetization, Ms, remanent magnetization, Mn and coercivity, Hc, are
shown.

Some magnetic materials reach their Ms at lower fields than others.

The saturation field generally depends on the crystallographic direction,

due to spin-orbit coupling, so Ms is achieved at lower fields along certain

crystallographic directions. The direction with the lower field required

for saturation is called the easy axis. The preference of a material in

magnetizing along a certain crystallographic direction is described

quantitatively by the magnetocrystalline anisotropy, K.

The size dependence of the coercivity is connected with the domain

structure and the grain size. In bulk samples, magnetization reversal

occurs due to domain wall motion. Favorably oriented domain grows at

the expense of those not alighted with the applied field. As domain walls

move through a sample, they can become pinned at grain boundaries,

and additional energy is needed for them to continue moving. Pinning is

the main source of the coercivity [11]. Therefore, reducing the grain size

- 4 -
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creates more pinning sites and increases He- This is true for larger grain

size, but below a certain value Hc decreases rapidly. This threshold is the

maximum size, dcn for a single magnetic domain with coherent

magnetization reversal, which is predicted as:

dcr = 7iS[J/Kao]
1/2, [1]

where S is the spin moment per atom, J is the exchange energy density,

and a0 is the lattice constant [12]. In single domain particles with d<dcr,

such as the nanoparticles discussed here, the spins coherently rotate their

direction while maintaining their ferromagnetic coupling to reverse the

particle magnetization. Therefore, Hc decreases as the paticle size is

reduced for single domain particles.

1.2.2 SUPERPARAMAGNETISM

Below a critical particle size, the coercivity ( Hc ) will arrive at zero,

and the particles are defined to show superparamagnetic behavior,

superparamagnetic nanoparticles have single magnetic domains, but they

are small enough that thermal fluctuations can easily reverse the

direction of their magnetic moment. Many of examples of

superparamagnetic particles are found in ferrofluids and some smaller

carbon encapsulated transition-metal particles. The experimental

features of Superparamagnetic state is He = 0 and a magnetization fit to a

Langevin function, L (a),

- 5 -
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M/MS(T=O) = L (a) = coth (a)- I/a, [2]

where T is the temperature, and a =|jH/kT, and jo, = MsVavg is the particle

magnetic moment [13]. Whether or not the particle moments have been

reversed depends on both the timeframe of the magnetization

measurement, and the time required for equilibration.

It is well known that the presence of magnetic anisotropy and

interaction, which are always present in magnetic particles, the magnetic

behavior changes. For example, Langevin function becomes a poor

approximation of M(H) curves and zero-field cooled (ZFC) M(T) curves

do not coincide with field cooled (FC) curves below some temperature

called the blocking temperature TB. This magnetic blocking appears

because below thermal energy is not enough to overcome the energy of

magnetic anisotropy and magnetic interactions. The general trend is that

TB shifts towards higher temperatures when the strength of interactions

between particles increases [14].

1.2.3 QUANTUM TUNNELING OF MAGNETIZATION (QTM)

Generally, the magnetic properties of nanostructured materials

depend strongly on the temperature, such as, the directions of

magnetization in a particle can be changed by thermal agitation. The

transition rate of magnetization depends exponentially on the

temperature,

- 6 -
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r = To exp(-K\/KBT) [3]

where Fo is the attempt frequency, which is on the order of 109-1013 Hz. K

and V are the anisotropy constant and volume of the particle,

respectively. At temperatures T > TB, the magnetic moment exchanges

quickly its direction between the easy directions, which corresponds to

the superparmagnetic state. TB can be defined roughly as the

temperature where 1/T equals the experimental measuring time. In DC

measurements of the magnetization, this time is about 30 seconds ;

therefore, 30 = 10 10 exp(K\/KBT), which gives 25 KBTB - KV. In the

superparmagnetic state, the system can reach thermal equilibrium in a

very short time, t. The process to approach the thermal equilibrium in

response to a change of magnetic field, H, and the temperature, T, can be

described by the Langevin function and Curie Law. When T < TB, T

becomes very small. Thus, it takes a very long time for the system to

reach the equilibrium corresponding to a given field and temperature,

since the rotation of magnetic moment is hindered by the barrier arising

from the anisotropy. This state is referred to as the "blocking state". The

long-time process for the system to reach it's thermal equilibrium is

called the "magnetic relaxation", where the relaxation rate for each

particle is given by Eq. [3].

For a system composed of identical, noninteracting single domain

particles with uniaxial anisotropy, the magnetic relaxation will be

exponential in nature,
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M(t) = Moexp(-Tt) [4]

if the easy axes of the particles are aligned in the same direction.

For a system composed of magnetic nanoparticles with a distribution

of sizes, which leads to an energy barrier distribution associated with the

rotation process of the magnetic moment, the relaxation of magnetization

follows a logarithmic time dependence in response to field change,

M(t) = M(t0) [l-S(T)ln(t/t0)] [5]

S(T) = KBT/<U> [6]

Here, S(T) is the magnetic viscosity and its dependence on

temperature and magnetic field characterizes the relaxation of the

system. <U> is the average energy barrier, which determines the blocking

temperature, TB. There will also be a distribution of energy barriers in

the systems if the easy axes of the particles are not perfectly aligned, even

though all the particles are identical. The exponential relaxation of

magnetization has only been found in an antiferromagnetic single crystal

and nanoscale, polynuclear, high spin molecules system [15].

It is well known that Eq [3] and [6] describe the thermally activated

relaxation process of magnetization. When the temperature is low

enough, the magnetic relaxation will be "frozen out", that is, T (or S) —>

0. If one finds a temperature-independent, nonzero value of F (or S) at
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very low temperatures, the phenomenon can be ascribed to the

occurrence of quantum tunneling of magnetization [16].

In summary, nanometer scale magnetic materials, provides a unique

opportunity for the study of the phenomenon of quantum tunneling of

magnetization (QTM).

1.2.4 NOVEL MAGNETIC NANOSTRUCTURED MATERIALS

1). Nanocomposite magnetic materials

Nanocomposite magnetic materials are potentially important to the

magnetic recording industry for achieving high density information

storage, and in the refrigeration industry for their potential for

enhancing the efficiency of magnetic refrigeration cycles [17].

Nanocomposites form a class of materials in which the magnetic

properties can be tailored by means of composition and processing

variables to range from those of the bulk magnetic constituents to those

identified in the nanometer dimension. They can be prepared in both

powder and thin film forms. Because these materials posses electric and

optical properties similar to their constituents, they can also be prepared

regarding the choose of an unique combination of electric, optical, and

magnetic properties, and their unique magnetic properties (i.e.,

superparamagnetism, spin-glass behavior, magnetic viscosity) will be

achieved due to the novel nanometer scale microstructure system [18].

- 9 -
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2). Graphically encapsulated magnetic materials

It is well known that nano-scale magnetic metals nanoparticles

posses the disadvantage of easily rapid environmental degradation when

exposed to air, because of their high surface area to volume ratio and

high reactivity. This limits their potential industrial applications and

even scientific evaluation of nanocrystalline properties. An interesting

breakthrough in this regard is the encapsulation of nanocrystals with

some chemically stable species such as graphitic layer which not only

protects the nanocrystals from environmental degradation, but also is

believed to be benigh insofar as the intrinsic magnetic properties are

concerned [19-21]. The recent studies of the graphitic encapsulation of

ferromagnetic materials, e.g., Fe, Co and Ni [19,22-24] have been one

growing active subject. Appropriately, encapsulated ferromagnetic

materials may find many potential industrial applications.

3). Excellent soft magnetic nanocrystalline materials

Since Yoshizawa et al [25] reported on the excellent magnetic

properties of new ferromagnetic Fe-based nanocrystalline alloys, a series

of nanocrystalline transition metal-metalloid based soft magnetic

materials, such as, Fe-Si-B-M ( M = Mo, Nb, Cu, etc.), Co-Fe-B-M (M=

Nb, Cu, etc.), have been developed by crystallizing the corresponding

amorphous phases prepared by the melt-spinning techniques [26-30].

Considerable effects and attractive interests for the investigation of

this unique nanocrystalline magnetic materials have been arisen with

respect to its crystallization behavior and excellent soft magnetic

-10-
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properties [31-36]. For example, transmission electron microscopy

(TEM), differential scanning calorimeter (DSC), vibrating sample

magnetometer (VSAf), and X-ray diffraction (XRD), have been used to

study their microstructure changes and physical properties. It is

suggested that, the excellent soft magnetic properties originating from the

exchange coupling and interaction between smaller magnetic nanophases

( i. e. a-Fe(Si) nanophase, around 5-10nm ) and amorphous matrix

phases.

1.3 SCOPE OF THE PRESENT STUDY

Magnetic nanoparticles and nanostructure studies combine a

broad range of synthetic and investigative techniques from physics,

chemistry, and materials science. In the best case, theses studies provide

not only information about the structural and magnetic properties of the

materials but also improve understanding of the synthesis technique.

Specifically, nanoparticles (clusters) encapsulated in carbon hollow-cage

structures are intriguing for both scientific research and future devices

application, such as, cluster protection and nanostructure devices. For

this reason, In this present thesis, several novel different magnetic

nanoparticles have been produced under different atmospheres ( H2, Ar,

CH4, etc) in a modified arc-discharge plasma method using different

materials precursors. Their microstructure and properties are

characterized and analyzed using different techniques.

-11 -
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Firstly, one new kind of core-shell nanocomposite Ni-Ce particles

have been prepared through a H2-plasma approach, in combination with

magnetic measurements by using SQUID and EPR magnetometers at low

temperatures, the novel nano-cluster glass like behavior have been

displayed for this nanocomposite particles, it further reconfirm the

magnetic order nature, which contributes to the random

magnetocrystalline anisotropy and grain size distribution of this types of

core-shell nanocomposite particles, coupled with the stronger

interparticle interaction.

Secondly, three kinds of carbon encapsulated ferromagnetic

nanoparticles (Fe, Co, and Ni) have been successfully synthesized in large

quantities in a modified arc-discharge (carbon arc) reactor. Especially,

for carbon encapsulated Ni nanoparticles, compared with pure Ni

nanoparticle coated with NiO layers, carbon encapsulated ferromagnetic

nanoparticles exhibit unique instrinsic magnetic behavior, which is arisen

from their novel microstructure. This is of considerable significance

because it affords an opportunity to evaluate the properties of

dimensionally confined system, and find potential applications ranging

from ferrofluid, recording media to novel biomedical application due to

their immunity to most environments as a result of the protective

graphitic coating.

Finally, the study of in-situ nanocrystallization behavior and

magnetic properties for one typical ferromagnetic ribbons precursor

(Fe78Si9B13), by in-situ TEM observations, XRD analysis, DSC thermal

analysis, Mossbauer spectroscopy, magnetic moments measurements,

will be presented in detail.

- 12-
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CHAPTER 2 EXPERIMENTAL METHODS

2.1 SAMPLES PREPARATION:

2.1.1 THE CORE-SHELL NI-CE NANOCOMPOSITE PARTICLES

This types of nanocomposite Ni-Ce particles were prepared by the

hydrogen plasma-metal reaction (HPMR) techniques in which a

multipole hydrogen arc plasma system (MHAP). The schematic

apparatus is illustrated in Fig.2.1. A working H^Ar mixture gas was

introduced to a higher vacuum chamber ( 10'5-10"6 Torr) to form an dc

arc plasma using typical dc current of 300A and an arc voltage of 50V,

respectively. The arc plasma was initiated and the bulk metal Ni was

melted and evaporated by the high temperature of the plasma. At the

same time, a small quantity of Ce was put into the high temperature

evaporation zone and was evaporated. The NiCe nanocomposite particles

were formed by the nucleation and growth processes through collision of

metal-metal atoms and atom-gas atoms (molecules). The smoke of

nanoparticles was transferred to the collector by the flowing gas and

there it was filtered.

The entire process of preparing nanoparticles was enclosed at the

low pressure chamber. The particles size can be controlled by adjusting

the working parameters such as gas partial pressure, electric current and

gas flow rate.
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T_

Gas out

t
Gas frs

Specimen

3.
Gas in

Filter

Fig.2.1 The schematic diagram of apparatus for producing nanoparticles (especially
mixed nanocomposite particles) by means of an active plasma-metal reaction method

2.1.2 THE CARBON NANOCAPSULATED PARTICLES AND PURE
NANOPARTICLES COATED WITH OXIDE LAYER

The detailed experimental apparatus ( modified arc-discharge

(carbon-arc)) is showed in Fig.2.2. The pure materials to be evaporated,

iron, nickel and cobalt, laid on a water-cooled copper stage, which serves

as the anode. The upper carbon rod, which serves as the cathode, is

supported by an water cooled copper arm. After the chamber is

evacuated, the mixture of argon (Ar) and H2, or methane* CH4 ) is

introduced as a reactant gas to reach the desired pressure. The distance

between the two electrodes can be adjusted from outside the chamber, so

that the arc can be started and controlled during a continuous operation.
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Water

Electric powder
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CH4

Window/Specimen
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Vacuum
pumping
system

Water

Fig. 2. 2 Experimental apparatus for producing carbon encapsulated nanoparticles
or metallic nanoparticles with the modified arc-discharge method

2.1.3 TYPICAL AMORPHOUS RIBBON AND NANOCRYTALLINE
ALLOY

The amorphous Fe-Si-B ribbons were prepared by single-roller

spinning melting machine (as shown in Fig.2.3). The as-quenched

ribbons was about 25um thick, 30 mm width and a few meter long, and

was bright and uniform. The amorphous of the alloy ribbon was proven

by X-ray diffraction and thermal analysis (as will be shown below).
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Fig. 2.3 The schematic diagram of single-roller spinning melting machine, which used
to produce typical amorphous alloy ribbons

2.2 SAMPLES CHARACTERIZATION TECHNIQUES

2.2.1 TRANSMISSION ELECTRON MICROSCOPES (TEM)

TEMs are patterned after Transmission Light Microscopes and
will yield similar information.

1). Morphology

The size, shape and arrangement of the particles which make up
the specimen as well as their relationship to each other on the scale of
atomic diameters.
2). Crystallographic Information

The arrangement of atoms in the specimen and their degree of
order, detection of atomic-scale defects in areas a few nanometers in
diameter

- 18-
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3). Compositional Information (if so equipped)
The elements and compounds the sample is composed of and their

relative ratios, in areas a few nanometers in diameter

A TEM works much like a slide projector. A projector shines a

beam of light through (transmits) the slide, as the light passes through it

is affected by the structures and objects on the slide. These effects result

in only certain parts of the light beam being transmitted through certain

parts of the slide. This transmitted beam is then projected onto the

viewing screen, forming an enlarged image of the slide. TEMs work the

same way except that they shine a beam of electrons (like the light)

through the specimen(like the slide). Whatever part is transmitted is

projected onto a phosphor screen for the user to see. A more technical

explanation of a typical TEMs workings is as follows (refer to the

diagram of Fig.2.4 (b) below):

1. The "Virtual Source" at the top represents the electron gun,

producing a stream of monochromatic electrons.

2. This stream is focused to a small, thin, coherent beam by the use of

condenser lenses 1 and 2. The first lens (usually controlled by the

"spot size knob") largely determines the "spot size"; the general

size range of the final spot that strikes the sample. The second

lens(usually controlled by the "intensity or brightness knob"

actually changes the size of the spot on the sample; changing it

from a wide dispersed spot to a pinpoint beam.
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3. The beam is restricted by the condenser aperture (usually user

selectable), knocking out high angle electrons (those far from the

optic axis, the dotted line down the center).

4. The beam strikes the specimen and parts of it are transmitted.

5. This transmitted portion is focused by the objective lens into an

image.

6. Optional Objective and Selected Area metal apertures can restrict

the beam; the Objective aperture enhancing contrast by blocking

out high-angle diffracted electrons, the Selected Area aperture

enabling the user to examine the periodic diffraction of electrons by

ordered arrangements of atoms in the sample.

7. The image is passed down the column through the intermediate and

projector lenses, being enlarged all the way.

8. The image strikes the phosphor image screen and light is

generated, allowing the user to see the image. The darker areas of

the image represent those areas of the sample that fewer electrons

were transmitted through (they are thicker or denser). The lighter

areas of the image represent those areas of the sample that more

electrons were transmitted through (they are thinner or less dense).
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Virtual Source

First Condenser Lens

Second Condenser Lens

Condenser Aperture

Sample

Objective Lens
Objective Aperture

Projector Lens

I Main Screftn (phosphor J

Fig.2.4 (a) The schematic diagram of TEM functions

Fig.2.4 (b) The configuration of JEOL-2010EX high resolution transmission electron
microscopes in ININ
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1). For Ni-Ce nanocomposite particles; Fe(C) and Co(C); Ni(C) and

Ni(O) nanoparticles. The JEOL-2010EX high resolution transmission

electron microscopes (HRTEM, as shown in Fig.2.4(b)) operated at

200KeV, and equipped with X-ray energy dispersive spectroscopy (EDS)

equipments, were used to determine the detailed core-shell phase,

average grain size and morphology of the particle. They allow also to

record selected area diffraction (SAD) and nanodiffraction analysis

2). For Fe-Si-B amorphous ribbons. The in situ transmission

electron microscopes (TEM) observation and phase analysis are obtained

with a JEOL-JEM100 electron microscopes, equipped with an in situ

heating holder inside electron microscope,

>.2.2 SCANNING ELECTRON MICROSCOPE (SEM)

SEMs are patterned after Reflecting Light Microscopes and yield similar
information:

1). Topography

The surface features of an object or "how it looks", its texture;
detectable features limited to a few manometers

2). Morphology

The shape, size and arrangement of the particles making up the
object that are lying on the surface of the sample or have been exposed by
grinding or chemical etching; detectable features limited to a few
manometers

3). Composition
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The elements and compounds the sample is composed of and their
relative ratios, in areas ~ 1 micrometer in diameter

4). Crystallographic Information

The arrangement of atoms in the specimen and their degree of
order; only useful on single-crystal particles >20 micrometers

A detailed explanation of how a typical SEM functions follows (refer to
the diagram below):

1. The "Virtual Source" at the top represents the electron gun,

producing a stream of monochromatic electrons.

2. The stream is condensed by the first condenser lens (usually

controlled by the "coarse probe current knob"). This lens is used to

both form the beam and limit the amount of current in the beam. It

works in conjunction with the condenser aperture to eliminate the

high-angle electrons from the beam. The beam is then constricted

by the condenser aperture (usually not user selectable), eliminating

some high-angle electrons.

3. The second condenser lens forms the electrons into a thin, tight,

coherent beam and is usually controlled by the "fine probe current

knob". A user selectable objective aperture further eliminates high-

angle electrons from the beam.

4. A set of coils then "scan" or "sweep" the beam in a grid fashion

(like a television), dwelling on points for a period of time

determined by the scan speed (usually in the microsecond range).
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5. The final lens, the Objective, focuses the scanning beam onto the

part of the specimen desired.

6. When the beam strikes the sample (and dwells for a few

microseconds) interactions occur inside the sample and are

detected with various instruments. Before the beam moves to its

next dwell point these instruments count the number of interactions

and display a pixel on a CRT whose intensity is determined by this

number (the more reactions the brighter the pixel).

7. This process is repeated until the grid scan is finished and then

repeated, the entire pattern can be scanned 30 times per second.

Virtual Source

-. First Condenser Lens

Condenser Aperture

— - . Second Condenser Lens

Objective Aperture

ecrive Lena

Sample

Fig.2.5 (a) The schematic diagram of SEMs functions
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Fig. 2.5 (b) The configuration of Phillips XL30 scanning electron microscope in ININ

For Ni-Ce nanocomposite particles. A Phillips XL30 scanning

electron microscope ( SEM , as shown in Fig.2.5(b)) equipped with an X-

ray energy-dispersive analysis (EDX) system, was employed to provide

the topographic view of the samples, and obtain chemical analysis.

2.2.3 X-RAY DIFFRACTION (XRD)
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Fig.2.6 The configuration of SIMENS D5000 X-ray diffractometer in ININ

For carbon encapsulated Fe(C) and Co(C); Ni(C) and Ni(O)

nanoparticles. A SIMENS D5000 X-ray diffractometer (XRD) using the

CuKa radiation at room temperature was used to identify the phase and

the crystal structure of each above sample.

2.2.4 FOURIER TRANSMISSION - INFRARED SPECTROMETERS (FT-
IR)
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Typical FT-IR spectrometers, which is showed in Fig.2.7, IR light

from the source ("A" in the illutration below) is directed into the

Michelson interferometer, the key component to FT-IR spectrometry.

The interferometer modulates each wavelength of IR light at a different

frequency. The cosine waves produced by the source and modulated by

the interferometer appear to the detector as an interferogram, a

signature of intensity versus mirror position. The signal from the

detector is ent to a computer and converted into an IR spectrum trough a

mathematical formula called Fourier Transform (FT). The formula

calculates the amplitude of each of the component signals. The amplitude

gives the intensity at the corresponding wavelenght of light.

Output
intensity

Michelson
interferometer

Moving mirror
D-3 D-2 D-1

Source

Fig.2.7 The schematic diagram of IR 510FT Nicolet spectrometer

For Ni-Ce nanocomposite particles, infrared spectrum (FT-IR ) was

taken on a 510FT Nicolet spectrometer using the diffuse reflectance
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techniques. The spectral range analyzed was 4000-400cm" with a 2.0 cm"

resolution.

2.2.5 DIFFERENTIAL SCANNING CALORIMETER (DSC-2910)

An enthalpy-change method (DSC measurment principle) in which

the difference in energy inputs into a substance and a reference materials

is measured as a function of temperature while the substance and the

reference materials are subjected to a controlled temperature program.

The DSC 2910 module can be used with a standard DSC cell. The module

is used to measure differential heat flow associated with material

transitions as a function of temperature. It provides quantitative and

qualitative data on endothermic and exothermic processes.

For the Fe-Si-B amorphous ribbon, DSC calorimetric

measurements of the as-quenched state ribbons are performed on a

differential scanning calorimeter ( as shown in Fig. 2.8, DuPont Thermal

Analysis DSC-2910) using different heating rates under an nitrogen gas

atmosphere.
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Fig.2.8 The configuration of Differential Scanning Calorimeter (DSC) 2910 module

2.2.6 QUANTUM DESIGN SUPERCONDUCTING QUANTUM

INTERFERENCE DEVICE {SQUID) MAGNETOMETER

A SQUID is a device whose name is an abbreviation for

Superconducting Quantum Interference Device. The "Heart" of the

SQUID is a superconducting ring with four "outlets" which provide

current supply and voltage removal. Such a ring, having one or two weak

links, may represent two types of SQUID which differ in construction

and operation. For SQUID operation, two phenomena are of importance:

stationary Josephson effect and the phenomenon of conservation and

quantization of a magnetic flux in a superconducting ring. The point is

that a magnetic field, either external or specially created in the device, is

applied to the SQUID. If a ring has no weak links, it would strictly
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preserve the magnetic flux (j) through it, the value of the flux being an

integer multiple of the flux quantum (j)0, i.e. <p=n0o, where n is an integer.

SYSTEM COMPONENTS

1. SompJe Rod
2. Sompte Rotctof
3. Somple Transport
4. Probe
5. Helium Level Sensor

6. Superconducting 5oieno*d
7. Flow impedance
8. SQUID Copsule
9. Dewor Cabinet

10. Oewor
11. HP Thinkjet Printer
12. Magnet Power supply
13. Model 1802 Digital

n/C Bridge

14. Console Cabinet
15. Power Distribution Unit
15. Model 1822 MPMS Controller
17. Gos/Mognet Control Unit

)7o. External Gos
Service Port

17b. Toggle Volve
18. Hp Vectro Computer
19. Monitor
20. Vocuum Pump

7 8

Fig.2.9 The schematic system of Quantum Design superconducting quantum
interference device (SQUID) magnetometer

For Ni-Ce nanocomposite particles and Ni(C) and Ni(O)

nanoparticles, The magnetization ( susceptibility ) measurements were
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carried out by using a Quantum Design SQUID magnetometer (shown in

Fig. 2.9) in the temperature range from 2 to 300K at different applied

magnetic fields. For the zero-field-cooling (ZFC) magnetization

measurements, the samples were first cooled down to 2K without applied

field, then the magnetic field was applied and the temperature raised to

300K in a few K steps. Thereafter, temperature was reduced to 2K

without changing the applied field. The field-cooling (FC) magnetization

was then measured with increasing temperature. The onset of

irreversibility at temperature Tf is defined as the deviation point of the

ZFC and FC magnetization (susceptibility) curves.

2.2.7 VIBRATING SAMPLE MAGNETOMETER (VSM)

If a material is placed within a uniform magnetic field, a magnetic

moment M will be induced in the sample. In a VSM, a sample is

positioned within suitably placed sensing coils, and is made to undergo

sinusoidal motion, i.e, mechanically vibrated. The resulting magnetic flux

changes induce a voltage in the sensing coils that is proportional to the

magnetic moment of the sample.

1), The vibrating sample magnetometer ( Lake Shore Model 7304

Variable-Gap4"VSM, as shown in Fig.2.10) operating at room

temperature with applied magnetic fields up to 3000Oe was used to

measure the magnetic properties for each type of carbon Fe and Co

encapsulated nanoparticles.

2), The magnetic moments measurements of Fe-Si-B amorphous

ribbons and nanocrystalline samples are carried out using vibrating
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sample magnetometer (VSM) operating with applied magnetic fields up

to 3.6KOe from 50K to room temperature.

Fig.2.10 The Model 7304 Variable-Gap 4"VSM system

2.2.8 ELECTRON PARAMAGNETIC RESONANCE ( EPR )

For Ni-Ce nanocomposite particles. The electron paramagnetic

resonance ( EPR ) measurements were performed using a JEOL JES-

RE3X spectrometer, using a cylindrical cavity (TE Oil mode) operating

at X-band frequencies (near 9.15GHz), with 100 kHz field modulation.

The g-values were obtained by measuring the resonance field using an

NMR gaussmeter ES-FC5 (JEOL) and a frequency counter HP-5350B.

All the spectra recorded at different temperatures were obtained using

the JEOL DVT2 variable temperature system.
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2.2.9 TRANSMISSION MoSSBAUER SPECTROSCOPY (MS)

The Mbssbauer effect, commonly known as Mbssbauer

spectroscopy, is a powerful tool in n most disciplines of natural science

ranging from physics to biology. The characteristic Mossbauer

parameters are:

1). Line width, which is defined as the full width at half maximum. Line

narrowing or line broadening indicate the changes in the mean lifetime of

the excited state.

2). Hyperfine interaction. The Mossbauer effect made it possible to

resolve the hyperfine interaction and provided a wealth of new

information. With respect to the line positions, there are two main

cotributions of great significance: hyperfine interaction and electric

interaction. The hyperfine interaction consists of interaction between a

nuclear (moment) property and an appropriate electronic or atom

property. The hyperfine coupling mechanisms are or great significance

yielding information regarding electron and spin-density distributions.

These are three main hyperfine interaction corresponding to the nuclear

moments determining the nuclear levels:

(1). Electric monopole interaction Isomer shift

(2). Magnetic dipole interaction Nuclear Zeeman effect

(3). Electric quadrupole interaction Quadrupole splitting
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l-Laser
2-Transductor
3-Source
4-Absorber
5-Detector
6-Preamplifier
7-Amplifier

8-High voltage source
9-Single channel analysis
10-Multichannel
11-Computer
12-M6ssbauer velocity calibrator
13-M6ssbauer driving unit
14-Converter of voltage frequency

15-Function generator

Fig.2.11. The transmission Mossbauer equipment geometry in ININ

For Fe-Si-B amorphous ribbons and Fe-Si-B nanocrystalline

alloy. The Mossbauer spectroscopy are recorded using a conventional

spectrometer (as shown in Fig.2.10) of the electromechanical type and

working in the aceleration constant model with a 57Co/Rh source. The

isomer shifs were referred to meatllic iron.
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CHAPTER 3 MICROSTRUCTURALAND
MAGNETIC PROPERTIES OF NI-CE

NANOCOMPOSITE PARTICLES

3.1 INTRODUCTION

Magnetic nanoparticles are an active subject of intense research

due to their unique magnetic properties which made them appealing

from both scientific and technological points of view [1-7]. Specifically,

metallic ( Fe, Co, Ni, Fe-Co, Fe-Ni, Fe-Co-Ni, etc ) [3, 6, 8-11] and oxide

(y-Fe2O3, Fe3C>4, etc ) [4, 12-14] magnetic nanoparticles have attracted

considerable attention as high-density magnetic storage media because

the high coercive force and the high saturation magnetization can be

achieved. Recently, spontaneous magnetization reversal in some magnetic

ferritin (NiFe2O4, CoFe2O4, etc) [6,7] nanoparticles due to surface

disorder is also of significant interest, since this effect will determine the

stability of stored information and limit the ultimate storage density.

Moreover, experimental evidences for low temperature

superparamagnetism relaxation [15] and the ordering of spin-glass like

behavior[4, 16] in some single domain magnetic particle ( i.e. y-Fe2O3,

FeOOH, etc.) have been reported. In particular, the phenomena [17,18]

of macroscopic quantum tunneling of magnetization ( QTM), which was

theoretically predicted [19], have been observed in different magnetic

nanoparticles systems with respect to low temperature relaxation at zero-

field-cooling (ZFC) and field-cooling (FC) magnetization measurement.
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This implies, remarkable effects have been made both to unique

magnetism, and to conventional theoretical models challenge in fine

particles magnetism now.

Generally, with regard to ferromagnetic nanoparticle, the size of a

magnetic domain depends on the types of materials, but typical sizes are

in the nanoparticles size range [20]. Below a certain size, it is

energetically favorable for a spherical particle to contain a single

magnetic domain. As a result, the single domain particle, in contrast with

the multidomain structure of the bulk magnetic materials, give rise to

many novel magnetic physical phenomena; i. e. studies of the zero-field-

cooling (ZFC) magnetization (susceptibility) measurements for the single

domain particle showed a maximum at a certain temperature. It can be

explained by superparamagnetic blocking and ordering of the magnetic

moments in spin-glass like state under the presence of weak and strong

interparticleinteractions[4,7,16-18].

In the study of present chapter, the Ni-Ce nanocomposite particles

with NiCe alloy and NiO oxide shell layers have successfully been

prepared. Our emphasis will be involved in the microstructure features

and their magnetic order properties. Furthermore, the correlation

between shell-core structure type of size distribution and their magnetic

properties has been established using low temperature SQUID

magnetometer and EPR measurements at room and low temperatures.

3.2 EXPERIMENTAL PROCEDURE

Sample preparation :
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This types of nanocomposite Ni-Ce particles were prepared by the

hydrogen plasma-metal reaction (HPMR) techniques [21,22, also as

shown in Fig.2.1] in which a multipole hydrogen arc plasma system

(MHAP). The schematic apparatus is illustrated in Fig.2.1. A working

H^Ar mixture gas was introduced to a higher vacuum chamber (10'5-10'6

Torr) to form an dc arc plasma using typical dc current of 300A and an

arc voltage of 50V, respectively. The arc plasma was initiated and the

bulk metal Ni was melted and evaporated by the high temperature of the

plasma. At the same time, a small quantity of Ce was put into the high

temperature evaporation zone and was evaporated. The NiCe

nanocomposite particles were formed by the nucleation and growth

processes through collision of metal-metal atoms and atom-gas atoms

(molecules). The smoke of nanoparticles was transferred to the collector

by the flowing gas and there it was filtered.

The entire process of preparing nanoparticles was enclosed at the

low pressure chamber. The particles size can be controlled by adjusting

the working parameters such as gas partial pressure, electric current and

gas flow rate.

Sample characterization :

(1), A JEOL-2010EX high resolution transmission electron

microscopes (HRTEM) operated at 200KeV, and equipped with X-ray

energy dispersive spectroscopy (EDS) equipments, were used to

determine the detailed core-shell phase, average grain size and
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morphology of the particle. They allow also to record selected area

diffraction (SAD) and nanodiffraction analysis information.

(2), A Phillips XL30 scanning electron microscope ( SEM ) equipped

with an X-ray energy-dispersive analysis (EDX) system, was employed to

provide the topographic view of the samples, and obtain chemical

analysis.

(3), Infrared spectrum ( FT-IR ) was taken on a 510FT Nicolet

spectrometer using the diffuse reflectance techniques. The spectral range

analyzed was 4000-400cm1 with a 2.0 cm'1 resolution.

(4), The magnetization ( susceptibility ) measurements were carried out

by using a Quantum Design superconducting quantum interference

device (SQUID) magnetometer in the temperature range from 2 to 300K

at different applied magnetic fields. For the zero-field-cooling (ZFC)

magnetization measurements, the samples were first cooled down to 2K

without applied field, then the magnetic field was applied and the

temperature raised to 300K in a few K steps. Thereafter, temperature

was reduced to 2K without changing the applied field. The field-cooling

(FC) magnetization was then measured with increasing temperature. The

onset of irreversibility at temperature Tf is defined as the deviation point

of the ZFC and FC magnetization (susceptibility) curves. The

temperature Tf is also defined as the freezing temperature under

magnetic spin-glass like behavior [4,16,29].

(5), The electron paramagnetic resonance ( EPR ) measurements were

performed using a JEOL JES-RE3X spectrometer, using a cylindrical

cavity (TE Oil mode) operating at X-band frequencies (near 9.15GHz),

with 100 kHz field modulation. The g-values were obtained by measuring
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the resonance field using an NMR gaussmeter ES-FC5 (JEOL) and a

frequency counter HP-5350B. All the spectra recorded at different

temperatures were obtained using the JEOL DVT2 variable temperature

system.

3.3 RESULTS AND DISCUSSION

3.3.1 STRUCTURE CHARACTERIZATION! HREM, EDS, SAED, FT-1R)

Fig. 3.1 SEM morphologies for Ni-Ce nanocomposite particles with chain-like
feature, suggesting ferromagnetic interacting behavior with defined-well size

distribution among particles

SEM images (Fig.3.1) clearly indicate that the morphology of these

particles are nearly spherical with negligible shape anisotropy, and with

strong tendency of forming chain-like features. This chain-like behavior

can be attributed to a stronger magnetic interaction for ferromagnetic

particles and the tendency of reducing the specific surface energy of

system under a certain log-normal particle size distribution.
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High-resolution transmission electron microscopy (HREM)

provides the most direct measurements of morphology, crystallite and

grain size of particles. A typical HREM image of this Ni-Ce

nanocomposite particles is shown in Fig. 3.2 (a, b).

0.27S nm

0.24 nm

5 nm

Fig.3.2(a). HREM morphologies for Ni-Ce nanocomposite particles with innermost
CeNi compounds (layers spacing, 0.278nm and 0.219nm, for CeNi and CeNi2,
respectively) and outermost NiO layer (layers spacing, 0.24nm, for NiO ) shell
structures as well as planar defects, i.e. nanotwins and stacking faults, as showed in
arrows.
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10 rrm

Fig.3.2(b). HREM morphologies for Ni-Ce nanocomposite particles with innermost
CeNi compounds and outermost NiO layer shell structures as well as planar defects,
i.e. nanotwins and stacking faults, and some discontinuities covered in the outermost
layers, all as showed in arrows.

It is very interesting to note from Fig. 3.2 (a, b) some foot-like

features and clear lattice images of core-shell type structure have been

observed. Each particle consists of a large core and a thin outer shell;

there exits a very clear boundary between the core and the outer shell. In

addition, many structural defects are observed, such as nanotwins and
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stacking faults, which form the kinks and steps on the core zones of the

particles. Most particles are covered with ca. 3-5nm thick crystalline

phase, which has some discontinuities (as shown in arrow of Fig.3.2 (a,

b)). This indicates that the shell phases are polycrystalline. The outermost

layer spacing is 0.24nm, this value corresponds with that of NiO (111)

plane, and in the innermost layers spacing of 0.278nm and 0.219nm have

been indicated, which corresponds to NiCe (111) and Ni2Ce ( 311) planes,

respectively.

NiKa

CeLa

NiKb

A
1.00 2.00 3.00 4.00 5.00 G.00 7.00 0.00 9.00

Energy (keV)

(a)
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1 2 3 8 9 10 11 12
ErverftM (keV)

5 S

(b)

Fig.3.3 EDS spectra for the shell layer (a) and core regions (b) of NiCe
nanocomposite particle

The energy spectroscopy (EDS) analyses (shown in Fig.3.3 (a, b))

confirm that the core area consists of metallic nickel; the outer shell

structure is composed of innermost NiCe alloy and outermost NiO oxide.

In core zone of one particle, there is only the signals of Ni (Fig.3.3 (a)),

while the Cu signals come from the copper TEM grids. On the other

hand, from Fig.3.3(b), it is shown that there are Ce, Ni and O signals in

outer shell layers regions. As has been known, though the atomic

numbers difference between Ni and Ce is bigger, the X-ray principal

emission lines from Ni ( La=0.851KeV ) and Ce ( Ma=0.883KeV )

elements are very similar, the ratio of the X-ray intensities from these

elements approximates their composition. The intensity ratio of Ni :Ce of

the shell layer of single particle by the nano-EDS analysis is about 1 :1 or

- 43 -



CHAPTER 3

2:1 . It can be expected that, the NiCe alloy of shell layers is about NiCe

or Ni2Ce formation compounds, This evidence is also supported by the

orthorhombic and cubic crystal structure of NiCe and Ni2Ce composition

compounds, respectively, which readily formed under likely hydrogen

plasma supercooling condensation non-equilibrium process [23].

Moreover, since these particles size is much smaller than the free path for

X-ray transmission through solids, i.e., lOOnm, the X-ray intensities need

not be corrected for absorption and fluorescence effects. The existence of

NiCe alloy only in the outer shell layers can be explained by the Hume-

Rothery rule and segregation principle of binary alloy at nonequilibrium

solidification[24]. During the preparation of these nanocomposite

particles, Ce and Ni were melted and evaporated under high

temperature. Ce and Ni atoms were nucleated and grew into

nanocomposite particles through collision among Ce, Ni, and gas atoms.

Because of the small amount of Ce and the small solubility of Ce in Ni

(see below), there is only a small amount of Ce atoms in the Ni

nanoparticles. In fact, the Ni-Ce nanocomposite particles are a binary

alloy particle. According to the Hume-Rothery, 15 percent rule, if the

radius ratio of two metal elements is more than 1.15, the formation of

solid solution will be generally limited to about 1 percent [25]. For Ce and

Ni systems, the crystal structures of the Ce and Ni crystals have the same

unit cell (fee), but the difference in radii of Ce and Ni atoms is too large :

RCe = 0.182nm, RNi = 0.124nm, RCe/Rni=1.468>1.15. Therefore, the

solubility of Ce in Ni is very low. So the surface segregation of Ce in the

Ni particle occurs when the particle leaves from the high temperature

zone of the plasma and are cooled. According to the segregation principle
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(coring), the Ni element with high melting point (1728K) form the cores

of the particles and the Ce element with lower melting point (1068K)

form the outer shells, and the NiCe alloy have been formed in outer shell

layers zones. The existence of NiO on the surface of nanocomposite

particles is due to the oxidation of the surface segregated Ni when

exposed to air.

(111) Ni

(220) Ni

(111) NiO

(111) NiCe

(131) NiCe

(311) Ni2Ce

(511) Ni2Ce

Fig. 3.4 SAED patterns from the Ni-Ce nanocomposite particles, indicating the

crystal relationship among orthorhombic [110] of NiCe and cubic [311] of Ni2Ce,

face-center crystal [222] of NiO, cubic [111] of nickel.
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Selected area electron diffraction (SAED) patterns (Fig.3.4) show

well-defined rings and spots characteristic of nanocomposite grained

materials, where some crystal relationships among orthorhombic [110] of

NiCe and cubic [311] of Ni2Ce, face-center crystal [222] of NiO, cubic

[111] of nickel can be identified owing to the core-shell nanocomposite

nature of particles. On the other hand, stacking faults existed in nickel

core region will greatly give rise to distortions for particle crystal surface,

and further affect the crystal parameters, for instance, Ni2Ce and NiO

lattice spacing, in such a way that give rise to all the diffuse scattering in

the SAED patterns.

to

io i5oo §90

WAVENUMBER (cm1)

Fig. 3.5 FT-IR spectra for Ni-Ce nanocomposite particle at room temperature
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The Fourier Transmission infrared spectrum ( FT-IR ) at room

temperature is shown in Fig. 3.5. Only the characteristic bands ( 560,

681,1233,1052 cm"1) [26] of Ni-O have been found, it is in well agreement

with the above HREM image results. No other H-O or C-H stretching

bands are observed, which indicates that this type of nanocomposite

system keeps the clear and stable surface nature.

3.3.2 MAGNETIC PROPERTIES! SQUID AND EPR MEASURMENTS)

It is well known that most interest in fine-particle magnetism

results from the strong variation of their technical magnetic properties,

especially Hc, with respect to particle size. Generally, below some critical

size, particles are typically of a single-domain nature and the reversal of

the magnetization can be ascribed to coherent rotation of the particle

moments in the presence of magnetic anisotropy and interaction, which is

always present in magnetic particles ; as a result, the single-domain

particle atomic spins completely aligned by exchange interactions. In

addition, the rotational barriers originated from magnetocrystalline, and

shape anisotropy can trap particle in two or more metastable orientation,

giving rise to hysteresis[27]. From a magnetic point of view, inside the

particle clusters, the spins may or may not be ordered magnetically,

depending on the temperature. Below the ordering temperature, the

particle clusters behave as single-domain particle. Above the ordering

temperature, the materials behave as a normal paramagnet. In other

words, depending on the temperature, cluster size, and applied field, a

long-range order of the particle cluster might also exist. This type of
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materials is called a cluster glass, in analogy to a spin-glass. The freezing

temperature 7/ of particle cluster is the temperature below which the

magnetic moments is immobilized in a random direction or along the

direction of the applied field. Magnetization measurements determine the

(field-dependent) temperature where the field-cooled (FC) and zero-field-

cooled (ZFC) curves deviate. With decreasing field, the upper limit of this

temperature equals the ordering temperature of the moments inside the

particle clusters [28].

As mentioned above, the present Ni-Ce nanocomposite particles are

typical large core-thin shell structure with a great fraction of stacking

faults. In addition, the existence of orthorhombic symmetry NiCe

(localized ground state of 4f* or 4f° configuration) is the intermediate-

valence compound in which the charge and spin fluctuation and the

surface anisotropy arise from a spin coupling between the ferromagnetic

larger core ( Ni) and antiferromagnetic shell ( NiO ), this will give rise to

the strongest and most anisotropic effects on the magnetic properties.

Meanwhile, from the SEM morphologies (Fig.2.2), as has been known,

this is a strongly interacting particles cluster with a collection of random

orientations of particle with a relatively well-defined distribution. Thus,

it can be expected that this type Ni-Ce nanocomposite particle exhibits

some magnetic cooperative freezing phenomena, such as, cluster-glass

behavior, especially, at low-temperature region.

The variations of zero-field-cooled (ZFC) and field-cooled (FC)

magnetization with temperature at lower applied magnetic field ( lOOe )

and higher applied field ( ITesia ) between 2 and 300K are shown in

Fig.3.6 and Fig.3.7, respectively.
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Fig.3.6 Variations of the ZFC-FC magnetization with temperature in lOOe applied
field for Ni-Ce nanocomposite particles

51.5

51.0

50.5

50.0

49.5

49.0

48.5

48.0

47.5

x
H=l Tesla

o ZFC

• FC

I , 1 > I >

1 ' 1 ' I ' 1

X :

\ •

m

I , , , , , ,

50 100 150 200 250

TEMPERATURE(K)

300

Fig.3.7 Variations of the ZFC-FC magnetization with temperature in 1 T applied field
for Ni-Ce nanocomposite particles

It is evident from the most remarkable difference of the ZFC and FC

magnetization curves in two different applied fields that particle cluster-
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glass type of magnetic ordering exist in this Ni-Ce nanocomposite

particles. In the case of lower applied field (Fig.3.6), ZFC and FC curves

start to deviate below 270K, the onset of temperature 7/ of freezing of

magnetic moments; it is the temperature where the particle clusters begin

to freeze in a given direction. On the other hand, in the case of higher

applied field ( Fig.3.7 ), no any irreversibility is observed in ZFC and FC

curves, indicating the freezing temperature 7} disappears in the presence

of higher applied fields. The different between ZFC and FC

magnetization (susceptibility) decreases with increasing field, as a

stronger field is able to orient all the particles moments even at low

temperatures. The described effect of size distribution, depending on the

strength of the applied field, is characteristic for particle cluster-glass

behavior. It can be explained: during ZFC, the moments of the particle

freeze in random directions. If the applied field below the freezing

temperature is not strong enough to reorient the particles, the ZFC

magnetization remains close to zero. As the temperatures increases, the

(size-dependent) mobility of the particles increases and more particles

become oriented with the field. As a result, the magnetization increases

with temperature until all the particles become oriented for the given

field. Thereafter, the magnetization increases under the effect of

increasing temperature and increasing spin order as a consequence.

During FC, the particles are aligned along the direction of the field, as a

consequence the magnetization remains high at low temperatures and

increases upon cooling, and more particles become frozen in the direction

of the given field [29].
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Fig. 3.8(a) Variations of magnetization with applied fields (hysteresis loop) at
different temperatures for Ni-Ce nanocomposite particles

The zero-field-cooled (ZFC) hysteresis loop (M vs H) at different

temperature in fields up to IT shows in Fig. 3.8 (a, b). It is worthy to note

that all hysteresis loop shapes keep identical (Fig.3.8(a)). The coercivity

(Hc) exhibits a maximum at 2K. Considering the nanocomposite particle

cluster nature, after zero-field-cooled (ZFC), only the particle clusters not

frozen during cooling contribute to the hysteresis (magnetization) in any

given field. The other clusters are frozen in random directions and do not

contribute to the measured magnetization ( and hysteresis) until the

applied field becomes strong enough to reorient their magnetic moment.

Actually, due to the exchange interaction and dipole interaction with

random anisotropy between the particle clusters themselves, and

exchange coupling between core and shell layer in some cluster, there will
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produce a distribution of magnetocrystalline anisotropy barriers. As has

been known, a system with a distribution of energy barriers will often

display glassy behavior. Like our core-shell particle system, the particle

cluster behavior is not reversible and the magnetization is hysteretic [30].

Similarly to the above explanation, only the particles which not frozen

contribute to the hysteresis itself; consequently the shape does not

change.

9£
"3
|

z
o
N

-40 -

-0.10 -0.05 0.00 0.05

MAGNETIC FIELD (T)

0.10

Fig. 3.8(b) The detail of variations of magnetization with applied field (hysteresis
loop) at different temperatures for Ni-Ce nanocomposite particles

With increasing field, the ZFC hysteresis loop becomes more

significant, because the field is able to reorient the magnetic moment of

all frozen particles, very similarly to the above magnetization behavior.

In other words, the maximum field is sufficient to counterbalance forces
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resulting from the particle's interaction or exchange crystalline

anisotropy energy. Consequently, the applied field is strong enough to

flip the cluster moments and destroy the freezing or blocking behavior.

From Table. 1, it can be observed that the coercivity (Hc) and

saturation magnetization (Ms) are an intermediate data in comparison

with others of pure nickel as well as carbon encapsulated nickel

nanoparticles. The possible explanation is that the surface anisotropy

aspects and magnetocrystalline anisotropy due to exchange coupling or

interaction between the ferromagnetic Ni core with the paramagnetic

NiCe and antiferromagnetic NiO compound shell layer at low

temperature (<20K) might be taken into account.

In addition, it is well known that the presence of large fraction

stacking faults (Fig.3.2) will lead to strong magnetocrystalline anisotropy,

which greatly affect the instrintic magnetic behavior, specifically, upon

the coercivity force of particle. However, the paramagnetic NiCe

compound at shell layer does take part in the magnetic ordering at low

temperature, in which the contribution of paramagnetic NiCe compound

will favor the particle surface spin rotation energy barrier, then the

resulting coercivity force will be decreased at a certain degree.

It seems that there existed some competing dominance factors in

terms of the present results.
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Table 1. Comparison for saturation magnetization(Ms), remnant
magnetization (Mr), and coercivity (Hc) of NiCe nanocomposite, pure Ni
nanoparticles coated with NiO layer, graphically encapsulated Ni
nanocrystals and bulk Ni at different temperature.

NiCe

NiCe

NiCe

NiCe

Ni a

Nib

Nib

Nic

Nid

Bulk Ni

T(K)

300

200

20

2

300

300

10

300

300

300

Ms (emu/g) Mr (emu/g) Hc (Oe)

46.9

48.92

52.11

52.11

43.8

43.7±4.0

49.5±4.6

19.5

43.5

55

12.546

13.304

16.431

16.601

...

0.86±0.08

11.2±1.0

1.54

2.7

231.635

268.688

369.23

391.345

450

15

250

39.0

225

100

grain size (d)

15-50nm

15-50nm

15-50nm

15-50nm

32nm

18.2±9.2nm

18.2±9.2nm

11.4±0.2nm

85nm

2-3^m

Note:
a-Ref.8, J. Appl. Phys., 69(8)(/PP2)5119-5121.
b-Ref.9, J. Mater. Res., 12(79P7)1076-1082.
c-Ref.10, J. Appl. Phys. 83(2) (1998)793-S01.
d-Ref.ll, J. Appl. Phys., 70(10)(79P2)5903-5905.

Wei Gong etal.
J.H.Hwang etal.
J.J.Host etal
Youwei Du etal.
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Fig.3.9 Temperature dependence of the ZFC and FC inverse susceptibility (%"
*) in lTesla applied field for Ni-Ce nanocomposite particles

The temperature dependence of the ZFC and FC inverse

susceptibility of this nanocomposite particles at higher applied field

(lTesla) is shown in Fig.3.9. It can be clearly seen that the ZFC and FC

curves are very similar in all the temperature region. The observed

behavior at ZFC and FC can be separated in to two regions : a lower-

temperature region below 100K, and a relatively higher-temperature

region above 100K. At relatively higher temperatures, the inverse

susceptibility %ml vs T curve exhibits an approach to the Curie-Weiss law,

X = C/(T-0P), (where C is Curie constant, 0P is the paramagnetic Curie

temperature) the extracted paramagnetic Curie temperature constants 0P

= 67K, suggesting the presence of ferromagnetic interaction in this

temperature regions. If it is considered that only the cerium ions are

paramagnetic, an effective magnetic moments of jueff ~ 1.39±0.2 jiB can be
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calculated from the obtained C constant, which the /% value is between

the Ce3+ (2.55jiB) and Ni2+ (0.6jxB). It is clear from the Fig.3.9 that the

inverse susceptibility deviates from a Curie-Weiss law below 100K

indicating an ordering of Ce ions moments [31] in the present Ni-Ce

nanocomposite particle cluster, especially in the NiCe compound of

particle surface shell layer. Meanwhile, the temperature dependence of

the ZFC and FC inverse susceptibility displays a smaller cusp (is similar

to a tail) at about 16K ( see Fig.3.9 ) similar to an antiferromagnet. It

could be interpreted in term of either an antiferromagnetic ordering of

Ce moments [32] or due to the exchange interaction between larger Ni

core and thinner NiO layer in some larger composite particle cluster. A

competing interaction among them could give rise to such a behavior.

Fig.3.10 (a, b) shows the EPR spectra at 100K and room

temperature (RT). This EPR spectra display only one line in the case of

100K and a couple of lines at RT. At low temperature, the spectral line

with Gaussian shape is centered at g = 1.4338±5 and has a line width AH

= 160mT ; at RT, the EPR spectrum has a tetragonal symmetry with g± =

2.0609±5 and g,, = 1.4355±5 as well as a linewidth AH = 168mT. The g

values and linewidth show slight temperature variation. The spectrum

resembles the EPR line usually observed for an S = % spin system. It can

readily be expected that the S = % spin state might arise in our case from

the antiferromagnetic coupling of one high-spin Ce3+ (S =1/2) ion with

one Ni2+ (S=l) ion, then the state with S = % becomes the ground state of

the particle. Magnetic crystalline anisotropy, in conjunction with the

random orientations of the particles, usually causes a line broadening in

the EPR spectra of the single-domain ferromagnetic particles. In the case
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of low temperature, the EPR spectrum also shows a very broad

resonance line. The increased magnetic field produced by the large

magnetocrystalline anisotropy, coupled with the strong spin-spin

interaction is the possible reason for the increased line width for EPR

spectra.

T= 100 K 7=9.114 GHz

g = 1.4338

3

5
I T = RT

gx= 2.0609

- I 1 L.
0 100 200 300 400 500 600 700 800

MAGNETIC FIELD (mT)

Fig. 3.10 EPR spectra of NiCe nanocomposite particles at different temperatures

Concerning the origin of the present two different temperature

spectral lines of EPR spectrum, we can suppose, it is an experimental
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facts that the spin associated with the 4f electron of cerium, which is in

an intermediate valence state of the orthorhombic CeNi compound (CrB-

type structure) and a longitudinal and strongly anistropic energy [33], in

which arisen from strong spin fluctuations due to the instability of the 4f

electron by an axial crystal field effects in an intermediate valence

compound CeNi, where the cerium valence state varies from 3.5 to 3.3 at

low temperature, these above factors will be displayed a large spin-spin

interaction. All above effevts give rise to the broadening EPR lines. In

this manner, this assumption makes magnetic magnetization

(susceptibility) and EPR measurements consistent, also further

reconfirms the HREM microstructure analysis.

2.4 SUMMARY

In summary, a new type of magnetic core-shell nanocomposite Ni-Ce

particles, with an average grain size about 15-50nm, have been

extensively studied in this chapter. Microstructural analysis ( HREM,

EDS, SAD, FT-IR ) showed, microstructural defects ( nanotwins and

stacking faults) in large Ni core zone (10-45nm); the shell layers (3-5nm)

consisted of innermost NiCe alloy as well as outermost NiO oxide. SEM

observations and EDX analysis indicated that theses particles have a

strongly ferromagnetic interacting order with chain-like features.

Magnetization measurements of this nanocomposite particles have been

performed using a SQUID magnetometer and the EPR spectra at

different applied fields and low temperature. These nanocomposite
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particles exhibited cluster-glass like behavior at low temperature,

depending on the applied field, size distribution, the surface

magnetocrystalline anisotropy originated from exchange interaction and

dipolar interaction with random anisotropy under collective state of

particles. In particular, the exchange coupling interaction between pure

Ni core with NiO oxide shell layers has been responsible for their higher

coercivity (Hc). Accompanying with novel magnetic order in low

temperatures, these type of core-shell nanocomposite particles can offer

an opportunity for the study of the ordering of spin-glass moments or the

phenomenon of quantum tunneling of magnetization (QTM).
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CHAPTER 4 SYNTHESIS, MICROSTRUCTURE AND
MAGNETIC PROPERTIES OF CARBON
ENCAPSULATED FE AND CO
NANOPARTICLES

4.1 INTRODUCTION

Nanocrystalline ferromagnetic metals, although readily available,

have the disadvantage of being prone to rapid environmental

degradation, owing to a very high surface area to volume ratio and high

reactivity. This tends to limit their potential industrial application and

even scientific evaluation of nanocrystalline properties. A recent

breakthrough in this regard is the encapsulation of nancrystals with

chemical stable species such as graphitic layers [1-10], which not only

protects the nanocrystals from environmental degradation, but also offer

the study their intrinsic magnetic properties.

The studies on the graphitic encapsulation of metal carbides have

promoted an extensive research on similar protection of ferromagnetic

materials [1-7]. Appropriately encapsulated ferromagnetic materials

have some applications ranging from ferrofluids and recording media to

novel biomedical applications. Such potential applications have stringent

requirements of the physical and magnetic properties of nanocrystals.

The synthesis method employed should result in high quality

encapsulated nanocrystals of well-defined and controlled size distribution

with high yield. In addition, carbonaceous debris must be minimal and

the graphitic coating must be amenable to surface chemical treatment. As

an alternative method to the graphite-graphite arc process using a
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modified arc-discharge in methane atmosphere [11], allow to encapsulate

significant quantities of ferromagnetic nanocrystals ( Fe and Co ) in

graphitic shells. In the study of this chapter, the morphology, and

magnetic properties of carbon encapsulated Fe and Co nanocrystals have

been evaluated, including the coercivity ( H c ) and magnetization versus

magnetic field (M-H plots ).

4.2 EXPERIMENTAL PROCEDURES

4.2.1 THE SYNTHESIS OF CARBON NANOCAPSULATED PARTICLES

The detailed experimental apparatus ( modified arc-discharge

(carbon-arc) ) is detailed in Ref. [12]. The apparatus is also showed in

Fig.2.2. The pure materials to be evaporated, iron and cobalt, laid on a

water-cooled copper stage, which serves as the anode. The upper carbon

rod, which serves as the cathode, is supported by an water cooled copper

arm. After the chamber is evacuated, methane( CH4 ) is introduced as a

reactant gas to reach the desired pressure. The distance between the two

electrodes can be adjusted from outside the chamber, so that the arc can

be started and controlled during a continuous operation.

4.2.2 SAMPLES CHARACTERIZATION

A JEOL-2010EX high resolution transmission electron

microscope (HRTEM) operated at 200KeV, equipped with X-ray energy

dispersive spectroscopy (EDS) analysis, was used to determine the grain

size and phase morphology of different encapsulated nanoparticles. A
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SIMENS D5000 X-ray diffractometer (XRD) using the CuKa radiation at

room temperature was used to identify the phase and the crystal

structure of each sample. A vibrating sample magnetometer (VSM)

operating at room temperature with applied magnetic fields up to

3000Oe was used to measure the magnetic properties for each type of

encapsulated nanoparticles.

4.3 RESULTS AND DISCUSSION

Encapsulation of second phases inside graphite shells/nanotubes is of

considerable significance not only because it offers an opportunity to

investigate dimensionally confined system, but also because the

encapsulated species are likely to be immune to environmental effects or

degradation owing to the protective graphite sheets around them [11].

4.3.1 XRD, HREM, DES ANALYSIS
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Fig.4.1 (a, b) XRD patterns for carbon encapsulated Fe and Co nanoparticles
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The XRD patterns for two carbon encapsulated nanoparticles are

shown in Fig.4.1 (a, b). For Fe, carbon encapsulated ferrite (a, y-Fe) and

cementite (Fe3C) nanoparticles are identified. For Co, three carbon

encapsulated hcp(oc)-Co, fcc((3)-Co and Co3C nanoparticles are inspected.
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Fig.4.2 (a, b) EDS spectra for carbon encapsulated Fe and Co nanoparticles
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The EDS spectra reconfirm the XRD results for the two types of

carbon encapsulated nanoparticles, their EDS spectra are showed in Fig.

4.2(a, b).

HRTEM observation (Fig.4.3(a,b)) and corresponding SAED

patterns also reconfirm the XRD patterns. It is very clear from, Fig.4.3

(a, b), that these nanoparticles are typically 10-30nm, that neither gaps

(as shown in arrows) nor intermediate phases are observed between the

outer graphitic layers and the core nanocrystallites for two carbon cages

materials. Fig.4.3 also shows that these particles are spherical or

ellipsoidal in shape and do not show any well-developed facets. One

significant morphological characteristics is that no void ( as shown in

arrows) is found between the outer graphitic layer and the core materials

in the three carbon cages. This typical characteristics reflect a growth

history of theses nanoencapsulted particles [8].

The corresponding grow model have been showed in Fig.4.4, it is

very apparent for indicating above suggestion of growth history. In

other words, carbon atoms dissolve into a molten or solid carbon-metal

alloy and then graphite precipitates to the surface under carbon-arc

discharge plasma process. The possible formation mechanism of outer

graphitic carbon coated layers for metallic or carbide particles are

described as the following procedures.
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5nm

Fig.4.3 (a) HREM morphologies and corresponding selected area diffraction pattern
of a carbon encapsulated a-Fe nanoparticle. The arrows indicate graphitic layer and

some structure defects.
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10nm

Fig.4.3 (b) HREM morphologies and corresponding selected area diffraction pattern
of the carbon encapsulated a-Co, p-Co and C03C nanoparticles. The arrows indicate

graphitic layer and some structure defects.
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M-C alloy
particles in a
liquid or quasi-
liquid phase

Solidification
(graphitization)
from the surface
of the particles

Formation for
carbon
encapsulation of
metallic or carbide
nanoparticles
formation

Fig. 4.4 Growth model of a carbon encapsulated particle using the arc method
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Meanwhile, HREM images allow to calculate the grain size

distributions for these nanoparticles. The detailed results are shown in

Fig.4.5(a,b). It is very clear that this is very narrow grain size

distribution, which give evidence of single-domain particles in

conjunction their magnetic properties for carbon encapsulated Fe and Co

nanoparticles in the following parts.

Carbon encapsulated iron nanoparticl

0 5 10 15 20 25 30 35 40 45 50 55

Particle Diameter inmi

Carbon encapsulated cobalt nanoparticles

0 5 10 15 20 25 30 35 40 45 50 55

Particle Diameter (ran)

Fig.4.5 (a, b) The grain size distribution for carbon encapsulated Fe and Co
nanoparticles.
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4.3.2 VSM MAGNETIC MEASUREMENTS

The VSM magnetic measurements ( M vs H plot ) at room

temperature for two kinds of nanoencapsulted particles are showed in

Fig.4.6 (a, b), respectively. It is evident that, from the loop shape (M vs H

plot), the values of saturation magnetization (Ms) and coercivity (Hc) in

Fig.4.6(a, b), these assemblies of two nanoparticles exhibit ferromagnetic

behavior at room temperature.

On the other hand, from the view of magnetic properties, the

magnetic behavior is therefore size-dependent and should be understood

in conjunction with thermal energy and surface anisotropy aspects [8,

11]. It is evident that carbon encapsulated Fe and Co nanoparticles with

average sizes of 20 and 16 nm, respectively, may be considered to have

just a single magnetic domain. The origin of magnetic hysteresis is

thought to be produced by spin rotation [8, 11]. Moreover, two kinds of

nanoparticles also show the ferromagnetic character by a ratio of

remnant to saturation magnetization Mr/Ms - 0.25-0.3. From Fig.4.3 (a,

b), a lot of structural defects (i.e. stacking faults ) have been observed in

carbon encapsulated Fe and Co nanoparticles. This suggests that the

magnetocrystalline anisotropy mechanism will affect their magnetic

behavior, and lead to exhibit ferromagnetic properties. Details of the

magnetic properties parameters are shown in table 1.
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Fig.4.6 (a, b) VSM measurements for carbon encapsulated Fe and Co
nanoparticles at room temperature
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Table 1. Comparison of saturation magnetization (Ms), remanent
magnetization (Mr), coercivity (Hc) and M,/Ms values for carbon
encapsulated Fe and Co nanoparticles

Fe(C)

Co(C)

T(K)

300

300

Ms(emu/g)

82.08

89.4

Mr(emu/g)

20.77

24.89

Hc (Oe)

626

703

d (nm)

15±2

10.5±2

Mr/Ms

0.25

0.27

4.4 SUMMARY

In the present chapter, two kinds of carbon encapsulated

nanoparticles of Fe and Co, with average sizes of 15 and 10.5 nm,

respectively, were prepared using a modified arc-discharge (carbon arc)

reactor. The microstructural studies results ( HREM, EDS, SAED, XRD )

indicate that, the nanoparticles of both a carbide phase (M3C, M=Fe, Co)

and also a metallic phase (a-Fe, y-Fe; hep-Co, fcc-Co) are encapsulated in

graphitic carbon, respectively.

The magnetic measurement (VSM magnetometer ) for the two kinds

of nanoparticles at room temperature, showed that the values of

saturation magnetic moment of two nanoparticles are 37.6% and 55.5%

of the bulk ferromagnetic elements counterparts, respectively. This

indicated that the carbon encapsulated Fe and Co nanoparticles are
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shown to be ferromagnetic with a ratio of remnant to saturation

magnetization M,/Ms ~ 0.3. From the points of microstructural properties

of this two carbon nanoencapsulated particles, it is suggested, the nature

of their structure of nanocrystalline (i.e. size effect, defects, etc) is

responsible for the magnetic behavior.

On the other hand, the present experimental evidence affords us a

good opportunity to produce a large quantities of encapsulated

nanoparticles using a simple procedure.
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CHAPTER 5 MICROSTRUCTURALAND
MAGNETIC PROPERTIES OF
GRAPHITICALLY ENCAPSULATED NI
NANOCRYSTALS AND PURE NI
NANOPARTICLES WITH NIO LAYER

5.1 INTRODUCTION

Nickel (Ni) nanoparticles have been attracted considerable attention

over the last decade due to many interesting optical [1], magnetic [2],

chemical properties [3] and potential technological applications. The

preparation of nickel nanoparticles with desired properties represents a

significant challenge. By now, the two general classes of techniques used

to produce nickel particles are based on gas phase nucleation and growth

of particle as well as liquid solution precipitation and growth of particles

using appropriate precursors in each case. Regarding the former method,

the more commonly reported methods for producing nickel particles

include gas evaporation[4], and vapor thermal decomposition methods.

In this study, we use the modified arc-discharge (carbon-arc) method to

generate two types of nickel nanoparticles at a methane and a mixture of

H2 and Ar atmospheres, respectively. The remarkable microstructural

properties are investigated by high resolution transmission electron

microscope, and nanoarea electron diffraction. Moreover, the low-

temperature magnetic behaviors are studied using a superconducting

quantum interference device magnetometer (SQUID) at different
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temperature and magnetic fields. It is also established the relations

between the microstructural properties and novel magnetic behavior.

5.2 EXPERIMENTAL

The detailed experimental apparatus (modified arc-discharge) is

illustrated in ref. [5], also is shown in Fig.2.2. The pure materials to be

evaporated are laid on a water-cooled copper stage, which serves as the

anode. The upper carbon rod, which serves as the cathode, is supported

by a copper arm that is also water cooled. After the chamber is

evacuated, the desired gas of methane and a mixture of H2 and Ar were

introduced as a reactant gas to reach the desired pressure. The distance

between the two electrodes can be adjusted from outside the chamber, so

that the arc can be started and controlled during a continuous operation.

A JEOL-2010EX high resolution transmission electron microscope

(HRTEM) operated at 200KeV, equipped with an X-ray energy dispersive

spectroscopy (EDS) device, were used to determine the phase, average

grain size and morphology of the particle It also allow the recording of

selected area diffraction (SAD) and nanodiffraction analysis information.

The magnetization (D.C.susceptibility) measurements were

performed by using a Quantum Design superconducting quantum

interference device (SQUID) magnetometer in the temperature range

from 2 to 300K at different applied magnetic fields. Specifically, For the

zero-field-cooling ( ZFC ) magnetization measurements, a sample was

first cooled down to 2K without applied field, then the magnetic field was

applied. After that, the sample was slowly warmed up to 300K in steps of

a few K with stabilization at each temperature and subsequent
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measurement of the magnetic moments(ZFC ). Thereafter, for the field-

cooling ( FC ) magnetization measurement, without turning magnetic

field off, the sample was cooled down to 2 K with measurements of

magnetic moment at each intermediate temperature ( FC ). The

temperature at which the two curves ( M vs T ), ZFC and FC merge is

traditionally called the blocking temperature TB. This temperature is an

important parameter for characterizing the magnetic behavior of

nanoparticles.

5.3 RESULTS AND DISCUSSION

5.3.7 MICROSTRUCTURE ANALYSIS

50 60
Two Theta (2 B)

Fig. 5.1 Comparison of XRD patterns for Ni (C ) and Ni (O) nanoparticles at room
temperature.

It is very clear that, from powder X-ray diffraction pattern (Fig.5.1),

the different phases are observed for graphically encapsulated Ni

nanocrystals Ni(C) and pure Ni nanoparticles Ni(O) coated with NiO
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layers, respectively. On the other hand, HRTEM observations and SAED

patterns for these two types of Ni particles also indicate that they are

typically 10-50nm. Most of particles are spherical or ellipsoidal in shape

and do not show any well-developed facets. Besides, for Ni(C) particles,

see Fig. 5.2 (a), the graphitic encapsulated fcc-Ni and Ni3C nanoparticles

are determined; for Ni(O) particles, see Fig. 5.2 (b), pure Ni nanocrystals

coated with NiO layer is identified, respectively. That is in good

agreement results between XRD analysis and HRTEM observations.

It is more interesting to note, from HRTEM images (Fig. 5.2 (a)),

neither gaps nor intermediate phases are observed between the outer

graphitic layers and the core Ni nanocrystal for Ni(C) graphitic cages

materials. However, there exists some discontinuities polycrystallines in

the layers of Ni(O) nanoparticles (Fig. 5.2(b)).

An X-ray energy-dispersive ( EDS ) elemental analysis for these two

types of Ni nanoparticles, which is shown in Fig.5.3 (a, b), reveals the

presence of only Ni and carbon in Ni(C) nanoparticles, no signals

corresponding to oxygen are detected. Whereas, for Ni(O) nanoparticles,

only Ni and oxygen are found. These EDS spectra further reconfirm the

XRD and SAED results.

One relevant morphological characteristics of Ni (C) nanoparticles is

that no void is found between the outer graphitic layer and the core

materials in the Ni(C) graphitic cages. This typical characteristic reflects

a growth history of these nanoencapsulted Ni particles, where carbon

atoms dissolve into a molten or solid carbon-metal alloy and then

graphite precipitates to the surface under carbon-arc discharge plasma

process [6].
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Ni3C

10nm

Fig. 5.2 (a) HRTEM morphologies and corresponding SEAD patterns for Ni(C)
nanoparticles. The arrows in upper micrographs indicate graphitic cages.
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15 nm

.#•

Fig. 5.2 (b) HRTEM morphologies and corresponding SEAD patterns for Ni(O)
nanoparticles. The arrows in upper micrographs indicate oxide layer.
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Fig. 5.3 EDS spectra for Ni(O) in (a) and Ni(C) in (b) nanoparticles, note, the Cu
peaks arisen from copper grid used for TEM observations.
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5.3.2 MAGNETIC PROPERTIES

The magnetization versus field plots (i.e., M-H hysterisis loops) for

Ni (C) nanoparticles are shown in Fig.5.4 (at 300K), and Fig.5.5 (at 2K),

respectively.

1.0

0.5 -

0.0

-0.5 -

-1.0
-10000

M viH plot at RT

T=30GK

-5000 0 5000

Magnelic Field {(>}

10000

Fig.5.4 The field dependence of magnetization for Ni(C ) nanoparticles at 300K
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0.0

-0.5
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M vs H plot at T =2K

• i •

\jtw
M
/
* f

_

T = 2K

-

•

-10000 -5000 0 5000

Magnetic fk-ld (Oc)

10000

Fig.5.5 The field dependence of magnetization for Ni(C ) nanoparticles at 2K
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Fig.5.4 shows a rapid increase with increasing applied magnetic field

without saturation, due to the superparamagnetic relaxation and the non-

collinear moment of the surface spins in the smaller particle assembly [7],

Hysteresis is absent with a little remanence and coercivity (Hc).

Compared with the Fig.5.5, it is observed that, with decreasing

temperature, the magnetization of the samples increased and exhibited a

symmetric hysterisis loop under both ZFC and FC at 2K, indicating a

transition from superparamagnetic to ferromagnetic behavior.

Specifically, the temperature dependence of the magnetization under the

ZFC (MZFc) and FC (MFc) conditions confirms the superparamagnetism

in the Ni(C) nanoparticles, see the following Fig. 5.6.

19.5

§ 18.0

a

16.5

Ni(C) nanoparticles

H =1000Gs

50 100 150 200 250 300

Temperature (K)

Fig. 5.6 Temperature dependence of magnetization for Ni(C) nanoparticles at applied

field of lOOOGuss; the blocking temperature is about 115K
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From Fig.5.6, the temperature at which the MZFC curves exhibits a

cusp is defined as the blocking temperature (TB). Below TB, the

superparamagnetic transition is blocked, i.e., the magnetization can not

relax during the time of the measurements. The well-defined TB of the

MZFC at 115K and broader blocking temperatures ranges are consistent

with the particle size distribution as observed in HRTEM. Furthermore,

the continued increase of the MZFc and the irreversibility occurs below

225K. This result is also consistent with the presence of

superparamagnetic particles.

For Ni(C ) nanoparticle, above TB, the magnetization should be free

to align the field during the measurement time, and the curves of

magnetization versus applied field should exhibit no hysterisis loop (see

Fig.5.4 at 300K). In this superparamagnetic state, the relative

magnetization M/Ms can be described by the standard Langevin function

[8-10], L, using the relation :

M/Ms ( T=0) = coth(|iH/kT)- kT/|LiH

where Ms (T=0) is the OK saturation magnetization of the sample,

the particle moment \i is given by Ms< V >, where Ms being the saturation

magnetization of the bulk phase, and the < V > is the average particle

volume.

Fig. 5.7 shows a good agreement of magnetization M/Ms curves as a

function of the applied magnetic fields at room temperature for Ni(C )

particles.
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Fig.5.7 Experimental curve of relative magnetization as a function of applied

fields at 300K for Ni(C ) nanoparticles.

Below the TB, a hysterisis loop response is observed (see Fig.5.5)

since thermal energy is not enough to allow the alignment of particle

moments with the applied fields. And from the theory of

superparamagnetism [9-11], the coercivity, Hc, has the temperature

dependence Hc = HCo[ 1-(T/TB)1/2] at low temperatures.

Fig. 5.8 shows the variation of the coercivity with temperature for Ni

(C ) particles. It is apparent from this figure that the coercivity (Hc)

versus temperature (T) can be fit to the above expression. Most

interesting, from Fig.5.8, the zero temperature coercovity (HCo) is

determined to be ~ 500Oe and the blocking temperature TB, to be ~

120K. Note that this Hc data is very close to the one which inferred from

the sharp maximum of MZFC curves.
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Fig. 5.8 Plot of H c (T) vs T1/2 for Ni(C) nanoparticles. The TB, is near 115K.

Table 1. Comparison of saturation magnetization (Ms), remanent
magnetization (Mr), coercivity (Hc) and Mr/Ms values for carbon
encapsulated Ni nanocrystais and Ni in bulk.

Ni(C)

Ni(C)

Ni(C)

Ni(C)

Ni(C)

Ni(C)

Bulk Ni

T(K)

300

200

100

50

10

2

300

M s (emu/g)

22.5

23.97

24.96

25.19

25.19

25.19

55

M r (emu/g)

1.368

2.105

2.697

7.078

7.368

10.55

2.7

Hc (Oe)

20.23

53.1

117

198

316

367

100

d (nm)

10+0.2

10+0.2

10+0.2

10±0.2

10±0.2

10±0.2

2-3|0,m

IWMs

0.061

0.088

0.108

0.281

0.292

0.418

0.049
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It is known that a small magnetic particle becomes single-domain

below some critical size due to the interplay between the energy of dipole

fields and domain wall creation [12,13]. From Tablel, it is clear that the

Mr and H c values of Ni(C) particles have significant decrease in

magnitude compared to that of the microcrystalline Ni. Consequently,

Ni(C) nanoparticles, with an average size of about 10.5nm, may be

considered to have a single magnetic domain, the origin of magnetic

hysteresis being spin rotation [14]. Thus the magnetic behavior is

therefore size-dependent and should be considered together with thermal

energy and surface anisotropy aspects. In particular, for Ni(C) particles,

the reduced remanent magnetization (Mr) and coercivity (He) at T > TB is

the one of the characteristics of superparamagnetism.

Besides, from table 1, it is observed that saturation magnetization of

the Ni(C) nanoparticle is suppressed in magnitude compared to that of

the Ni in bulk. From microstructural analysis results, we know that, a

small amount of carbon solubility in Ni(C) particles can attribute to this

reason. Therefore, the gradual decrease in Ms can be ascribed to the

nanocrystalline nature of the encapsulated particles, coupled with

possible carbon solution in Ni nanoparticle [14].

For Ni(O) nanoparticles, Fig. 5.9(a, b, c) shows the temperature

dependence of magnetization for Ni (O) nanoparticles at different applied

magnetic fields (H from 100 to lOOOOGs). It is a typical cluster glass

magnetic ordering behavior for the assembly of Ni(O) nanoparticles.

Note the deviation between the zero field cooling (ZFC) and field cooling

(FC) magnetization below a critical temperature, Tx, which is depending

on the applied magnetic fields, Happl , see Fig.5.9(a, b, c): at Happl <
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lOOOGs, Tx (280K) is close to RT, while Happl = IT, Tx disappears. This

can be attributed to the random distribution of anisotropy, interparticle

interaction, and surface effects.

Table 2. Comparison of saturation magnetization (Ms), remanent
magnetization (Mr), coercivity (Hc) and M,/Ms values for pure Ni
nanocrystals coated with NiO oxide and Ni in bulk.

Ni(O)

Ni(O)

Ni(O)

Ni(O)

Ni(O)

Ni(O)

Bulk Ni

T(K)

300

200

100

50

10

2

300

Ms (emu/g)

43.662

45.492

46.01

46.76

46.76

47.18

55

M r (emu/g)

16.85

18,028

19.44

20

20.52

21.126

2.7

Hc (Oe)

265.9

265.9

372

382

500

547

100

d (nm)

24+0.2

24+0.2

24+0.2

24+0.2

24+0.2

24±0.2

2-3^m

M,7MS

0.385

0.396

0.422

0.427

0.439

0.448

0.049
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Fig. 5.9 Temperature dependence of magnetization for Ni(O) nanoparticles at
different applied magnetic fields; (a) lOOOe, (b) lOOOOe, and (c) 1 T
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From a magnetic point of view, the Ni(O) particles are the assembly

of nanocluster with stronger interparticle interaction. Thus the magnetic

dipoles interactions among the overall particles, make the ordered state

resemble cluster glass behavior. Consequently, the Tx vanishes when the

applied field is strong enough to flip the overall cluster moments and

destroy the blocking behavior [15].

Table 2 shows a larger coercivity and remanence magnetization

from RT to lower temperature, compared with the bulk Ni and Ni(C)

nanoparticles. These phenomena could be explained by the exchange

anisotropy interaction and the spin flip behavior near the interface of the

nanocluster Ni(O) particles and their oxide layer on the surface. It is

consistent with the studies of the ordering of the cluster magnetic

moments in the case of stronger interaction, which suggested that this can

be interpreted in terms of ordering of the magnetic moments in cluster-

glass-like state below Tx [12,16].

5.4 SUMMARY

In the present chapter, graphitical encapsulated Ni nanocrystals

Ni(C) and pure Ni nanoparticles Ni(O) coated with NiO layers have been

successfully synthesized by modified arc-discharge method in a methane
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and a mixture of H2 and Ar atmospheres, respectively. The distinct

morphological properties on two kinds of Ni nanoparticles have been

studied. For Ni(C) particles, graphitic encapsulated fcc-Ni and Ni3C

nanoparticles are determined; for Ni(O) particles, pure Ni nanocrystals

coated with NiO layer are identified, respectively. Magnetization

measurements (SQUID) under different fields and temperatures for an

assembly of two kinds of Ni nanoparticles showed, for Ni(O) particles, a

larger coercivity and remanence magnetization. These results are due to

the effect of exchange anisotropy interaction between the interfaces of the

ferromagnetic region of Ni nanocrystals and the layer of

antiferromagnetic NiO on the surface of Ni(O) particles. Besides, a

deviation between the ZFC and FC magnetization curves under a critical

temperature Tx, Tx is a function of the applied magnetic field. This

behavior can be explained by the nanocluster glass like behavior due to

ferromagnetic interaction among the assembly of particles. On the other

hand, Ni(C) particles exhibit superparamagnetic behavior under a

certain applied filed at room temperature, the blocking temperature, TB,

is determined to close to 115K. Moreover, the greater decrease in

saturation magnetization is attributed to the nanocrystalline nature of

carbon encapsulated particles, coupled with possible carbon solution in

Ni nanocrystals.
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CHAPTER 6

CHAPTER 6 INVESTIGATIONS ON
NANOCRYSTALLIZATION BEHAVIOR
AND MAGNETIC PROPERTIES FOR
AMORPHOUS FE78SI9B13 RIBBONS

6.1 INTRODUCTION

Nanocrystalline magnetic materials have been attracted growing

interest in the few decedes [1-5], due to their excellent soft magnetic

properties. Nanocrystalline alloys are obtained by the controlled

crystallization of amorphous alloys, like Fe-Si-B [6] and Fe-B-Cu-(Zr,Nb)

[7,8], The ferromagnetic properties of these amorphous alloys can be

improved by annealing them above the crystallization temperature Tx.

This effect is caused by the homogeneously precipitation of bcc oc-Fe(M)

nanocrystals embedded in the ferromagnetic amorphous matrix. Also,

ferromagnetic nanocrystalline phases, which produced by the

crystallization of an amorphous phase, display a high initial magnetic

permeability ( \iY ) and a low coercivity ( Hc ), arising from the

suppression of local magnetocrystalline anisotropy by an exchange

interaction [9].

In general, the as-quenched amorphous ribbons are exposed to high

temperatures ( T > Tx) under inert gas to produce nanocrystalline alloys

samples [1-8]. In this work, a study of the transformation process of the

Fe78Si9Bi3 amorphous alloy using in situ transmission electron

microscopy (TEM), differential scanning calorimeters (DSC), and X-ray
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diffraction (XRD) will be presented. Furthermore, the magnetic

properties are studied using Mossbauer spectroscopy (MS) and vibrating

sample magnetometer (VSM) techniques.

6.2 EXPERIMENT

Amorphous Fe78Si9Bi3 (at%) alloy ribbons of 30mm width and

about 25 in \im thickness, are prepared by the melt-spinning techniques

[6]. And the schematic diagram is shown in Fig. 2.3. The in situ

transmission electron micrographs (TEM) are obtained with a JEOL-

JEM100 and JEOL 2010 EX electron microscopes, equipped with an in

situ heating holder inside electron microscope, The Mossbauer

spectroscopy are recorded using a conventional spectrometer of the

electromechanical type with a 57Co/Rh source. Calorimetric

measurements of the as-quenched ribbons are performed on a

differential scanning calorimeter using different heating rates under an

nitrogen gas atmosphere. X-ray diffraction (XRD) are carried out on a

Simiens x-ray diffactometer (Cu, Ka radiation, ^=0.15418nm). The

magnetic moments measurements are carried out using vibrating sample

magnetometer (VSM) operating with applied magnetic fields up to

3.6KOe from 50K to room temperature.
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6.3 RESULTS AND DISCUSSION

Fig. 6.1 shows the differential scanning calorimeters (DSC) thermal

analysis for as-quenched ribbons samples at a different heating rate of 5,

10, 15, 20K/min. Two exothermic peaks are observed at average 786K

and 807K, indicating two crystallization processes occur, this typical

primary crystallization process. The maximum of the second peak,

around 807K, reaches the crystallization temperature Tx for this

Fe78Si9Bi3 amorphous alloy.

o
E
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15K/min

10K/min

5K/min

791K

^ ^

788K

^ - - -

781K
—- -—
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— S

i . i

828K

823K

J\
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805K

700 750 800
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Fig. 6.1 DSC curves for amorphous ribbons at different heating rates
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Fig. 6.2 Counts measured for 10s at zero Doppler velocity as a function of
temperatures. The heating rate is 1 K/min

In order to determine the Curie temperature Tc, the velocity

transducer of the Mossbauer spectrometer was set at zero velocity and

counts are recorded for a fixed counting time, 15s, while the temperature

is raised at a rate of lK/min from 393K to 813K. The results are shown in

Fig.6.2 . The Curie temperature is determined as 708K. When the

temperature is further increased, the counts rate increase slowly due to

the second-order Doppler effect [10], and then increase suddenly at 803K.

After the amorphous Fe78Si9Bi3alloy has reached the crystallization

temperature Tx = 803K, the amorphous state gradually transforms into

microstructure of the nanocrystalline phases. Both Tx and Tc are in good

agreement to previous measurements [3-6].
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Fig. 6.3 XRD patterns of Fe78Si9Bi3 amorphous ribbons after different annealing
temperatures

Fig. 6.3 (a, b, c, d, e, f) shows the XRD patterns for amorphous and

crystalline phases after thermal analysis treatment. Fig. 6.3(a) reveals

that the as-quenched sample was in the amorphous state. On the heating

the as-quenched sample at TC<T< Tx, almost a similar XRD pattern to

Fig.6.3(a) appears, as shown in Fig.6.3(b). Although minor changes are

better observed from the Mdssbauer spectra , as will be shown later. This

phenomenon is mainly due to the internal strain relaxation which

induced by thermal treatment. However, when the annealing

temperature is greater than Tx ( T> Tx), crystalline phases appear in the

XRD patterns of Fig.6.3 (c, d, e). Precipitation of a-Fe(Si) (bcc) solid

solution, and metastable Fe23B6 (bet), Fe3B ( bet ), Fe2B ( bet ) borides

phases took place[l, 2.5,6]. Two main nanophases, oc-Fe(Si) (bcc) and

Fe2B ( bet), can be clearly identified from Fig.6.3 (c, d, e, f).
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The Mossbauer spectra of the as-quenched amorphous samples

from room temperature (RT) to above Tx exhibited magnetic patterns,

which shown in Fig.6.4. The broad lines are to be expected in view of the

disordered atomic arrangements, in which the strength of the hyperfine

interactions change from site to site due to the structurally inequivalent

Fe environment. The Mossbauer spectrum of amorphous Fe78Si9Bi3 at

RT exhibits an magnetic pattern with a hyperfine magnetic field of 259

KOe and a relative intensity ratios close to 3 :4 :1 :1 :4 :3, indicating that
o

the direction of the magnetic moment is close to 70 from the y-ray

direction. This spin direction is typical in ferromagnetic amorphous

alloys, which has been induced by magnetic anisotropy due to the rapid

melting-spinning quenching technique. However, this spin orientation

can be changed by treating the sample at TC<T<TX, where the intensity

ratios is close to 3 :1:1:1 :1 :3, which indicates that the spin orientation

is perpendicular to the plane, i.e, the spin orientation is almost aligned to

the Y"ray direction. Nevertheless, when T > Tx, the Mossbauer spectrum

only consisted of two magnetic patterns due to two nanophases, which

confirmed by former XRD patterns of Fig.6.3 (e, f). According to the

literature reports [9,10], the magnetic hyperfine field pattern of 317KOe

and 240KOe belongs to bcc a-Fe(Si) solid solutions and bet Fe2B boride,

respectively. Table 1 shows the fitted Mossbauer parameters for the

different thermal treatment samples, which gives information on these

two nanophases and the relative intensity variations of the treated

samples.

In particular, the magnetic moments of the amorphous Fe78Si9Bi3

has been measured at Happ = 3.6 KOe at various temperature from 50K to
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the RT. The results are shown in Fig.6.5. It is clearly that the

magnetization of the amorphous phase decreases more rapidly with

increasing temperature than those of nanocrystalline ferromagnetism.

And the saturation magnetization of the as-quenched amorphous

materials extrapolated to OK is found to be 2.01 (Xfi/Fe atom. This value is

smaller than the 2.22 fiB of bcc Fe [11], suggesting that electron transfer

from the metalloid atoms to the d band of the Fe atoms occur.

100

90

§ 80

I 70

60

50

Velocity (ram/s)

Fig. 6.4 Mossbauer spectra of Fe78Si9Bi3 amorphous ribbons at various temperatures
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T/T
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Fig. 6.5 Reduced magnetization vs reduced temperature of the Fe7sSi9Bi3 amorphous
ribbon and the crystalline phases after crystallization.

A typical in situ TEM images of the Fe-Si-B nanocrystalline alloy at

annealing temperature, Ta = 813K (T > Tx), is shown in Fig. 6.6 (a,b).

From Fig.6.6(a), small spherical nanometer grains precipitated

homogeneously is observed. The selected area electron diffraction

(Fig.6.6(b)) patterns confirms that the randomly distributed

nanocrystalline phases are crystalline oc-Fe(Si) ( bcc) and Fe2B (bet) with

a random orientation, in good agreement with above XRD and

Mossbauer analysis results. From all the above different experimental

results, we can conclude the summary of nanocrystallization process for

Fe78Si9B13 amorphous ribbon at different annealing temperature, as

showed in Fig.6.7.
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(332) F B

Fig. 6.6 Some bright; dark field TEM images and the electron diffraction patterns of
amorphous and Fe-Si-B nanocrystalline phases at in situ optimum

annealing temperatures
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Fig.6.7 Summary of nanocrystallization process for Fe7gSi9Bi3 amorphous ribbon at
different annealing temperature
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6.4 SUMMARY

In this chapter, the amorphous state of ferromagnetic FeygSipB^ and

their novel nanocrystallization process are investigated using in situ

transmission electron microscope, X-ray diffraction analysis, Mossbauer

spectra measurements, differential scanning calorimeters analysis and

magnetic moment measurements.

The Mossbauer spectrum exhibit an essentially symmetric hyperfine

field pattern of 259KOe in as-quenched amorphous state at room

temperature. On the other hand, the Mossbauer spectrum at different

annealing temperature shows that the disordered atomic arrangements,

in which the strength of the hyperfine interactions change from site to

site due to the structurally inequivalent Fe environment. The Curie and

crystallization temperature are determined as 7I
c=708K and Tx= 803K,

respectively, using DSC thermal analysis and Mossbauer spectroscopy

measurements

Nanopolycrystalline Fe-Si-B alloys with different nanometer grain

sizes is successfully prepared by means of the in situ amorphous

crystallization method. Two main nanophases are observed after full

crystallization of the amorphous Fe78Si9Bi3 alloy. The XRD pattern,

Mossbauer spectra and in situ TEM observations reconfirm that the

formed nanophases are the a-Fe(Si) (bcc) solid solution and the Fe2B

(bet) boride, respectively. The occupied fraction of the nanocrystalline

phases of oc-Fe(Si) and Fe2B at in situ optimum annealing temperature is

about 57% and 43%, respectively.
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It is notable that the magnetization of the amorphous phase decreases

more rapidly with increasing temperature than those of nanocrystalline

ferromagnetism, suggesting the presence of the distribution of exchange

interaction in the amorphous phase or high metalloid contents.
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CHAPTER 7 CONCLUSIONS

Based on the results presented in chapters 3-6, main conclusions can
be drawn as follows:

• A new type of magnetic core-shell nanocomposite Ni-Ce particles,

with an average grain size about 30 nm, is successfully produced in larger

quantity and scale. Microstructural studies showed that nanodefects

(nanotwins and stacking faults) have a great faction in larger Ni core

zone; however, the shell layers is composed of different NiCe alloy and

NiO oxide compounds. On the other hand, this magnetic core-shell

nanocomposite particles indicate a strong ferromagnetic interacting

order with chain-like features for collective state of assembly.

Magnetization measurements ( SQUID and EPR ) of this nanocomposite

particles suggested that this assembly of particles exhibit cluster-glass

like behavior at low temperature, depending on the applied field, size

distribution, and the surface magnetocrystalline anisotropy stemmed

from exchange interaction and dipolar interaction with random

anisotropy under collective state of assembly. In particular, the exchange

coupling interaction between pure Ni core with NiO oxide shell layers

has been responsible for their higher coercivity (Hc).

• Two kinds of carbon encapsulated ferromagnetic nanoparticles Fe

and Co, with average sizes of 15 and 10.5 nm, respectively, are

synthesized using a modified arc-discharge method. The microstructural

analysis ( HRTEM, XRD, SAED, EDS, etc., ) indicate, nanoparticles of

both carbide phase (M3C, M=Fe, Co ) and metallic phase (a-Fe, y-Fe;
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hep-Co, fcc-Co) are encapsulated in graphitic carbon. Magnetic moments

measurement (VSM) for two kinds of nanoparticles at room temperature,

show that the values of saturation magnetic moment of two nanoparticles

are comprehensible decrease compared with their bulk ferromagnetic

elements counterparts. Moreover, these two carbon encapsulated Fe and

Co nanoparticles are shown to be ferromagnetic behavior with a ratio of

remnant to saturation magnetization M/IVIS ~ 0.3. It is suggested that

microstructural properties, such as, size effect, defects, carbon solution,

etc., will play a crucial role for the magnetic behavior.

• The distinct morphological properties on two kinds of Ni

nanoparticles ( Ni(C) and Ni(O)) have been evaluated by high-resolution

transmission electron microscopy, nanoarea electron diffraction, X-ray

electron dispersive spectrocopy, and powder X-ray diffraction. For Ni(C)

particles, graphitic encapsulated fcc-Ni and Ni3C nanoparticles are

determined; for Ni(O) particles, pure Ni nanocrystal coated with NiO

layer is identified, respectively. Magnetization measurements (SQUID)

under different fields and temperatures for an assembly of two kinds of

Ni nanoparticles show, for Ni(O) particles, a larger coercivity and

remanence magnetization have been observed, which due to the effect of

exchange anisotropy interaction between the interfaces of the

ferromagnetic region of Ni nanocrystals and the layer of

antiferromagnetic NiO on the surface of Ni(O) particles. Besides, a

deviation between the ZFC and FC magnetization curves at below a

critical temperature Tx, which can be explained by the nanocluster glass

like behavior due to ferromagnetic interaction among the assembly of
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particles have been found. On the other hand, Ni(C) particles exhibit

superparamagnetic behavior under a certain applied filed at room

temperature, the blocking temperature, TB, is determined close to 115K.

Moreover, the greater decrease in saturation magnetization is attributed

to the nanocrystalline nature of carbon encapsulated particles.

• Novel nanocrystallization behavior and process of one typical

ferromagnetic Fe78Si9Bi3 ribbons are investigated using various of

techniques analysis and measurements ( in-situ TEM, XRD, Mossbauer

spectra, DSC, and VSM, etc., ). First, the Curie and crystallization

temperature are determined to be 7c=708K and Tx= 803K, respectively,

for the amorphous state of ferromagnetic Fe78Si9Bi3 ribbons. Second,

nanopolycrystalline Fe-Si-B alloys with different nano-scale phases are

successfully obtained by means of this in situ amorphous crystallization

method. Two main nanophases, oc-Fe(Si) (bcc) solid solution and the Fe2B

(bet) boride, are observed after full crystallization of the amorphous

Fe78Si9B13 alloy. The occupied fraction of a-Fe(Si) and Fe2B in the

nanopolycrystalline Fe-Si-B alloys at in situ optimum annealing

temperature is about 57vol % and 43vol %, respectively. Furthermore, it

is worthy of noting that the magnetization of the amorphous phase

decreases more rapidly with increasing temperature than those of Fe-Si-

B nanoploycrystalline ferromagnetism, suggesting the presence of the

distribution of exchange interaction in the amorphous phase or high

metalloid contents.
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