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Abstract

In studies of nanostructural materials, electron energy-loss spectroscopy (EELS) shows
its specific advantage of high spatial resolution in chemical analysis, by a spectrometer in
a transmission electron microscope (TEM). Energy loss near-edge structure (ELNES) in
ionization edges can provide information on the local valence (or bonding) state and
coordination of the excited atom. In this study, the spectral features of ELNES were
interpreted using a real-space multiple scattering (RSMS) approach. The appearance of a
“postpeak” (a broad post-edge peak above L-edge) or prepeak is shown to be a
characteristic of transition metals in an oxidized state, by the experiments and RSMS
calculations. These peaks provide a convenient and sensitive test in checking interfacial
oxidation of metallic nanoparticles embedded in a matrix.

Novel processes were developed in nanofabrication, including in-situ fabrication
of iron nanoparticles by electron-induced decomposition of iron fluorides, fabrication of
stable iron nanoparticles embedded in a silica matrix through multilayer route, and
synthesis of regular arrays of silicon oxide nanowires from a patterned reagent. ELNES
methods developed here were used to monitor the evolution of the phase state of iron
during electron beam irradiation of iron fluorides in a TEM, check the oxidation state of
iron nanoparticles embedded in a silica matrix and encapsulated at the end of nanowires.
The results provide an explanation of the magnetic properties of the iron nanoparticles
that were characterized using Lorentz microscopy, the magneto-optical Kerr effect and a
physical-properties measurement system. The growth mechanism of silicon oxide
nanowires is also discussed in relation to the microstructural and electronic analysis in

TEM.
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Chapter 1 Introduction and background

1.1 Introduction

Electron energy-loss spectroscopy (EELS) offers the possibility of chemical analysis at
nearly atomic length scale by measuring electron excitation in materials, in the context of
a modern transmission electron microscope (TEM).! EELS shows its advantage in low-
concentration and light-element analysis,” > and is also applicable to electron-sensitive
materials, as studied in biological sciences.* One most information-wealthy and
interpretation-challenging aspect of EELS is the energy loss near-edge structure
(ELNES), the intense fluctuations within 50 eV of core-loss edge onset. Simultaneous
analysis of atomic structure and chemical state of materials can be performed in a
scanning TEM (STEM).> ® ELNES resolves the valence or bonding state of atoms within
a small electron probe.” ® Such kind of applications have been well shown by recent work
involving some challenging nanostructural materials, including individual nanotubes,’
interfaces in structural materials,'° dislocations in GaN semiconductors'' and
nanoparticulate system.'?

In interpretation of ELNES features, the so-called “fingerprinting” is a direct and
easy approach. It involves looking for common features of an edge in unknown samples
and comparing them to the same edge of known compounds. EELS ATLAS, a complete
collection of “fingerprints” for most of elements across the whole periodic table, should
be the best reference in this purpose."> Beyond “fingerprinting” technique, a theoretical
calculation with sufficient predictive power is useful in interpreting ELNES features,
especially for complex materials of unknown structure. Recent advances in
instrumentation have significantly improved the energy and spatial resolution, to levels of
0.1 eV and 0.1 nm.'* Experimental spectra of such high-energy resolution can be
compared with ab-initio calculations, improving the reliability of the spectral
interpretation. However, when measuring at such high spatial resolution, the signal-to-
noise ratio can be low, as a result of a limited exposure time and electron dose to avoid
specimen drift and radiation damage. Developing new “fingerprints” of high sensitivity to

-1-
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changes in electronic structure is therefore imperative, especially for ELNES at higher
energy losses. Calculations by the real space multiple-scattering (RSMS) method, on
clusters of sequentially increasing size, allows spectral changes to be directly correlated
to structural and electronic properties of materials.> ELNES spectral interpretation using
the RSMS approach, and thereby developing new “fingerprints” for studies of
nanostructures is one of the main subjects in this thesis research.

The white-line ratio (WLR), a measure of the 3d-orbital occupancy, is widely
used to evaluate the valence state of transition metals (TMs)."'*!"'® As I will show in this
thesis, white-line ratios can be obtained by using a standard fitting program and used for
phase identification of iron nanoparticles. A postpeak in the 3d transition metal L-shell
ELNES appears upon oxidization of TMs, as demonstrated in the experiments in this
thesis and by reference to data in the EELS Atlas.' Also, a characteristic pre-edge peak
(prepeak) appears in the O-K edge when oxygen atoms are chemically bonded to 3d
transition metals.'®'*** RSMS calculations using clusters of increasing size establish
th1at the postpeak originates from photoelectron backscattering by the nearest-neighbor
oxygen atoms, and that the prepeak comes from the hybridization of oxygen 2p states
with 3d transition-metal orbital. Therefore their appearance provides a clear indication of
the presence of oxygen in the near vicinity of TM atoms. Calculation shows that the
peaks are sensitive indicators: even a slight amount of oxidation results in a detectable
postpeak in the TM L-edges and prepeak in the oxygen K-edge. Therefore they have
practical advantages for identifying local electronic structure, for example in an interface.
This is demonstrated in the thesis by detecting the oxidation of iron nanoparticles
embedded in a SiO, matrix or encapsulated at the end of nanowires.

Metallic nanoparticles have been extensively studied due to the richness of their
physical properties and the wide range of potential applications, such as in high-density
data storage, magneto-optical sensors and catalysts. One potential problem common to
nanoparticles is oxidation arising from their large surface area to volume ratio; they are
easily degraded by exposure to the air. Nanoparticles embedded in an insulating matrix,
the so-called nanocomposites, seem to offer a solution. It has been shown that iron
nanoparticles well protected from oxidation can be made by implanting iron into optically

transparent SiO, matrix.?! Nevertheless, a problem of the ion implantation is size control;
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a wide size distribution of the ion-implanted materials renders them less amenable to
practical applications. As we will show in this thesis, well-protected, isolated bce-iron
nanoparticles embedded in silicon dioxide can be prepared by e-beam evaporation and
post-annealing of multilayers in an ultra-high vacuum (UHV). The method allows us to
control of the size of Fe nanoparticles and to protect the nanoparticles from oxidation in
air. In particular, nanocomposite films are compatible with patterning techniques, such as
e-beam lithography (EBL), which can be used for further particle-size and ordering
control. Such an approach is promising in fabricating desired arrays of discrete metallic
nanoparticles with size well below 10 nm. Meanwhile, these iron nanoparticles can be
used for synthesis of nanotubes and nanowires from well-controlled sites; this is
demonstrated by the growth of arrays of silicon oxide nanowires from patterned reagents,
as shown in this thesis.

For such metallic nanoparticles, microstructural analysis is critical for
understanding their physical properties. For example, atoms at a surface or interface,
often oxidized or bonded to the matrix material, can have a greatly different phase state
than atoms distant from the interface. Electron and x-ray diffraction are ideal for
identifying the crystallographic structure of materials but provide only average
properties, making it difficult to detect local changes. High-resolution TEM and scanning
TEM (STEM) show the crystal structure on an atomic level, but the chemical state of
species at the nanoparticle-matrix interface can be difficult to deduce. Therefore it is
important to develop convenient methods for characterizing the properties of the particle-
matrix interfacial layer, such as its oxidation state, as an aid to interpret physical
properties.

Nanofabrication and nanoanalysis are always complementary to each other, and
this is also the case for the present study. In this study, processes were developed to
fabricate iron nanoparticles and silicon oxide nanowires (NWs). Detailed microstructural
and electronic analysis of the fabricated iron nanoparticles and silicon oxide NWs were
conducted by TEM imaging and EELS techniques. The results provide an insight to the
magnetic properties of the iron nanoparticles, and lead to a discussion of the growth

mechanism of silicon oxide NWs.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ultra high vacuum (UHV) and electron energy-loss spectroscopy (EELS) are two
main techniques used in this study and thus introduced in section 1.2. Interpretation of
energy-loss near-edge structure (ELNES) and its application in characterizing the
nanostructures are central to this thesis research, so the theoretical background, recent
developments, calculation of ELNES are summarized in section 1.3. Finally an outline of
the thesis, as well as the main issues dealt with in each chapter, is given in a fourth

section of Chapter 1.

1.2 Experimental techniques

Experimental work is at the core of this thesis research. It ranges from various sample
preparation techniques, using electron-beam and thermal evaporation in an ultra-high
vacuum (UHV) system, to advanced characterization, by electron microscopy,
spectroscopy and by magnetization measurements. Of the various experimental
techniques, EELS and UHV were extensively used in this study and thus their

instrumentation and methods are outlined in this section.

1. 2.1 Electron energy-loss spectroscopy

An electron, when passing through materials, can be scattered elastically by nucleus, or
scattered inelastically by the atomic electrons; the former is used for TEM imaging and
diffraction, and the latter for energy loss spectroscopy (EELS) that provides rich
chemical information.! Some instrumental aspects of EELS relevant to this thesis

research are outlined in this section.

1.2.1a Magnetic prism
A Magnetic prism is the basic component of a spectrometer system. Figure 1-1 (a)(b)
shows the schematic diagram of the spectrometer optics, typically for a Gatan
spectrometer installed beneath the camera system of a TEM. Similar to other
electromagnets, the magnetic prism applies a perpendicular force to the incoming
electrons by magnetic field B produced from the polepieces, fulfilling three roles.!

= Bending the beam through an angle (90° in general).

= Dispersing the electron beam according to their kinetic energy (after certain

energy loss), since the radius R = v(ymy/eB).
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* Focusing the electrons of a given energy loss to a point, both in the plane of the

spectrometer Fig.1-1 (a) and in the perpendicular plane (b).

(a)

SEA

&
\

Figure 1-1 The dispersion and focusing of electrons in a magnetic
prism (a) in the bend plane of spectrometer and (b) in a plane normal
to the bend plane. (From Ref. 1)

1.2.1b Two TEM modes

In normal TEM operations, the crossover formed by the projector lens acts as the object
point of the spectrometer (SO); the optics is illustrated in Figure 1-2. SO contains an
image or diffraction pattern, depending on the TEM modes.

Image mode (diffraction-coupled spectrometer): a magnified image of the
specimen is present on the viewing screen and the spectrometer object (SO) plane (or
called projector-lens crossover) contains a diffraction pattern (DP), shown in the left of
Figure 1-2.

» Collection semi-angle B is determined by the objective aperture (OA): $=0.5d/f, d
is the objective-aperture diameter and f'the focal length of the objective lens; if no

OA inserted, B is typically 100-150 mrad.

» The area of analysis is normally selected by the spectrometer entrance aperture

(SEA), and the lateral displacement due to chromatic aberration has to be

considered; therefore imaging mode is not good for quantitative analysis.
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Diffraction mode (image-coupled spectrometer): A diffraction pattern is formed on the
viewing screen, while the projector crossover contains an image of the illuminated area of
the specimen, shown in the right of Fig. 1-2.
® The collection angle is usually determined by the selected area aperture (SAA):
P=0.5D/[L(V"/V)]. In which the D is the SEA diameter and L is the cameral
length, V'’ and V are the distances from the projector lens to the screen and to the
SEA plane, respectively. This mode is good for quantitative chemical analysis at
small sample areas.
= Diffraction mode has advantage of high spatial resolution or strong signal: the
illumination region (in the specimen plane) can be in nano scale, being selected
by the selected area aperture (SAA); or the electron beam can be spread to many
micrometers in decreasing the radiation damage and meanwhile obtaining strong
enough signal for chemical analysis. The core-loss EELS spectra reported in this

thesis were recorded mostly in the diffraction mode.

IMAGE MODE DIFFRACTION MODE

............... b NSk
SEA SEA

Figurel-2 Simplified optics for two TEM modes in recording EELS: imaging
(left) and diffraction (right) modes. S represents specimen, OL objective lens, OA,
objective aperture, SAA selected area aperture, IL intermediate lens, PL projection
lens, VS viewing screen, SO spectrum object, and SEA spectrum entrance
aperture. (from Figure 2.16, in Ref. 1)

1.2.1c Energy resolution of EELS
In the literature, the energy resolution is generally defined as the full-width at half

maximum of the zero-loss peak. There are mainly four (instrumental) factors affecting
-6-
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the practical energy resolution in EELS: (a) the energy spread of the electron source, (b)
the non-isochromaticity of the spectrometer, (c) the point spread (blurring) of the
detector, and (d) instabilities in the TEM high voltage, the spectrometer energy dispersion
and the stray magnetic field”.??

Usually, the energy spread of the electron source is the main limitation to the
energy resolution, and is of the order of 1 eV for a thermionic source, and possibly as low
as 0.23 eV for a cold field-emission gun.” Electron monochromators can push the
resolution down below 0.2 eV.2*?** It should be made clear that, besides those factors
above, there are more broadening effects to the high-energy loss (or core-loss) spectrum,
including:

= [nitial life-time broadening determined by the uncertainty relations.

= Final-state broadening arising from the limited mean free path of the

photoelectron.

» Degradation due to TEM chromatic aberration
Those factors will be discussed in Section 3 in dealing with ELNES.
1.2.1 d Comparison of EELS with other techniques in studies of nanostructures
Electron energy-loss spectroscopy (EELS) shows advantage of much higher spatial
resolution in studies of the chemical and electronic structures of materials, in comparison
with other spectroscopic techniques. The main reason is that fast electrons* (being
charged particles) can be well controlled by electro-magnetic interactions (i.e. through
the electrostatic or magnetic lenses). A combination of imaging and chemical analysis at
nearly atomic level is possible in an advanced TEM. ’

A comparison of EELS with other techniques is given in Table I-/. The spatial
and energy resolutions eventually depend on the probe and detector used in the
techniques. EELS, Auger electron spectroscopy (AES), energy dispersive spectroscopy of
X-ray (EDX) and cathodoluminescence (CL) all use electrons as probes, giving higher
spatial resolution. CL, X-ray absorption spectroscopy (XAS), photoluminescence (PL),

X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy

*  So moving of a metallic chair should be avoided during spectrum recording.
It can be minimized by selecting low eV/ch and increasing the high voltage, and by focusing the
spectrum using the feature of interest.
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(UPS) use photons as detectors, giving higher energy resolution. Thin specimens (below
100 nm) are required in recording EEL spectrum in a transmission mode. Bulk samples
can be used in other techniques, which, however, are in surface modes.

On the other hand, EELS (as well as AES and XAS), as an absorption
spectroscopy, differs from the emission spectroscopy in that it probes the unoccupied

density of states and the latter probes the occupied density of states.

Table 1-1: a comparison of EELS with other spectroscopic techniques, in the probe, the spatial
and energy resolutions, and the sample requirement.

techniques probe energy resolution  sample  spatial resolution
1 eV (LaBg)
EELS electrons (100K-1MeV) 0.7 eV (SFEG) thin film 1 nm
0.3 eV (CFEG)

AES electrons (1-30 KeV) ~1 eV bulk 100 nm

EDX electrons (100 K-1 MeV) 100 eV thin film® 100 nm
CL electrons (1-30 KeV) 1 meV bulk 100 nm

XAS photons (100-5 K eV ) 1 meV bulk” 1 mm
PL photons (adjustable) 1 meV bulk 1 um

XPS photons (2 KeV) 200 meV bulk 1 mm
UPS photons (20 eV) 100 meV bulk 1 mm

1.2.2 Ultra high vacuum (UHYV)
High quality samples used in this work were prepared in an ultra high vacuum (UHV). A
photo was taken for the whole system, and the main components were labeled, as shown
in Figure 1-3. Some important components are out of view, such as control panels for
deposition and power supplies and turbo molecular pumps.

The UHV system has seven parts basically:
Chambers: load lock (LL), RAPID (a transfer station connecting all other chambers),
molecular beam epitaxy (MBE), and pulsed laser deposition (PLD, not used in this thesis
work)
Sources: three e-gun sources and one thermal source
Pumps: scroll pumps, ion pumps (IP), turbo molecular pumps (TMP) and Ti-sublimation
pumps (TSP)
Control panels: for pumps, deposition and baking

Monitoring system: residual gas analyzer (RGA), and various vacuum gauges

1 A high voltage (100 K-1MeV) applied to achieve a big mean free path.
$ Also bulk sample can be used for EDX in a scanning electron microscope (SEM).
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Power supplies: for electron beam and thermal evaporation

Annealing system: composed of control panel and resistive wires (in MBE)

Control panel

Figure 1-3 Photo of the UHV system used for sample preparation in this thesis work
(courtesy of Dr. A. Meldrum)

A schematic representation of pumping stages for chambers is shown in Figure 1-
4. In order to reach the UHV regime in the RAPID and MBE chambers, different
pumping stages are necessary. The pre-vacuum is obtained using a pumping stage made
of a turbo molecular pump (TMP) and a scroll pump; the chambers can reach a pressure
of about 10 Torr in a couple of hours. Then an ion pump (IP) coupled with a Ti-
sublimation pump (TSP) (both for RAPID and MBE) is used to reach a pressure of about
10° Torr. To reach even high levels of vacuum, a bake-out is needed, using the halogen
bulbs and resistive tapes; the whole chamber is heated up to a temperature of about 120-
200°C for 3 days (or more if necessary) in order to accelerate the desorption of water
vapor and other gases from all inner walls of the chambers. After that the system is
cooled down and the pressure can finally reach 1x107'% Torr or even lower. One can see
the time-consuming nature of the whole procedure and the necessity to reduce the

exposure to air; ideally, the Rapid and MBE chambers should be kept at an UHV regime
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all the time. For this purpose, it is important to use a fast load-lock (LL) chamber, to
introduce and extract samples without breaking the vacuum.

In a typical sample preparation, the sample is firstly introduced into LL. chamber
and the chamber is pumped down to 10" Torr by TMP and scroll pumps, then the sample
is baked at about 150°C overnight and then transferred to the RAPID chamber after
cooling down to about 100°C. During the transfer, the pressure in the Rapid may rise to
10" Torr, and it needs about one hour to pump down to the 10™'° Torr range using the IP
and TSP. At this point, the sample can be transferred to the MBE chamber, where film
deposition and annealing (if necessary) are done. One can refer to the well-written
manual for film deposition in the lab; the general procedure for an in-situ annealing in

MBE is given in Appendix 1.

UHV gagues —> C’)
H20 cooling BAHVgauge @d IS
Vent
TMP 1L Rapid MEBE
(107¢-10)Torr}
LLIRTmﬂ R‘l""lilm
iselatiex gae valve iselation gate valve] 0
T MBETMP
Loading here gate :y.'.hﬁ" (\)
TSP&Ion Pumnp TMP

_l ﬁ Vent
EV] EV3

Scroll

N2
Gas

Figure 1-4 Schematic view of the UHV pumping system.

1.3 Basic theory of ELNES

Electron energy-loss near-edge structures (ELNES) are the electron-beam counterparts of
x-ray absorption near-edge structure (XANES). Both ELNES and EXANES measure the

probability of excitation of a core electron to unoccupied states. The concepts for
XANES that have been developed for many years, are also applicable to ELNES. The
information that can be obtained by ELNES is almost identical to that of XANES, but
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ELNES in a transmission electron microscope (TEM) offers the advantage of higher

spatial resolution.

1.3.1 ELNES: a site-specified and symmetry-projected DOS

When an electron beam passes through a sample, the incident electrons can be scattered
by certain sample atoms (called target), resulting in an energy and momentum transfer
from the incident electron to the target atoms. This is an inelastic scattering process.

Figure 1-5 illustrates the scattering geometry for an electron with initial energy E, and
momentum 7K, , and a final energy of E, and momentum 7k, . When passing through the
sample, the electron is scattered through an angle 8, losing an energy E = E, — E, and
momentum #q = #A(k, —k,) . The target atom in an initial state of wavefunction'¥,
makes a transition to a final state of wavefunction'¥’,,. To understand the scattering

process, the quantum mechanical nature of the target must be taken into account. Since
the energy of interaction between the incident electron and the target atom is much
smaller than the kinetic energy of the incident electron (i.e. typically 200 keV), the
differential cross-section (in terms of solid angle Q) for the transition can be calculated
within the first Born approximation:'’
do,(¢.E) _ m .,k

2
QG k,

| [VEOY, ¥, exp(iq-1di’ S(E+E, - E)) (1.1)

here V(r) is the interaction potential between the incident electron (coordinate 7) and the
target atom electrons (coordinate r;), including the Coulomb attraction by the nucleus and

the sum of Coulomb repulsion of each atomic electron:

1 Ze? & &
Viry=- - (1.2)
*) 47r80[ r ;h'—rj |]

The integral of the first term (nuclear contribution) is zero because of the orthogonality of

the initial- and final-state wavefunctions; only electron-electron interaction contributes to

. . . . 1
an inelastic scattering process shown in the second term.

't Under the assumption that the incoming plane wave (of the fast electron) is not substantially altered by
the potential.
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Figure 1-5 Geometry of an inelastic scattering process

The integral of the second term in Eq. (1.2) over r in Eq. (1.1) can be solved by

the Bethe approximation:?>

[————d Xp(’q r) :—f—eXP(iq-r,-) (1.3)

Consequently the differential cross section can be written as:

do,(E,q)
aQ

me2 k )
=(2”€th)2(%;—) <P, | Zexp(i-r;) |, > S(E+E,~E,) (1.4

in which | %> and | P»>are the initial and final state of the target atom in the Dirac
representation. To correlate the cross-section to the spectrum intensity as discussed
below, the angular and energy dependence of the scattering of the interaction represented

by a double-differential cross-section must be calculated:

dza(E,q) 4}/
d0dE ~alq (k )dE§[I <¥ (E)lZexp(lq r,) | W, (E)>’6(E+E, - E,) (1.5)

here y and g, are the relativity constant and Bohr radius respectively.
The core state, | ¥>, are localized. We can define a basis | ¥, ; (E)>, in which i,

L(l, m) are indexes for the site, angular momentum, and assume | ¥, ; (E)> is complete

with respect to the core state: %°

) "//i,L(En)><'/fi,L(En){=1 (1.6)

alli,L.E,
Substitution of Eq. (1.6) into Eq. (1.5) gives
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d2O'(E,q) 47
dQdE _ao ( ) 2§|<Tn(E)|W1,L(En)>

x <y, (E,) | Zexp(iq 1) | Yo (E) > S(E+E - E;)  (1.7)

The expression is nonzero only when E,= E+E, (where E.= E;-E, is the binding

energy). And so the second term in Eq. (1.7) is taken out of the summation to have

d’a(E,q) _ 47
dQdE  alq ( )Z|<W'L(EE+E)|ZeXP(lq r)| ¥, >

dEn|<‘I—'|l//,L(E)>| O(E+E -E;) (18

The cross-section can be defined in terms of specific i, L (a specific site, angular-

momentum), resulting in

d’o(E, 4y*
dgngq)li’L = j 4(k )|<V/,,(E+E)|Zexp(zq r)llP >|2

xfEZK ¥, |y, (E,) >} S(E+E,~E,) (1.9)

Now Eq. (1.9) contains two terms , one of which is generally termed the atomic transition

matrix

M(E)=<y,  (E+E,)|Xexpliq-r;)|¥, > (1.10)
J

The atomic transition atomic matrix in Eq. (1.10) can be further simplified by making the
one-electron approximation: excitation of an inner-shell electron is assumed to have no

effect on the other electrons of the atom, namely

<y (E+ E))| %“exp(iq-rj) | P, >= §< w (E+ E,)|exp(iq 1) | ¥, > (1.11)
The second term in the right side of Eq. (1.9) corresponds to the density of states,
explicitly:

N(EY =2 51< ¥, 1y, (E,) >f S(E+ E,~ E)) (1.12)

Consequently Eq. (1.8) can be simply rewritten as

d’c 4;/
dQdE aq’

_| M| N(E) (1.13)
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where the labels i, L have been omitted for clarity. M (E) is a slowly varying function of
energy loss, to a first order approximation, and N(E) (actually a matrix including the
excited electron’s interaction with the surrounding atoms) determines the near-edge fine
structures. Remembering that the atomic electron takes a transition from core-level state,
highly localized on the excited atom, to an empty state above the Fermi level, we can say
that N(E) is the unoccupied local (or site- specified) density of states (LDOS).

For a thin specimen in which plural scattering is negligible, the inner-shell

contribution to the energy-loss spectrum (recorded with a collection semiangle B) is the
single-scattering intensity J ,t (B,FE), given by

Jy(B,E) = Nl,do | dE (1.14)
Here N is the number of atoms per unit specimen area contributing to the ionization edge

and [, is the integrated zero-loss intensity.

1.3.2 Dipole approximation
1.3.2a Dipole approximation
For small g (g«1/r., where r, is the radius of the initial state),’ the exponential in Eq.

(1.11) can be expanded as:

2
exp(iq-rj)=1+i(q-rj)—q?(q-rj)2+~-- (1.15)

The first term does not contribute to the cross-section because the initial and final state

wave functions are orthogonal. And if(q -r;)is small, such as (q-r;) <<1, only the

second term gives an appreciable contribution to the cross-section, representing a dipole
transition, i.e. Al = +1; other high-order (multipole) terms can be neglected. So, dipole
approximation is generally used in the atomic matrix in Eq. (1.11)

<y (E+E)|exp(iq-r)|¥, >=iq<y (E+E)|x|¥, > (1.16)

A complete correspondence between the ELNES and XAS (x-ray absorption spectrum) is

expected for small ¢g; Eq. (1.13) can be rewritten as”’

d’c 4y’
2

dOdE = aoqz [l Mt+1 IZ N,+1(E)+[M,_1 iz NI—I(E)] (1.17)
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in which M, =<V, |r|'¥, >.In the dipole approximation, the observed DOS is a

symmetry-projected density of states, for example, the modulation in K-edge intensity

reflects mainly the density of 2p final states.

1.3.2b Non-dipole transition

If q is not small, higher-order terms, such as the third term in Eq. (1.15) can no longer be
ignored. They give rise to monopole (Al = 0) and quadrupole (Al = £2) transitions.”” For
example, a small peak located at about 1.5 eV below the band edge was recently

observed in the Li-K edge of Li;O, which is attributed to a monopole transition, i.e. from

Li s to an exciton of s symmetry.?®

1.3.3 Limitations in energy and spatial resolution

1.3.3a Energy broadening

The broadening of ELNES features has three origins: the core-hole lifetime (or called
initial state, I';), the lifetime of the excited state (or called final state, I'y), and the
instrumentation broadening (AE).
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Figure 1-6 Core-level widths of K and L edges versus threshold energy.
Instrumentation broadening AE is generally mentioned in describing the energy
resolution of a TEM and defined as the FWHM of the zero-loss peak (ZLP). It has been

improved rapidly in recent years, for example by using a field-emission gun and/or a
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monochromator. For a TEM equipped with a field emission gun, AE~0.6-0.7 eV; the
resolution can be pushed down to 0.1 eV, for a system equipped with a monochromator.
Initial-state lifetime broadening The core level has a natural energy width determined by

the uncertainty relation: I',7, = %, where 7, is the core hole lifetime, determined by the

speed of the de-excitation mechanism. For example, Fe-Ls is slightly sharper than L,
because of the rapid decay of the excited states through the Coster-Kronig transition in
the latter: Fe-L;, ionization can be rapidly compensated by an electron from the L3 shell
filling the hole and ejecting an Auger electron from the d shell. A conduction-band
electron could also fill the L; core hole, but the L3 core hole can only be filled from the

conduction band. The value ofT;, is low and depends mainly on the threshold energy of

the edge. Figure 1-6 shows the natural width of the K and L edges as a function of
threshold energy, from Ref. 24
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Figure 1-7 Comparison of the final-state lifetime broadening for Al-L edge,
obtained from experiments or calculations (from Ref. 24). The solid line is
calculated using free electron mass, and the dashed line using effective
electron mass.

Final-state broadening arises from the limited mean free path A, (typically a few

nanometers) of the excited electrons. At the threshold, I's is zero because of the infinite

A, (or excited state lifetime), and increases with increasing energy, resulting in
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broadening in the extended-energy region, such as in EXELFS. Different methods have
been employed to obtain the final-state broadening, giving different energy dependence
of I't (E), as shown above in Figure 1-7. For example, Weijs et al. used an empirical
linear relation (I's (E)=0.1E);* Muller et al. used a theoretical formula obtained from
random phase approximation (RPA);* and Egerton proposed that the I's (E) can be
determined by a free electron approximation. > The result fits the Herbert’s experimental
data rather well .*° In simple terms, after transition to an outer-shell level, an excited

electron is left with a kinetic energy E,,, = E— E, (E is energy loss and E;, the edge-

threshold energy). If taken to be a free particle, the ejected electron moves with a speed

ofv=2E, / m, and then is scattered inelastically by the surrounding atoms, with a mean
free path 2, (a function of kinetic energy). So the I't (E) can be estimated from the

Heisenberg uncertainty relation:
T(E)~hlt, ~(2E, /my)"'* (] 4,) (1.18)

We can see I't (E) increases with excitation energy, so the features well above the
threshold are very broad; a monochromator can enhance the visibility of the near-
threshold peaks, but has little effect on far-above-threshold peaks.

Monochromators can improve the energy resolution to below 0.2 €V, and in the
case of a low-loss spectrum (E<50eV) they provide a great advantage in bandgap
measurements.”> The monochromators have, however, drawbacks, such as the low beam
current (due to the brightness conservation). For ELNES, a high beam current is preferred
due to the small scattering cross-section, and actually, the broadenings that are intrinsic to
the core-loss often dominate the fine structure. Therefore a cold field-emission electron
gun seems to be a preferable solution for reducing the instrumentation broadening.® An
alternative way to improve the energy resolution of the ELNES is spectral processing
using the various deconvolution methods. As routine measures, Fourier-log or Fourier-
ratio procedures are used to remove the plural scattering.' More recently, maximum-
likelihood deconvolution has been successfully employed to sharpen ELNES features;

energy resolution can be pushed down to 0.2-0.3eV.%!
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1.3.3b Delocalization of inelastic scattering

Inelastic scattering has a fundamental-physics delocalization coming from the wave
nature of the electrons, even recorded using an ideal instrument. An estimation of the
energy dependence of the localization diameter (containing 50% of the scattered

electrons) was derived (starting from Rayleigh criterion) by32
d ~0.8A(E, / E)** (1.19)

in which, A and E are the incident electron wavelength and energy respectively
(determined by the accelerating voltage), E is the threshold energy. Immediately we can
see the spatial resolution can be relatively poor for the low-loss spectra, the wave nature
of the electron imposes a spatial localization limit of the order of 1 nm at energy loss
below 100 eV.

The delocalization of the inelastic scattering (called nonlocality by the authors)
was well illustrated in the spectrum imaging recently in a SiC system.*> Atomic-
resolution can be obtained using the high angle annular dark field (HAADF) imaging
technique in a STEM mode, so that the Si and C columns (of 0.1 nm distance) were
distinguishable, while integral EELS spectrum intensity of carbon K-edge detected by the
probe on carbon column is much lower that on the silicon column, this actually comes
from the fact that electrons can carry information about regions of the specimen that are
located some (small) distance from their classical trajectories. With this in mind, one
cannot simply connect a signal at a given probe position and the location of the atoms
giving rise to that signal. This might be a concern for the next generation of the TEM
with resolution down to sub-A.

Delocalization of inelastic scattering, is a fundamental physical limit to the spatial
resolution in nanostructual analysis by EELS, but the effect can be minor in analysis by
ELNES (implied by Eq. (1.19)), in comparison to other factors such as beam spreading
due to elastic scattering, radiation damage, lens aberration (chromatic and spherical),
diffraction limits (due to apertures), and statistics of data recording (electron probe and

specimen drift).”*

-18 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.3.4 Orientation dependence
Eq. (1.14) clearly shows the origin of the orientation dependence: it is the projection of
the matrix element onto the scattering vector, and thus the choice of the scattering vector
q selects oriented matrix elements. In an anisotropic crystal, the final state |/~ has a
definite directionality. The direction of ¢ is determined by the scattering angle, variation
of the matrix element may therefore be studied by recording spectra both as a function of
scattering angle and crystal orientation. The orientation of the angular parts of the wave
functions will reflect the local fields and thus the crystal structure of an anisotropic
crysta1.34’ 35
As an example, let’s assume ¢ parallel the z direction of the xyz coordination of

the sample, and substitute the Eq. (1.6) and (1.14) into Eq. (1.9), to have
d’o(E,q) _ 47

dQdE aq

|i,l,m

k z
(i‘)qz < Vism (EE+EC )le \Pi,m,[ (EE+EC) >< \Pi,m,l' (EE+EC )| 'E |'F, >l2
0 im,

y EdEZk W, |y, (E,) S S(E+E, - E,) (1.20)

For simplicity, let’s only consider K-edges, i.e. transitions from s to p states. Since the
operator Z/ R applied to an initial s state creates a p; state, and other terms are zero. Now
we have three remaining terms containing (px, py, pz). Here Cartesian coordination is used

to replace the magnetic quantum numbers (7, m). Finally, only the term containing p, final

states remains (since< ', , [, >,<%¥, |'¥,,, >=0), namely

d’c(E,q) _ 4y’

k
(;c'l_)qz /R|< Vin, (Egox) Y, >[?
0

dQdE lip, B agq4
d 2
X;EZK‘P,, W, (E)> 6(E+E -E;) (1.21)

So Eq. (1.16) tells that we have a p.-projected final states (p--DOS)
d
N, (E)= d—EZI< ¥, \v,, (E)> S(E+E,~E,)) (1.22)

In an experiment, ELNES reflects the partial density of final states projected onto the
direction of ¢. This means that we can change the direction of g (either by tilting the
specimen relative to the beam, or by changing the scattering angle), to select a certain

projected final states of an anisotropic crystal.
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ELNES, with its unique high-spatial resolution, has been used to study the
anisotropic properties of graphite and hexagonal boron nitride,** superconductors, such as
Mng,3 6,37 semiconductors, such as GaN>® and nanostructures, such as ZnO nanobelts.*

One practical question in momentum-resolved ELNES is the momentum
resolution; high momentum resolution is desirable, for example, in the study of
momentum-dependence of band-structure in crystalline samples. The momentum
resolution can be increased, such as by raising the specimen above eucentric plane, a
geometry proposed by Midgley,*® but at the expense of spatial resolution according to the

Heisenberg uncertainty relation or the Rayleigh criterion for resolution.

Figure 1-8 Schematic illustration for the multiple scattering of the
outgoing wave reflected off from the surrounding atoms.

1.3.5 ab initio calculations
1.3.5a Real-space multiple scattering calculation
Multiple scattering calculation was originally developed for near-edge structure

interpretation in X-ray absorption spectroscopy (XANES), and is also applicable to the
ELNES since the theory of ELNES and XANES are exactly analogous. As illustrated in

Figure 1-8, an excited electron (photoelectron in the case of x-ray excitation) is emitted
from the central atom in a cluster, as a spherical wave. This wave is reflected off from
surrounding atoms, and interferes with the outgoing wave, constructively or destructively
depending on the phase difference, to yield an interference pattern that maps the
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unoccupied density of states. Since it is based on a real-space cluster of atoms and there
is no symmetry requirement for the calculation, the effects of dopant atoms on ELNES
can be simply investigated by substituting atom types within the cluster. Most important,
by doing a calculation on sequential clusters of defined size, the structural origins of
particular features in the spectrum may be determined. Multiple scattering calculation

therefore allows spectral changes to be directly interpreted in terms of structural changes.

3.5
- 3.0 .
2.5 -
2.0 .
1.5 ;
1.0

Intensity (arb. units

0.5

0.0 2 [ 2 [} 2 1 2 [ A 'l 2 [l P
670 680 690 700 710 720 730
Energy loss (eV)

Figure 1-9 A sequential cluster calculations for F-K of FeF,.

1.3.5b FEFF program

FEFF8 is a set of codes implemented in an ab initio program that is based on a self-
consistent real-space multiple scattering calculations (RSMS) carried out on a finite
cluster of atoms.'” It is a real-space Green’s function method, in which the sum over final
states (in Eq. 1.4) is carried out implicitly in terms of the photoelectron Green’s function
or propagator G. The Hedin-Lundgqvist (HL) self-energy, an extension from ground state
density function theory to excited state, is generally used to account for the many body
effects and inelastic losses in solids. The general theoretical discussion and practical
aspects on ELNES calculations using FEFF8 was recently reviewed by Moreno et al..*!
RSMS (in FEFFB) is an excited-state electronic structure calculation based on the

final-state rule, in which the final states are calculated in the presence of an appropriately
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screened core-hole, and the many-body effects and inelastic losses are represented by a
complex energy-dependent “self-energy” ZE. The real part of ZE leads to systemic shifts
of edge threshold, and the imaginary part leads to the broadening of the spectrum
(ME)}k/(ImZE| + I'/2, where T is the inverse of core-hole lifetime).*? Hedin-Lundqvist
(H-L) self-energy is based on uniform electron-gas theory and was first introduced into
the x-ray absorption theory by Lee and Beni. * A complex potential is constructed to
account for the electron-electron interaction including exchange and correlation effects,
and added to the electrostatic potential to calculate the complex phase shifts. (H-L) self-
energy is used in FEFF calculations for solids.

One example of using the code (FEFF 8.20), in a sequential cluster calculation of
F-K in FeF», is shown in Figure 1-9. The spectral features can be correlated to their

structural origins directly by these sequential calculations.

1.3.5¢ Prepeak and postpeak in iron nanoparticles

According to the multiple scattering calculation (in Chapters 3 and 5), a prepeak in O-K
or F-K in transition metal oxides or fluorides appears immediately with a small cluster:
central atoms (F or O) plus the first shell of the TM atoms, such as the F-K in FeF; in
Figure 1-9; we also found that a prominent postpeak occurs at about 40 eV beyond the

iron L3 edge, coming from the backscattering of 15t shell oxygen atoms (discussed in

Chapter 3). Through multiple scattering, we can correlate the prepeak in O-K or postpeak
in TM-L edges to the TM metal oxides explicitly. Therefore we can use the technique to
check the oxidation of the TMs, besides the traditional methods, such as x-ray or electron
diffraction patterns. For example, to check the interface oxidation of Fe nanoparticles in
SiO, matrix, one can check the postpeak in Fe-L, or the prepeak in O-K edge by focusing
the electron beam on the edge of the nanoparticles (by using a STEM-EELS technique).

Especially, both peaks are very localized and sensitive to the oxidation of the TM metals,

according to the multiple scattering calculations. The application of the two techniques in

the case of the iron nanoparticles embedded in SiO, matrix can be found in Chapter 5.
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1.3.6 3d occupancy and white lines of iron

Fabrication and characterization of the iron nanoparticles is one of the main subjects of
the thesis. Iron has atomic number Z=26, with the electronic configuration 3d’4s!, as
shown in Figure 1-10. Transitions between 2p to 3d are allowed by the dipole selection
rule (Al = £1). If the spin orbit effect is accounted, the 2p energy level is split into 2p;.
(j=1/2)and 2p3(j =3/2), and the 3d level is split into 3d3(j =3/2),

3ds;3(j =5/2). According to the dipole rule A j = 0,£1, we have the possible transitions:

from 2ps;» to 3dss; and 3dss; corresponding to L3 edge, and from 2py ., to 3dsp
corresponding to L2 edge. Also there is a non-dipole transition 2s to 3d corresponding to
the L1 edge, which is very weak and not observable mostly. There is yet another dipole-
allowed transition: 2p to 4s, however the transition rate is 100 time lower than for the
transition from 2p to 3d, resulting from the fact that the spatial overlap between 2p and 4s
orbitals is very small, as the 2p orbital has a node at the center as opposed to the 4s
orbital which has a maximum.

Therefore, the L, and L3 edges correspond to excitations of 2p electrons to bound
3d states near the Fermi level (white lines), and to continuum states above the Fermi
level. The energy separation of the L, and L3 components arises from spin-orbit splitting.
The intensity ratio for bulk metals is found to deviate from the statistical value WLR =2,
based on the relative occupancy of the initial-state levels. Much work has been done to
relate the variation in white-line intensity ratios to the occupancies of 3d levels and to
local magnetic moment.'7#4#>*6 Pease et al. demonstrated that there is linear relationship
between WLR and the local magnetic moment for various transition metals and their
oxides.!” We have used a standard fitting procedure to measure the ratios of white-line

intensity and white line widths in a well-defined way, as discussed in Chapter 2.

1.4 OQutline of the thesis

The experimental observation and interpretation of the ELNES by multiple scattering
calculations is the main subject, by which new methods were developed for ELNES
characterization. Nanofabrication, such as fabrication of iron nanoparticles, silicon oxide

nanowires is another important part in my thesis research; the electronic and geometrical
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structures of those nanostructures were studied using the developed ELNES techniques.
Six chapters (Chapter 2, 3, 4, 5, 6 and 7) within this thesis discuss the individual aspects
of this work. Each of the above six chapters corresponds either to a journal publication or
to a manuscript submitted for publication. General discussion and conclusion is given in

Chapter 8. Below are the main issues dealt with in each chapter.

Chapter 2: Energy-loss near edge fine structures of iron nanoparticles. F. Wang, M.
Malac and R.F. Egerton. Micron 37 (2006) 316-23.
= In-situ fabrication of iron nanoparticles by electron-beam-induced decomposition
of iron fluorides
= Quantification of the white line ratio
» Dynamic monitor of the valence state of iron during irradiation

=  Microstructure and magnetic properties of the iron nanoparticles of different sizes

Chapter 3: Interpretation of the postpeak in iron fluorides and oxides. F. Wang, R.F.
Egerton and M. Malac. Ultramicroscopy 106 (2006) 925-932.
» Experimental observations of the postpeak in iron oxides and fluorides
=  Multiple scattering calculations on iron L-edges in reproducing the postpeaks
= Interpretation of the postpeak, in terms of strong backscattering from the oxygen
or fluorine atoms

» Discussion on its application in identifying the oxidation state of transition metals

Chapter 4: Multilayer route to iron nanoparticle formation in an insulating matrix. F.
Wang, M. Malac, R. F. Egerton, A. Meldrum, X. Zhu, Z. Liu, N. Macdonald, P.
Li and M.R. Freeman. J. Appl. Phys. (accepted)
= Fabrication of iron nanoparticles embedded in SiO, matrix through the multilayer-
and-annealing route
= QOxidation state of iron nanoparticles by ELNES techniques

» Magnetization properties of the iron nanoparticles by MOKE measurement
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Chapter 5: Alternative methods of identifying the oxidation of metallic nanoparticles

embedded in a matrix. F. Wang, M. Malac, R.F. Egerton. Micron (in press)

» Correlating the prepeak in O-K and pospteak above L-edge to transition metal in
an oxidation state, by multiple scattering calculation

s Application of the white line ratio, prepeak and postpeak techniques in identifying
the oxidation state of iron nanoparticles embedded in the SiO, matrix

» Discussion on the advantages of the combined techniques in identifying the
valence state of metallic nanoparticles in a matrix, and the compatibility with a
STEM-EELS at high spatial resolution

Chapter 6: Controlled growth of silicon oxide nanowires from a patterned reagent. F.
Wang, M. Malac, R.F. Egerton, A. Meldrum, P. Li, M.R. Freeman and J.G.C.
Veinot. J. Phys. Chem. (accepted).

= The process of growing silicon oxide nanowires from patterned reagent.
= Microstrctures, morphology of silicon oxide nanowires, studied in an analytical
TEM.

»  Nanowire growth mechanism, a discussion.

Chapter 7: An ELNES study of SiO; nanowires grown from a patterned reagent. F.
Wang, M. Malac, R.F. Egerton, P. Li, A. Meldrum and M.R. Freeman.
Microscopy and Microanalysis 12 supplement 2 (2006) 1172 CD.

=  Multiple scattering calculations on the oxygen K-edge in SiOx
= QOxidation state of the catalyst iron nanoparticles entrapped in the nanowire tips

» Study of the phase state of silicon by multiple scattering calculation

Chapter 8: General discussion and conclusion

Appendix
A: Procedures for in-situ annealing in UHV system
B: Growth process of iron nanoparticles in a silica matrix: a real time study by in-

situ transmission electron microscopy
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C: Local oxidation of single iron nanoparticles in a Si0, matrix
D: Magnetite nanoparticles
E: Exclusion of plural scattering

F: Terminology
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Chapter 2 Energy-loss near-edge fine structures of

iron nanoparticles

(Feng Wang, Marek Malac, and Ray F Egerton, Micron 37 (2006) 316)

2.1 Introduction

Monolayers of single-domain magnetic nanoparticles have been proposed as ultra-high-
density magnetic recording media (Sun et.al., 2000). Each nanoparticle behaves as a
single magnetic dipole, its orientation fluctuating in accordance with the size,
temperature and magnetic anisotropy of the particle. A collection of single-domain
interacting magnetic nanoparticles provides a model system for studying cooperative
physical phenomena (Poddar et.al., 2002). The possible enhancement of local magnetic
moment in nanoparticles, due to their limited size, is still a matter of open debate
(Kodama, 1999). Nanoparticles, including iron, can occur in multiple crystal phases,
resulting in large differences in the magnetic moment and crystalline anisotropy
(Yushizaki et.al, 1990 and Biedermann et.al., 2001). Furthermore, the magnetic moment
of a nanoparticle depends strongly on interaction and chemical reaction with the matrix
or substrate (Yuan et.al., 1996).

Transmission electron microscopy (TEM) allows us to study many aspects of a
complex system in the same instrument. Electron diffraction and electron energy-loss
spectroscopy (EELS) permit determination of the crystal phase and local magnetic
moment, while TEM imaging allows us to measure the size of the nanoparticles within
the same microscopic area. Lorentz microscopy (LM) reveals magnetic contrast,

indicative of collective behaviour.
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2.2. Experiment

We fabricated iron nanoparticles (supported on 4-nm thick carbon film) by in-situ
electron-induced decomposition of an iron fluoride (FeF,) thin film. The initial FeF,
films were deposited by thermal evaporation using the micrometallurgy technique
(Egerton and Bennett, 1996), which provides films with a thickness gradient across the
substrate, as illustrated in Figure 2-1. The films were deposited at 1 x 10™ Pa or less at
deposition rates approximately 1 A/s. To reduce the presence of water in the film, the
evaporation source was preheated for 3 hours at about 200°C, resulting in the removal of
any iron hydrates FeF,-4H;0 and FeF,-8H,O (Streblechenko and Scheinfein, 1998). The
deposition rate and thickness were monitored in-situ by a quartz-crystal monitor;
although the FeF, thickness was later verified by EELS measurements. Immediately after
deposition, samples were transferred to the TEM, limiting their exposure to air to less

than 10 minutes.

Figure 2-1 Illustration of the experimental setup for deposition of
FeF, film: Region (4) is a region with uniform FeF, film; Region (B)
is a transition region, in which the film thickness decreases gradually
with distance from the masking edge.

The FeF, film was decomposed by 200 keV electron-beam irradiation with a
current density j = 10 Alem?, the irradiated area being more than 1 micrometer in
diameter. The size and overlap of the resulting iron nanoparticles, supported by the
carbon substrate, depend on the thickness of the initial FeF, film. The evolution of the

exposure process was studied by real-time TEM imaging and by electron energy-loss
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spectroscopy (EELS), using a Gatan 666 spectrometer (Egerton et.al., 1993). The energy-
loss spectra were collected in TEM diffraction mode (image-coupled spectrometer) with
a collection semi-angle of 3.0 mrad. The dose rate j (about 10 Acm™) was determined
from a TEM screen reading, calibrated using a Faraday cup and a Keithley 610 C pico-
amperemeter. The samples were held at T = 400 K during irradiation in order to provide
an adequate fluorine removal rate and to avoid buildup of carbonaceous contamination on

the sample (Malac et.al., 2002).
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Figure 2-2 a) BF image with SAD pattern (inset, left) of FeF, before irradiation and
corresponding profile of the SAD pattern (right), indexed according to a simple rutile
structure (tetragonal, a=4.7 A, ¢=3.3 A). b) BF image with SAD pattern of FeF, (inset,
left) after irradiation and corresponding profile of the SAD pattern (right), indexed
according to Fe bee structure (a=2.9 A). No other phases can be detected.

We used the white-line ratio (WLR) of the iron L3 edge as a measure of local
magnetic moment (Pease et.al, 2001), both during and after electron-induced
decomposition. After subtraction of pre-edge background (Egerton, 1996), the WLR was

obtained by fitting the L3 and L, white-line peaks to two Lorentzians superimposed on
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arctan functions to represent the final-state background (Morrison et.al., 1985). Lorentz
microscopy was employed to observe magnetic contrast resulting from long-range
magnetic alignment in the Fe-nanoparticle film. The objective lens was turned off for
these measurements, leaving only a weak residual field that we measured as 1.05x102

Tesla.
2.3 Results and discussion

2.3.1 Decomposition of FeF,

The initial FeF, film contained two distinct regions, schematically depicted in Figure 2-1.
Region (A) consists of a uniform 10 nm thick FeF; film, whereas in Region (B) the film
thickness drops gradually to zero at the edge of the out-of-contact mask. The width of
Region (B) was controlled by adjusting the distance between the mask and the substrate.

As shown in Figure 2-2 (a), the initial FeF, film exhibits uniform nanocrystalline
morphology, with a crystallite size of about 10 nm. All rings observed in the electron
diffraction could be attributed to the FeF, rutile structure (tetragonal, a=4.7 A, c¢=3.3A)
(Saifullah et.al., 1999). Following electron-beam exposure, the film in Region (4) was
composed of large (~20 nm) particles, whose diffraction pattern, Fig. 2-2 (b), corresponds
to body centered cubic (bcc) iron. No other phase was detected.

In Region (B), six different sites were chosen, with thickness of the initial FeF,
decreasing from 10 nm in Fig. 2-3 (a) to about 1nm in Fig. 2-3 (f). The effect of
decreasing the initial FeF, thickness is clear from Figure 2-3: the size of the resulting iron
particles decreases gradually from (a) to (f). Particle overlap can be observed in the area
corresponding to the thickest initial film, Figs. 2-3(a) and 3(b), but does not appear in
thinner areas, Figs. 2-3(c) to (f). As discussed for CoF, in Malac et.al. (2002), large
fluoride-film thickness leads to increased frequency of particle overlap rather than to an
increase in the particle size. But when the initial film is sufficiently thin, so that the iron
nuclei forming by decomposition are well separated, the particle size decreases with

decrease of the initial FeF, film thickness, as can be seen from Figs. 2-3(c) to (f).
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Figure 2-3 BF images and corresponding SAD patterns (inset) for iron nanoparticles of
different sizes: a) 20 nm; b) 15 nm; ¢) 12 nm; d) 9 nm; e) 5 nm; f) 2 nm, corresponding to
a thickness variation of the initial FeF, film from 10 nm to 1 nm.

The shape of the smallest iron nanoparticles, shown in Fig 2-3 (e) and (f), is
spherical, but with increasing FeF, thickness the resulting particles become elliptic, with
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faceting in Figs. 2-3(c) and (d), and some irregular-shaped linking observable in Figs. 2-
3(a) and (b).

The growth of the iron nanoparticles is determined by their volume and by surface
diffusion. Initially, iron nucleates at many sites forming small islands, whose shape is
determined primarily by their surface energy, but these particles grow by Ostwald
ripening (Granqvist and Buhman, 1976). The small spherical particles are formed only in
the thin-FeF; region; due to limited iron mobility at T = 400 K, they remain at the
position on the substrate at which they were formed (Malac et.al., 2002). In thicker FeF,
regions, the Fe islands are larger, elliptical and exhibit faceting. Coalescence takes places
in the thickest areas: smaller Fe islands move and coalesce with the larger ones, leading
to the irregular shapes seen in Figs. 2-3(a) and (b) and an improvement in their
crystallinity (Babonneau et.al., 2000).

The diffraction pattern for particles at site (a) of Region (B) is sharp and can be
indexed as bcc-iron, as shown in Fig. 2-3(a), whereas the diffraction rings of smaller
nanoparticles in Figs. 2-3 (b)-(f) are broad, as expected for nanometer-sized crystallites
(Wang, 2000). Even for the small crystallites, the two strongest (albeit broad) diffraction
rings match (110) and (211) reflections of the iron bcc structure. But due to larger widths
of diffraction rings from the nanoparticles in Fig. 2-3. (b) - (f), we cannot exclude the
possibility of a structural change. Such structural changes, for example from bcc to face
centered cubic (fcc), have been described previously (Yushizaki et.al, 1990). Analysis of
white-line ratios, which provides further circumstantial evidence of particle structure, is
given in section 2.3.2 below.

Electron energy-loss spectroscopy (EELS) gives us further insight into the FeF,
decomposition process. Figure 2-4 (a) shows energy-loss spectra of an initial FeF; for site
(d), partially decomposed FeF; at an exposure dose D = 400 C/cm?, and more fully
exposed FeF; at a high exposure dose (D = 4500 C/cm?). Fluorine K, iron L,3, and
oxygen K ionization edges are visible in the FeF, spectrum, even for a sample already
heated to 400 K. The oxygen is presumably due to water absorbed into the film during
transfer to the microscope. As indicated by the O-K relative to the Fe-L,; edge, the
amount of oxygen is small for thick region, such as in Region (4) and near the mask edge

in Region (B), but becomes large for thin regions, such as those at sites (d) - (f) in Region
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(B). Fortunately, the oxygen can be removed by prolonged electron-beam exposure, as
seen in Fig. 2-4 (a). It takes an electron dose of about D = 400 C/cm? to remove fluorine
from the initial FeF, to below the detection limit, but more than 10 times higher dose D =
4500 C/em’ to remove oxygen from the same area.

We performed a detailed study on the iron white lines, in order to determine
whether or not oxygen is chemically bound to iron. In particular, we were interested in
the change of white line intensities for electron does D that caused complete fluorine
removal (D > 400 C/cm?). Figure 2-4 (b) shows that the Fe-L; intensity drops steadily for
exposures up to 400 C/cm?, the dose at which fluorine is removed from sample and iron
nanoparticles are formed, after which the Fe-L; intensity remains constant up to the
maximum electron dose (D = 4500 C/cm?) used in our experiments. The L, intensity
remains constant over the entire dose range, whereas oxygen is gradually removed within
the dose range 400 C/cm? and 4500 C/cm?, as observed by the decreasing intensity of O-
K edge in Fig. 2-4 (a). These observations suggest that the chemical state of the iron
changes during fluorine removal (doses up to 400 C/cm®) but does not change as oxygen
is being removed (doses above 400 C/cm?). Quantitative discussion of the iron valence
state will be made in the next section.

Our study of FeF, decomposition used large-area (diameter about 1 micrometer)
exposure. In this situation, neither the diffusion of iron from outside of the exposed area
nor electron proximity effects (Streblechenko and Scheinfein, 1998) are likely to play any
significant role. To estimate the temperature increase due to this electron irradiation, we
used a short computer program DORA.BAS (Egerton and Rauf, 1999) and found that it
should be less than 100 °C for a dose rate of 10 A/cm®. Therefore, our sample temperature
(T <500 K) remains much lower than the thermal-decomposition temperature of FeF»,
which is about 1400 K (Streblechenko and Scheinfei, 1998), indicating that the iron
nanoparticles were obtained by electron-stimulated (rather than thermal) decomposition

of FeF».

2.3.2 White lines
The white-line intensity ratio (WLR) is sensitive to change in the valence state and

crystal structure of the transition metals and their oxides. It has been previously used to
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study the variation of the local magnetic moment (Pease et.al., 2001 and Yuan et.al.,
1996). The L, and L3 edges (white lines) correspond to excitations of 2p electrons to
bound 3d states near the Fermi level, and to continuum states above the Fermi level,
energy separation of the L, and L3 components arises from spin-orbit splitting. The
intensity ratio for bulk metals is found to deviate from the statistical value WLR =2,
based on the relative occupancy of the initial-state levels (Egerton, 1996) except for Fe
where WLR = 2:1 (Williams and Carter, 1996). Much work has been done to relate the
variation in white-line intensity ratios to the occupancies of 3d levels and to local
magnetic moment (Graetz et.al., 2004, Morrison et.al., 1985, Pease et.al., 2001, Yuan
et.al.,, 1996). Pease et. al. (2001) demonstrated that there is linear relationship between
WLR and the local magnetic moment for various transition metals and their oxides.
We have used a standard fitting procedure to measure the ratios of white-line
intensity and white line widths in a well-defined way. First, multiple scattering was
removed by Fourier-ratio deconvolution (Egerton, 1996). Then, the white-line component

of the experimental data was fitted to (Pease et.al., 2001 and Colliex et.al., 1991):

I(E) = 02L2(E)+ a3L3(E)+B202(E)+ B303(E) (1)
where L,(E) and L3(E) represent the white-line profiles described by a Lorentzian:
L(E) = Bio/[4(E-Ei)*+ @i ’] 2)

L, and L3 respectively); ox(E) and 63(E) account for continuum background from the
Here, E;, is the peak position, and ®; is the lifetime broadening of the peak (i =2 or 3 for
core-to-continuum transition (Morrison et.al., 1985):

6i(E) = 6i(Eio) {1/2+(1/m)arctan[(E-Eio)/yi/2]} 3)
where Ejp is the continuum onset energy (the inflection point of the arctan curve), taken to
be the same as the peak positions of Li(E); vi is the lifetime broadening for the core to
continuum-state transitions. We assume o(E)=(1/2)o3(E) and y,= y3 in our fitting
procedure, as proposed by Morrison et.al. (1985). The purpose of this fitting procedure is
to separate the white-line intensities from the continuum background. An additional
constraint comes from the fact that L, width must exceed the L3 width, owing to the
possibility of Coster-Kronig transitions (Pease et al., 2001). The intensities of the white

lines (Fe-L; and Fe-L3) are taken as the integrated intensities under the fitted Lorentzians.
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A typical fit of the experimental data shown in Figure 2-5(a) exhibits a good match to the

experimental data.
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Figure 2-4 a) Typical O-K-, F-K- and Fe-L.23- edges recorded at the start of
electron exposure (represented by solid line), and after a dose of 400 C/cm’
(dashed line) and 4500 C/cm’ (dotted line) at site (d). The spectrum for 4500
C/cm’® was rescaled to give it similar a Fe-L, intensity as that of the spectra for
0 C/cm? and 400 C/cm?, which represent raw data from the spectrometer. b)
Dose dependence of the F K-edge and Fe L-edges. The spectra for irradiation
from 0 C/ecm’ to 400 C/cm? (represented by different line styles) are all raw
data and have almost the same Fe L, intensity, while the spectra for irradiation
of 1200 C/ecm?, 2400 C/cm®, 3600 C/cm® and 4500 C/cm’ (represented by
solid line and different symbols) were rescaled to have the same Fe L,
intensity as spectra representing 0 C/em? to 400 C/em®.

The dependence of integrated white-line intensity ratio L3/L, on irradiation dose

D is shown for region (4) in Fig. 2-5 (b). WLR drops quickly as the dose increases from
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zero to about 400 C/cm?, corresponding to the removal of fluorine and a change from
Fe** to Fe® oxidation state. The ratio remains constant at Ly/L; ~ 2 (the value for metallic
bulk bec iron) for doses above 400 C/cm?. The lack of influence of oxygen removal on
the L3/L; ratio suggests that the oxygen is not chemically bonded to iron. WLR as a
function of particle size for completely exposed Fe nanoparticles (D > 4500 C/em?) is
also shown in Fig. 2-5 (b). For particles with sizes ranging from 2 nm to 20 nm, the
white-line intensity ratio is L3/L; = 2.0 + 0.1, the same as for bulk bcc iron. We believe
that this invariance of the WLR is a genuine effect. Within experimental error (about 10
%, mostly due gain variation of spectrometer and spectra processing), there is no change
in occupancy of the 3d levels with decrease in particle size down to 2 nm in diameter.
Factors, which could change the d-band occupancy, such as structural change (from bce
to fcc), doping of the nanocrystals, their alloying and oxidation, can therefore be

excluded.

2.3.3 Origin of the postpeak

A broad post-edge peak (postpeak) can be observed around 750 eV, about 40 eV above
Fe L3 edge. It is clearly visible in the as-prepared fluoride films, over the entire range of
thickness studied in our work, and is marked by an arrow in Fig. 2-4 (b). This peak
decays gradually with the decay of the F-K edge and completely disappears at D ~ 400
Clem?.

In thicker samples, a broad peak following a core-loss edge is generally attributed
to multiple scattering, involving a core loss and a bulk plasmon. However the total
thickness of our sample is 14 nm or less (maximum 10 nm of FeF; film plus 4 nm of
carbon substrate), so the probability of multiple scattering should be very low. As
discussed above, 400 C/cm? is also the dose needed for fluorine removal, so it seems that
the postpeak is associated with fluorination. Light atoms such as fluorine or oxygen
should strongly scatter electrons near Fermi energy, and could therefore have could have
a significant impact on the near-edge structure, according to multiple-scattering theory

(Stern et.al., 1983).
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Figure 2-5 a) Typical curve-fitting result, in which crosses represent the
experimental data; solid line is the fitted curve for the core-loss data; dashed
line, dotted line and dash-dot line represent the L,, L3 and continuum
background, respectively. b) Dependence of the white line ratio on the
electron dose (diamonds) and on the size (circles) of the iron nanoparticles.

To confirm the above interpretation, we performed an oxidation experiment on a
metallic iron film, produced by electron-beam evaporation of iron (purity: 99.95 %) in an
ultra-high vacuum (UHV) system with initial pressure of 1x107" Pa. This 2 nm iron was
deposited onto a 4 nm carbon film, with 4 nm and 8 nm SiO, as the buffer and capping
layers. We confirmed the metallic characteristic of the iron by EELS, obtaining a white

line ratio (WLR) of about 2.0 £ 1 according to the methods described above. After 30
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days exposure to air, we checked the WLR again and found moderate oxidation in the
film, as indicated by a white line ratio of about 3.1 £ 0.2. To further oxidize the film, we
heated the sample in air and held it at 200 °C for 3 hours, after which the WLR increased
to 4.2 £ 0.2 due to extensive oxidation. Figure 2-6 shows these experimental results; the
spectra were rescaled to have similar Fe-L; intensities. No postpeak can be observed in
the initial metallic iron film, a small bump is visible after air exposure for 30 days, and a
large broad peak appeared at around 750 eV after heating in the air. Oxidation caused

other changes in fine structures, such as a valley developed at about 730 eV.
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Figure 2-6 Experimental results for oxidization of iron films: no postpeak in
metallic iron film with WLR=2.0 (solid line), small bump found in the film
exposed to air for 30 days with WLR=3.1 (solid line, triangle down) and big
broad peak in the film oxidized at 200 °C in air for 3 hours with WLR = 4.2
(solid line, triangle up). The spectra were rescaled to have similar Fe-L,

intensities to show the different fine structures above the L, edge.

A similar postpeak is visible in the spectra of iron oxides published by Leapman
et.al.(1982) and Colliex et.al. (1991). Its origin remains unexplained, as far as we know,
but it appears to be characteristic of iron in an oxidized state. To further study its origin,
we are performing multiple-scattering calculations of the near-edge structure of iron L

edges, using the FEFF 8.2 code (Ankudinov et.al., 1998).
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2.3.4 Collective behaviour

As discussed above, the Ls/L, ratio measured by EELS is an indication of the local
magnetic moment within the specimen. However, a local technique such as EELS cannot
address the question of whether the individual magnetic moments of the particles couple
to each other over larger distances, and the spatial extension of such coupling. On the
other hand, TEM Lorentz microscopy (LM) can be used to assess the magnetic
microstructure of the film (De Graef, 2001). In particular, LM allows us to determine
whether the particles are coupled ferromagnetically (i.e. magnetic moments aligned in the
same direction over large areas) or whether each particle acts individually, possibly

coupled only by dipole interactions.

2 microns

Figure 2-7 Bright-field image (top) and Lorentz images in underfocus, focus
and overfocus modes (bottom) for the nanoparticles shown in Figure 2-3 (a).

We used Lorentz microscopy for in-situ observation of the magnetic contrast
arising from our iron nanoparticles of different particle sizes and inter-particle distances,
as shown in Fig. 2-3. Figure 2-7 shows bright field (BF) and LM images from thick part
Region (B) (shown in Fig. 2-3(a)) where the surface coverage factor (i.e. fractional area
covered by iron nanoparticles) is more than 90%. Magnetic ripple structure can be seen
clearly in these overlapping particles, and shows contrast reversal in a through-focus

series, as expected for magnetic contrast. This ripple contrast is an indication of long-
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range ferromagnetic order in our film of densely packed nanoparticles. The behavior is
similar to that of a continuous ferromagnetic thin film and comes as no surprise, in view
of the strong exchange interaction between the overlapping nanoparticles.

Such collective behavior is not observed in the less dense areas in Region B, due
to a decreased strength of magnetostatic interactions. Exchange interaction becomes
weaker as the particles overlap less frequently, so eventually the long-range order will
break down. Detailed magnetic contrast cannot be observed with our microscope setup,
due to the limited spatial resolution with the objective lens off. Also, very small particles
are likely to be superparamagnetic, as the critical diameter for iron is 10 nm at room

temperature (Tofail et.al., 2001), and should exhibit no LM contrast.

2.4 Conclusions

Monolayers of metallic Fe nanoparticles with varying particle size and interparticle
distance were prepared by in-situ electron-induced decomposition of FeF,. Selected-area
diffraction and EELS allowed us to study this decomposition process. L-edge white lines
were used to identify the phase and structure of iron nanoparticles, and also as a probe of
the local magnetic moment. We found no change of magnetic moment with varying
particle size, from 2 nm to about 20 nm. On the other hand, we did observe collective
magnetic behavior in densely packed iron nanoparticles.

A broad post-edge peak exists in iron fluorides and oxides but not in metallic iron.
It may be a characteristic feature of iron compounds, that can be used as an additional
check on the valence state of iron. We hope to gain insight into its origin by performing

multiple-scattering calculations using the FEFF 8.2 code.
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Chapter 3 Interpretation of the postpeak in iron

fluorides and oxides

(Feng Wang, Ray F Egerton, and Marek Malac Ultramicroscopy 106 (2006) 925)

3.1 Introduction

Because of the potential applications, there is renewed interest in the development of
synthesis and characterization techniques for nanoparticles and nano-scale sandwich
structures [1,2]. One potential problem with nanoparticles is their tendency to oxidize by
reacting with the environment, due to their large surface/volume ratio. Electron energy-
loss near-edge structure (ELNES) is the electron-beam counterpart of x-ray absorption
near-edge structure (XANES) and is well suited to the characterization of nano-
structures, since its interpretation requires no assumption of symmetry or periodicity [3].
In addition, ELNES in transmission electron microscope (TEM) offers the advantage
(over XANES) of high spatial resolution, allowing it to be used for the in-situ
characterization of the chemical state within a high-resolution TEM [4].

During experiments on in-situ fabrication of iron nanoparticles by electron-beam-
induced decomposition of iron fluoride (FeF5) films, we observed a broad but prominent
peak about 40 eV above the Fe-L; ionization threshold in FeF,. This postpeak
disappeared when the film was converted to metallic iron but reappeared when the iron
was oxidized. In the case of thicker samples, a broad peak following a core-loss edge is
attributed to plural scattering, involving a core loss and a bulk plasmon, and can be
removed by deconvolution techniques. However, such an explanation does not apply to
our observations, since film thickness is less than 0.1 mean free path and therefore too
thin to scatter electrons more than once.

A similar postpeak is visible in the spectra of iron oxides published by Leapman
et.al. [5] and Colliex et.al. [6], but is plainly absent in the spectrum of pure iron [5], in
agreement with our own observations. This broad peak appears also in other transition-

metal oxides but not in the metals [5, 7]; in our previously reported data [8], a prominent

- 46 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



postpeak is apparent in the near-edge structure of Co-L edge in CoF, but disappears with
the removal of fluorine under electron irradiation.

In this article, we show that this variation of the postpeak is associated with
change of the chemical state of iron. The absence of a postpeak in a-Fe and the presence
and distinctive features of the postpeak in FeF, and a-Fe;0; can be reproduced by
multiple-scattering” calculations of the fine structure for the iron L-edge, using FEFF 8.2
code [12]. Calculations as a function of cluster size allow us to attribute the postpeak in
FeF, and a-Fe;O; to the backscattering of fluorine and oxygen atoms, respectively.

Extension of the conclusion to other transition metals is also discussed.

Table 3-1: Radii and occupancy of the first five shells surrounding the central iron atom in a-Fe,
FeF; and a-Fe,0s.

Shell Element Radius (A) Atom number

1 Fe 2.48549 8

2 Fe 2.87000 6

o-Fe 3 Fe 4.05879 12
4 Fe 4.75936 24

5 Fe 4.97099 3

1 F 1.99260 2

2 F 2.12183 4

FeF 3 Fe 3.30910 2
4 F 3.57682 4

5 Fe 3.71033 3

1 0 1.94567 3

2 0 2.11616 3

a-Fe;0; 3 Fe 2.90038 4
4 Fe 3.36416 3

5 0 3.39850 3

3.2 Experimental Methods

The experimental procedure for preparation of iron nanoparticles by electron-beam
decomposition of iron fluoride (FeF,) is reported in [4]". Briefly: films of FeF, were
deposited onto a 4 nm-thick carbon film by thermal evaporation in high vacuum. An out-
of-contact masking technique was used to produce a thickness gradient within the film
(continuous change from 1 nm to 10 nm), resulting in iron nanoparticles of different sizes
following the electron exposure. Immediately after FeF, deposition, samples were

transferred to a TEM (JEOL 2010), limiting their air exposure to less than 10 minutes.

" Here multiple-scattering means the scattering of the excited electrons.
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The FeF, film was irradiated with 200 keV electrons at a current density j = 10 A/cm®
and a specimen temperature T = 400 K. The exposure process was monitored by real-
time TEM imaging and by electron energy-loss spectroscopy (EELS), using a Gatan 666
spectrometer. The energy-loss spectra were collected in TEM diffraction mode (image-

coupled spectrometer) with a collection semi-angle of 3.0 mrad.

() FeF, (c) a-Fe;03

® oer oo

Figure 3-1 Unit celis for a-Fe, FeF, and a-Fe,O; reproduced from Crystal Kit
software. (a) Crystal structure of a-Fe (body centered cubic structure), each iron
atom being coordinated by another 8 iron atoms. (b) Crystal structure of FeF,
(tetragonal rutile structure): Fe atoms are on a body-centered tetragonal lattice,
each iron atom being coordinated by six fluorine atoms with two short and four
long Fe-F bonds. (c) Crystal structure of a-Fe,Os, showing hexagonal unit cell:
there are two kinds of Fe-atom pairs, one with a short and one with a larger Fe-Fe
distance; the O atoms form close-packed basal planes, each Fe atom being
coordinated octahedrally by six O atoms.

Metallic Fe films were produced by electron-beam evaporation of iron (purity
99.95%) in an ultra-high vacuum (UHV) system with base pressure of 1x 10 Pa. More
specifically, 3nm-thick iron films were deposited onto Snm-thick carbon, buffered and

capped with 4nm-thick SiO; layers for a temporary protection from oxidation. The total

sample thickness (including iron film, carbon film substrate and SiO, capping layer) does
not exceed 16 nm. The metallic iron samples were annealed above 170°C in an oven,

resulting in moderate oxidization and presence of the FeO phase; further oxidization of

* Please refer to the Experiment section in Chapter 2.
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the samples was made by annealing in air above 600°C and 720°C, to obtain the Fe;04
and a-Fe;O; phases respectively. The presence of different oxides of iron was determined

by selected area diffraction (SAD) and core-loss EELS in the TEM.
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Figure 3-2 Dose dependence of the Fe-L,; and F K-edges. The spectra
(represented by different line styles) were recorded after irradiation with electron
doses up to 4500 C/cm’. The inset shows the dependence of white-line ratio on
electron dose.

Real-space multiple-scattering (RSMS) calculations of the iron L-edge near-edge
structure were performed for a-Fe, FeF; and iron oxides using the FEFF 8.2 code with its
implemented full multiple scattering (FMS) and self-consistent field (SCF) cards [12].
We used the Hedin-Lundqvist self-energy to calculate inelastic mean free path of the
ejected core electron in these FEFF calculations. A sequence of near-edge structure
calculations of the L; edge was made by adding successive shells about the central
excited Fe atom, in order to ascertain the contributions from different shells. Near-edge
structure calculation of L, edge was also made in considering its contribution to the
postpeak. For the “bulk” calculations, we used cluster sizes of 169, 177 and 171 atoms
for a-Fe, FeF; and a-Fe;Os respectively. Energy shifts of 3 eV, 1 eV and 2 eV were
added to match the experimental thresholds of iron Fe-L; edges of a-Fe, FeF; and a-

Fe,O; respectively.” In all the calculations, 16V Gaussian broadening was applied to

* The Fermi level is determined by self-consistent field calculation of the potentials. The discrepancy of the
FEFF calculation with experiments, mainly because the muffin-tin model is used.
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account for our experimental energy resolution. RSMS calculations were also made for

intermediate iron oxides, i.e. FeO and Fe;0y, but are not reported here.

9000 |
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7000 |
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5000 - oo
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1000 P ﬁ
O i

Counts

680 70 720 740 760 780 800

Energy loss (eV)

Figure 3-3 Experimental ELNES of iron and iron oxides: a solid line with hollow
squares is for metallic iron, a solid line with hollow circles for FeO, a solid line
with hollow triangles for Fe;O, and a solid line with hollow diamonds for a-Fe,O;.

3.3 Results

The electron energy-loss near-edge structure (ELNES) is a mirror of the electronic
structure of the specimen and is closely related to crystal structure in the multiple
scattering regime [9]. Therefore we must consider the relevant crystal structures in order
to interpret the postpeak. a-Fe has a relatively open body-centered cubic (bcc) structure
shown in Figure 3-1 (a). FeF; has a tetragonal rutile structure with space group P42/mnm,
the Fe atoms occur on a body-centered tetragonal lattice with the D,, symmetry, as
shown in Figure 3-1 (b); they are coordinated by six fluorine atoms with two short (dge.r
=1.9926 A) and four long (dge.r = 2.1218 A) Fe-F bonds [10]. The crystal structure of the
thermodynamically stable iron oxide a-Fe;Oj3 is rhombohedral (with space group R-3C)
and consists of hexagonal closed-packed (001) layers of oxygen atoms with two thirds of
the octahedral holes filled by Fe atoms, as shown in Figure 3-1(c). There are six formula
units in the conventional hexagonal unit cell, combining to yield the uniaxial corundum
structure in which each iron atom is coordinated by six oxygen atoms. There is a slight

deviation from octahedral symmetry, with three short (dre-0 = 1.9436 A) and three long
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(dre-0 = 2.1162 A) Fe-O bonds [11]. The atomic distributions around a central Fe atom
within the first five shells are listed in Table 1, including the radii of the coordination
shells, the atomic species and atom numbers of the first five shells.

Besides the fluorine K- and iron L-edges, a broad post-edge peak (postpeak) can
be observed around 746 eV in the energy-loss spectrum of the as-prepared fluoride films,
as marked by an arrow in Figure 3-2. This peak is visible over the entire range of film
thickness studied in our work. The postpeak decays gradually with decay of the F-K edge
and has completely disappeared at an electron irradiation dose D = 400 C/cm?, which
causes fluorine to be removed from the sample, leaving behind metallic iron
nanoparticles. In addition, the Fe-L; intensity drops steadily while Fe-L, remains almost
constant for exposures up to 400 C/cm?. Thereafter, the Fe-L3 intensity remains constant
up to the maximum electron dose (D = 4500 C/cm?) used in our experiments.

It is known that the white-line ratio (integral intensity ratio L3/L,) is sensitive to
the change in the valence state of transition metals and their oxides [13]. We used a
standard procedure to quantify the white-line peaks, fitting them to a combination of
Lorentzian and arctangent functions [4]. In this way, the white-line ratio (WLR) of Fe-Lj;
was obtained to identify the variation in the valence state of iron; the inset of Fig. 3-2
shows the dependence of WLR on electron dose. The ratio drops quickly as the dose
increases from 0 to 400 C/cm? but stays constant at L3/L, =2.0 + 0.1 up to 4500 C/cmz,
suggesting that the chemical state of the iron changes from Fe®* to Fe® during fluorine
removal (doses up to 400 C/cm?) and then remains unaltered. The plural scattering
contribution to the postpeak is negligible according to the Appendix E.

Figure 3-3 shows the near-edge structures of the iron-L edges, for the a-Fe, FeO,
Fe;04 and a-Fe, O3 films that were grown in UHV and after-growth oxidization. No
postpeak can be observed in the metallic iron film, a small bump is visible in FeO, and
large broad peaks appeared at around 751 eV in Fe304, and 748 €V in a-Fe;03. The
oxidation phases were checked with SAD and were found to be consistent with the white
line ratios obtained from the core-loss EELS. Metallic iron (pure a-Fe phase) has a white
line ratio (WLR) of L3/L; = 2.1 £ 0.2; the WLR for FeO, Fe304 and a-Fe,03 are 3.2
+ 0.3, 3.6 £ 0.2 and 4.8 £ 0.2 respectively.
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Figure 3-4 Multiple-scattering calculation of the cross-sections for Fe-L edges
of (a) a-Fe, (b) FeF; and (c) a-Fe,0;. The dashed lines are cross-sections for
iron Ls, dotted lines for L,, and the solid line the sum of L; and L,.

Figure 3-4 shows the results of RSMS calculations of the core-loss cross-section

W(E) for Fe L-edge structures of a-Fe, FeF, and a-Fe,O03 The dashed lines are (E) of
-52-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fe-L3, dotted lines are p(E) for Fe-L,, and the solid lines represent summed p(E) for L;
and L,. Prominent postpeaks at around 744 eV for FeF; and 747 eV for a-Fe,03 are
visible, their energy positions being comparable with those found experimentally in Figs.
3-2 and 3-3. In agreement with our observations, the postpeak does not appear in the
calculated cross-section of Fe-L3 or Fe-L; for metallic iron, although there are some small
oscillations in the post-edge region. RSMS calculations for FeO, Fe;O4 (not shown here)
gave postpeaks that are consistent with our experiments.

Figure 3-5 shows a sequence of calculations of the Fe-L3 cross-section u(E) for a-
Fe, FeF, and a-Fe,O3;. These calculations were made in order to study the contributions
from different elements, by adding successive coordination shells about the central Fe
atom (in Table 1). The cross-sections for increasing cluster size are shown together with
that for the bulk (with cluster sizes of 169, 177 and 171 atoms for a-Fe, FeF; and a-
Fe;0; respectively) in Fig. 3-5.

In Fig. 3-5 (a), the convergent calculations are shown for the near-edge structure
above the Fe-L; edge. With one shell (containing one Fe atom as absorber and 8
surrounding iron atoms as scatters) the calculation shows only broad features and no fine
structures. Adding a second shell produces more variation in the cross-section; in
particular, small peaks are visible at round 717 eV and a small bump at around 737 €V,
which increases in intensity when a third shell (with 6 Fe atoms) is added. Including a 4"
and 5" shells increases the bump intensity further and introduces additional fine structure
(a peak at around 725eV); the result closely resembles that for the bulk (169 atoms). The
small feature around 737 eV is not seen in our experiments, probably because it is too
small in amplitude and merges into the near-edge structure of the L, edge.

Contributions of different shells in FeF, and a-Fe,O3; were considered in a similar
manner and are shown in Fig. 3-5 (b) (c). One can see the greater effect of backscattering

of the electron from the O and F atoms, compared to Fe. For FeF,, both the first and

second coordination shells are fluorine atoms. Although calculation with only one shell
yields no sharp structure, a broad postpeak appears at about 740 eV. Calculation with two
shells produces a postpeak at 744eV that resembles that obtained in a bulk calculation
(177 atoms in FeF, case). Lack of significant change upon adding a third shell (with 2 Fe

atoms) indicates a relatively small contribution from Fe atoms. Adding more shells, i.e.
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the 4™ shell (4 F) and 5" shell (8 Fe) has little effect on the postpeak at 744 eV, although
it gives rise to additional fine structure in the region near the core-edge threshold.

For a-Fe,03, it is interesting to note the similarity and difference of the atom
distributions in the shell structure (Table 1) as compared to FeF», and their effects on the
cross-section. As in the case of FeF,, a postpeak at around 747eV appears upon adding
the second shell; however, a-Fe;O3; contains 3 oxygen atoms in the second shell.
Similarity of the atom distribution in the first two shells leads to almost the same
behavior of the spectra. The main difference in the atom distribution (between FeF, and
o-Fe;O3) occurs in the 3" and 4™ shells. Seven Fe atoms occupy the 3" and 4" shells in
a-Fe,O3 but they contribute little to the cross-section. Calculations that include a 5" shell
of three O atoms change the fine structure again, so that it closely resembles the bulk
case. It is worth noting the difference of the energy position of the postpeak between FeF,
and a-Fe;0s. The posteak for FeF, (at 744 eV) is about 3 eV lower than that of a-Fe,0;
(at 747 eV), a similar trend being seen in the experimental data. An even higher postpeak
position can be seen in Fe;O4 in Figure 3-3. The FEFF calculations indicate that this
difference arises from their different crystal structures, mainly in the difference in their
shell radii [14].

By comparing the contributions of individual shells in a-Fe, FeF, and a-Fe;03,
we conclude that the near-edge structures derive mainly from the oxygen or fluorine
nearest neighbors in the first and second shells, and that the amplitude of the peaks
depends on the type of atoms occupying these shells. Light elements, such as O and F,
contribute strongly to the ELNES while a heavier element, such as Fe, has less effect. As
a result, a prominent postpeak appears in FeF, and a-Fe,Os but not in metallic iron.

The postpeak are so broad in iron fluorides or oxides, as revealed both by the experiments
and calculation. This is attributed to the final-state broadening as discussed in Chapter 1,

e.g. excited electron with an over-40-eV kinetic energy has limited mean free path [9].

Meanwhile, this brings difficulty in discriminating the different phases of iron oxides.
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Figure 3-5 Calculated results of the L3 cross-sections of (a) a-Fe, (b) FeF,
and (c) a-Fe,O; for scattering clusters of different sizes.
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Figure 3-6 Calculated results of the backscattering amplitudes F for iron,
fluorine and oxygen in o-Fe, FeF, and a-Fe,;O; . The postpeak position is
indicated by a vertical dotted line.

3.4 Discussion

As far as we know, there has been no discussion of L-edge postpeaks in transition-metal
compounds that are not accounted for by the plural scattering of the transmission
electrons. Peaks following the oxygen K-edge of transition metal oxides were reported in
[15, 16] and of MgO, CaO, SrO and NiO in [17,18]. The experimental near-edge features
were in agreement with MS calculations and could be explained in terms of electron
backscattering or scattering resonance, the oxygen shells dominating the backscattering
compared to that of metal atoms over the ELNES energy range [15,16]. In support of the
interpretation, Wu et. al. showed that the XANES peaks in a-Fe;O3 are well reproduced
by a MS calculation that took account only of oxygen-atom contributions [15].

The strength of the reflected ejected-electron wave depends on the type and

number of the neighboring atoms through their scattering amplitude. This quantity is
primarily responsible for the amplitude of the spectra in XANES and EXAFS regions,

although other factors, including phase shift and mean free path, have to be considered
for a quantitative explanation [19]. The scattering amplitude for light elements is highest
for electrons with energies near the Fermi level and decays rapidly with increasing

energy. In contrast, the scattering amplitude for heavier elements is relatively low near
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the Fermi level and peaks at higher energies. However, low-energy electrons (near the
Fermi level) are the ones that contribute in the near-edge region. The dependence of
backscattering amplitude and phase shift on the wave vector k£ was calculated and
tabulated by Lee and collaborators [20,21], revealing a systematic variation that is
consistent with experimental results in the EXAFS region. Additional improvements to
the backscattering amplitude and phase shifts were made by McKale et.al. [22] and by
Rehr et.al. [23], using a curved-wave theory. Later development of the full curved-wave
theory allows extension of the calculation into the XANES region, 15e¢V or more above
the edge [22, 23]. The FEFF code developed in Rehr’s group allows calculation of the k-
dependence of the backscattering amplitude F.s (k) and phase shifts, once the atomic
numbers, coordination numbers, and the neighbor distances are known [23]. Figure 3-6
shows calculated results of the backscattering amplitude Fes(E) for the first, second and
third shells of FeF, and a-Fe,O; and first shell of a-Fe, where contributions to the
backscattering amplitude come from Fe atoms in the third shells of FeF; and a-Fe,Os,
from the first shell of a-Fe, and from F and O atoms in the first and second shells of FeF,
and a- Fe;O3. The trends observed are qualitatively similar to published ones [21-23].
The backscattering amplitude Fs at the postpeak energy position (indicated by the
vertical dotted line) has a high value for F in FeF; and O in a-Fe;Os; conversely, Feg for
iron in o-Fe, FeF; and a-Fe,0j; is low at the postpeak position. The effective
backscattering amplitude Fet for F and O nearest neighbors (in the first and second
shells) is a factor of three larger than that for Fe at the postpeak energy. It is also
interesting to note that, in all three different compositions, Fes for iron atoms shows little
dependence on the local chemical environment, except for changes at low energies, and
that Fer has same small value at the postpeak energy. The open structure of a-Fe,
resulting in the larger shell radii, accounts for the small amplitude of the near edge
structures [19].

Fe Ly-edges also contribute to the ELNES intensity; the detailed shell
contributions show similar trends to those of the Fe L3-edges, and so are not shown here.
The algebraic sum of the integrated L3 and L, intensities, as shown in Fig. 3-4, results in
a larger intensity, a further broadening and a small shift of the postpeak in both FeF, and
Fe,0;. Therefore we can conclude that the postpeaks experimentally observed in FeF,
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and a-Fe,O; result mainly from the large backscattering amplitude of F and O atoms,
whereas the lack of a postpeak in pure iron is due to the relatively weak backscattering
from Fe atoms.

Our FEFF calculations predict additional fine structure between the postpeak and
the L-threshold, resulting from inter- or intra-shell multiple scattering [15, 16]. However
this fine structure is not observed in our experiments, either because of insufficient
energy resolution or because it is an artifact associated with the model: a muffin-tin
approximation is used in the self-consistent potential calculations in the FEFF model.
Outside the muffin tin, the charge density is not spherical and the charge density is not
constant; instead there is often a buildup of charge between neighboring atoms. This
“warping” of charge density can be treated by taking advantage of the periodicity of the
crystal, as in band structure models [19]. In the FEFF code, the warping is ignored for
regions far beyond the core edge, since the kinetic energy of the electron is typically
much larger than the size of the warping potential, but it is a serious problem in the near-
edge region. In the FEFF calculations, charge transfer is accounted for by charge
redistribution in the self-consistency loops, which enables the transfer direction agree
well with the electronegativity of the elements [24]. The charge redistribution due to
bonding however affects only the very low energies and near L-threshold, and has little
influence to the postpeak region. In addition, the dynamic screening effect is important in
calculating the iron L-edges, but is not accounted for in the FEFF8.2 code [12]. More
accurate calculations of the Fe-L edges should consider multiplet effects, as discussed in
[25]. In summary, fine structure close to the L-edge threshold is beyond the validity of
the real-space scattering model used in our FEFF calculations.

The white-line ratio (WLR) has been widely used to characterize the oxidization
state of transition metals. For example, there are different WLR values in the iron and its
oxides, depending on the oxidization state. However, quantification of the white lines
involves considerable effort in spectral processing and fitting, and results obtained using
different spectrum processing and fitting procedures are not always consistent. If, as
suggested above, a correlation between the postpeak and the presence of fluorine and
oxygen is a general effect, the ELNES postpeak may act as a useful characteristic feature

for all transition metals and their compounds (this is discussed in Chapter 5 using data
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from EELS Atlas in Ref. [7]). In support of this statement,we note that a prominent
postpeak is also visible in the near edge structure of the Co-L edge in CoF; and
disappears with the removal of fluorine under TEM irradiation [8]. Our calculations of
the near-edge structures of the Co-L; edges for metallic Co, CoF, and CoO are shown in
Figure 3-7. They indicate that postpeaks are expected for CoF, and CoO, but not for
metallic Co. The postpeak may therefore constitute a fingerprint (indicating high
oxidization state) that can be used as a convenient check on the oxidation of transition

metals.

M 1 " 1 " 1 " 1 L 1 " 1 N
780 790 800 810 820 830 840
Energy loss (eV)
Figures 3-7 Calculated results of the Co-L; cross-sections of Co, CoF, and
CoO for cluster sizes of 81, 83 and 81 atoms respectively.

3.5 Conclusions

A broad peak (postpeak) is observed about 40 eV above the Fe L-edge in iron fluoride
and oxides. In very thin specimens, this peak cannot be attributed to plural scattering.
Instead, it must be interpreted in terms of backscattering of the excited core electron from
halogen or oxygen atoms, as indicated by RSMS calculations using the FEFF 8.2 code.
Other experimental data, and calculations performed for cobalt oxide and fluoride,
suggest that this peak is a characteristic feature of other transition metal compounds
where the metal is in a high oxidation state. Consequently the postpeak may be useful in

assessing the oxidation of transition metals.
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Chapter 4 Multilayer route to iron nanoparticle

formation in an insulating matrix

(F. Wang, M. Malac, R. F. Egerton, A. Meldrum, X. Zhu, Z. Liu, N. Macdonald, P. Li,
and M.R. Freeman, J. Appl. Phys. (in press))

4.1 Introduction

Ferromagnetic nanoparticles embedded in an insulating matrix have been extensively
studied owing to the richness of their physical properties and the wide range of potential
applications (e.g., see Refs. 1 and 2). Magnetization behavior of ferromagnetic
nanoparticles has been studied for many years, > and it is known that particles in a matrix
are different from free-standing particles or particles dispersed in a non-bonding
medium.* Such nanocomposite systems showed complicated magnetic properties
influenced by many factors, such as the dipole interaction,” the exchange coupling
between the metallic core and oxide shell,’ surface anisotropy,” magnetoelastically
induced anisotropy due to large stress between a metal particle and the surrounding
matrix,® and shape anisotropy.3

In recent years, various methods of nanocomposite fabrication have been
developed, including evaporation, sputtering, ball milling, ion implantation and
microemulsions.” ! The particle size strongly depends on the preparation parameters and
methods, and can be difficult to control. Ion implantation was shown to produce metallic
iron nanoparticles that exhibited large Faraday rotation and fast dynamic response, 513,16
but the size distribution was wide. Effective size control has been pursued, using self-

17-19

assembly in ordered nano-materials, and chemical synthesis of monodispersed

ferro/ferrimagnetic nanoparticles by reduction of metal salts and/or thermal
decomposition of organometallic precursors. %20

An additional problem is nanoparticle oxidation, arising from the large surface-
area-to-volume ratio and the high electro-negativity of metallic iron. For example,
iron/gold core/shell nanocomposites prepared by a microemulsion technique were
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expected to produce metallic iron with a uniform size distribution,® but the iron
component was oxidized. Very recent studies showed that the oxidation resulted from the
rough surface of Au shell, and complex iron oxide phases were identified in the iron/gold
core/shell nanocomposites.'> 2! Oxidation seems to be a persistent problem in core/shell
nanoparticles' 22 Size control down to nanometer level has been well accomplished in
the chemical synthesis or the combination of self-assembly and patterning techniques, but
the unprotected metallic nanoparticles are susceptible to oxidation.'®"® Development of
useful nanocomposite materials and fabrication processes still poses a challenging
problem.

For a nanocomposite system, microstructural analysis is critical for understanding
the physical properties, particularly when surface atoms in the metallic nanoparticles are
oxidized or bonded to the matrix. Electron / x-ray diffraction is suitable for identifying
the crystallographic structure of nanoparticles, but provides only average properties, and
it is difficult to detect oxidation of the particle surface. Additionally the metal oxides that
are often amorphous are difficult to detected by diffraction techniques. High resolution
TEM shows the crystal structure on an atomic level but the properties of the nanoparticle-
matrix interface can be difficult to ascertain. Therefore it is important to develop
convenient methods of characterizing the particle-matrix interfacial layer, such as the
oxidation state and even oxidation layer thickness, as a reference for the study of other
physical properties. In this work, we show that iron nanoparticles with a narrow size
distribution can be fabricated by annealing Fe layers that are protected from oxidization
by encapsulation in a SiO, matrix. The microstructure and the oxidation were examined
in an analytical TEM, using electron energy-loss spectroscopy (EELS) and energy-loss
near-edge structure (ELNES). We relate the magnetic properties to the results of this

microstructural analysis.

4.2 Experiment

Alternating layers of iron and silicon dioxide (Fe-SiO,) were prepared by electron-beam
evaporation and annealing. Five layers of SiOy/ Fe (SiO, purity: 99.999%; Fe: 99.95%)
were deposited onto 4-nm thick carbon films (supported by copper grids), 50 nm Si3Nj
membranes, and 1x1 c¢cm? Si wafers in an ultra-high vacuum (UHV) system with 10710
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Torr base pressure. All samples were deposited and annealed in-situ. The thickness of the
Si0; layers was fixed at 3 nm, while the Fe layer thickness was varied to control the iron
particle size. Before the deposition, the substrates were baked for 10 hours in the load-
lock chamber at 180°C to remove adsorbed water. One layer of 8-nm SiO; film capped
the 5™ (last) layer of Fe, to protect the iron films from the atmosphere. The pressure
during film growth of Fe and SiO, was 10” Torr (with H,Oand O, partial pressure: 10!
Torr and 1072 Torr respectively). Films were deposited at a rate of 1.0 A/s onto substrates
kept at room temperature. The film thickness and deposition rate were monitored by a
quartz-crystal monitor. The resulting Fe/SiO, multilayers were annealed in-situ in the
chamber at a temperature of 880°C for one hour at 10™"° Torr. The samples are named
after the iron film thickness; for example Fe10 implies nominal iron layer thickness 10 A
in the as-deposited film. The composition of the as-deposited samples is listed in the
second column of Table I.

The morphology of the as-grown and annealed samples on the carbon films and
Si3Ns membranes was examined by plan-view TEM using a 200 kV LaB¢ instrument
(JEOL 2010) equipped with Gatan 666 parallel-EELS spectrometer. The samples on Si
substrates were also examined in cross-sectional TEM, after thinning by standard
polishing and ion milling procedures. The presence of iron oxides was investigated with
selected area electron diffraction (SAED) and core-loss EELS. The energy-loss spectra
were collected in TEM diffraction mode (image-coupled spectrometer) with a collection
semi-angle of 1.5 mrad and energy dispersion of 0.3 eV/channel. In recording the spectra,
an area of about 2.5 micron in diameter (in the specimen plane) was chosen by a selected
area aperture, containing thousands of iron nanoparticles. The analysis was done
immediately after fabrication and repeated after a 3-month storage in laboratory air. In-
plane magnetization hysteresis was measured using magneto-optical Kerr effect (MOKE)
measurements with a field sweeping range of 4000 Oe (=318.3 KA/m), immediately after
fabrication, and also measured on a 9T-PPMS (Physical Properties Measurement System,
Quantum Design) dc magnetometer with a field range of 20000 Oe (= 1591.5 KA/m)

after 14-month storage in laboratory air.
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Figure 4-1 Plan-view TEM images and SAED patterns (inset) of iron
nanoparticles embedded in a silicon dioxide matrix. On the bottom is an
integrated intensity profile of the diffraction peaks of Fe12; the peaks can be
well indexed according to iron bce structure.
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4.3 Results and discussion

4.3.1 Microstructure and oxidation analysis

The morphology and structure of films with different nominal iron thickness are shown
by plan-view TEM in Fig. 4-1. These bright-field TEM images display the iron
nanoparticles (darker regions) embedded in the SiO, matrix (lighter regions). Figure 4-1
also reveals that the Fe nanoparticles are densely distributed in the SiO, matrix and well
separated from each other. SAED patterns (figure insets) and diffraction-intensity profiles
show well-defined rings that can be assigned to randomly oriented, crystalline bce-Fe
particles. The average diameter of the Fe nanoparticles depends on the initial thickness of
the iron film. Individual diameters of the nanoparticles were measured from plan-view
TEM images and the results of a size analysis of 300 to 400 particles for each film are
shown in Fig. 4-2. The size distributions are rather narrow; the standard deviations and
mean nanoparticle diameters are listed in Table 1." The size variation (given by the
standard deviation) is smaller for low Fe thickness. The standard deviation increases
rapidly beyond Fel7, in which the iron particles start to coalesce into extended structures.
In the Fe30 specimen, the particles coalesced so extensively that no individual particles
could be discerned.

Based on the diffraction patterns for all of the samples (insets in Fig. 4-1), bcc-Fe
is clearly the predominant phase; diffraction rings associated with iron oxide phases were
rarely observed. However, some oxidization of the particle surface is expected due to the
high chemical reactivity of iron. In our recent work, we established that a post-edge peak
in the L-shell ELNES constitutes a fingerprint (indicating high oxidization state) and can
be used as a convenient check on the oxidation of transition metals.** This postpeak
found in various kinds of iron oxides can be attributed to strong backscattering of the
excited L-electrons from oxygen anions. Even a slight amount of oxidation can be
detected from the appearance of this post-edge peak, located at about 40 eV above the

iron L3 edge.?*

* Normal distribution is used here; the fitting by the lognormal function, which is more reasonable in
describing the particle size distribution, gives similar results for mean diameter and deviations.

- 66 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



400f
Fe10
Y 300/ 300+
© 100} S 100 \
0 S NN 0 N D §& N
0123 456 7 0 5 10 15
Particle diameter (nm)
150r Fe15
. 200 5100}
3 100t 3 sof \
05 10 15 5535
Particle diameter (nm)
250F Y 200+ S
\ Fe17 \ Fe20
o . e
f:g - \§ \ 8 ! §§§
8. | = Sl L W
sof L o L
0 10 20 30 40 0 10 20 30 40

Particle diameter (nm) Particle diameter (nm)

Figure 4-2 Size distribution of iron nanoparticles embedded in a silicon
dioxide matrix. The averaged particle diameter and standard deviations
obtained by fitting to a normal distribution are listed in Table I.

Table 4-1 Composition, particle diameter, coercivity and saturation of the samples (saturation
magnetization (M) measurements were made after 14-month storage in laboratory air)

Sample Composition Particle diameter (nm) Coercivity (Oe) Ms (emu/cm’)
Fe07 |Fe/SiO2: 0.7 nm/3.0 nm 3.240.7 0o 620
Fel0 |Fe/SiO2: 1.0 nm/3.0 nm 74+22 33 920
Fel2 | Fe/SiO2: 1.2 nm/3.0 nm 8.0+1.8 113 )

Fel5 |Fe/SiO2: 1.5 nm/3.0 nm 10.6+2.9 251 1610
Fel7 |Fe/SiO2: 1.7 nm/3.0 nm 15.745.1 415

Fe20 |Fe/SiO2: 2.0 nm/3.0 nm 21.0+7.7 666

Fe30 | Fe/SiO2: 3.0 nm/3.0 nm ~50 593

Fel50  Fe/SiO2: 15 nm/0 nm Continuous film 76 210
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Figure 4-3 Energy-loss near-edge structure of Fe-L; edges in iron
nanoparticles. The ELNES of a 15 nm thick metallic iron film, with flat
feature post the L23 edges, is also shown for comparison; the post-edge
peak position is indicated by an arrow.

Figure 4-3 shows the near edge structure of the iron- L23 edges from spectra of
all the samples, after removal of background using polynomial fit and of multiple
scattering by Fourier-ratio deconvolution. A prominent post-edge peak can be seen in
sample Fe07, even though oxidation is extremely difficult to distinguish from the
diffraction patterns. The post-edge peak is still observed in samples Fe07, Fel0 and Fel2,
but is barely observable in other samples. From the strong presence of metallic bee-Fe in
the diffraction pattern and from the presence of the post-edge peak, we deduce that iron
oxide volume is small compared to the volume of bcc Fe, and is expected to be
predominantly on the particle surface. Our recent high-angle annular dark-field scanning
TEM images of single iron nanoparticles show metallic iron crystal lattice that continues
to the edge of the nanoparticle, which supports the surface oxide model 2

To further clarify the oxidation type the diffraction-intensity profiles, integrated
along a full circular path in the diffraction pattern, were used to enhance the visibility of
the weak diffraction rings. At the bottom of Fig. 4-1 is a profile for sample Fel0, in
which a weak and broad peak, labeled by an arrow, may be attributed to (113) of y-Fe;O3

(maghemite) or Fe;O4 (magnetite), as determined by close inspection of the diffraction
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intensity profile. The peak was only observable in the samples with smaller iron
nanoparticles. Both magnetite and maghemite have the inverse spinel structure, and their
lattice constants are similar. Superlattice reflections specific to maghemite are not
detectable due to the lack of long-range periodicity in the present specimens. Therefore

magnetite and maghemite cannot be distinguished using diffraction techniques.”®
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Figure 4-4 Dependence of (a) white-line ratio and (b) oxidation-layer thickness
on the diameter of iron nanoparticles. Measurement errors are also shown.
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To establish the nature of the oxide phase, the valence state of the transition metal
oxide was determined by white-line ratios (integrated L3/L2 intensity ratio).2’%° The L2
and L3 edges (white lines) correspond to excitations of 2p electrons to bound 3d states
near the Fermi level; white-line intensity ratios are found to deviate from the statistical
value (2:1) and vary in accordance of the occupancies of the 3d levels, and thus the
oxidation state. We used a standard procedure to quantify the white-line peaks; multiple
scattering was removed by Fourier-ratio deconvolution, and the white-line component of
the experimental data was fitted to a combination of Lorentzian and arctangent
functions.”* Using this procedure, the white line intensities can be separated from the
continuum background, and the fit was found to match the experimental data quite well.>
The measured ratio is 4.6 + 0.3 in Fe07, much higher than the calculated value of 3.6 +
0.2 of a Fe304 control sample.>* This indicates a higher level of oxidation and therefore
that y-Fe,O; is the main oxidation phase in sample Fe07. This should be also true for
other samples, considering that they were all annealed under the same conditions.

Assuming that maghemite (y-Fe,Os) is the only oxidation phase and that the
white-line ratio (WLR) depends linearly on the atomic fraction of the oxide, the degree of

oxidation can be estimated according to:

WLRy =WLR, g, 0, %+ WLRp, -(1-x) 4.1)

Here WLR.,, is the experimental WLR value for different samples, WLR.re203 is the
WLR value for y-Fe,O3, WLRF, is the WLR value for metallic Fe, and x is the percentage
of oxidization to a-Fe;Os. In the calculation, we used WLRy. re203= 4.810.2 and WLRg=
2.140.2, as obtained in previous experiments.”* Figure 4-4 (a) shows the dependence of
white-line ratio on the particle diameter; the decrease of WLR with particle size indicates
reduced oxidation with increase in the particle size. The y-Fe,O3 percentage can be
calculated for all the samples according to Eq. (4.1), and an oxidation-layer thickness can
be deduced by assuming that oxidation occurs only at the surface. The results are shown
in Fig. 4-4 (b). It appears that only about one atomic layer of iron is oxidized on the

surface of the larger nanoparticles.
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Figure 4-5 Normalized magnetization hysteresis measured by MOKE for iron
nanoparticles in different samples, as labeled on the panels.

4.3.2 Magnetic properties
Magnetic properties of the nanoparticles were investigated by MOKE measurements.
Figure 4-5 shows the in-plane hysteresis loops for samples with different iron-layer

thicknesses. Thicker iron layers resulted in larger particles and a corresponding increase
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in the coercivity. The samples with the smallest iron clusters (i.e. Fe07) exhibit
superparamagnetism, in which the activation energy is small and the magnetization is
easily flipped by thermal fluctuations. Ferromagnetic behaviour first appears in sample
Fel0, where a single-domain magnetic structure is energetically favored for each particle.
The maximum coercivity, measured in Fe20, was 666 Oe. The remanences are much

513 indicating less perpendicular

higher than those of iron nanoparticles implanted in SiO;
anisotropy in the present samples. In samples with large Fe thickness (Fe30), the Fe
particles were sufficiently large to support more than one domain (thereby reducing the
demagnetization energy). Consequently, the coercivity decreases with further increase in
initial Fe layer thickness.’' Finally, in the case of the continuous Fe film, the coercivity
was only 76 Oe for the 15-nm Fe film. The hysteresis loops for these iron nanoparticles
never reach saturation within field range of + 4000 Oe, due to the persistent presence of a
small proportion of superparamagnetic particles (see Figure 4-1).

In Figure 4-6 (a) (b), coercivity H is plotted as a function of both particle
diameter D and the volume-filling factor f, (defined as the iron volume in relation to the
total volume in the as-deposited films), as measured by MOKE. The dotted line
represents a calculated result of the coercivity Hc as a function of the particle diameter D,
as discussed below. H; increases rapidly with increasing particle size or filling factor,
reaches a maximum near D~20 nm, and then decreases slowly. An inverse relationship,

32 is only observed approximately because of the

namely H; «c1/D above the maximum,
limited number of data points. The behavior of H, as a function of particle size below D~
20 nm can be investigated by analyzing the factors influencing the coercivity.

First, magnetoelastic effects, which may lead to larger coercivity if each iron
nanoparticle is strained by a large interfacial stress, can be ignored in the Fe-SiO;
nanocomposite system, where the iron nanoparticles were produced from a slow

annealing process during which the strain can be released. The magnetoelastic energy is

so small relative to the magneto-crystalline anisotropy energy that it can be neglected.?®
Second, based on TEM observations, iron particles are spherical, and thus shape
anisotropy is negligible. Passivation of maghemite on the surface of iron nanoparticles
can alter their magnetic behavior by exchange coupling between the oxidation layer and

metallic core,33 such an effect is expected to be small in consideration of the slight
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oxidation.* It has been confirmed that the surface anisotropy plays an influential role for
fine particles within a thin layer of oxides.” ** By assuming an assembly of spherical,
random, single domain particles, the following expression can be derived approximately,

using the Stoner-Wohlfarth model:*
14
H.(V. )= H.(7.0)1-(59)°7] (4.2)

Here, V is the volume of the nanoparticle and ¥, is the critical volume for a
superparamagnetic limit.

Based on Eq. (2), Chen et al., calculated the particle-size dependence of the
coercivity for noninteracting nanoparticles and confirmed the dominant effects of the
uniaxial surface anisotropy on the reversal process, by comparison to the experimental
data.*> The expression for the coercivity in the case of uniaxial surface anisotropy can be

written as:

5.76K 25T 1155,

H.(d.T)= Mds[l—(Kﬂdz) (4.3)

In Eq. (4.3), K; is the surface anisotropy and A/ is the saturation magnetization. In Fig. 4-
6 (a), the dotted line shows the calculated results according to Eq. (4.3); the temperature
T = 295 K was fixed and K, =3.8x10 kA/m® and M, =1420 kA/m were obtained in
fitting the experimental data. Except for the smallest nanoparticles (the
superparamagnetic Fe07), the calculated line fits the experimental data of small particles
well, while it deviates from the experimental data for large particles. Although the size
distribution can cause the slight deviation, the dipole interaction can be another important
reason for the discrepancy. The model is only approximate in describing the composite
system, since it assumes noninteracting nanoparticles; in practice the dipole-dipole
interaction cannot be ignored for nanocomposites with small inter-particle distances and

high volume-filling factors, such as the iron nanoparticles in Fel7 and Fe20. The strong
magnetic anisotropy, as implied by big difference between in-plane and out-of-plane
magnetization hysteresis loops, was observed in our recent measurements (not shown

here), which shows the strong dipole-dipole interactions between iron nanoparticles.> %’
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Figure 4-6 Dependence of the coercivity H; on particle size (a) and volume-
filling factor (b). Experimental data are shown by a solid line with solid
diamond for the particle-diameter in (a) and by a solid line with hollow circle
for filling-factor dependence in (b); dotted line represents the calculated
dependence of coercivity H, on the particle diameter. A filling factor of
100% corresponds to a continuous film: Fe150 in our experiments.

4.3.3 Morphology and air resistance of iron nanoparticles
In addition to plan-view microscopy (shown in Fig. 4-1), the microstructure of the sample

Fel5 grown on Si substrates was studied by cross-sectional TEM imaging. As shown by
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Figure 4-7(a), rounded iron nanoparticles are well isolated by the SiO; matrix. The
particle sizes are comparable to those seen in the plan-view images of Fig. 4-1.
Comparison between plan-view and cross-sectional TEM leads to the conclusion that the
iron nanoparticles are spherical in shape; the particle size and structure are independent
of substrate type, due to the buffering effects of the 8-nm SiO; layer. On the other hand, it
is interesting to observe that there are no longer numerous alternating Fe and SiO; layers;
the multilayers have amalgamated during the formation of iron nanoparticles. Therefore

there must be significant diffusion of iron through the SiO; layers.

Figure 4-7 (a) Cross-sectional bright-field image for Fe 15 (on Si) after
annealing. (b) Plan-view TEM image for as-grown FelS sample.

Figure 4-7(b) shows a bright field image of the as-deposited Fel5 sample before
annealing. Small iron clusters (approximately 1 to 2 nm in diameter) are well dispersed in
the SiO, matrix; the inset SAED pattern indicates that these clusters have the bec iron
phase. Fe clusters (rather than a continuous Fe film) were formed in the as-grown sample
because of the small thickness of the iron layer. These very small particles are
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superparamagnetic (as measured with MOKE, not shown here); annealing for one hour
resulted in ferromagnetic iron nanoparticles of increased diameter. The atom mobility is

greatly enhanced, promoting the diffusion of iron.
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Figure 4-8 (a) Comparison of the white lines of Fel$ as initially fabricated
(solid circle) and after exposure to air for three months (hollow triangle). Inset is
a selected-area diffraction pattern of Fel5 after exposure to air for three months.
(b) In-plane magnetization of samples Fe07, Fel0, Fel5 and Fel50, after 14-
month storage in laboratory air.
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For practical applications, long-term resistance to oxidization is important for
retaining well-defined magnetic properties. In order to evaluate their stability, the iron
phases of all the particles were investigated after storage in laboratory air for three
months. There were no phase changes within the accuracy of electron diffraction
measurements, as shown in the inset of Figure 4-8 (a). The ELNES of Fe-L edge in Fig.
4-8 (a) shows that post-edge peak is still invisible and the calculated white-line ratio
remains unchanged at 2.4 +0.2, indicating no further oxidization of the encapsulated iron.
The SiO, matrix became compact and denser when annealed at high temperature, and
thus nanoparticles were effectively protected.

The saturation magnetization M; of the iron anoparticles in SiO, matrix was also
measured from the magnetization hysteresis M(H) after 14-month storage in laboratory
air, as shown in Fig. 4-8 (b); the M, values (within an error of 10%) were listed in Table
L. In this measurement, a field (of 20000 Oe in this case) big enough to saturate the
sample was applied, and then M(H) was measured as the field was reduced and reversed
in direction. The M; value of Fel50 is only about 210 emu/cm’, being so low in
comparison to saturation magnetization of the bulk Fe (being 1707 emu/cm?, at 290 K).
The M; values for iron nanoparticles are much bigger than that of the Fel50, and increase
with the increase of the particle size, for example, from 620 emu/cm’(for Fe07) to 1610
emu/cm’ (for Fel5). The magnetization measurements are consistent with the ELNES
results, and further confirmed the good protection of the SiO, matrix to the iron
nanoparticles; the lower M; values than that of bulk iron, is interpretable in accordance of
surface oxidation. Fe150 is a 15-nm thick continuous film, without annealing; the capped
8-nm SiO; film could only give temporary protection to the iron content. Owing to the
low iron filling factors in these samples and small pieces of samples (smaller than 5x5
mm?) were used in the measurement, big errors (within 10-20 %) were expected in the
saturation magnetization measurement; the improvement on the signal-to-noise ratio and
insight study of the magnetic properties by further measurement at low temperature are
being pursued. Overall, the oxidation resistance and strong magnetization retained in the
iron nanoparticles, being so important for the practical application, has been well

examined using combined measurements.

-77 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In summary: spherical, isolated and stable iron nanoparticles have been
fabricated, embedded in a SiO, matrix. Size control and chemical protection were
achieved in this system, as demonstrated by characterization in an analytical TEM. A
magnetization study shows the importance of surface anisotropy and dipole interaction in
this system. This concept is promising for the production of arrays of discrete metallic
nanoparticles below 10 nm through the addition of a lithographic patterning technique. It
has also been demonstrated that ELNES is very useful in detecting slight oxidation of

metallic nanoparticles.
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Chapter S Alternative methods of identifying the
oxidation of metallic nanoparticles embedded in a

matrix

(F. Wang, M. Malac, R.F. Egerton. Micron, in press)

5.1 Introduction

For a nanocomposite system, such as metallic nanoparticles in an insulating matrix,
microstructural analysis is critical for understanding the physical properties. In particular,
atoms at a surface or interface, often oxidized or bonded to the matrix material, can have
a greatly different phase state than atoms away from the interface. Electron and x-ray
diffraction are ideal for identifying the crystallographic structure of materials but provide
only average properties, making it difficult to detect local changes. High-resolution TEM
and scanning TEM (STEM) show the crystal structure on an atomic level but the
chemical state of species at the nanoparticle-matrix interface can be difficult to deduce
(Moltaji et al., 2000). Therefore it is important to develop convenient methods for
characterizing the properties of a particle-matrix interfacial layer, such as its oxidation
state, as an aid to interpret other physical properties.

Energy-loss near-edge structure (ELNES) provides information on the local
environment of excited atoms, such as the coordination, valence and chemical bonding in
nanostructures, for example by comparison to known fingerprint spectra (Egerton, 1996).
A real-space multiple-scattering (RSMS) calculation of ELNES is based on the
propagation of excited electrons through clusters of atoms without the requirement of
periodicity, allowing the structural origins of particular features in the ELNES to be
determined (Ankudinov et al., 1998; Rehr and Albers, 2000). Such calculations can help
us to develop more reliable and better-understood fingerprints for identifying local

crystallographic structure and improve our understanding of local chemical bonding.
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The white-line ratio (WLR), a measure of the 3d-orbital occupancy, is widely
used to evaluate the valence state of transition metals (TMs) (Egerton, 1996; Pease et al.,
2001; Riedl et al., 2006; Wang et al., 2000). Here we discuss two alternative methods:
observation of a “prepeak” (a sharp pre-edge peak in the O-K edge) and a “postpeak" (a
broad post-edge peak beyond the L-edge). According to RSMS calculation, their
appearance is correlated with oxidation of the TMs, and they have practical advantages
for identifying the local electronic structure, for example in the interface for metallic
nanoparticles embedded in a matrix.

A characteristic pre-edge peak (prepeak) appears in the O-K edge when oxygen
atoms are chemically bonded to 3d transition metals (Colliex et al., 1991; de Groot et al.,
1989; Wu et al., 1997). For metallic nanoparticles in an oxide-rich matrix such as silica,
an oxygen K-edge can arise from the matrix or from oxidation of the metal, whereas the
presence of a prepeak in the O-K edge is characteristic of the TM oxides. A postpeak in
the 3d transition metal L-shell ELNES appears upon oxidization of TMs, as demonstrated
in our own experiments (Wang et al., 2006_a) and by reference to data in the EELS Atlas
(Ahn et al., 1983). RSMS calculations using clusters of increasing size established that
the postpeak originates from photoelectron backscattering by the nearest-neighbor
oxygen atoms, so it provides a clear indication of the presence of oxygen in the near
vicinity of TM atoms. The method is very sensitive, even a slight amount of oxidation
results in a detectable postpeak. The application of these techniques will now be
demonstrated by detecting the oxidation of iron nanoparticles that are embedded in a

Si0; matrix.

5.2 Experimental methods

Iron nanoparticles embedded in silica (so-called Fe-SiO, nanocomposites) were
fabricated by depositing multilayers of Fe/SiO; films onto 5 nm-thick carbon in an ultra-
high vacuum (UHV) system. The deposited films were annealed in-situ, resulting in well-
defined iron nanoparticles within the SiO, matrix (Wang et al., submitted). Through this
procedure, particle size can be controlled by adjusting the iron layer thickness. We

fabricated six samples with iron nanoparticles of different average diameters: 3.2+0.7,
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7.4+2.2, 8.0£1.8, 10.6£2.9, 15.745.1, 21.1£7.7 nm, each size measurement coming from
the analysis of 300 to 400 nanoparticles in a bright-field TEM image. For comparison,
another three films were deposited onto 5 nm-thick carbon in the UHV system. One is a
15 nm-thick SiO; film (without inclusion of iron); two others are iron films of different
thickness, namely, 15 nm and 3 nm, that were both buffered and capped with 4 nm-thick
SiO, layers. The 3 nm-thick film was then annealed in air at above 720 °C for 3 hours,
resulting in extensive oxidation, as confirmed by electron diffraction (not shown here).

The morphology of the as-grown samples was examined by plan-view TEM
imaging, using a 200 kV LaBg instrument (JEOL 2010), and by high-angle annular-dark-
field (HAADF) microscopy of individual nanoparticles, using a Hitachi HD 2300
scanning-transmission electron microscope (STEM) equipped with a cold field emission
gun (CFEQG). All the core-loss electron energy-loss spectroscopy (EELS) spectra were
recorded using a Gatan 666 parallel-EELS spectrometer, from a number of particles of
similar size over an area of about one square micrometer. The spectra were collected in
TEM diffraction mode (image-coupled spectrometer) with a collection semi-angle of 0.6
mrad and energy dispersion of 0.2 eV/channel. The energy resolution (measured as the
full-width at half-maximum of the zero-loss peak) was 1.2 eV. The pre-edge background
was subtracted as a power law and multiple scatterning removed by Fourier-ratio
deconvolution (Egerton, 1996).

Real-space multiple-scattering (RSMS) calculations were performed for the iron
L-edge of Fe (a-phase), FeO (wiistite) and Fe,O; (hematite), and for the oxygen K-edge
for SiO, (a-quartz), FeO and Fe, 03, using the crystal structures in Wyckoff (1963). We
used the FEFF 8.2 code with its implemented full multiple-scattering (FMS) and self-
consistent-field (SCF) cards (Ankudinov et al., 1998). Hedin-Lundqvist self-energy was
used to account for the inelastic losses. A sequence of near-edge structure calculations

were made by adding successive shells about the central excited atom, in order to

ascertain the contributions from different shells. Energy shifts and Gaussian broadenings

were added in matching the measured edge onsets and energy resolution.
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Figure 5-1(a) Bright-field TEM image of iron nanoparticles embedded in
silica matrix; (b) High-angle annular dark field (HAADF) image for a single
iron nanoparticle, recorded in a Hitachi HD 2300 STEM. (Courtesy of Drs.
Koji Kimoto and Kuniyasu Nakamura.

5.3 Results

5.3.1 Imaging
Figure 5-1 (a) shows a bright-field TEM image for a typical Fe-SiO, nanocomposite film:
iron nanoparticles (darker regions) are evenly distributed in the SiO; matrix (lighter
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regions), and they are well separated from each other. Based on the diffraction pattern
(shown in the inset), bee-Fe is clearly the predominant phase; diffraction rings associated
with iron oxide phases were rarely observed.

A high-angle annular dark-field (HAADF) image recorded for a single Fe
nanoparticle is shown in Fig. 5-1(b). It is clear that the iron particle (with a diameter of
about 12 nm) is crystalline and the interface between the nanoparticle and the SiO, matrix
is very sharp; the Fe lattice continues to the edge of the nanoparticle, suggesting little
oxide has been formed. However, some oxidization of the particle surface is expected in

consideration of the high chemical reactivity of iron.
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Figure 5-2: A variation of the white line ratio (WLR) as a function of particle
diameter, measurement errors in the particle diameter and WLR are also shown.
Inset is Fe-Ly; edge for a typical sample (with average particle diameter of
10.6nm) and the fitted curve.

5.3.2 White line ratio

The white line ratio (WLR) is sensitive to the change in the valence state of the transition

metals and their oxides, showing a systematic variation with oxidation state; for the case

of iron, the ratio increases with increase of the extent of oxidation (Colliex et al., 1991;

Pease et al., 2001; Wang et al., 2000; Wallis et al., 1996). At the Ly; edges, white-line
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peaks correspond to excitations of 2p electrons to bound 3d states near the Fermi level;
their separation arises from spin-orbit splitting. The experimental data can be fitted to two
Lorentzians representing the white lines and two arctangent functions accounting for
continuum background from core-to-continuum transition (Pease et al., 2001). Through a
standard fitting procedure, one can separate the white lines from the continuum
background and isolate the L2 and L3 lines from each other (Wang et al., 2006-b). It is
important to recognize a constraint coming from the fact that L, width must exceed the L;
width, owing to the possibility of Coster-Kronig transitions (Pease et al., 2001). We
performed fittings to the iron L-edges for the six samples of different particle size and
obtained a good match to the experimental data. In the inset of Figure 5-2, a typical
fitting to the experimental Fe-L,; edges is shown, for a sample with an average particle
diameter of 10.6 nm. The intensities of the white lines were taken as integrated intensities
under the fitted Lorentzians.

Figure 5-2 shows the dependence of white-line ratio on the particle diameter. It
appears that serious oxidation has occurred in the small iron nanoparticles, as reflected by
their high WLR values, and as might be expected from the high chemical activity of iron
(Wang et al., submitted). Only slight oxidation is evident in the samples with larger
nanoparticles, as indicated by their reduced WLR values. This result is consistent with
the HAADF TEM image shown in Fig. 5-1 (b).

5.3.3 Prepeak

When oxygen atoms are chemically bonded to 3d transition metals (TMs), a
characteristic pre-edge peak appears in the O-K edge. It has been investigated
experimentally and theoretically (de Groot et al., 1989; Colliex et al., 1991; Wu et al.,
1997). This prepeak, located about 3¢V below the O-K threshold, is believed to
correspond to 1s - 2p transitions toward the oxygen 2p states hybridized with 3d
transition-metal orbitals (de Groot et al., 1989; Wu et al., 1997). By multiple scattering

calculation, we will show that the prepeak is very sensitive to the presence of TM oxides.
Figure 5-3(a) shows the calculated near-edge fine structure of the oxygen K-edge
for SiO;, (a-quartz), FeO (wiistite) and Fe,O3 (hematite). A prominent prepeak is present

in FeO and Fe,O3, but not in SiO». In particular, this feature already shows up in a small
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cluster of 5 atoms for Fe,O; and 7 atoms for FeO, with a central oxygen atom surrounded

by nearest-neighbour iron atoms.
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Figure 5-3 (a) Calculations of the O Kedges for SiO, (of 62-atom cluster), Fe,Os(of
5-and 116-atom clusters) and FeO (of 7- and 81-atom clusters). The prepeaks are
marked by arrows. (b) Experimental O K-edges for the six Fe-SiO; nanocomposite
films (labeled by the average particle diameter) together with that of the sample
annealed in air and SiO, film. The prepeak position is marked by an arrow.

The very appearance of an oxygen K-edge provides a direct indication of
oxidation of the transition metal, but only if it is separated sufficiently from other media

containing oxygen. For the iron nanoparticles embedded in SiO, shown in Figure 5-1, the
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oxygen K-edge can also arise from the SiO, matrix. However, the multiple-scattering
calculations above established that a prepeak appears only in iron oxides, even for a very
small cluster (central O atom plus the first shell of Fe atoms) and not in SiO;; thus the

oxidation of the iron nanoparticles is still detectable using the characteristic prepeak.
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Figure 5-4 (a) Calculated iron L3 edges for Fe, FeO and Fe,Os, for cluster sizes of
65, 57 and 75 atoms respectively. The postpeak positions are marked by arrows.
(b) Experimental iron L-edges for the six Fe-SiO, nanocomposite films (labeled by
the average particle diameter), showing a size dependent postpeak marked by an

arrow. The iron L-edge for a continuous 15nm-thick Fe film was also shown for
comparison.
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Figure 5-3 (b) shows oxygen K-edges for the six Fe-SiO, nanocomposites
(labeled with the average particle diameter), together with that of the iron/SiO, multilayer
annealed in air (labeled as Air) and a SiO, film for a comparison. RSMS calculation (on a
cluster of 62 atoms) reproduced the oxygen K-edge for SiO; film well, showing similar
features in peak shapes and positions. However, the prominent prepeak (marked by an
arrow), distinctively appearing in the oxygen K-edge of the sample annealed in air, was
not shown in the experimental or calculated results for a SiO; film.

The prepeak feature is very obvious in Fe-SiO, nanocomposite films containing
smaller iron nanoparticles but is hardly seen in the samples with larger nanoparticles
(diameter above10 nm). Clearly the prepeak amplitude decreases with increase in particle
size. This comparison not only clarifies the cause of the prepeak, namely the oxidation
during annealing, but demonstrates a variation of the extent of the oxidation with particle
size. We obtained very similar results from the WLR method, as shown in Figure 5-2.
However it is interesting to note that, although the oxygen K-edge comes predominately
from SiO, matrix, the slight surface oxidation on the Fe nanoparticles is detectable from

the appearance of a prepeak.

5.3.4 Postpeak

A broad post-edge peak (postpeak) in the core-loss spectrum is often attributed to plural
scattering of the transmitted electrons, involving a core loss and a bulk plasmon (Egerton,
1996). However, we recently found that a prominent postpeak occurs at about 40 eV
beyond the iron L3-edge, even in very thin films of iron oxides and fluorides, and not in
films of pure iron. This peak appears to be characteristic of iron in an oxidized state
(Wang et al., 2006-a). To clarify the origin of the pospteak, we performed RSMS
calculations of the near-edge fine structure of the Fe L, and L3 edges for Fe, FeO and
Fe,0s. Figure 5-4 (a) shows the white lines obtained by algebraic sum of the calculated
Lz and L, components, weighted according to their scattering cross sections. The
postpeaks are well reproduced in FeO and Fe,03, as indicated by the arrows. RSMS

calculations as a function of cluster size (not shown here) suggested that the postpeak
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arises from the backscattering of nearest-neighbor oxygen atoms. Therefore even a slight
amount of oxidation should result in the appearance of a postpeak.

Figure 5-4(b) shows the iron L-edges for samples with iron nanoparticles of
different average sizes and for a 15 nm-thick continuous bce-iron film. The postpeaks are
broad and are located about 40eV above the Fe-L; edge, agreeing with the calculation in
Fig. 5-4 (a). Size-dependent oxidation is demonstrated by the decrease of the postpeak
with the increase of the particle size, and its absence in the iron film. From the strong
presence of metallic bee-Fe in the diffraction pattern, together with the HAADF image of
Fig. 5-1 and the limited presence of the post-edge peak, we deduce that the volume of
iron oxide is small compared to that of bcc Fe. We would expect any oxide to be

predominantly on the particle surface.
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Figure 5-5 L,; edges of transition metal oxides, reproduced from EELS Atlas.
The postpeak positions are marked by arrows.

5.4 Discussion

The white-line ratio has been widely used in characterizing the oxidization state of

transition metals (Pease et al., 2001; Riedl et al., 2006) but involves considerable effort in
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spectral processing and fitting. Moreover, the results obtained using different processing
procedures are not always consistent (Riedl et al., 2006). If, as suggested above, a
correlation between the prepeak or postpeak and the presence of metal oxides is a general
effect, these peaks could act as a useful characteristic feature for identifying oxides of all
transition metals and their compounds.

In fact, a prepeak arising from the covalent mixing of metal and oxygen states
appears to be a general feature of the oxygen K-edge of the transition metal oxides (de
Groot et al., 1989). Also, a postpeak is visible in published spectra of various transition-
metal oxides (Leapman et al., 1982). Figure 5-5 shows experimental data for Sc,03, TiO,,
MnO,, Fe;03, CoO and NiO, reproduced from EELS Atlas (Ahn et al., 1983); the
postpeak can be found in all of the these oxides, although at slightly different positions,
as indicated by the arrows.

Nowadays there is increased interest in valence state determination at high spatial
resolution, due to greater access to (S)TEMs equipped with cold field emission guns. In
this case, an electron probe can be focused locally on the interface to reduce matrix
effects. When measuring at high spatial resolution, the obtainable edge intensities are
relatively low and the exposure time is limited because of specimen drift and radiation
damage, resulting in poor signal-to-noise ratio (SNR). As we have shown, a prepeak in
the oxygen K-edge and postpeak in transition-metal L-edge arise from the chemical
bonding to nearest-neighbour (TM or oxygen) atoms and are thus very localized. These
factors favor the prepeak and postpeak techniques over the WLR approach, in
combination with the high-resolution STEM imaging. Actually, it was already verified in
our experiment that the prepeak and postpeak methods are highly sensitive to oxidation,
despite the masking effect from a dominant volume of SiO; or iron, in a nanocomposite
system.

In summary: we have demonstrated use of the prepeak and postpeak techniques as
alternative ways to detect the oxidation of transition metals. These techniques provide a
test of local valence-state change, such as at the interface in a metallic nanoparticles
embedded in an insulting matrix, and are compatible with (S)TEM-EELS at high spatial

resolution.
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Chapter 6 Controlled growth of silicon oxide

nanowires from a patterned reagent

(Feng Wang, Marek Malac, and Ray F. Egerton, A. Meldrum, Peng Li, and Mark R.
Freeman, and Jonathan G. C. Veinot. J. Phys. Chem. C (Letter; in press))

Silicon-based nanowires, including crystalline and amorphous silicon and silicon
oxide nanowires, have shown promising applications in nanoelectronics and integrated
optic devices'>*. Synthetic methods including chemical vapor deposition,* laser
ablation,’ sol-gel,’ and thermal evaporation,® have been used for random (i.e., non-
patterned) growth of nanowires (NWs). However, for many potential applications it is
desirable to control the position and size of the NWs so that post-growth manipulation is
not required.” 8 Recently, selective growth of silica NWs via a vapor-liquid-solid
mechanism’ was achieved using an ion implantation mask; ' herein, we will show that
much higher spatially resolved patterning (by several orders of magnitude) than the report
could be achieved by employing electron beam lithography. The diameter of NWs is
determined by the iron nanoparticles encapsulated at individual NWs, similar to other
reports in Si and GaP nanowires;'"* ' but in our case the NWs grow directly from a
patterned reagent and the inflow of the Si-containing gas is required.

The fabrication procedure can be divided into three stages: i) formation of the Fe-
Si0, nanocomposites (i.e. iron nanoparticles embedded in a SiO; matrix), ii) patterning
of the reagent, and iii) the growth of the silicon oxide nanowires. Fe-SiO;
nanocomposites were fabricated by electron-beam deposition of SiO; (purity: 99.999%)
and Fe (99.95%) to form a SiO,/Fe/SiO; trilayer on 50 nm-thick silicon nitride (Si3Ny)
membranes and annealed in-situ at 880°C, in an ultra-high vacuum (UHV) system with
base pressure 10° Torr.'* A 6 nm-thick carbon film was pre-coated on the SizNy
membrane to suppress charging during electron beam lithography. Following fabrication
of the Fe/Si0, composite, a 60 nm-thick layer of hydrogen silsesquioxane (HSQ: Fox17,

Dow Corning, which is a well known negative planarizing electron beam resist) was spin-
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coated onto the sample surface. An array of circular dots of a 50 nm diameter separated
by 1 um was patterned in the HSQ layer using a Raith 150 electron-beam lithography
system. Areas of the Fe/SiO, nanocomposite not protected by the exposed HSQ were
subsequently removed by dry etching in an argon ion mill, leaving the Fe/SiO,
nanocomposite film only in areas under the exposed HSQ dots. The samples were finally
annealed for one hour at 900°C in a slight overpressure of N»/H; (95%/5%) forming gas.
Microstructural and chemical investigations were carried out in an analytical transmission
electron microscope (TEM, JEOL 2010), using bright-field imaging, electron energy-loss
spectroscopy (EELS) and energy-loss near-edge structures (ELNES).

An array of circular nanodots of 50 nm diameter and 1 um spacing, is shown in
Figure 6-1 (a). A limited number of iron nanoparticles (typically less than 5) are present
within each nanodot (see, in the inset of Fig 6-1(a)); Figure 6-1 (b) shows a TEM image
of an array of NWs grown from the patterned nanodots. Iron nanoparticles are present at
the end of NWs, which grew only from the original patterned HSQ/Fe nanodots, leaving
the areas between the dots bare and completely free of NWs. The inset of Fig. 6-1 (b)
shows NWs produced from a typical dot, with higher magnification.

Most of the nanowires have a length less than 1 um, determined by the supply of
the stock material. It is worth noting that the number of iron nanoparticles is determined
by the size of each HSQ dot and the areal density of Fe nanoparticles. Therefore, it is
expected that a suitable choice of Fe nanoparticle growth parameters and HSQ dot
diameters can be used to control the number of iron nanoparticles per dot and
consequently the number of NWs grown from each dot.

Using a thick Si3N, membrane as substrate results in some difficulty in the TEM
investigation; however, this problem was avoided by examining NW's that were
suspended between gaps in the Si3N, film, allowing microstructural and chemical
analysis without influence from the substrate. Figure 6-2 shows a TEM image of a bundle
of NWs protruding from the Si3N4 substrate. The nanowires have a smooth surface and a
closed end containing a single iron particle. The nanowires have diameters of 10 - 30 nm,
comparable to the diameter of the iron nanoparticles encapsulated at the nanowire tips.
TEM imaging and diffuse rings in electron-diffraction pattern (not shown here) collected

from a body of nanowires showed that the nanowires are non-crystalline. Indexing the
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electron diffraction pattern collected from the particles at the end of the NWs (inset in
Fig. 6-2) indicated that bce-Fe is the main phase; no peaks associated with iron oxides

were found.

500nm
»

¢ Annealing

500nm

S

5

-,

Figure 6-1 Bright-field TEM images for (a) arrays of iron nanoparticles after
lithographic patterning, of 50 nm diameter and 1 um spacing (the inset shows one
nanodot containing several nanoparticles), and (b) arrays of nanowires grown from the
patterned nanodots (here the inset shows nanowires on a nanodot).

The diameters of individual nanowires and encapsulated nanoparticles are similar.
98 nanowires were measured from plan-view TEM images for a quantitative comparison.
Figure 6-3 shows the size analysis of the nanowires as a function of the particle diameter.
The solid line is a linear least square fit. The results suggest that the diameter of the
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nanowires is predominantly determined by the iron nanoparticles, which leads to the
possibility of synthesizing diameter-controlled silicon oxide nanowires. Control of Fe

seed particle size has been demonstrated through a multiple-layer synthesis procedure.13

Figure 6-2 Bright-field TEM image of a bundle of individual nanowires projecting from
the substrate, with iron nanoparticles encapsulated (darker region) at the NW tips. The
insets are selected-area diffraction patterns of iron nanoparticles, which are consistent
with the bce-Fe phase.

Analysis of electron energy-loss (EELS) and Auger spectra showed that the
nanowires are composed of silicon and oxygen. To further clarify the chemical
environment of the silicon in the nanowires, the silicon L;3 and oxygen K-ionization
edges were measured from individual nanowires protruding from the substrate (shown in
Figure 6-2). The Si Ly3-edge shows a different fine structure than that recorded from
nanowires on the SizNy substrate and no nitrogen K-edge was discerned in the energy loss
spectra. The integral intensities of oxygen K and silicon L-edges allowed determination
of the [O]:[Si] ratio, using O-K and Si-L ionization cross-sections calculated from
SIGMAK3 and SIGMALS3 programs,'* ' and the resulting atomic [O]:[Si] ratio was
1.7£0.1. In addition, the near-edge fine structure of the silicon La3-edge of SiO, and
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16,17

elemental Si differ near the threshold energy, ™ ' negating the possibility that the wires

contain elemental Si.
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Figure 6-3 Dependence of the diameter of the nanowires on that of the encapsulated
Fe particles. The solid line is a fit to the measured data: y = 0.96x + 2.48 (y: diameter
of the nanowire; x: diameter of the nanoparticle (exclusive of the shell); the dotted
line y = x is used for comparison.

The morphology of the NWs (with metal particles attached to the end) and the
linear relation between the diameters of the nanowires and the encapsulated nanoparticles
suggest the operation of a classical vapor-liquid-solid (VLS) growth mechanism.’
Nevertheless no vapor source such as silane (SiH4) or other gaseous silicon compound
was provided in the present growth process. Furthermore, the presence of liquid iron
droplets, on which gaseous silicon precursor might produce silicon for the growth of

2.9 11 is unlikely in this system because the annealing temperature used

nanowires,
(900°C) was much lower than both the melting point of iron and the eutectic point for
iron-silicon (i.e. FeSi,),'® even when the surface energy of the cluster is considered.'> %
Therefore it is unlikely that the present nanowires grew by a VSL-like mechanism. The
SLS (solid-liquid-solid) mechanism can also be excluded, in view of the top-growth
mode and the low processing temperature in this growth process.”!
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Instead, NW growth could proceed via a direct solid-state transformation, similar
to the mechanism proposed for the formation of amorphous silicon oxide nanowires
grown from silica films; * a reduction layer, believed to induce the diffusion of silicon
atoms being critical in the growth, becomes unnecessary in this case. Iron nanoparticles
initially embedded in the SiO; layers of the underlying trilayer structure, diffuse to the
surface when the sample was heated to 900°C. Similar diffusion through the reduction
layer has been reported for nickel nanoparticles.”” Fe particles at the exposed HSQ
surface act as NW nucleation sites. NWs nucleate underneath the iron nanoparticles and

grow by the diffusion of the Si atoms from the underlying exposed HSQ.
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Figure 6-4 Proposed growth process of nanowires: (a) as-produced Fe-SiO, nanocomposites,
with spin-coated HSQ on top; (b) migration of iron nanoparticles onto the top of the nanodots;
(c) diffusion of Si atoms; (d) growth of nanowires onto the surface of nanodot.

Our proposed mechanism is summarized in Figure 6-4. HSQ is a well defined
cage molecule with an empirical formula (HSiOj3/,),. It has been reported, in the absence
of conclusive structural characterization that upon exposure to electron-beam irradiation,
some of the Si-H bonds are broken and an insoluble crosslinked siloxane network is
formed. 2 This ill-defined, crosslinked network is expected to collapse upon annealing at
900 “C to form an “SiOy-like” film containing regions rich in low valent Si. The diffusion
and nucleation of oxide encapsulated, low valent Si at metal nanoparticles is known.”>%*
In this regard, it is reasonable that the present “SiOx-like” film, produced from annealing
exposed HSQ, enhances the nucleation and one-dimensional growth of the silicon NWs,
in a similar fashion to that proposed for “SiO” by Wang et al.?* Accordingly, in the
present system as-grown nanowires likely form as non-crystalline Si nanowires that
subsequently oxidize rapidly to SiO, upon exposure to the ambient atmosphere.
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In support of this proposed mechanism, control experiments using an Fe/SiO,
nanocomposite with no overlaying exposed HSQ layer as well as with an Fe/SiO;
nanocomposite bearing an unexposed HSQ film afforded no NWs, when annealed under
identical conditions. These experiments clearly show that a crosslinked SiOy-layer
obtained from electron beam exposure of HSQ is crucial to the formation of the present
NWs. At present, the exact role of the crosslinked HSQ remains unclear. Structural
analysis of electron beam crosslinked HSQ films as well as an in-situ study of as-grown
nanowire structure and chemical composition are expected to provide valuable
information regarding the nanowire growth mechanism and are subject of further
investigation in our laboratories.

In summary, a process for fabricating arrays of silicon oxide nanowires from a
patterned reagent has been developed, in which the diameter of the nanowires depends on
the nanoparticles attached at the end. Such an unusual growth process, being
unexplainable by the VLS and SLS mechanisms, may be attributed to direct solid-state

transformation.
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Chapter 7 An ELNES study of silicon oxide

nanowires grown from a patterned reagent

(F. Wang, M. Malac, R.F. Egerton, P. Li, A. Meldrum and M.R. Freeman. Microsc.
Microanal. 12 supp 2 (2006) 1172)

7.1 Introduction

As one of the most important photoluminescence materials, silica (SiO,) has been widely
used in the electronics industry. Silicon-based nanowires, including crystalline and
amorphous silicon and silicon oxide nanowires, have shown promising applications in
nanoelectronics and optical devices'>. Recently we developed a new process for
fabricating silica nanowires, in which the selective growth of the nanowires is achieved
through the incorporation of an electron-beam lithography (EBL) technique. In the
process, hydrogen silsesquioxane (HSQ) is used as a high-resolution electron resist and
its exposed product becomes the feedstock for growth of the nanowires in the presence of
iron nanoparticles which is initially embedded in a silica matrix.

Yu et al., showed that amorphous silica NWs emit strong blue light and might
hence be applied in integrated optical devices;® while several emission bands, of different
emission characteristics depending on the composition and disorders of the silica
nanowires, were also recently reported.* > 87 Generally, it is believed that the blue bands
of amorphous silicon oxide NWs are caused by the oxygen deficiency and the green
bands are dominated by the SiO4 tetrahedron. The emission intensity of the blue bands
and green bands are complementary to each other, depending on the oxygen
concentration: oxygen supplies diminish oxygen vacancies (thus decreasing the intensity
of blue bands), and increase the SiOy tetrahedron (thus increase the intensity of the blue
bands); and vice-versa.’

ELNES (energy loss near-edge structures) is sensitive to the local structure and

chemical order.® Much work has been done on studying the structural and electronic
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properties of silicon or silica films (e.g. in , '°, '"), of direct relevance to their application

in industry. We have used ELNES of the silicon-L and oxygen-K edges to study the
structural state of the NWs, and ELNES of the Fe-L edge to study the chemical state of
the iron nanoparticles at the tips, in promoting the understand to the growth mechanism

and its optical properties.

7.2 Experiments

Silicon oxide nanowires were grown from a patterned reagent. Simply stated, stable iron
nanoparticles embedded in SiO, matrix are grown onto Si3N4 membranes in an ultra-high
vacuum system. The composite samples are then patterned and etched, using hydrogen
silsesquioxane (HSQ) negative-tone resist, giving regular arrays of HSQ (exposed)
nanodots covering the Fe-SiO, composite film. In the presence of Fe particles, nanowires
are grown from the patterned nanodots by annealing in a furnace reactor in a N/H,
atmosphere.

Microstructural and chemical investigations were carried out in an analytical
transmission electron microscope (TEM, JEOL-2010) by bright-field (BF) imaging,
electron energy-loss spectroscopy (EELS) and fine-structure (ELNES) analysis. The
core-loss spectra of the iron L-edge, silicon L-edge and oxygen K-edge were collected in
TEM diffraction mode (image-coupled spectrometer) with a collection semi-angle of 3.0
mrad and energy dispersion of 0.2 eV/channel. All the images and EELS spectra were
collected from NWs suspended in the air, avoiding substrate influence. For a comparison,
we also deposited a 15 nm-thick silicon dioxide film and recorded the spectra of its
silicon L- and oxygen K-edges.

Real-space multiple-scattering (RSMS) calculations of the silicon L-edge and
oxygen K-edge near-edge structure were performed for crystalline silicon dioxide SiO2
(a-quartz)'? using the FEFF 8.2 code with its full multiple scattering (FMS) and self-
consistent field (SCF) cards implemented.13 A sequence of near-edge structure
calculations was made by adding successive shells about the central excited atom, in

order to ascertain the contributions from different shells.
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Figure 7-1 (a) Bright-field TEM image for individual NWs protruding from
substrate. The ellipse shows the area for EELS recording, away from the substrate
(black, left corner in the bottom). (b) Experimental Si-L,; edges for silicon oxide
NWs with substrate (in black) and away from substrate (red), compared with a Si-
L,z edge calculated for SiO;, (a-quartz).

7.3 Results and discussion

Figure 7-1 (a) shows a bright-field transmission electron microscope (TEM) image of a
bundle of nanowires protruding from a broken substrate. The nanowires have a smooth

surface and a closed end, in which a single iron particle is entrapped. The nanowires have
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diameters of 10 - 30 nm, determined by that of the nanoparticles encapsulated at the end.
The structure of the nanowires is amorphous, as shown by the TEM imaging and by the -

diffuse nature of the electron-diffraction pattern collected from a body of nanowires.
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Figure 7-2 (a) A comparison of oxygen K-edge near-edge structure of NWs

(black), silica (red) and a-quartz (green, a calculation based on a cluster of 62

atoms); (b) RSMS calculation on the O-K edge of a-quartz, on the clusters of
increasing size. ‘

We first checked the Si-L edges of the NWs, as shown in the Figure 7-1(b). Those

Intensity (arb. units)
;

o
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o
o

recorded near the substrate (black curve) show so broad features in comparison to the

spectra recorded away from the substrate (red curve), because of contribution from the
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substrate (of a composition of Si3Ny). Therefore, spectral analysis was subsequently
carried out on individual NWs away from the substrate, such as those within the ellipse in
Figure 7-1 (a). Meanwhile, the lack of substrate contribution can be confirmed by the
absence of a N-K edge.

The silicon L-edge in NWs shows four peaks, labeled ABCD in Figure 7-1 (b).
This structure, is much different in shape from the L-edge in elemental Si, and the large

14,15, 16

chemical shift (more than 5 eV) allowed us to exclude the possibility that the wires

contain an appreciable amount of elemental Si. The overall spectral shape is very similar

to that of an amorphous SiO, film, 14.17

and should be determined by the tetrahedral
structure, consisting of a network of SiOy4 tetrahedra linked together with a large Si-O-Si
angular distribution approximately centered at 144°."” To support this assertion, we
performed RSMS calculations of silicon L-edge for a-quartz, as shown by the blue line in
Figure 7-1 (b); the main features are reproducible from a calculation on a five-atom
cluster, except for a red shift and the sharpening of peak C in the calculation. Apparently
silicon oxide NWs are built from the same SiOj, unit as a~-quartz. Meanwhile, it can be
seen that Si-L23 is restricted to the local coordination shell, while near-edge structures of
O-K edge provides long-range structural information,'" and thus were used for the study
of NWs immediately below.

The O-K near edge structures of NWs is compared to that from a silica film, and
also a-quartz (calculated on a cluster of 62 atoms), as shown in Figure 7-2 (a). Its
features differ from those of a-quartz by absence of two small peaks, B and C, and
broadening of the peak D. A correlation of the spectra feature with crystal structure is
well demonstrated in Fig. 7-2 (b) by the RSMS calculations of the oxygen K-edge based
on sequential clusters. It is obvious that the peak 4 mainly comes from the second shell
of six oxygen atoms, since a calculation that includes only the first shell of two silicon
atoms gives no peak, whereas calculations using clusters that include the second shell do
reproduce peak A. A calculation using a large cluster (62 atoms) reproduced the small
peaks B and C, showing that they both come from the scattering of long-range atoms.
Peak D is so broad feature because of the limited mean free path of the excited electrons,®
and is further broadened by the structural disorder in bonding length and angles, in silica
film and NWs.
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By rescaling peak D to the same intensity, one can see the smaller intensity of
peak 4 in NWs, in comparison to that in silica film. According to the RSMS calculations,
peak 4 comes dominantly from the scattering of the excited electron by the second shell
of six oxygen atoms; peaks D comes from the first shell of two silicon atoms. If there is
oxygen deficiency in the second shell, such as oxygen replaced by Si, the intensity of
peak 4 is reduced because silicon atoms scatter more weakly than oxygen. This is
consistent with our quantitative analysis: measuring the intensities of oxygen K and
silicon L-edges and calculating their ionization cross-sections gave an atomic ratio
[O]:[Si] = 1.7 £ 0.1, i.e. a composition of SiO, with x ~ 1.7.

According to our study, NWs nucleate underneath the iron nanoparticles and grow
by the diffusion of the Si atoms from the underlying exposed HSQ. The oxidation to the
NWs would happen immediately after exposed to the air in consideration of the affinity
of silicon to oxygen, the chemical composition of the as-grown nanowires can only be
obtained by the real-time growth of the nanowires with in-situ method in TEM, '8 which

is currently not possibly in our experimental set up.
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Figure 7-3 Experimental Fe-L,; edges (black solid line) and a computer fit of
selected individual nanowires, for a spectrum recorded in the area labeled in Fig.7-1

To check the oxidation state of the iron nanoparticles at the end of tips, iron Ly3-

edges were recorded, as shown in Figure 7-3. According to our RSMS calculations, a

- 109 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



prominent postpeak (about 40 eV above the iron L3 edge) occurs in iron that is oxidized
even slightly, but not in pure iron.'® This prediction was verified in our experiments and
proved to be convenient technique for checking the oxidation of the iron nanoparticles
embedded in a matrix.'”?° Here we see that the ELNES beyond the L,; is flat except for
fluctuations due to spectral noise, so oxidation of the iron is expected to be low. The
white-line ratio (WLR), a measure of the 3d-oribital occupancy, can also be used to
evaluate the valence state of transition metals.® *""** We obtained the WLR by a standard
procedure, namely fitting the experimental data to two Lorentzians representing the white
lines and two arctangent functions. The good fit is shown by the red curve in Figure 7-3,
from which we obtained a white-line ratio of L3/L; =2.9 £ 0.2. This low WLR ratio
further confirms the low oxidation state of the Fe nanoparticles. Judging from the
diffraction pattern, bce-Fe is the main phase; no diffraction maxima associated with iron

oxides were observed.

20nm

ST

Figure 7-4 Core-shell structure at the tips of the NWs.

As checked with TEM images, core-shell structure was shown at the end of the
NWs, namely, iron nanoparticles at the end being covered by a thick amorphous layer.
Fig. 7-4 shows one of the NWs. Our analysis to the Fe-L edge shows clearly the low

oxidation state of the iron nanoparticles, and thereby, the thick amorphous layer at the
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tips could not be the iron oxides, but silicon oxides, by a combined analysis of the
chemical composition of the individual nanowires by EELS.

In summary, ELNES was used to study the structural and chemical environment
of silicon oxide NWs grown from a patterned reagent. Such a study provides information

needed for investigation of the unusual growth process, as well as the optical properties
of the NWs.
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Chapter 8 General discussion and conclusion

The results shown in this thesis are outcomes from projects that are in many cases open-
ended. This chapter will summarize the main results obtained up to now and show their
significance for applications, but with emphasis on possible future directions in ongoing
projects.

Electron energy-loss spectroscopy (EELS) in a transmission electron microscope
(TEM) can provide compositional and chemical information, complementary to
microstructural analysis by TEM imaging.' Dramatic advances in instrumentation have
significantly improved EELS measurement capability and thus extended its applicability
in nanoscience; for example, a spatial resolution of 0.1 nm and energy resolution of 0.1
eV can be expected.” Still, the most challenging problem is the identification of valence
or bonding state of elements in nanostructural materials, such as the local oxidation of
metallic nanoparticles.>*>%"%%1% The white-line ratio (WLR) has long been used in

evaluating the valence state of transition metals;""'">1

extraction of WLR by standard
fitting and its application in studying in-situ fabricated iron nanoparticles were discussed
in Chapter 2. When measuring at high spatial resolution, the obtainable edge intensities
are very low because of the limited exposure time needed to avoid specimen drift and
radiation damage. Chapters 3, 4 and 5 show that a prepeak in the oxygen K-edge and
postpeak in transition-metal L-edge arise from the chemical bonding to nearest-neighbour
atoms and are thus highly localized and sensitive to oxidation. These factors favour the
prepeak and postpeak techniques, in combination with the high-resolution STEM
imaging, over the WLR approach.

Results presented on the oxidation of iron nanoparticles in this thesis research
were all obtained from a 200 kV LaBg instrument, the JEOL 2010, and surveyed the
average oxidation of thousands of iron nanoparticles, due to the limitation in spatial
resolution and beam brightness. Local oxidation of single nanoparticles can be further
pursued with more advanced TEMs. In very recent experiments executed in a JEOL 2200

FS, a variation of the postpeak amplitude was observed when focusing the probe at
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different locations, such as at the edge and center of a single iron nanoparticle (10 nm in
diameter); this result is presented in Appendix C.

Nanofabrication by novel processes is an important part of this thesis research.
Chapter 2 describes the in-situ fabrication of iron nanoparticles by electron-induced
decomposition of iron fluorides. The iron nanoparticles produced are metallic, as shown
by ELNES measurements, and exhibit ferromagnetism, as shown by Lorentz imaging in
TEM. Fabrication of a large area of stable magnetic nanoparticles, for magnetic storage
applications, is the concern of Chapter 4, and is achieved by embedding iron
nanoparticles in a SiO; matrix through a newly developed multilayer-and-annealing route
in an ultra-high vacuum (UHV) system. The oxidation resistance of the iron nanoparticles
was verified both by ELNES and by magnetization measurement. Iron-SiO;
nanocomposites are compatible with electron beam lithography, in which regular arrays
of circular nanodots were successfully fabricated, each dot containing only a few
nanoparticles. Part of these results are shown in Chapter 6 and reveal that such an
approach is promising in fabricating desired arrays of discrete metallic nanoparticles with
size well below 10 nm. Chapter 6 also shows that these Fe-SiO, nanocomposites allow
the growth of nanowires on selected sites, by fabricating arrays of silicon oxide
nanowires (NWs) from the patterned reagent. The NWs were seeded by metallic iron
nanoparticles and the resulting microstructure and morphology of the NWs is directly
related to the size of the individual iron nanoparticles.

In preparing the iron nanoparticles in a SiO, matrix via a multilayer-and-
annealing route (see, in Chapter 4), it was found that the multilayers amalgamate in the
nanoparticle formation process, and therefore there is significant diffusion of iron through
the SiO; layers. The particle morphology is determined by many factors, such as the
annealing temperature, heating rate and composition of the multilayers. We were able to
control particle size and separation by adjusting and controlling these parameters.
However we still do not have detailed understanding of the physical nature of the
processes. In-situ experiments would enable us to observe growth of the nanparticles in
real time at high spatial resolution. Initial experiments done in Brookhaven National Lab
(BNL), shown in Appendix B, proved that it is possible to observe nanoparticle growth in
TEM and to perform in-situ analysis of chemical state by electron diffraction and EELS,
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and magnetic properties by electron holography. Unfortunately the samples were pre-
fabricated several weeks prior the analysis. To successfully conclude these experiments,
the samples need to be prepared within a maximum of a few hours before the analysis.
Such experiments exploring the growth process could be carried out following
installation of the new TEMs in National Institute for Nanotechnology and a new setup of
the UHV system.

In Chapters 6 and 7, a growth and ELNES study of the silicon oxide nanowires
(ELNES) is described, showing the growth process and chemical and structural
environment of the NWs. The mechanism of this unusual growth of the NW arrays is still
controversial, mainly because till now it was not possible to determine the actual
chemical state of the as-grown nanowires due to suspected fast oxidation when exposed
to the atmosphere. If fabrication of Fe-SiO, nanocomposites and growth of nanowires can
be carried out in a TEM, an incorporated EELS spectrometer would provide a chance for
in-situ real time analysis, monitoring evolution of the chemical state of nanowires and
iron nanoparticles by ELNES, in addition to the real time observation.

Amorphous silicon oxide NWs emit strong blue light and might therefore be
applied in integrated optical devices.'* Several emission bands, of different emission
characteristics, depending on the composition and disorder of the silica nanowires, were
also recently reported.'> ' 1> ¥ Distinct optical properties of the silicon oxide NWs
compared to a silicon dioxide film are implied by spectra of low-loss EELS, such as a
redshift of the bulk plasmon peak and the appearance of additional fine structure. Optical
properties, such as complex permittivity €(E), can be derived by Kramers-Kronig
analysis; so that the results are comparable with other optical measurements.’
Photoluminescence of those arrays of silicon oxide NWs, in combination of the low-loss
EELS and ELNES study, is a subject of potential further research.

Of increasing interest for the analysis on local atomic and electronic structures is
the interpretation of other properties that could be examined simultaneously in the TEM.
One option is optical properties, such as dielectric function and band-gap states, that can
be derived from low-loss EELS (<50 eV),' although the delocalization of the low-loss
signal, implied by Eq. (1.12), is on a scale of several nanometers, much worse than

ELNES." Another property is the internal field distribution (changes in the local

-115 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



magnetic or electrostatic potential) that can be examined by electron holography;20 An
enhancement of spatial resolution and flexibility of control can be expected with a double
bi-prism system.2 L2 A comprehensive understanding of sample properties might be

obtained by combined characterizations within a single TEM, as illustrated by Figure 8-1.

= |semple

— | biprism
> imaging
‘ Field mapping
— SEA
magmtic; N low loss
o eS|

ELNES

Figure 8-1 Analytical capabilities of a TEM (equipped with a field emission gun),
including microstructure by imaging (bright field or Z-contrast), electronic and
geometric structures by ELNES, optical properties by low loss, and local
magnetic/electrostatic potential by electron holography.
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Appendix A Procedures for in-situ annealing in

UHY system

1. Open the water-cooling for the shroud.

2. Switch on the heating power supply.

3. Check the data for current-temperature shown below, to use an appropriate
current for the annealing.

4. Raise the CURRENT slowly to destination temperature, for example, by 2 ampere
/ 3 minute, for a general purpose; or use even lower heating rate according to your
own experimental requirement. Don 't raise the current too quick.

5. Keep heating for a certain period at your destination temperature.

6. Lower the CURRENT slowly, such as 2 A/ 3 minute as a suggestion and switch
off heating power supply finally. Don’t switch off the power supply until the

temperature is below 400 C.

Table A-1 Temperature vs current in MBE chamber (Rough data from annealing experiments)

Current (A) 12 18 22 24
Temperature (°C) 600 800 900 1000
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Appendix B Growth process of iron nanoparticles
in a silica matrix: a real time study by in-situ

transmission electron microscopy

(F. Wang, M. Malac, R.F. Egerton, M. Schofield, and Y. Zhu, unpublished)

B.1 Introduction

As shown in Chapter 4, isolated stable iron nanoparticles embedded in a silica matrix
could be prepared through a multilayer route in an ultra-high vacuum (UHV) system. ' It
is interesting to see that there are no longer numerous alternating Fe and SiO; layers; the
multilayers are amalgamated in the formation of iron nanoparticles, larger than the layer
thickness. The particle morphology is determined by many influential factors, such as the
annealing temperature, heating rate, composition of the multilayers. Choosing appropriate
parameters is critical in obtaining a well-dispersed iron nanopraticles in SiO, matrix; the
real-time study in TEM will provide insight of the growth process, and guide us in further
fabrications.

As far as we know, there is only one report on the structure evolution of iron
nanoparticles due to the in-situ annealing treatment of iron nanoparticles on bare carbon
(and Si3N; membrane) recently;” in which iron nanoparticles grow by coalescence,
leading to different crystal structures at different particle sizes. The growth process of the
iron nanoparticles in an insulating matrix could be different. The diffusion of the iron
atoms in the SiO, matrix should be restrained by the intervening layers of SiO,, by
limiting the mobility and thus the diffusion path of the iron atoms at a given temperature.
In this work, the dynamic diffusion process was monitored by in-situ annealing in an
advanced TEM, using movies and sequential images; the phase state of iron was

examined with electron diffraction pattern. Furthermore, the equipped biprism in the
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TEM provides a chance to study the magnetic properties in-situ, by taking hologram from

individual nanoparticle.

B.2 Experiments

Trilayers of SiO,/ Fe/SiO, (8nm/2nm/6nm) were deposited sequentially onto 4 nm-thick
carbon films (supported by copper grids) in an ultra-high vacuum (UHV) system with a
base pressure of 10™'° Torr.! Before the deposition, the substrates were baked for ten
hours in the load-lock chamber at a temperature above 180 °C, to remove adsorbed water.
The pressure during film growth of Fe and SiO, was 10” Torr (with H;Oand O, partial
pressure: 10" Torr and 1072 Torr). Films were deposited at a deposition rate of 1.0 A/s
onto room temperature substrates. A quartz-crystal monitor was used to measure the film
thickness and deposition rate. Then the morphology and phase state of iron films in the
samples were checked in a local TEM (JEOL 2010). The in-situ annealing was done in a
JEOL 2100F field-emission TEM, equipped with a heating holder for in-situ annealing,
TV-rate camera for recording a real-time video of the process, and a retractable biprism
assembly for in-situ holography. The samples were annealed in the TEM, using a heating
holder with two different modes: smart control in which the destination temperature was
set and reached within 3 minutes, and manual control in which temperature can be raised
manually. We used the manual heating mode with a low heating rate of 2°C/minute,
during which, the movie was recorded to study the temperature dependent growth
process. Then we used the smart mode to study the evolution of the nanoparticles with
prolonged annealing time by recording the TEM images consequently. We used the
selected area diffraction pattern to check the phase state of iron immediately after
fabrication and after the annealing. The magnetic properties were investigated by in-situ

hologram in JEOL 2100F, which is equipped for electron holography with a retractable

biprism assembly consisting of a platinum wire, 0.6 mm in diameter. The biprism wire is
rotatable + 90° and located approximately in the selected area aperture plane of the
microscope. The multiscan CCD camera located below the Gatan Image Filter attached to

. 3
the microscope was used to record holograms.
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Figure B-1 Morphology and phase identification of iron nanoparticle before and
after annealing. (a) Iron film embedded in SiO, matrix and its diffraction pattern
(inset); (b) nanoparticles obtained by annealing at low heating rate and the
diffraction pattern (inset) (c) diffraction intensity profile obtained by integration
the diffraction rings, using Digitalmicrograph, the peaks associated to c-Fe were
indicated by vertical dot lines and the peaks associated to y-Fe,O; were indicated
by dashed lines.
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B.3 Results

Immediately after fabrication in UHV, the samples were transferred to a local TEM
(JEOL 2010) for morphology and phase analysis quickly (within 20 minutes). The iron
film of only 2 nm is not continuous when grown onto 8 nm SiO, buffering layer, as seen
in Figure B-1 (a), a network of iron clusters, below 10nm in dimension (discerned as
darker region) was formed and surrounded by SiO; matrix. The buffering and capping
Si0, layers give a good temporary protection of the iron film; all the diffraction maxima
are associated to the a-Fe phase. For a better view and enhancement of the visibility to
weak rings, integral diffraction pattern profiles (Fig. B-1 (c)) were obtained using
Digitalmicrograph. No iron oxides phase can be observed in the film before the
annealing.

The whole annealing process at low heating rate (2°C/minute) was recorded by
movies using a TV camera in JEOL 2100F, starting from the iron clusters at room
temperature to the well-dispersed iron nanoparticles in SiO, matrix at 830°C (the highest
temperature obtainable in the TEM). Basically the annealing process can be divided into
two distinct stages: the quick growth by coalescence stage and the gradual development
of small nanoparticles and growth by non-coalescence stage. In the first stage, no obvious
change of the iron clusters was noticed below 500°C, above which, the small clusters
started to coalesce and form bigger clusters of irregular shapes, they become rounded
with further increase of the temperature, and in between the clusters are bigger space left.
The coalescence stage slowed down above 600°C, and was no longer noticeable above
650°C; nearly spherical nanoparticles of about 20 nm in diameter are the final result from
the coalescence. In the second stage, no coalescence was observed with further increase
of the temperature, the nanoparticles grew very slowly with prolonged annealing, without
further change of the shape; particularly tiny nanoparticles was developed in this stage, at
around 700°C in this experiment. We found that those developed nanoparticles, although
are so near to big nanoparticles, keep them isolated in the whole process, during which
the sample was heated to 830°C in this experiment. The ripening, namely a process that
the larger particles grow at the expense of smaller particles, can be a common event
happens in forming the particles by diffusion. However this was not observed in the

second annealing stage. In a whole, the nanoparticles are very uniform, of about 20 nm in

-122 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



diameter, although there is some smaller nanoparticles that were developed in the second
stage. Unfortunately, oxidization happened during the annealing, y-Fe,Os3 is the main
phase, as marked by the dashed line in Figure B-1 (c).

Specimen drift is so serious when the temperature changes, this brought difficulty
for us in focusing the beam onto a certain group of nanoparticles. So smart control mode
was also used to keep the sample stable after a short time of rapid temperature change
(within about 3 minutes). In this experiment, 650°C was chosen as the destination
temperature, because the growth of non-coalescence happens mostly at the temperature
above 650°C, so that the dependence of the growth on the annealing time can be studied
at the fixed temperature. Bright field images were taken every two minutes immediately
after the stabilization of the temperature. In comparison to the first experiment, tiny
nanoparticles were developed at the temperature of 650°C. They grew up gradually and
the resulted nanoparticles after 16 minute annealing can be as big as 10 nm in diameter.

Big nanoparticles of wide size distribution were obtained in the annealing at this
fast heating rate. The nanoparticles formed in the first stage are as big as 100 nm in the
studied region, and particles of 200 nm were also found in other regions in a search over
the whole sample; those gradually developed nanoparticles in the second stage are
smaller than 10 nm in general. The oxidation (y-Fe;O3) was also found in the nanoparicle
obtained in the annealing by smart control, and is the main phase according to the integral
intensity profiles of the diffraction patterns.

Figure B-2 shows four of the images taken after the temperature was stabilized,
and three particles, labeled as 4, B and C are typical particles chosen as study subjects. 4
and B are two big nanoparticles formed in the first stage, they did not coalescence into
one bigger particle although the space in between became so small with the increase of
their volume in the second stage. The small particle C formed in the second stage, grew
up steadily with prolonged time and keep itself isolated , instead of incorporation into B
by ripening. This is common in the annealing process at both high and low heating rates,
according to the video and the sequential images. In this sense, our experimental results
are much different from the in-situ annealing for iron nanoclusters on carbon film,” in
which the nanoparticles coalesced seriously, so that no isolated nanoparticles were

obtained.
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Figure B-2 Bright field TEM images taken during annealing by smart control, by which
the sample can be heated to destination temperature within 3 minutes. The images were
taken every two minutes, four of them were shown in the figure: (a) 2™ minute (b) 16™
minute (c) 30" minute (d) 60® minute.

The driving force for coalescence is the diffusion of atoms on the cluster surface
from the regions of high curvature (where they have fewer neighbors and therefore are
less strongly bonded) towards the regions of lower curvature. In our experiments, it
appears that the particles can grow only by accepting new atoms diffused through the
matrix, but could not fuse into big nanoparticles. The matrix SiO, must have played a
critical role in forming the isolated iron nanoparticles. In one hand, the SiO, matrix
changes upon annealing, condensation would happe:n,4 at high temperature, the particles
may assemble into Fe/SiO; core-shell nanostructure, SiO-shells around individual
nanopatrticles passivate their surface and prevent coalescence, such a phenomenon has

been revealed in gold / carbon core/shell structure recently;’ on the other hand, oxidation
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(as shown in Fig. B-1 (c)) formed on the particle surface may further prevent the

coalescence and ripening.

50mm .
e g i

Figure B-3 Bright field TEM images for the iron nanoparticles taken at
rotations of 0° and 30°.

Iron nanoparticles were not confined between SiO; layers as initially, some big
particles were found on the surface of the SiO; matrix. Those nanoparticles grew up
across the Si0; layers by combining the iron atoms (clusters) diffused through the SiO;
matrix. This is consistent with our previous experiments in the annealing of Fe/SiO,
mulitilayers in UHV, uniformly distributed iron nanoprticles were formed by the
amalgamation of the multilayer, according to cross-sectional TEM images." Figure B-3
(a) shows the bright field TEM images taken from the annealed samples. There are three
small nanoparticles labeled as A, B, and C (about 10 nm in diameter) overlapped with a
big nanopareticle (around 100 nm in diameter), they were not incorporated into the big

nanopatrticles. As shown in Figure B-3(b), when the sample was tilted by 30°C, a small
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change of the position for particle B can be seen, while particles A and C appear at the
edge of the big particles. Meanwhile, there is small change of the relative positions of the
three small nanoparticles ABC. This clearly shows that the four nanoparticles are

confined at different layers from each other by the SiO; matrix.

o
Figure B-4 (a) Hologram and (b) 16x phase amplified contour map of magnetic
field for a single nanoparticle obtained in the annealing by smart control.

Two typical particle shapes were observed after in-situ annealing, namely, spherical or
cubic, as shown in Figure B-1 (b) and Figure B-2. Big nanoparticles exhibit spherical (or
nearly spherical) shape, while smaller nanoparticles can be spherical or octahedral. The
most stable structures for medium-sized clusters (i.e., 100-10000 atoms) are bcc rhombic
dodecahedron with 12 pseudoclose-packed {110} faces (having the lowest surface energy
for bee structures) according to the calculations.® ” High resolution TEM images has been
taken and analyzed by Vystavel et.al., in their in-situ annealing experiments, it was

disclosed that the truncation of theoretically envisaged rhombic dodecahedron increases
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the spherical shape of the nanoparticles although it also increases the fraction of the
energetically less favorable faces.”

The equipped biprism in the TEM provides a chance to study the magnetic
properties in-situ, as exampled by a hologram taken from one single nanoparticle in
Figure B-4 (a). By a digital reconstruction procedure using fast Fourier transform (FFT),®
the cosine map of the reconstructed phase (amplified 16x) was extracted to show the
fringing field associated with the particle. Besides, a highly spatial-resolved field
distribution can be used to study domain structures of single nanoparticles, and the
interactions between magnetic nanoparticles;™'? this would be our further study.

In summary, in-situ annealing in TEM was used to study the diffusion and formation of
the iron nanoparticles in a silica matrix. A two-stage growth process was revealed and
attributed to the matrix effects, in the real-time observation; annealing temperature and
heating rate affect the particle size distribution and morphology. Unfortunately, the iron
nanoparticles were seriously oxidized because of the long-time exposure to the air before

the annealing; this could be resolved by an on-site sample preparation.
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Appendix C Local oxidation of single iron

nanoparticles in a SiO, matrix

Chapter 4 shows the fabrication and oxidation resistance of iron nanoparticles
embedded in a SiO, matrix through a multilayer route in an ultra-high vacuum (UHV)
system. In order to closely examine the local oxidation of the iron nanoparticles, electron
energy-loss spectra and high-resolution transmission electron microscopy (HRTEM)

images were recorded from individual nanoparticles.

C.1 STEM-EELS of a single iron nanoparticle

The appearance of a postpeak, a broad post-edge peak above the L3, is a characteristic of
transition metals in an oxidized state (see, in Chapter 3). The postpeak technique has been
proved to be convenient and sensitive in identifying the oxidation of the iron
nanoparticles embedded in a SiO, matrix (Chapters 4 and 5). The previous results were
obtained from a TEM equipped a thermal emission gun (JEOL 2010) and surveyed the
averaged oxidation of thousands of iron nanoparticles in an area of several micrometers
in diameter, because of limitations in spatial resolution and beam intensity.

For a purpose of identifying local oxidation of individual particles, ELNES
spectra of Fe-L edge were recently obtained from a single iron nanoparticle (of about 10
nm in diameter) by a STEM-EELS technique in a JEOL2200FS (scanning) transmission
electron microscope. Spectra can be acquired at different locations of a particle with a
nanometer-sized electron probe. Figure C-1 shows the ELNES of Fe-L edges recorded at
the edge and center of a single particle, together with a high-angle annular dark-field
(HAADF) image of a collection of iron nanoparticles, the beam positions being
illustrated. The signal comes mostly from the surface of the particle when the beam is
focused at its edge, and it mainly comes from the interior when the beam is focused at the
center. As seen in Fig. C-1(a), a broad postpeak appears in the spectrum recorded from
the edge, but not in the spectrum taken from the center (disregarding fluctuations coming

from noise). This clearly shows that oxidation produced only a very thin oxide layer at
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the particle surface. This result is consistent with our conclusion on oxidation by other

techniques in Chapters 4 and 5.
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Figure C-1 STEM-EELS results on a single iron nanoparticle of 10 nm in diameter. (a) ELNES
of Fe-L,3 on the edge and center of the particle, with postpeak position labeled by an arrow. The
inset illustrates the experimental setup. (b) HAADF image of a collection of iron nanoparticle
particles. The beam position on the edge is labeled by “+”. (Courtesy of Dr. Yucheng Lan,
Michigan state University)

C.2 HRTEM of a single iron nanoparticle

Figure C-2 shows HRTEM images recently recorded on single iron nanoparticles along
the [111] zone axis in a Hitachi HD 2300 (S)TEM equipped with a cold field emission
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gun (CFEG). The iron crystal lattice can be well resolved from the image, as seen in
Figure C-2 (a); it continues to the right edge of the particle. The fast-Fourier transform
(FFT) from a selected area in the image of one nanoparticle, as marked by a red square in

Fig. C-2 (b), clearly shows the single bee-phase of the particle.

i
ERSISIRT T

Figure C-2 (a) Crystal lattice of a single iron nanoparticle and (b) HRTEM image
and a FFT of the marked square area for one nanoparticle. (Courtesy of Drs. Koji

Kimoto (NIMS, Tsukuba) and Kuniyasu Nakamura (Hitachi High Technologies,
Naka division)
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Appendix D Magnetite nanoparticles

(by Feng Wang, Preston Holloway, Jie Dong, and Prof. Zhenghe Xu in CME)

Recently, much attention has been paid to magnetic carriers, by conferring
magnetic properties to a naturally non-magnetic target, such that the target can be
separated from non-target entities using magnetic separators.' Magnetite nanoparticles
are commonly used for this purpose because of their stability and intoxicity;
superparamagnetism, i.e. low coercivity (H,), high magnetic properties (big saturation
magnetization, M), small size and narrow size distribution are also desirable for this
purpose. In this project, a temperature-controlled synthesis was made in a teflon-lined
stainless autoclave, with intent to study the temperature effects on the particle size and

magnetization.

D.1 Experiments:

Magnetite nanopatticles were synthesized by coprecipitation in Prof. Xu’s lab in
Chemical and Materials Engineering, by the procedure below:
1. Dissolve Fey(SO4)3-H,0 (4.25 g) + FeSO4-7H,0 (2.5 g) into 75ml de-ionized (DI)
water (stirred by ultrasound to be uniform).
2. Drop the mixture slowly into the Teflon-lined stainless autoclave.
3. Put29.35 % NH,OH into 100 ml DI water and stir to be uniform.
4. Continuously add NH4OH solution to the mixture solutions until pH reached 10
under vigorous stirring to get black precipitate.
5. Heat the autoclave for 6 hours, kept at a certain temperature.
6. Collect the particles with a magnet and wash about 10 times with DI water.
7. Dry the particles in vacuum for further characterization.
In this experiment, the temperature is controllable in the coprecipitation process by
heating the mixture encapsulated in the autoclave; four different temperatures (as listed in
Table I) were used for the four samples, A, B, C, D, in order to study the temperature

effects on the particle size, morphology and the magnetization.
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The samples (powders of magnetite nanoparticles) were dispersed in DI water and
then transferred to carbon-film-covered TEM grids for microstructural and phase analysis
in a transmission electron microscope (TEM, JEOL 2010) in the Department of Physics.
Magnetic measurements on the samples were also done in a PPMS vibrating sample
magnetometer (VSM) in the Department of Chemistry, at room temperature. A certain

amount of powder, 45 mg in this case, was used for the measurement.

Figure D-1 Bring-field TEM images for four samples, synthesized at different
temperatures and electron diffraction patterns (central inset)

D.2 Results

The morphology of the magnetitite nanoparticles synthesized at different temperatures is
shown by bright-field TEM images in Figure D-1. The particles are spherical mostly, but
can exhibit square or other shapes when particle diameter is bigger than a certain value,

such as in sample C and D (giving the smallest free energy). The magnetite nanoparticles

are seriously aggregated due to the strong magnetic interactions. Typical selected area
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electron diffraction (SAED) pattern is shown in the inset of Fig. D-1; for the four
samples, the well-defined rings can be assigned to randomly oriented, crystalline Fe;O4
particles. It is obvious that the particle size depends on the synthesis temperature.
Individual diameters of the nanoparticles were measured from plan-view TEM images
and the results of a size analysis of 100 to 200 particles; the standard deviations and mean

nanoparticle diameters are listed in Table I.
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Figure D-2 Room-temperature magnetization of four magnetite samples,
synthesized at different temperatures.

The measured room-temperature magnetization hysteresis of the four samples is
shown in Figure D-2. Supermagnetism is shown for all the samples; small hysteresis
loops were observed, because of the presence of bigger nanoparticles. The saturation
magnetization (Ms) and critical magnetic field (Hc) measured from Fig.D-2 are listed in
Table 1; magnetization changes greatly with the change of the synthesis temperature. For
example, a saturation magnetization of 83 emu/g was obtained in sample D, much higher
than that of sample A or reported values for magnetite nanoparticles that were

synthesized at room temperature.

D.3 Remarks and conclusion

In this project, magnetite nanoparticles were successfully synthesized by coprecipitation
in an autoclave at different temperatures; temperature affects the particle size and

magnetization significantly. Synthesized nanoparticles in the autoclave have much bigger
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saturation magnetization, due to their good crystallinity and large particle size when

grown at elevated temperatures and pressures at the sealed autoclave.

The mechanical instability due to aggregation, because of the strong magnetic interaction,

can be a big problem for the application in magnetic carriers; effective coating is required

for the application of magnetic carriers, silica coating can be a solution. On the other

hand, an LB (Langmuir-Blodgett) nanocomposite film, by capping magnetite

nanoparticles with a certain organic material, is promising in magnetic applications.

2

Table D-1 Synthesis temperature, particle size and magnetization for four different magnetite

samples

Particles A B C D
Svnthesis temp. (°C) 25 80 160 200
Average particle size (nm) 13+£2 20+3 2443 3045
Ms (emu/g) 70 78 80 83
Hc (Gs) 20 70 80 200
References

'Q.A. Pankhurst, J. Connolly, S.K. Jones, and J. Dobson. Applications of magnetic

nanoparticles in biomedicine. J. Phys. D: Appl. Phys, 36 (2003) R167-R181.

2Y, Lu, G.L. Liu, and L.P. Lee. Nano Lett. 5 (2005) 5-9.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

- 134 -




Appendix E Exclusion of plural scattering

Regarding inelastic scattering as independent events, the probability of n-fold plural
inelastic scattering of a transmission electron through a specimen follows Poisson’s law
Po=(1/m!)(t/A4)" exp (-t/A) (E-1)
Here P, represents the collision probability of the transmitted electron being scattered n
times. The thickness dependent P, for cases of being scattering by zero time (Py), once
(Py), twice (P,) and three times (Ps) is given in Figure E-1. The thickness for the FeF,
films used in this experiment t = (0.10+0.01)4; (measured by EELS), This range of ¢ is
indicated by shadowing in Figure E-1.
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Figure E-1 Dependence of collision probability P, (n=0, 1, 2, 3) on thickness
parameter t/4;. The thickness for FeF, specimens is around t/4; =0.10, as
labeled by the shadowed slice.

Figure E-2 shows a low loss spectrum for one of the FeF, specimens used in this
experiment. Bulk plasmon is hardly seen in the low loss region, suggesting that most of
transmission electrons are unscattered (See, Pg) and small part of the electrons are
scattered once (see, Py); the plural scattering is negligible.* We can safely conclude that
the postpeak above the Fe-L edges (as shown in Figure 3-2) is accounted for by other

mechanism than the plural scattering of the transmitted electrons.

-135-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Intensity (arb. units)

20 40 60 80 100
Energy loss (eV)

Figure E-2 Low loss spectrum for a FeF; film

Figure E_1 provides a guide in choosing TEM specimen thickness suitable for
EELS experiments. In general #/4; = 0.1-0.3 is a convenient range of thickness,

corresponding to 20-50 nm for a 200KV TEM and a medium atomic number sample.

* The probability for surface-mode scattering is so small (< 5%) for normal incidence.
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Appendix F Terminology
Explanation of some of the terminologies used in the thesis is given below.

Atomic multiplet effects result from the coupling of the angular momentum of the core
hole with that of any particular unfilled shells within the excited atom. The multiplet
splitting is basically an atomic effect, but modified by solid-state effects, such as the
chemical and crystallographic environment of the excited atom. For example, the
tetrahedral or octahedral crystal structures are generally formed in transition metal
oxides; the L, and L3 peaks of transition metal oxides are each split into two components
because of the nonspherical electrostatic field of the oxygen ions surrounding the

transition-metal atom (also called the crystal-field splitting).*

Characteristic angle of inelastic scattering is defined by 8, = E/ym v* ~ E|2E,

where y is a relativity constant and v the velocity of the incident electron. It is typically a

few mrad)

Chemical shift means the shift of the core-loss edge threshold by a few eV due to the
charge transfer effects (arising from, i.e. chemical bonding). Chemical shift can be used

to identify the valence state of the same element in different compounds.

Coster-Kronig transition is essentially an Auger process that happens between the
subshells of a same atomic shell having the same principal quantum number, by which a
hole created in one of the subshells shifts to higher subshells before the hole is filled by

another transition.

Curved-wave theory When the energy of the photoelectron is sufficiently high (in

EXAFS) the outgoing wavefunction can be accurately approximated by a plane wave (i.e.

" R.F. Egerton, Electron Energy-Loss Spectroscopy in the Electron Microscope, 2nd edition, Plenum Press,
New York (1996) P237-238.
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the curvature of the spherical wave of the photoelectron is neglected). For example,
Sayers et al., used the plane wave approximation in getting a standard formula for
EXAFS' (generally called the plane wave theory). The simplified expression for the
EXAFS function is valid at high photoelectron energies and breaks down at lower
energies (in XANES). Theory including the curvature feature of the photoelectron is

generally called the curved-wave theory, and applied to near-edge region, i.e. XANES.

Density functional theory (DFT) The many-body electron-electron interactions are
involved in calculating the electronic structure of solids. The electrons are
undistinguishable particles due to the electron exchange and correlation. Put in a simple
way, electrons are affected by the presence of other electrons and their behavior is
correlated. Given the large number of electrons involved in the calculation, an effective
approach employed is the density functional theory (DFT), which uses a simplified
assumption called the local density approximation (LDA): approximating all the difficult
parts of the potential due to the electron exchange and correlation, as a function of the
local charge density. DFT is used in band structure calculations of ground state electronic

structure.

Density of states (DOS) is essentially the number of electron states within unit energy
increment. A joint density of states (JDOS) refers to a convolution of the energy
dependence of the initial occupied with the final unoccupied density of states. If the
initial state is a deep core state (i.e. ELNES), its energy width approximates to a delta
function and the cross-section is proportional to the density of unoccupied states in the
conduction band. But in the case of the valence electron energy-loss spectroscopy
(VEELS), which measures the energy loss caused by the excitation of outer-shell (or
valence) electrons to unoccupied states above the Fermi level, an electron state in an
energy band (whether occupied or not) is intrinsic for the whole solid and can neither be

attributed to a certain atomic species nor be localized within the solid. So it is primarily

t Sayers et al., Phys. Rev. Lett. 27 (1971) 1204.
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information about the non-localized, joint density of states, i.e. the band structure of the

materials that measured by VEELS.

Double-differential scattering cross-section The fraction of electrons undergoing
inelastic scattering may be expressed in terms of a double differential cross-

sectiond’c | dEdQ) , giving the fraction of incident electrons scattered into the solid angle
df2over an energy range dE. The differential cross-section is directly proportional to the

intensity measured in EELS analysis in single-scattering case.

Electron gas theory Interacting electrons move in the constant electrostatic potential
provided by a fixed positive “background charge” of the same charge density. This gives
a simple picture in considering the electron-electron interactions (see, “Hedin-Lundqvist

self-energy™).

Energy-loss near-edge structure (ELNES) is an electron-beam counterpart of the x-ray
absorption near-edge structures (XANES). Both measure the probability of the core-level
excitations, as represented by the strong fluctuations within 50 eV of the core-loss edge
threshold. The theoretical interpretation of ELNES generally follows two major
approaches: the band structure model relating ELNES to an appropriate density of states,
and multiple scattering theory (in an extension to the cluster calculations used in EXAFS
analysis) describing ELENS as the interference of the outgoing waves of the excited
electron with the returning waves reflecting off the surrounding atoms (and thus

sometime called scattering resonance).

Extended energy-loss fine structures (EXELFS) is an electron-beam counterpart of the
extended x-ray absorption fine structures (EXAFS). It refers to the weak oscillations
extending to 50 eV-1000eV above the core-loss edge, and are readily accounted for by
the backscattering of the nearest-neighbor atoms. EXFLFS (EXAFS) gives the
quantitative information on the nearest neighbor distances and the co-ordination numbers

(with an accuracy of + 1)
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Fermi level The highest occupied level in the outmost band is known as Fermi level Er
(strictly speaking this is only true at a temperature T= 0 K). The position of Er within the
bands conveniently differentiates between conducting and insulating solids. Conducting
solids have an Eg that lies within an energy band; thus there are unoccupied states in the
band available to receive electrons which are excited by thermal or electrical means. Eg in
insulators and semiconductors lies between bands; thus the outmost valence band is full

and is separated by a finite energy gap from the unoccupied conducting band.

Final state rule The many body effects (including the interaction of the photoelectron
with the core-hole) and the inelastic losses (generally accounted for by an energy
dependent self-energyZE) are also considered in the codes using the independent electron
approximation, such as in the RSMS calculations (as in FEFF codes). A good
approximation in many cases is to calculate the final state in the presence of the core hole
and the initial state with ground state potentials. This approximation is referred to as the

final state rule.

Fingerprinting technique is one of the main approaches to understand the near-edge
structures (ELNES), to collect “fingerprints” from elements in similar chemical
environments of the element of interest, and try to identify common features. More
information can be extracted from ELNES by theoretical calculations, such as multiple
scattering calculations. The two methods are both valuable and readily complement each

other.

Hedin-Lundgqvist self-energy Real-space multiple scattering (RSMS) calculation is an
excited-state electronic structure calculation based on the final-state rule, in which the
final states are calculated in the presence of an appropriately screened core-hole and
inelastic losses are represented by using a complex energy-dependent “self-energy” ZE.
The real part of XE leads to the shift of edge threshold, and the imaginary part leads to the
broadening of the spectrum (AME)~k/(ImZE| + I'/2), where I is the inverse of core-hole
lifetime). Hedin-Lundqvist self-energy is based on uniform electron-gas theory and was

firstly introduced into the x-ray absorption theory by Lee and Beni. Based on the
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approximation, a complex potential is constructed to account for the exchange and
correlation effects of electrons in atoms, and added to the electrostatic potential to
calculate the complex phase shifts of the photoelectron. This approximation is also used
in FEFF calculations (and also other XAFS codes) for solids.

Mean free path (MFP) Mean free path for inelastic scattering (A;) represents the average
distance that a beam electron will travel inside the sample between scattering events. A; is
a function of the beam energy and of the specimen. In understanding the MFP for excited
electrons, an electron with a small kinetic energy has a long A; since it can only excite
phonons and can therefore undergo many inelastic scattering process before it loses all
the excessive energy. By contrast, an excited electron with a large kinetic energy has
short A; since it can excite plasmons and other high loss excitations and may only have
time for one elastic scattering process before loses its energy in an inelastic scattering. So
the EXAFS comes mainly from backscattering of the nearest neighboring atoms, while

XANES (ELNES) are attributed to multiple scattering of distant atoms.

Muffin tin potential is an approximation in that a spherical scattering potential is
centered on each atom and a constant value in the interstitial region between atoms.
Almost all practical x-ray absorption spectrum calculations use this approximation. This
approximation is not good for calculating near-edge structure, where the effects of a non-
flat interstice and of neglecting charge transfer can be most apparent. The non-flat
interstice can be quite important for highly anisotropic materials with strongly directional
covalence (that’s why multiple scattering is not accurate in calculating this kind of
materials at near edge range). The effect of using neutral spheres to construct the muffin
tin can be corrected by self-consistent field (SCF) calculation. Band-structure calculations
(i.e.Wien2K codes) are based on the muffin-tin approximation, but the full shape of the
true electronic charge density and potential throughout space is used (and thus called the
full-potential method); so that the calculation of XANES is very accurate for highly

covalent materials with open structures.
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Multiple scattering (MS) is used in discussing the x-ray absorption near-edge structures
(XANES) or electron energy-loss near-edge structure (ELNES). This is an extension of
the extended x-ray absorption fine structures (EXAFS) theory, by including the multiple
scattering of the excited electrons by the surrounding atoms (which is in nanometer

range).

One-electron (or independent electron) approximation In this approximation, the
other electrons in the atoms are assumed not to be affected by the excitation of one
electron in inner-shell. This is the starting point for the interpretation of ELNES, both in

band structure and multiple scattering approaches.

Plural scattering The events that the transmitted electron is inelastically scattered by
more than once in a thick specimen is called the plural scattering, which is present in the
spectrum as both multiple plasmon losses and additional intensity superimposed onto the
near-edge structures of the ionization edges (sometimes called post-edge peak). The

effect can be removed by deconvolution.

Scattering cross-section (o) represents the probability of an interaction with each atom,

defined as o = n, / n,n,, where n, is the number of scattering events per unit area, »; is the

number of target atoms per unit area and »; is the number of incident electrons per unit

arca.

Self-consistent-field (SCF) In a general sense, self-consistent field (SCF) is a method to
run iterated calculation on certain correlated quantities until self-consistency is achieved.
The FEFF8 program (used in this study) implements a card to calculate the self-
consistent potential: starting with the electronic configuration of free atoms at the
positions specified in the input file, the electronic potential is calculated using a muffin
tin potential modle; the potential, electron densities and the Fermi energy are iterated
until they are self-consistent. It is through the self-consistency loop that the charge is

redistributed between atoms and among the angular momentum states of each atom.
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Solid-state effects The core-loss spectrum for isolated atoms is smooth in the near-edge
region except for sharp peaks arising from the Rydberg states.* However, the fluctuations
arising from solid-sate effects that are superimposed on the basic edge shape cannot be
simply accounted for by transitions to the unfilled states of isolated atoms. The additional
fine structures (ELNES) originate from the modification of the density of states (DOS) of
the target atom by interaction with surrounding atoms, and are thus strongly dependent of

the bonding, co-ordinations.

Standard deviation The standard deviation shows the possible spread of the individual

measurements from the mean value x, and defined as

o= ——l—ﬁj(x,. -Xx)

n—1i=

Superlattice reflection is present because the material (especially for alloys) is ordered
such that the actual real-space unit cell is larger and thus the reciprocal space cell is
smaller. Often the structure factor associated with these reflections is proportional to the
difference of two atomic scattering factors of binary compounds; therefore the reflection
is chemically sensitive. The superlattice reflection is not present in the disordered or

partially ordered materials, such as the surface layer of iron nanoparticles (in Chapter 4).

White lines are sharp peaks found near the edge threshold of the transition metals
originating from excitations of 2p to vacant narrow 3d orbital. These sharp peaks are
known as white lines since they were first observed in x-ray absorption spectra where the
high absorption peak results in almost no blackening on a photographic plate. White lines
come mainly from atomic effects and its value varies with atomic number. The white line

ratio (WLR) measures the occupancy of the 3d states, and thus can be used to evaluate

the valence state of 3d transition metals.

% See, the review in Keast et al., J. Microsc. 203 (2001) 135.
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