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Abstract

EELS (electron energy loss spectrometry) is a technique used in TEM. It analyses the energy *lost* by
the incoming fast electrons when they travel through the sample. While diffraction effects in the TEM are
driven by the interaction of the fast electrons with the nucleus, in EELS, one deals with electro-electron
interactions. This is the interaction between the electron of the beam and the electrons in the sample.
Therefore EELS is able to provide information about the electronic structure of the sample. EELS can
also be used for chemical analysis, and can provide quantitative information about the composition of the
specimen. Since the energy lost is relatively small compared to the energy of the incoming electron (at
most 2 to 3000 eV compared to 120 -300 keV in conventional microscopes), the electrons which have
lost energy can still be “used” for imaging the specimen. Imaging the specimen with electrons which
have lost energy characteristic for a certain atom will provide a cartographic picture of the repartition of
this kind of atom in the sample. This is called chemical mapping.

Looking at the fine structure in the EELS spectrum will give information about the electronic state in the
samples, and these results can be compared to theoretical calculations.
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* [ntroduction: EELS in the TEM
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Introduction

EELS in the TEM

A
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Introduction
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Introduction
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Introduction
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Introduction
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Introduction
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Plural scattering; mean free path
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Fig. 1.5 Energy-loss spectra recorded from silicon specimens of two different thicknesses. The
thin sample gives a strong zero-loss peak and a weak first-plasmon peak; the thicker sample

provides plural scattering peaks at multiples of the plasmon energy

An incident electron can interact many times with the specimen:

plural scattering is likely to occur

The inelastic mean free path gives the average distance between 2 inelastic scattering

events. It is typically 50-150 nm
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Plural scattering; mean free path
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hickness measurements
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 |nstrumentation
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Instrumentation
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Instrumentation

QX Qy =
SX SY ;;;;;;;;;
ALIGN
thermoelectric |-
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90° prism beam trap array
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Gatan PEELS 666
Gatan digi-PEELS 766
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Instrumentation: energy filter

Operated as energy filter

— < Image or diff.pattern on the SEA (achromatic object plane)

—_—

< Filter

< Achromatic image plane

Al-(Fe,Mn)-Si phase intermetallic
particle in aluminium alloy. Al is
coloured red, Fe blue, and Mn green.

< Filtered image or diffraction patern
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Instrumentation: energy filter

Operated as spectrometer

= [Cross over (chromatic object plane) |

< Image or diff.pattern on the SEA (achromatic object plane)

< Filter

<Achromatic image plane

: }/\ CemEm

Two possibilites: in- or post -column
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Instrumentation energy filter
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Instrumentation: energy filter

1984: Zeiss 902

1962: Castaing-Henry filter
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Instrumentation: energy filter

1992: Zeiss 912

Zanchi; Krahl: Omega filter
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Instrumentation: energy filter

Jeol: omega

Zeiss libra: corrected
omega
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Instrumentation: energy filter

Mandoline:
SESAM project (Zeiss)
Installed and working in Stuttgart

I_Diffraction
Plane

Image Plane

Symmetry
1~ """Plane

Achromatic Image Plane

Energy Selection
' Plane
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corresponds to a column in the 3D

Each recorded spectrum
data cube.

An energy filtered image is a slice

from the 3D data cube.
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e Core Loss EELS
— Theory
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heory of core losses

transition from core (occupied) to unoccupied state
We need quantum mechanics!

System = fast incoming electron + target electron
first order perturbation theory

First Born approximation

perturbation potential is Coulomb potential

H.A.Bethe: 1930:

Zur Theorie des Durchgangs schneller Korpuskularstrahlen
durch Materie

Annalen der Physik, vol. 397, Issue 3, pp.325-400

EPFL Doctoral school Analytical and scanning EM: EELS



Core loss EELS: theory

0

d! ! q: momentum transfer

<
Sl

Relevant quantity: scattering cross-section as a
function of angle 6 and energy loss E.

— —_—

It is given for one atom. Lo &g

We consider a transition from initial stat@o
final stat@or the@)re electron of the atom

‘ bz (92+952>

%:’
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heory of core loss

T

Transition probability per unit time dPj from an initial state@ (élac(yy\
to a final state |f) situated between vs and v + dvy. + f

Q\.o_c['\a/l

| dpy = 261V 1) Pav o €7

LH U= Pgrf\ru-mmm l‘Z/L]’LJ
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oz )/f\ skl ()
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f) Ik’ o(F) ) %“J AP
JA W 6L (),.Q,Cei (DO_S
/) and |F) Initial and final states of the target electron.
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heory of core loss

k before the interaction k' after.
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r position vector of the fast electron R of the target electron
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heory of core loss

— e2 o B
K'|V|k) = q.R
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heory of core loss

-
dP;s *
do = :
L he
Jo current density of the plane wave
Pe(R) = (2rm) %/ 2% R jo = (k) /((27)3m)
(F|e"R| 1) [2dved (E) — Er + E
ZFWE (FIeR|1) dved (£ — Er + E)

- dvr = dv, dv, (dv; : target electron, dv, : fast electron)

- dve = (k'm)/ W dEdQ)
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heory of core loss

If the final state is expressed in an orthogonal basis set :
th . ].

~ 9
dvf — k,—2dEdQ
" e
d’c m’e*  k e
— 4 Felq.Rl25E_E_I_E
0E0() ;__: 774(47T)28%q4k"< ‘ |>| ( / F )
Relativistic effects : m — ym X - A
M-
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Core loss EELS: theory

0%0 42 k' 4y° k'
= Fe’qR 6(Ej—EF+E —5(g, E
dEJO Z qk | |>| ( )( ))
\,F——Jl S T
E iG.R|\ |2
S(d.E) =) [(F|e“"|I)|*0(E — EF + E)
F
S: Dynamic form factor ao : Bohr radius
47'[80772
dayp — >
T me
a Z _)’ R F Egerton, Electron energy-loss spectroscopy in the TEM, Rep.
Prog. Phys. 72 (2009) 016502 (25pp); Egerton R F 1996 Electron
2 2\ —1/2 Energy-Loss Spectroscopy in the Electron Microscope 2nd edn
’)/ ( /C ) (New York: Plenum/Springer)
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Introduction

Dipole approximation

Ql

S(G.E) = Y_|(F|e®R|1)|%6(E, — Er + E)

F
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m=——
5(3.6) = LI(FIaRINS(E - £+ 6
S(G,E) x q* ; i o iS(_' E)
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Tc%ff o ar " ) g 1

Lorenzian distribution

9EIQ © 02 + 2
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Anqular distribution of the ionisation
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Core loss EELS: theory

&
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Introduction

Final state: ?? Initial state: ¢.a. R.K

WOC& *::a( S &\49&

( Easiest approximation: forget about crystal: atomic model

(Hydrogenic,m ...) g
- EF

Used for quantification <—
Can already explain some features «=—

Next step: take crystal into account for |F> Y - DET

Further : consider real electron wave in the crystal (instead of plane wave)
Work in progress P. Schattschneider (TU Vienna), Oxley & Pantelides (Oak Ridge)
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Core loss EELS: quantification

I Intensity in the EELS spectrum will be used for
quantification

e

The partial ionisation cross section is given by :

020
oE BQJ

En+AE
A = | dEdQ)
L \_A_Q_w |
A0 has the dimension : m?/atom.

e

An incident beam of curent density jy will generate a detected
current | ( within the interval AEAQ)) if it crosses a sample with
N atoms

- T
lzli\_erO'& V= —_

Aoﬁ"lo
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Core loss EELS: quantification

Multiple scattering:

. . . A
Fourier-ratio deconvolution

T EL

High energy tail of lower energy /

lo ; S B L S~
Backgroun moval / A | 4 TRV 7
L_') ‘E-r\ [~ 2 o =7 y/4 ] { R
Dark signal correction // energy loss

[ Theoretical model
N = ) _____Fgerton’s programm
jOE (Digital micrograph)
v Ao h 20%
N, _Ia Aoy Relati tification: N d of i .@xco_fﬁDZ.
N "I, af_‘}, . Relative quantification: No need of j,

k-factor
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Core loss EELS: theory

Beam Energy: 200 keV
Convergence Semi-Angle: 0 mrad
Collection Semi-Angle: 100 mrad

Relative quantification:
Elem. Atomic ratio (/N) % content

B 0.89 £ 0.126 7.08 7 4, 10¢
N 1.00 = 0.000 52}%

> 4328 Y

Beam Energy: 200 keV

Convergence Semi-Angle: 0 mrad
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Collection Semi-Angle: 0.5 mrad

Relative quantification:

Elem. Atomic ratio (/N) % content

B

N

0.30 + 0.042
1.00 £ 0.000

22.89
77.11
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e Core Loss EELS

— Applications
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Core loss EELS: applications

L. Samet & al. Eur. Phys. J. B 34, 179-192 (2003)

EELS study of interfaces in magnetoresistive LSMO/STO/LSMO
tunnel junctions
Lag g5 Sl 33 MNO, ,/SITIO; /LAy 5 Sry 33 MNO,

—_— 1i02 — 2

? 1.2 -
e e f : "bottom" interface "top'| interface
- ST 4177
R o
£ e 4
(0] il '
o 1)
8 S .
21m g o8 Ei
© L TR
-E e i Saaltes 8% s by % ) =
s LSMO “"-.,,.-I-,”
® 04f 8 i‘
[T
« roh direction ‘i ;
0.2 9rowih direction” s ¥
s |k
0 ‘-'m »
a 8 6 4 0

Probe interface distance (nm)
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Core loss EELS: applications

Atomic-Scale Chemical Imaging of Composition and

Bonding by Aberration-Corrected Microscopy
D. A. Muller, et al.

Science 319, 1073 (2008);
DOI: 10.1126/science.1148820

Fig. 1. Spectroscopic imaging of a Lag 7SrgsMnOs/
SrTi0; multilayer, showing the different chemical
sublattices in a 64 x 64 pixel spectrum image
extracted from 650 eV—wide electron energy-loss
spectra recorded at each pixel. (A) La M edge; (B) Ti
L edge; (C) Mn L edge; (D) red-green-blue false-
color image obtained by combining the rescaled
Mn, La, and Ti images. Each of the primary color
maps is rescaled to include all data points within two
standard deviations of the image mean. Note the
lines of purple at the interface in (D), which indicate
Mn-Ti intermixing on the B-site sublattice. The white
circles indicate the position of the La columns,
showing that the Mn lattice is offset. Live acquisition
time for the 64 x 64 spectrum image was ~30 s;
field of view, 3.1 nm.
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ELSEVIER Journal of Structural Biology 150 (20035) 144-153
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Core loss EELS: applications

Accuracy: - 15-20% under normal conditions
- can be lowered to a few % (standards, same thickness,
same exp conditions...) REAS A
- /7
What? (nearly) everything. Good for light elements (H, He difficult).
Det. Limit  Normally a few % (1 to 10). j/R % (/
Record: single atom detection 4 vise

Varela et al PRL 92 (2004) 095502-1 ; -
% ooE EV)
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 Low losses
* Imaging (EFTEM)
« ELNES
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Plasmons (collective
oscilations)

erband transitions

0. b , A
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A Energy Loss [eV]
20s ~ T

Scattering angle (momentum transfer)
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rom the experiment

to the loss function: theory

Experiment

-

Fourier-log

.

> EELS spectrum }

deconvolution

Aperture correction

single scattering
distribution

Normalization

ramers—-Kronig Analysi
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Low Loss: the Kroger equation

The relation between the double differential cross section and the loss function
is a little bit" more complicated

o dowd? (11 wD
32. 01 . _
T €V (L+ L- ) sm( v )

_gt. w? /\0/\(00.5 (42)tanh(AD/2) sin'z(%)coth()\D/fZ)) }]
: L+ L-

Following abbreviations were used:

A=K = A=k - f"“’z
C2

LT = M€ + Aegtanh(AD/2), L™ = \ge + )\focoz‘h (AD/2)
, v ,  w? w2
3 =C—z, (,Dolzk_l_+v_2—(€+6())c—2

b )\2+—2 .'2=/\2+£

N p2’ %0 07 2

— _ 2 2= . 2
Z. Phys. 216 (1968), 115-135 p=1—e8, pg=1-cf
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Relativistic effects in semiconductors - Bulk

2.2
21
2
1.9
1.8
1.7
n 1.6
1:9
1.4
1.3
1.2

A lower TEM-
acceleration voltage
allows higher n-
materials!

100 150 200 250

1.8242  1.4381  1.2878

3.3278  2.0683  1.6584
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Low Loss: some solutions

Decrease TEM voltage (SiN,:H)

I
60kV ~ —— experiment

200 kV \
%% — simulation =/

o 8

>

S

c

()]

=

— 0 5

0 5 10 15 20

energy loss [eV]

M. Stéger-Pollach, UM
107, (2007) p. 1178-85
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Low Loss: some solutions

difference method (Si)

- Cerenkov losses < 10 2 mrad

M. Stoger-Pollach, UM
107, (2007) p. 1178-85

Intensity [a.u.]

difference mlethod
close to 000

Si, 200 kV
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* Imaging (EFTEM)
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Imaqging (EFTEM)

Operated as energy filter

F

Image or diff.pattern on the SEA (achromatic object plane)

< Filter

< Achromatic image plane

Sample >

< Filtered image or diffraction patern
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EFTEM: Zero-loss image

0-30 to 100 ev 100 to 2-3000 eV

PRiical propgxti
Elemental analysis

Bounds
surface o
cluster excitg

300nm thick section of resin embedded rtan
brain samples*. 200kV Microscope, -y !
20mrad contrast aperture . AN

‘\/T\Jr\f?!ﬁp’ersed
N plasmon

distances of atoms
coordination number

axonal bouton containing vesicles

A o.M

\ : : A_\__‘.&,
Unfiltered ZLP filtered with 15 eV slit

* adult rat somatosensory cortex, aldehyde fixed, osmium and uranyl acetate stained
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EFTEM: Zero-loss image

ODS reinforced steel. Left not filtered, right ZLP

filtered (7eV slit). 200 kV.
Specimen thicness c.a. 250nm

200 nirm
[ i
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EFTEM: Plasmon images

0-30 to 100 eV 100 to 2-3000 eV

ies

Elemental analysis
ZLP

surface or
cluster excitations
distances of atoms

interband coordination number

transitions

Bra Energy loss
. 300 [e¥] reflec |gon /\ y
\k \\/ g-resolved ELNES
\
Full electron bandwidth in CTEM imaging. —dispersed \
N\ plasmon \\
\\ \
~ \
\\ \
\\, \\
300 [=¥]
0 300 [a¥]

Electron selection (green) for elastic imaging.

Electron selection (orange) for “contrast tuning".

Nerve section of about 500 nm in thickness.
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Plasmon EFTEM analysis of SiO, layers for high-
efficiency thin-film solar cells

SiO, peak
at 23 eV

electron count [a.u.)

oLl
o

0 5 10 15 20 25 30 35
a Electron Energy Loss [eV]

CO,/SiH /H,=4/1/100 — refractive index = 1.8

Sipeak —.
17.8 eV

electron count [a.u ]

[T S P PR
(4]

0 5 10 15 20 25 30 35
Electron Energy Loss [eV]

Cuony, P., & al. Silicon filaments in silicon "
oxide for next-generation photovoltaics ~ ©0/S"/M8/13 = refractve index =15
(2012) Advanced Materials, 24 (9), pp.
1182-1186.

no clear
Sipeak

electron count [a.u.]

5 0 5 10 15 20 25 30 35
Electron Energy Loss [eV]

Cc
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EFTEM: Plasmon Imaging

Comparison of films grown under different CVD conditions:

Plan-view images taken with 4 eV windows
10 eV 18 eV 23 eV

0 s 10 15 20 25 30 35
eV

High Si, Rl =2.4 Low Si, RI = 1.8

Drift correction: Schaffer et al. Ultramicroscopy 102 (2004) 27
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FTEM: Plasmon Imaging

Why do the SiO, films have poor in-plane but good cross-plane conductivity?
TEM cross-section of test structure:

BF zero-loss image | Si plasmon image

Si wafer
Branched/dendritic Si structures provide conductive paths across the film
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EFTEM: Plasmon Imaging

Cross section of a “good” specimen

Transplanar conductivity paths retained
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EFTEM in core loss: ODS steel

model ODS ferritic alloy Fe-14Cr-2W-0.3Y,0,-0.4Ti CRPP EPFL

-

/ NE "::\
AE ; :\: N Advantages:
Db - Large field of view, good lateral
\:\ statistics
N - faster for large images
:\: - Samples drift easier to deal with
y \:E But:
» - Not good energy resolution

1024 x 1024 pixel; 2.8 A pixel size c.a. 300 nm field of view.
2 stacks (low loss & core loss, each 300 Mb, total 600Mb data / region)
Covers the most important edges for the expected elements

—
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EFTEM in core loss: ODS steel

Sample preparation: C- extraction

Raw EFTEM datacube.

Energy loss range: 350-760 eV

10 eV slit width, 5 eV step

Microscope: TEM JEOL 2200 FS

)

200 keV, FEG, in column Omega filter

Ti Ly,

OK

CrL,,

Fel,,,;

Data cleaning: 1- removal of “X-rays”, 2- drift correction, 3- PCA
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EFTEM in core loss: ODS steel

Principal Components Analysis
applied to EFTEM data cube

Energy loss range: 350-760 eV

Microscope: TEM JEOL 2200 FS

200 keV, FEG, in column Omega filter

TiL,,;

OK

CrL,,;

FeL,,;
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EFTEM in core loss: ODS steel

EFTEM chemical maps
.

EELS fingerprints:- -
< Y-O particles: 6 %, 16 nm

3 Ti M ¢

e,

) & Ti-Cr-O particles: 4 %, 33 nm

m RN f
AAAAA | I
- ; <& Y-Ti-O particles: 90 %, 6 nm
R ve‘énvel':y v(ef;)v 0o n;‘w " SWEH:;"g‘/a‘(meV;w "

P. Unifantowicz, R. Schaublin, C. Hébert, T. Ptocinski, G. Lucas, N. Baluc, Journal of Nuclear Materials Volume 422, Issue 1-3, March 2012, Pages 131-136
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« ELNES (Energy Loss Near Edge Structures)
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Core Loss: fine structure

L -Der Diamond ite —23 4 2(1?%
sssss —T— I C0x

904

804
704

60+

<

o s
-
04
oy
04—

- Carbon K edge

280 285 290 295 300 305 310 315 320
eV
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Core Loss: fine structure

1 18
1 o o 2
Periodic Table

1.01 2 13 14 15 16 17 4.00
Li3 Be4 of the BS C6 71~ 8] 9] 10
69;1 9.0;2 E I e m e n ts 2 00 5 10.:13 12.(11.14 14.;15 15.;96 19.;07 20.;..88
Na Mg Al [Si| P [S
22.99 25.31 3 4 5 6 7 8 °] 10 11 12 26.98 28.09 30.97 32.07 35.45 39.95

19( 20| 21| 22| 23| 24| 25| 26| 27| 28| 29| 30| 31| 32| 33| 34| 35| 36

KlCa|Sc|Ti|V |CrMn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As | Se

39.10 | 40.08 | 44.96 | 47.87 | 50.94 | 52.00 : 55.85 | 58.93 | 58.69 | 63.55 | 65.41 | 69.72 | 72.64 | 74.92 | 78.96 | 79.90 | 83.80
37| 38| 39 40 42 44 47 49( 50 51| 52| 53| 54

41 45| 46 48
Rb|Sr| Y |Zr [Nb|Mo|Tc|Ru|Rh|Pd|Ag|Cd|In|Sn|Sb|Te| I

85.47 | 87.62 | 88.91 | 91.22 | 92.91 | 95.94 | (98) | 101.07 | 102.91 | 106.42 | 107.87 | 112.41 | 114.82 | 118.71 | 121.76 | 127.60 | 126.90 | 131.29
55| 56| 57 73| 74| 75| 76| 77| 78| 79| 80| 81

72
Cs|Ba|lLa|Hf |[Ta|W |Re|Os| Ir | Pt |Au Tl

132.91 | 137.33 | 138.91 | 178.49 | 180.95 | 183.84 | 186.21 | 190.23 | 192.22 | 195.08 | 196.97 | 200.59 | 204.38
87| 88| 89

Fr |Ra|Ac|Rf |Db|Sg |Bh|Hs|Mt|Ds |Rg

(223) | (226) (227) | (261) (262) | (266) (264) | (270) (268) | (281) (272)

58| 59 62| 63 65| 66

60 64
Ce | Pr [Nd |Pm|Sm|Eu |Gd|Tb |Dy

Molecular 140.12 | 140.91 | 144.24 | (145) | 150.36 | 151.97 | 157.25 | 158.93 | 162.50
1 Research 90l 91| 92

‘ .

2s” Institute |1 Th|Pa| U |Np|Pu |Am|Cm| Bk | Cf

232.04 | 231.04 | 238.03 | (237) | (244) | (243) | (247) | (247) | (251)
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Core Loss: fine structure
Thulum & 9 Yiterbium O

e ——— <

¢ Ground state electron configuration: [)(e].4f1ld.6sZ + Ground state electron configuration: [)(e].4f14.6s2

¢ Shell structure: 2.8.18.31.8.2 ¢ Shell structure: 2.8.18.32.8.2

¢ Term symbol: ZFW2 ¢ Term symbol: 180
‘== NN e mmm
——— ENEEEEN DNEEE —_— ENEEEEE DEEEE

nmm 7 Dmm 7
mmmmml@llll = IOTTOTY e
0ooom 0mm
NNmooom 6 NINomm 6
1)) 1l
M . 1l ®
DIDDD DIDDD
1l # mmm 4
m m
3 | 3 . ‘

Mmm atomic number: 69 mmm atomic number: 70

@ M| ] L2 [ o M ] {2 ||

2 Use the controls to display ground 0 se the controls to display ground

i state electronic configurations state electronic configurations

1 of neutral gaseous atoms ( © WGbE'GI’T’IQﬂtS) 1 of neutral gaseous atoms © WebElements
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Core Loss: fine structure

Continuum

Energy levels

S
| E-loss
1s 3d Er |4f

-------------- m

Energy levels

For Yb (Z=70) and higher atomic number, the f-shell is completely filled, and

white lines cannot occur.
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Core Loss: fine structure

b o A
4 3¢
4 LU
| Yb@] " @

M4.5

NMJ\/\

Intensity [arb. u.]

| | | | | | 1 1 1 1
1400 1500 1600 1700 1800 1900 eV 1500 1600 1700 1800 1900 eV

Mys edges of Yb and Lu in their oxides, showing the disappearance of white
line when the f-subshell is filled.

5%2€.~5Qo??
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Using white lines: reduction of NiO

Q. Jeangros, A Hessler-Wyser, Jan van Herle, Cécile Hébert

Anode
Ni-YSZ

Ni - current conductor &
catalyst for H, oxidation

Electrolyte YSZ |02'
Cathode SM 4~ &

Oxidant gas

\ .
. YSZ — ionic conductor

Ni structure//chemistry after reduction at 700 °C
inside ETEM
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Using white lines: reduction of NiO

..- As-sintered NiO-YSZ anode

Activated Ni-YSZ anode

Reduction at 700 °C inside ETEM
Porous & inhomogenous Ni structure

Ni nanoparticles
- Reaction mechanisms
—~ Ni(OH),

Artifact - gallium oxide

100 nm 5 -~

EPFL Doctoral school Analytical and scanning EM: EELS



Using white lines: reduction of NiO
4 °C/min from 250 to 600 °C

2 mi,/min
reduchon
Q 00 200 300
me [min|

3.2 mbar of O

0 100

- Some NiO reflections initially

- Small NiO crystallites with
random orientations

- Nito NiO

- Volume expansion

- Internal interface recession

. Jeangros, A Hessler-Wyser, Jan van
erle, Cécile Hébert

akob Wagner, Rafal Dunin-Borkowski
DTU)

* 1 image, SADP, EELS every 6 minutes
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Using white lines: reduction of NiO

Kinetics by EELS Changes of shape of Ni L23

— experimental Ni & NiO references

Multiple linear least squares using references
20 aLs T

4
— NiO ref
— Ni ref

Reaction kinetics

310
sl — T K]
- 373 473 573 673 773 873 3
—4eV |ramp * S
0.0 L 0 1.0k _ 4 evfit|: Fo "]1-°§
840 860 880 900 Z 0.8}|— MLLS | & 08 &
Energy Loss [eV] |, 06} : o 06 5
2 0.4} " 0.4 3
norm. Li/L, with 4 eV integration @ 8.3 4*,*:!‘ 0.2 g—.
20f 1t 4eV 4eV T 100 =
- - 0.0 Q
G+L fit 100 200 300 40§ 500 600
El T[°C] J\\V unreduced
< 1.0 —
-y
0.0 Model(s) describing
840 860 880 900 : : 2
Energy Loss (V] kinetics?
CA
ackground subtracted da _( & )
ormalized to 1 at L2 p— =Ae \x f(a)
nergy shift not taken into account (- 0.2 eV) dT
onvoluted with PSF to get same initial NiO L3 resolution at 2, 4 & 6 °C/min

EPFL Doctoral school Analytical and scanning EM: EELS See Jeangros Q et al. (2013), JofMS (48).



Using white lines: reduction of NiO

(Linear) diffusion controls the reaction

a T [K]
373 473 573 673 773 873

ram
1.0} 4 eV :—- P ey
0.8} ; gﬁ“ e

fraction of NiO

0.6}

0.4t i — 2 °C/min
, — 4 °C/min

O‘Zﬁé 4,:- - — 6 °C/m|n

0.0 100 200 300 400 500 600

T[C]

b Linear diffusion in a spherical geometry
g(a)| 9= (@-N(1-a)” - (1+a(g-1))"

Ea |[72 kdimot] ‘977
A |[|195s
R? |]0.89

Non-linear & then linear diffusion in a sphencal geometry
g(a)| (1-e)"(@+(1-g)1-a))" sinh|

o (g+(1-9)(1- a))”—(1 a)” 7]

Ea ' 80 kJ/mol | I |73 kd/mol .

with i P with
A E617S rh=50nm | |[700s ro =200 nm
R* 1092  Ler=10nmj |0.90 Ler =10 nm

Iy - initial particle radius (Ni)
Lcr - critical oxide thickness, non-linear/linear diffusion crossover

EPFL Doctoral school Analytical and scanning EM: EELS

fraction of NiO

D UOI}O.I) UOISISAUOD

Fromhold AT, (1988), J. of Phy. & Chem. of Sol. (49) 1159.



Core Loss: ELNES

Nobelprize 1998
Walter Kohn
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ore Loss: ELNES

chemistry

ot Koleo

EPFL Doctoral school Analytical and scanning EM: EELS

Walter Kohn
Nobel prize
laureate 1998

- Kungliga
Swmkf[l)etmshqm(ademmu
har dden 15 okober 1998 bestutat
att med det
NOBELPRIS
son detta dr-tillerksinnes den_
som gfort den viktigaste-kemiska.
upptitckear eller forbatmringen

sriedd et hlften belona

"Wa(twiKﬁn_)

for hans utveckling av tithess-
ﬁm/ctwnaftz'onm

& STOCKHOLM DENTOPECEMBER 1998 »

—1;4\ g N ey
; A N % uk‘_{\‘\,‘r

R




Core Losses: ELNES

Full potential (EP) Form of
Muffin-tin (MT) potential
atomic sphere (ASA)
pseudopotential (PP)

Relativistic treatment

WIENZ2kK

exchange and correlation “potential™

Local density approximation (LDA)
I Generalized gradient approximation (GGA)
Beyond LDA: e.g. LDA+U

Kohn-Sham equations

Vo (F)+ Vo (p(7)) +V (p(7))

fully-relativistic »
semi-relativistic \
non relativistic
1 2 k k_ .k
l:_?V +V(r) ¢i = 8i¢i
non periodic | Representation
(cluster) of solid
periodic
(unit cell)
Spin polarized “
non spin polarized Treatment of
spin

Basis functions

plane waves : PW

augmented plane waves : APW

= linearized “APWs”

analytic functions (e.g. Hankel)

atomic orbitals. e.g. Slater (STO), Gaussians (GTO)
numerical

courtesy K.H. Schwarz
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Core Loss: ELNES

Electron density

-> Wave functions
-> Density of states
-> unoccupied density of states

L/\ @ (( ) ﬂ
B e B i

Incident particle

photon or electron

EELS spectrum with fine structures!

Compare with experiment
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Core Loss: ELNES

C. Hébert, et al.
Eur.Phys.J B 28, 407 (2002)
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Core Loss: ELNES

Intensity [arb. units)
Intensity [arb. units)

ML it

" Y A 2 e A " 2 2 " 2 2

530 535 540 545 550 555 561 530 535 540 545 550 555 561
Energy [eV] Energy [eV]
< —_—

C. Hébert, et al.
Eur.Phys.J B 28, 407 (2002)

EPFL Doctoral school Analytical and scanning EM: EELS



£ ' 120 | | |
‘ Experiment &
Orthorombic -------
Tetragonal -------- -
O+T

e T

______

__________

5 10 15 20 75 30 35
energy loss (eV)

.~ Distinction of two BFe3
phases by ELNES. 70% tetragonal
from linear least sq. fit

C. Hébert & al. EPJ- Applied

Physics, 9:147 (2000)
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. Electron Energy-Loss Spectroscopy In

‘ | The Electron Microscope

- Electron Energy-Loss By: R. F. Egerton

i) et ARG  Plenum Press © 1989, 1986; 438 pgs.,
SToigo o WY loige X wle)o -l llustrated Second Edition




