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The SuperSTEM Laboratory ¢ SuperSTEM

e Specialised high-resolution electron microscopy and spectroscopy laboratory,
based on the STFC SciTech Campus in Daresbury.

e Operates the U.K. National Research Facility for Advanced EM, a free-at-the-
point-of-use open access scheme funded by EPSRC and regulated on scientific
merit via a proposal system.

e Strong community and academic links through the ‘SuperSTEM Consortium’,
currently including the universities of Leeds, Liverpool, Manchester, Oxford,
Glasgow and York.
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https://www.superstem.org/access 3 SupersTEM
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Who can become a SuperSTEM user?

The SuperSTEM laboratory serves the world-wide scientific community: UK and international researchers alike are welcome to apply for instrument time.

= Short studies by any academic user, e.g. a set of experiments of up to a few days of beamtime, or a proof-of-principle experiment, are entirely free of charge, thanks in part to
support from EPSRC through a National Research Facility (NRF) grant. An example of a successful proposal can be found here.

Longer studies (EPSRC-funded) can include a significant amount of pre-allocated beamtime through the "Research Facilities” access buget in Funding System (TFS) submissions.
The submission of a proposal for internal SuperSTEM evaluation is still required, with the procedure detalled below. Due to on-going changes and a lack of clarity on TFS,
prospective collaborators are encouraged to discuss facility access eligibility directly with the funding opportunity manager. Do also feel free to contact us directly.

Longer studies (non-EPSRC-funded) by any researcher are also strongly encouraged. Here, prospective collaborators should discuss the allocation of SuperSTEM time directly
with us . Collaborative contributions to the facility running costs will be estimated at the EPSRC-equivalent academic rate.

Industrial and proprietary research applications are welcome: please, contact us for our commercial rates.

In this section you find information on and web forms for:

Proposal submission

= User registration
= Your visit to SuperSTEM

= Access feedback form

) T :

Contact email: enquiries@superstem.org

' SuperSTEM, SaTech Daresbury Soence and Innovation Campus, Keckwick Lane, Daresbury WA4 4AD Join SuperSTEM contact list

Privacy and Cookie Notice




SuperSTEM capabilities

Electron Microscopy

Nanofabrication — Sample prep

SSTEM2 SSTEM3 SSTEMA4

HERMES

* Dedicated STEM instruments 1V-100kV for atomic resolution at ‘gentle’ conditions
* Nion UltraSTEM Cs-corrected STEM, EELS (DED), EDX
* Nion UltraSTEM Cs-corrected MC, EELS (DED) — 6meV ZLP ., ,wm
« Hitachi SU9000 T(SEM), EDX, EELS
* New spectroscopies: vibrational, momentum-resolved spectroscopy
* Sample interactions: electrothermal, cryo-stage
e Multi-modal microscopy: 4D STEM, imaging etc..

SuperFIB - Hitachi Ethos NX5000

* Triple beam system with electron, 30 kV Ga ion
and low-kV Ar ion ‘polisher' beam
e 7-axis substage, cryo-capable side entry holder

Fischione Model 1040 Fischione Model 1051 ion

NanoMill for polishing ~ beam polisher
of FIB specimens




We are hiring!!! PP b

Postdoctoral Research Associate/Fellow |

Photocatalysts Mapping using Super-resolution
Electron Microscopy
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At the microscopes...

In the lab Y/
4 Contact us:
SuperMAP ‘ vibrational spectroscopy | www.lanternaresearchgroup.com
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Electron microscopy beyond imaging & diffraction
BF-TEM
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J. Hachtel et al Scientific Reports (2018)
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Electron microscopy beyond imaging & diffraction
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Microanalysis * Microanalysis
Phase & bonding

Optical excitations

Plasmonics, Phonons etc

https://open.oregonstate.education/general -

https://www.gatan.com/resources/media-library/fast-joint-eels-eds-color-
microbiology/chapter/microscopes/

map-across-32-nm-transistor-device?modal=1




A simple particle picture of scattering

(quasi) elastic

The type of interaction is not unique

Electrons can undergo both elastic
inelastic scattering events (often
multiple)

inner-shell inelastic outer-shell inelastic

r L ]
and
E >50eV E~leV—-50eV
elemental analysis various uses

R. Egerton, Electron Energy Loss spectroscopy in the Electron Microscope, 3" edition




A simple particle picture of scattering 3¢ superSTEM

inner-shell inelastic

L
I
—i
*see Sean’s
E > 50eV talk tomorrow
elemental analysis

10
R. Egerton, Electron Energy Loss spectroscopy in the Electron Microscope, 3" edition




Inner-shell inelastic scattering & relaxation

Interaction

If E, > E. then an inner shell electron may be ionized
 Aninner-shell electron is ejected from the core level

* The ejected core electron can only scatter into
unoccupied states above E;

 The incident electron has lost kinetic energy

Relaxation

The excited atom will return to its ground state

 The core hole will be filled an electron from an
outer shell (single or cascade of events)

* During this secondary process an X-ray may be
emitted

Shoot the electron!!
http://www.animatedphysics.com/games/shoottheelectron.htm

unoccupied
states S— <€ ~
— ~
E N\
F \ E, ®

Atomic EL3 _._. ‘q

energy

levels ELZ . I\Iu
Epy Q X-ray
EK .

energy-loss
electron ¢
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Interact : Electron Energy Loss Spectroscopy & SupersTEM

e Instrumentation for EELS
e Background theory
— Basic edge Shapes
— Near Edge Fine structure
e Qualitative / Quantitative analysis
e Some additional considerations
e Examples

o
G
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THE DECONSTRUCTION




Very long story... & superSTEM

e 1929: First report on Electron Loss (Rudberg, Nobel Inst.) O o B 4w A

Solids.
e 1941: First EEL spectrum from transmitted electrons (Ruthemann, Gdansk) By ek Ropasns, Nobsl Insitute, Stoskholm, Syed

e 1968 : First EDS detector (Fitzgerald, UCL) "Diskrete Energieverhuste schneller Eickironen

in Festkdrpern.
Energievegluste schnellerer Elektronen beim Durchgang
[ / durch Festkérper sind bisher meist nur an Folien von mehreren
® rreviesieeveeeeenennnnnnnnns. PlENty of things happening o ik beobacicr mordenh, Dabel et s Felge
vou Vielfachprozessen ein kontinuierliches Geschwindig-

keitsspektrum anf, dessen Intensititsmaximum von dem
bekannten WHiDDINGTONschen Gesetz (v} —vl=a.d

e 1993: First atomic resolution spectrum plane-by- plane (Browning, ORNL) promistongihibsy
e 2004: First single atom EELS (Varela, ORNL)

'y w,.;“""—--m-ré

e 2006: First 2D EELS map (Bosman, SuperSTEM & Kimoto, NIMS) i i *“‘“"’:{»W
e 2o T N el

e 2012: First single atom EDXS (Suenaga, AIST & Lovejoy, SuperSTEM) oo |, S f‘mf _
e 2012: Bonding changes in single graphene dopants e 1 RN
(Zhou, ORNL & Ramasse, SuperSTEM) i et tsemPagen?

WD T JED W 3 A0

e 2013: Atomically resolved EFTEM (Urban, Juelich) e

e 2014: Vibrational spectroscopy (Krivanek, Nion & Mizoguchi, U Tokyo) [“’K
e 2016: Spatially resolved phonon spectroscopy (Dwyer, ASU) 0
e 2018: Atomic resolution phonon spectroscopy (Hage, SuperSTEM) 2 ”Crﬂf_i
il Microanalysis by Means of Electrons e 2
W AR, R
Charaeteristin Erergy Loseve of Blectrons Soatterat from Tresudascest Rpurived June 36, (9413 1

Huolids. HE past decade has seen an sxceedingly  a eystem® wheee the invadiating beam is confined B 850 EED
3 " " L 5 Ui h of the 2l s v el b vluich i 1 4
Hy Hrm Himasen, Nolel lestibete, Stecihnle, Sselen, rupid growth of the development and ase 0 only that part of the spocimen which is bein E lass fav)
L of electronic estigated 3 7
the electron
orennmicated by & W, Dickardszn, ¥ 108 —Desered Janussy L3, 1950, g spoe
structure of mutier in
10,0004 This instrument
ime, almost exclusive

I'rsiraduion

The clevivon emizson produesd wher sclid cooductors ars bombardsd with
electrone of oontrcllad spood bae fommed, the snbject of & great pumber of
irvstipatioae,  In is now geneealy recopmized shet shis emisdon coosine of
thnes difemens qarks: (1] Trimare eloctrone, trole weferted withont Joes of

ce al
that they have the proj
dmen before a pattern © ned.

he oduced seldom consists

rganisn E renot usually suficient for the idencifica-
selution of innumerable research problems but  tion of 2 compound
it does not represent in any way a complete A thind possible method for making a point

E. Rudberg, Proc. R. Soc. Lond. A 127 (1930 ) p 111
Ruthemann, Naturwissenschaften 29 (1941) p 648




Electron Energy loss spectrum
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Post column filter
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* The magnetic field of the prism bends the
electron trajectory and causes energy-
dependent dispersion

* Focusing effect —electrons of a given energy will
be returned to a single image pointin the
dispersion plane
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spectrum with Tspech‘um with
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Simple older generation PEELS
* QO focusing electrons at spectrometer entrance

* Q1 focusing electrons along the nondispersive
direction (squashing q)

* Q2,3 magnifying parts of the dispersion

D.B. Williams and C.B. Carter, Transmission Electron Microscopy, Springer (2009)

Ultramicroscopy 22 (1987) 103-116
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200

100

https://www.ceos-gmbh.de/en/produkte/cefid

Dispersive direction

Gatan Continuum Nion (Bruker) IRIS

Also Thermo ILIAD,
Hitachi spectrometer




o " SuperSTEM
Scattering vectors and angles A supers1EN
Scattering / vector
representation collection semi-angle: § « R/L
incident electron

I
|
|

1 Convergence

Ko :—-\ semi-angle: o
|
|
I
|
|
|

sample [ Y ] sample [ ;_ ]
t~50-100nm t~50-100nm i A
G collection
y ku : semi-angle: 3 L
E,-AE :\/
|
,,,,, i ! ‘
! I 3
Lo R I v
¥ aperture EZZZZZA 1 EZZ777A
........
e aperture .—’R
Inelastic processes are strongly forward Know your optical conditions in numbers (mrad)!!

scattered small angle scattering (< 10 mrad)
17




Spectroscopy in STEM vs TEM 3 superSTEM

STEM TEM
EEL spectrometer

X , Y , Source
Detector(s) g o
V] ] Plane wave
-
S Sample

N Sample

Objective lens
Objective lens

Scan coils

Image
Source

Simultaneous spectroscopy & Imaging (ADF) Spectroscopy or Imaging EEL spectrometer

18




STEM EELS (or EDX) mapping

2D EELS map

-,
P S Ay
P T A i i s i

e STEM EELS geometry allows for
simultaneous imaging and 2D spectroscopy

e 1-to-1 correlation of structural and chemical
information!!

RO .Y




The double differential cross-section

* Proportional to the number of incident probe particles scattered within an
energy range AE and momentum variation into a solid angle AQ

dZ

(4
doag XSk @)

incident electron

 The dynamic Structure Factor is a mathematical representation of the sample I '

space and time-dependent structure within the system

t~50-100nm

» [t describes inter-particle correlations and their time evolution ; contains . EAE

the transition probability amplitudes from an initial |i> to a final state |f>

 Depends on the transition and energy & can be expressed by different

theoretical approaches

Dynamic Structure Factor: An Introduction *

K. Sturm
Institut fiir Festkorperforschung, Forschungszentrum Jilich GmbH, D-W-5170 Jilich

Z. Naturforsch. 48a, 233242 (1993); received December 10, 1991
The doubly differential cross-section for weak inelastic scattering of waves or particles by many-

body systems is derived in Born approximation and expressed in terms of the dynamic structure
factor according to van Hove. Thp application pl’ this very general scheme to scattering qf neutrons, 21




Inelastic Scattering — Basic edge shapes

The double differential scattering cross-section is calculated assuming:
(i) First order perturbation theory (first Born approximation for scattering) > Single scattering event
(ii) A plane-wave description of the fast electron > Neglects propagation/channelling in the crystal

(iii) An electrostatic interaction (instantaneous) between the fast electron and the solid

I(E, 0) o _ ]Z 2 [(fexp(iqr)i)|?
(0.4 =
' dEdQ ~ apq* (02 + @2) expiqrt

Amplitude factor** Inelastic form factor
Depends on the incident e- Depends on the excited atom

The Inelastic form factor contains a Transition Matrix Element determines the basic edge shape and
the cross-section, which can be calculated using free atom models.

. Represents probability for an atom to transition from one energy state to another due to the
interaction with the incoming particle

. Depends on the wave functions of the initial ¢/, and final states ¢,

. The overlap will be similar for each set of initial and final states
e.g.:s 2 p: sawtooth-like as for K & L1

e  To afirst approximation the TME varies slowly with energy

d*c

dEdS) sawtooth delayed
E g E g
K L,; 3rd, 4th period

M,s 5th period

white line plasmon-like mixed shape

-
-

A\
Y

E E
L,; 3d, 4d elements M, 4th period

M, rare earth

Om

23

**Rutherford scattering formula
describes the final direction O that
a particle will scatter

R. Egerton, Electron Energy Loss spectroscopy in the Electron Microscope, 3 edition




Core loss EELS - ionization edges: & SuperSIEM

 The ionization edges are classified according to
standard spectroscopic notation

» K edges: rationalise with the density of unoccupied
states.

‘LM,

... edges: solid state effects dominate, use K
multiplet theory for calculations.

045

K:1s >

L;:2s =

L, : 2p1/29

L3: 2p3), 2

The subscript refers to the total angular momentum
(sum of orbital angular momentum, plus spin)

Wi pa|—

K L shell M shell N shell
shell o

Energy

G. Radtke and G.A. Botton, chapter 5 in STEM, P.D. Nellist and S.J. Pennycook (Eds.)
D.B. Williams and C.B. Carter, Transmission Electron Microscopy, Springer (2009)




Qualitative analysis — Basic edge shapes
\

Carrier = 6:03 PM

{ Matches  Thulium

Weight: 16893

B K Density: 9.32 glen?
=
= \‘ Principle Edges:
% 180 eV
e T T T T T T T T T : 1“158 v
= 0 50 100 150 20( Thulium &

energy loss (eV)
Major Edges

0, we @l

~ O K N, 180ev @ il
'_—FA\‘F ——= e ——
, : : : :

T T T T T T M 1468 eV ‘
200 300 400 500 600 700 : h
energy loss (eV) M, 1515 eV N il
. e . . 0 53 eV
* The energy position of the ionisation edge is element dependent 1

— monotonic with Z
* Shape of the ionisation edge is specific for type of transition

N 337 eV

23

Gatan EELS Atlas App




Core edge background ¢ SuperSTEM

o8]
—_—

JE) ‘
A

F 3
[
v

Counts x 1004

Energy-loss

Counts x 1004

In the simplest case the ionization edges ride the tail of the
plasmon peak

e Can be modeled by a power law decay

J(E)=AE~"

A = Scaling constant
r = Slope exponent

25




Elemental mapping at different length scales

RGE Overlay

Fe-map Composite

Core/shell Fe;0,/Mn,Fe; 0, nanoparticles Sci Rep ( 2018 ) 8, 3425
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Mn-Based Cathode Materials, Advanced Materials Interfaces (2022) 9, 35 Atomically resolved mapping in nickelates Nature Comms (2024) 15, 378




R R R R R R
Which edges can be used for identification? ¥ superzTEM

K edges L, ; edges M, ; edges M, s edges N, s edges 0O, 5 edges

Al Si P S Cl Ar

Th Pa U Np Pu

Convenient edges are typically between the 100 — 2500 eV
EELS is not really suitable for black box microanalysis — prior information
is needed

https://eels.info/ 27




Inelastic Scattering — ELNES

. - ] d’c _ 4y? 1 p .\ 12
Bonding imposes an additional term: I(E, ®) « AEd0 — agd? X (0%+67) X Zfl(fexp(lqr)l)l X Ny (E)

The density of final states (DOS) considers overlap of outer electrons w/ those on neighbouring atoms
Each individual cross section from the initial state to all possible final states requires to be weighted by the number of final

states available at a particular energy

E. Energy

'y
4

| .lI
\ / \ Empty states

- e g - - \ >
y / \ e Y T mEan /
s Y  Filled AW

energy '_Z_Z Z_Z_. i _Z _ZZ_Z _Z
68 eV Core
level states

M
v - Density of states

A

: ELNES

Intensity

EXELFS

Ec. Energy-loss

Ni o Ni o Ni

28




Inelastic Scattering — ELNES & superSTEM

. - ] d’c _ 4y? 1 p .\ 12
Bonding imposes an additional term: I(E, ®) « AEd0 — agd? X (0%+67) X Zfl(fexp(lqr)l)l X Ny (E)

* The density of final states (DOS) considers overlap of outer electrons w/ those on neighbouring atoms
e Each individual cross section from the initial state to all possible final states requires to be weighted by the number of final
states available at a particular energy

Zero-loss
peak
| d'c
incident electron dEdQ
Inner-shell edges
Surface
excitations .
Interband ™. PIasrn‘on I Outer-shell edges
A\ 4 eyt s, .
I transitions 1. J
t~55§-Tgoenm' R W o Plasmony\x EXELFS
K/ |k Bragg [ T2/ ’
reflection n : AE
E,-AE = >
q - B Angular behaviour :

e R 9 : ,
"""""" R A Wl 3 Compton scattering
(- S momentum distribution

AE<<E, > S T e Bethe ridge

small Volume excitation IR P S 9
small q Lorentzian behaviour|
aperture q

29




Dipole approximation

Assuming small g allows for some additional mathematical simplifications

d%c . 4y?
dEdQ ~ agqt

I(E,0) x Xel(qr)i]*> x Nf (E)

X (02+0%)

* For a transition to occur the final state needs to be unoccupied

* TME only has significant magnitude when final state has a component localized
at the same atomic site sufficient to overlap with the initial state at the core

e TME # 0 when Al= 11 (dipole selection rule), wave-function symmetry has to
change during transition

e Because the TME hardly varies w/ energy, DOS term determines ELNES and
reflects atomic environment and bonding

e Therefore, ELNES probes the local (site), symmetry-projected, unoccupied,
partial DOS

In practice —finite aperture size non diple effects are
included — however due to the 1/q* pre factor the
dipole term dominates.

Taylor series expansion

exp(igr) =\k+ qr —}Qr)z + e,

For orthogonal
wavefunctions

for small q (and
g*r) higher order
terms can be

neglected -
Spectroscopic Symmetry of the

Core state name probed LDOS
1s K p

2s Ly p

2p12 and 2p3 o Los s+d

3s My P

3p1/2 and 3p3 2 M3j3 s+d

3d32 and 3d5 o Mys p+f

4s Ny p

4pq /2 and 4p3 o Nos3 s+d

435 and 4ds) Nis p+f

4f5/2 and 4f7 Ne7 d+g

R. Egerton, Electron Energy Loss spectroscopy in the Electron Microscope, 3" edition

G. Radtke and G.A. Botton, chapter 5 in STEM, P.D. Nellist and S.J. Pennycook (Eds.)




ELNES fingerprinting

Intensity

Si K-edge

Si2s—=p

T

10
Relative energy loss/eV

Am. Mineral. 85 (2000) 732

CK Oxygen K
ionization
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Hydrotalcite

Desautelsite

CoO
Siderite R ST |
NiO
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v 1 ! | v 1 ! | v 1 !
R SO i 520 540 560 580 600
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Initial approach: compare ELNES with literature data & XANES

ws 20K s 206,

EELS Data Base

Iz & Ooler Shwl Excilalion Sueclumn Repusiluy

Counts (normalized)

275 280 285 ZMW 295 300 305 275 20 285 290 295 30D 308
eV eV

https://eelsdb.eu/ 31




Small practical break?!
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Made of stardust

Figure adapted, with permission from https://doi.org/10.1111/maps.13389

RENAZZO

Terrestrial Circumstellar/interstellar
Weathering Organics,
(e.g., Formaldehyde, ...) 4.5 bya

Reactions of these

alteration by fluid with ice grains
reactions
8
WO~/ =
Fischer-Tropsch reactions UV irradiation of organic ices
on catalytic mineral h at very low T° in the molecular
surfaces (clays, metal) cloud or outer disk

(Ciesla & Sandford, Science 2012)

Chondrite Maribo

From the solar nebula to the laboratory: organic matter from the parent
molecular cloud of our solar system can be found on Earth in primitive
extra-terrestrial samples like meteorites. The unique instrumentation at
SuperSTEM is exceptionally well-suited to study these materials at the
highest energy and spatial resolution. Image credits: NASA/JPL

gefailen 1501824

— WWU

MAX PLANCK INSTITUTE

FOR CHEMISTRY MUNSTER




Chemical state mapping of organic inclusions in meteorites

‘

NWA 852

fit coef ROY2

ROIY | M EELs
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- = S5TEM-R1
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A IFersty (0]
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Scientific Reports 10 (20251) 2020

PNAS 111(43) 2014




Chemical shifts

Conduction

band Core level screening : electrons in a material
respond to and reduce the electrostatic
Fermi - - Gap influence of a core hole created during an

level

excitation or ionization event.

A, AE,
Core
level Tl
_ =
Metal Oxide o
8
https://www.jeol.com/ S
i
c
=

e The change in the onset energy of a core-loss spectrum influenced by
the chemical environment of an atom

e Redistribution of valence charge will alter core level screening and thus
change the potential energy of initial core states.

e The final energy states will change depending on the band structure of
the material (e.g., Fermi level shift or opening of a band gap in the
material).

General rule higher oxidation = higher edge onset

Ultramicroscopy 116 (2012) 24-33

Intensity (a.u.)
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4 70B.5

V-L, Onset (eV)

Fe-L, Onset (eV)
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Hybridisation of states

 Mixing of atomic orbitals to form new molecular orbitals influencing the electronic structure of a material.
e Affects the density of states (DOS) and is reflected in the ELNES

Q%

E (eV)

A

L Diamond =
c
=3
0
L]
2
i

O* e
®

—————— ——-d

—'—-—-—____'

Intensity (arb. unit)

Energy Loss (V)

https://www.jeol.com/

In graphite, 2 2p and 1 2s orbitals hybridize to form sp? orbitals;
1 2p orbital remains unhybridized, forming m and * molecular
orbitals

In diamond 2s and all 3 2p orbitals hybridize to form sp3
orbitals, resulting in a tetrahedral bonding structure with no
unhybridized p orbitals remaining.

Sp? solids have both o/c* and rt/mt* states; sp® solids only have
o/o* states

Electron transitions to unoccupied states create characteristic
features in EEL spectra:

* In diamond, excitation of 1s electrons to o* states
produces the carbon K-edge peak.

e In graphite, inner shell electrons transition into ™ states,
generating a peak before the edge; valence electrons
also transition into t* states around 6 eV.




Modelling ELNES: find yourself a theory friend!

Band structure Multiple Scattering Multiplets
Infinite number of ~ few hundreds atom 1 atom
atoms cluster

Monoelectronic Multielectronic
Density of States Multiplets (overlap of initial and
final state WF)
hTTp:ffWW.Wler‘Qk.OU_ http://leonardo.phys.washingt http://www.anorg.chem.uu.nl/CTM4XAS/
Castep (Pseudopotentials) on.edu/feff/welcome.himl MultiX
EiLPEé;T:‘:ﬁ}GSTeP@V@K e http://people.web.psi.ch/uldry/multiplets/

http://elk.sourceforge.net/
Quantum espresso (coming soon ...)
http://www.guantum-espresso.org/

(.ii.uon’ry
http://www.quanty.org




lon-implanted graphene
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Spectroscopic signature: p-type doping

a} Electron Energy Loss {aV)
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* Band structure calculations : missing charge density on the B dopant causes the Fermi energy to sink into the it
band. Low lying mt state occupies the charge carrier hole: shows up as shoulder on the low energy side of the B K

edge.

D.M. Kepaptsoglou, T. Hardcastle, C.R. Seabourne et al., ACS Nano 11, 11398-11407 (2015)




Anisotropy and Experimental Conditions

e For strongly anisotropic crystals (graphite, h-BN, etc) unoccupied states have a well-defined

spatial orientation

* The selection of a particular direction of the scattering vector to probe a particular symmetry

of the unoccupied electronic states

e Caused by the angular dependence of the electronic structure and the choice of experimental

conditions.

e Magic angle - a value of the collection at which energy-loss spectrum becomes independent of

the tilt angle of the sample with respect to the beam direction.

incident electron
A 4
sample [
t~50-100nm
K, k;
¥ AE
q }qﬁ' .'Ec-
C:: aperture

Size of aperture !

-

c-axis

C sheets

1 (E)

incident
electron

n*-orbital

c*-orbital

-y

Phys. Rev. B 28 (1983) 2361

c-axis

m (2855 eV)

8 =12 mrad

8 =1 8 mrad

8 =3.0mrad

ﬁ 8 =4 8mrad

L 1 ] 1

o (292 5eV)
8:=0
8 =06 mrad

280 290 300 310
E (eV)
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ELNES of 3d and 4d Transition metals

* The unoccupied d band is energetically narrow and partially filled,

leading to strong L edge features (p=>d transitions).

* Spin—orbit splitting shifts the binding energy 2p levels (2p, ;,, 2p3/2):
two sharp peaks with separation increasing as the atomic number

increases.

e Under purely statistical considerations, the L3 / L2 intensity ratio of

white lines should be 2:1.

The degeneracy (number of initial states) is L3 (j=3/2 ): 4, L2 (j=1/2):

2

Spin can couple in two ways
to the angular momentum

j=1%1)2

* Observed deviations arise from strong correlation between the initial

core-hole states and the final electronic states.

e This complexity signifies a breakdown of the simple, single-electron
excitation picture, requiring a more detailed many-electron, correlated

approach to understand the spectral features.

e Systematic variation in intensity as a function of the number of d
electrons

—>oxidation state determination
- other effects

Similar effect for M, ; edges, (3d—>4f, degeneracy 3:2)

_// Filled

states

A

Intensity

. Empty 3d-band

Intensity

-

1 | 1

T T 1 I
g
o
| Co i
Fe
cr

Normalized White-Line Intensity

Energy Loss (1 div =50 eV)

Phys. Rev. B 47 (1997) 8471

>

E. Energy-loss

1.0 prer e

0.8
0.6
0.4

0.2

0.0}

- B step at peak -1
O step at onset 1

—— renormalized calculations

----- atomic calculations

2 4 6 8 10 12

3d Occupancy (electrons/atom)
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Valence from TM white line ratios

Photodiode Counts

2500 =

1500 =

500 =

eee e As-prepared Co0D
0000 Co0 after annealing
0000 Co,0,4 standard
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Works reasonably well for simple TM oxides
BUT — very sensitive to background subtraction & additional

initial state background

Single scattering data only (very thin samples)
Only compare to data under the same optical conditions

Micron 31 (2000) , 571-580
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Estimating valence

(220) MnFe.,0,

Core shell Fe-Mn-oxide nanocubes

Fe shows a higher oxidation state in the shell compared to the core

Mn 2* state in both shell & core ; higher oxidation state only at a very thin (<1 nm) surface layer.

Core : FeO/MnO with Fe and Mn in the 2* state
Shell : spinel like MnFe,O, structure.

Scientific Reports 9 (2019) 19264
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Atonic Valence State mapping

Mapping of Fe?*/Fe3* charge ordering in the ferromagnetic
hematite-ilmenite Fe, ;;Ti, ;s0;_sthin films

A sites: Fe2*/ Fe3* ordering (ratio 2:1)
B sites: Ti** - Fe?* / Fe3* ordering (ratio 1.2)
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Hybridisation of states & supersTEM

 Mixing of atomic orbitals to form new molecular orbitals influencing the electronic structure of a material.
e Affects the density of states (DOS) and is reflected in the ELNES

50_ ! ' T '-' T T T T T T T T T T T —T

i i - 0
E 40
< [ 0
%,-\30_- 5 1 Niad
i ;
= 8 ! 2
%820__ %
2 [ 2
= [ L NizA
S 10f s

850 860 870 880 —4 0 4 8

Energy Loss (eV) Energy (eV)

Changes in ELNES of Ni and Al hybridization between the narrow d-like states at the Ni sites and
the more free-electron like states on surrounding Al atoms.




Valence from TM white line ratios 3 SuperSTEM

T LI R N B B BN B B T 2.5 T r Cr(lljl e T T 1 Y
A - Ndl_xT|O3 L_; f ’ High Spin Cr{il)
o 23 - CrCla " NdCrOs
ks - CF2 » CrClg
i 0@ CrSe (Fe,Mg){Cr,Al Fe)p04
0 ol Low Spin Cra(CHaCOD O
= B 21 - [(GH3)4CgH)aCr | | @ LaGrOg
c c » Crp{CHaCOO)4 | |- Cro0n
2 & - (CH3)5C51aCr CPO a0
[ = 1.9} N . KCHSO4)2
L o / cr(v1)
oy = N\ cr{w’ > KeCra07 | |
- g 17| 2 I oo
@ b o Py
£ |kFesi,0,:/: g
E E |3 a : . g 1‘5 -
0
®
E i s | P . ik L e | 1. 1
2 578 579 - 580 581 582 583
crll
o ° H;};h) Spin
e 430 454 438 4652 444 4T 3 ]
700 710 720 730 [-mr'g-_'l' Laoss {:ﬂ 2
1]
energy loss AE (eV) o -—
£
Not as straight forward as we would like g Low Spin -
. . . . A Al r
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[Bi, 4,Sr0,],[C00,], 5, — high performance p-type TE ' suvergmn

c) Total

Q
S

COoL A <
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energy (eV) o
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‘a 8 /J e O K @XD
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e Bideficiencies in the BiO layers induce charge redistribution in Population anaIYSis (pDos overlap)
the COL: EELS reveals 4* Co valence localised to the COL. COL Al1: O-2p with Co,, states
) ) _ _ A : Co-3d and O-2p hybridized states
e Extra Co* states just above the Fermi level fingerprinted through SRO B: Sr-4d and O-2p state overlap
O KELNES (and Co L, ; branching ratio). BiO A : Bi-6p states hybridized with O-2p states.

Chemistry of Materials 28, pp. 7470-7478 (2016)




Crystal field splitting . | & superSIEM

* Crystal field splitting is the process where degenerate energy levels L2 $
of d-orbitals (e, and t,, ) due to the electric field created by nearby .

. . = | &
ions or surrounding molecules. |
¢

* The e, orbitals (higher energy) point directly at ligands, while the t,,
orbitals (lower energy) are oriented between ligands.

e This energy difference causes splitting of the extra peaks

* Local distortion of the ligand field fill alter energy levels

TiQ, Anatase
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Crystal field splitting FF supersTEM
(a)
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The Ti L2,3 edge fine structure evolution across a SrTiO3-PbTiO3 interface shows in
crystal field splitting

Interface: reduction in the hybridization of Ti 3d and Pb 6sp states with O 2p, and thus
tetragonal distortion of the TiO4 octahedron.
Gradual change _gradual over ~2-3 nm

Journal of Applied Physics 109 (2011) 034104
Materials Science in Semiconductor Processing 65, (2017) 2 49




Energy resolution

(Spectrometer aside) The energy resolution of the EEL spectrum is governed by
the energy spread of the electron source

0.37 eV
FWHM

Field-emission
distribution

Energy loss (eV)

W 1.5-3
LaB, 1-1.5
Shottky FEG 0.6-0.8
Cold FEG 0.3
Monochromated 0.005-0.30eV
sources
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Energy spread
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. ELNES has a natural width due to the limited lifetime of
the excited states involved in the transition.
e Limited practical scope of energy resolution <0.1eV
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Low Loss Spectroscopy & thickness
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Bulk plasmons : E;, < N
N the valence electron density

With increasing specimen thickness the probability of (single)
plasmon excitation increases and so does the probability of
multiple inelastic scattering events i.e multiple plasmons!
The specimen thickness: t = A-1In(I+/1;;)

I, is the intensity of the ZLP

I; is the total energy of the spectrum (area)

A electron free mean path for E

For any sensible EELS at least: t/A1<1
but ideally t /1 <0.5

Scales with E, Si 4,44,y = 93.74nm, Si A4, =46.48nm

http://www.dmscripting.com/meanfreepathestimator.html




Effect of specimen thickness on edge visibility: A supers1en

#/2.=0.089 A, 5,
incident electrons ﬂ (a) (b) Ay=78Nm 2", —- B,
| ——- 3", 8,
Ni-L,
- e+—area | II'I
A ["|| Ni-L, intensity transf
’ intenst ransier
) F'I it "o higher losses
K‘/\/\ | ‘=' increase of
‘ | 2 plasmon intensity J B .
B, L% fmnacd § oo el
plural scattering ! ' 10 800 850 200 950 1000
Energy-loss [eV]
* Plasmon scattering contributes to the core-loss integral in the same e ltis possible to deconvolute (Fourier ratio
proportion as it contributes to intensity in the low-loss region deconvolution) up to a point
I/ Na = 1,/ « Should you? If you have no other option

* Increasingly thick specimens cause a redistribution of intensities in the EELS * Start with think samples!!!

spectrum-The background increases and makes the extraction of edge signals

more difficult
e Specimens suitable for EELS analysis should always be thinner than t/A<<1,

hence less than 100nm
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of hard work beforehand is needed).

Absolute: N, = [l.(B,A) /1,(B,A)] / cA(B,A)

Relative: Nu/Ng = [ 1.(B,A)/15(B,A) 1 [Ga(B,A)/0A(B,A)]

1
logarithmierts Inbanaltat

x1000

Thin specimens only (thin!!). Typical error still ~10% L(B.4)

Cross-sections for certain types of edges not tabulated, or not easily = : : -
lcul a b | e 0 100 500 600 700 800 900 104
calcu :

Atomic resolution? Don’t even think about it - other effects are in
play (....)

Talk to Jo Verbeck about model based approaches — but rule of
thumb: quantification is not straightforward (not in EDXS either: lots
of hard work beforehand is needed).




EELS resolution/localisation

Spatial resolution of EELS depends on:

1. Electron optics (probe size, aberrations, diffraction...) optimized by
STEM probe, image coupling to spectrometer

2. Beam spreading (geometrical, elastic scattering)
d, ~ Bt for B < 10 mrad, more complicated for a crystal

Thin samples!!!!

3. Delocalization* of inelastic scattering
dy~ 0.5A/6.34~ (15nm) / E®7>if E in eV

Use the higher energy edges (e.g Si, Al K instead of L, ;)

4. Electron statistics (limited by radiation damage), i.e. dose-limited
resolution

*The signal used EELS arises from the inelastic

localization diameter (nm) for E, = 100keV

0.1

scattering by atomic electrons, which can be excited by

a primary electron passing some distance away.

0.52) /<0> with ® Kohl&Rose L, .

<0> = (BEB )1f2 O Muller & Silcox dg,
¢ m Shumanetal Lg,

GC from Fermi speed #  Mory et al. (1991)
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energy loss (eV)

Ultramicroscopy 107, 575-586 (2007)




Interpretation of EELS intensities 3 SuperSTEM

o EELS map intensity = integrated signal above a selected background

* ‘representative’ of local chemistry

 tread carefully = nice to have some sort of agreement with z-
contrast images

 How far can these intensities be trusted?

 What about quantification of atomically resolved maps?




Contributions to EELS intensities
EDX O maps

SN T

directly & quantitatively

EELS signal is convolved with
» Elastic scattering, Thermal scattering
» Delocalization of inelastic scattering
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Micron 39 (2008) 653-657

It is difficult to interpret the intensities of EELS (EDX) maps

When travelling down a
strong column potential, the
probe gets ‘captured’ 1s Bloch
states and slowly leaks to
other columns along z.

Wave optics of the

probe




Is my interface sharp?
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Ultramicroscopy 110 (2010) 926934

el
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e BaTiO,/SrTiO, interface
» s the interface sharp?!

* for quantitative interpretation of EELS maps, inelastic
image simulations are necessary

https://github.com/HamishGBrown/MuSTEM
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https://abtem.readthedocs.io/en/latest/intro.html#




Potential inversion

Intensity {arb. units)

* Remove elastic and thermal scattering contributions from
experimental EELS maps.
* True also for EELS fine structure

Intensity (arb. units)

Neish MJ et al, Physical Review B 88 (2013) 115120
N. Lugg, etal., APL 101 (2012) 183112
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Relax : X-ray energy dispersive spectrometry (XEDS) 3¢ SuperSTEM




Instrument set-up

upper pole piece

* Detector collection angle (W): is the solid angle subtended
at the analysis point on the specimen by the active area of
the front face of the detector

A coséd
=—7
* Large W: collect max counts A detector

. surface area sample
e ideally : 6=0

» take-off angle a.: is the angle between the specimen
surface (at O tilt) and a line to the center of the detector lower pole piece
e ideally large a to minimize X-ray absorption

Vi Cryostat

Electron
trap

Crystal . .
v Polepiece camera view

showing the detector
collimator (right), top
and bottom pole pieces,
- and the sample
| cartridge between the
. pole pieces.

i ) Window
- g y Collimator
assembly
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Semiconductor detectors: Si(Li)

* |ncoming X-rays generate e-h pairs « Eyray

e The energy required in Si is 3.8 eV @ liquid-N, so
thousands of e-h pairs can be generated by a single
X-ray

* Dead layers are regions within the detector that are

unresponsive to incoming X-rays and therefore do
not contribute to the detection signal.

* Low energy efficiency further limited by the type of
window

Cryostat e
& % Electron
trap

3 } Window
N Collimator
assembly

Anti-reflective  lce/contamination

Al coating Si dead layer
200m—-50nm| / (p-type) ~100nm
- . 20 nm Au
s o ooo o 00 o, electrode
- r o oo
i _ g* el
o o (<} =
Holes Electrons
Window L L —
Be, BN, | Active Si !
diamond, = I* (intrinsic) !

. T
D.]pr?rltr{lil??rnm —~1000'V bias S mm
Si ‘dead’ layer
(n-type) ~100nm

1.07

Fraction windowless
transmitted

0.8

polymer
UTwW
0.6

0.4 7

atmospheric UTW

00 05 10 15 20 25 30 35 40
Energy (keV) 61




Si-drift detectors (SDD)

n+ signal collection anode ——

e Concentric rings of p-doped Si implanted on a single crystal
of n-Si - Voltage is applied from the inside to the outside
the detector permitting the collection generated electrons
at lower voltage.

 Thinner dead layers - better energy resolution

flow line for

e Due to low capacitance very high throughput of counts is electrons |

possible .
Front-side

e Larger sizes & collection angles (better overall efficiency)

e High purity materials, no LN, cooling required

Relative Detectrion Efficiency

Outer p-ring—j

o
@

=
o

L
o

o
[

"W

P
=
7

p-type
diffusion

Inner p-ring

Jias
=
7/
/

L[

n-type

electrode structure

diffusion

Incident radiation
4 -6 mm

—=—50D
—&— Si(Li)

NN

10

15 20 25 30
Energy (keV) 62




X-ray energy dispersive spectrometry (XEDS)

computer X-ray count rate and dead time

w-ray
S

Ca ko -

3.9 key Space
" R
I *®
% charge energy Rejected data - dead time Good data
pulse -
. »x -
IIII‘IIIII ‘J i~ v

detector processor computer display

Dead time is the time frame when the detector is not

The XEDS system detects X-rays and disperses them into an
counting X-rays but processing the previous photon

energy spectrum
.. The Dead time increases with X-ray count rate
* In principle XEDS system can process only one photon « Specimen thickness, tilt angle
atatime  Voltage, beam current

e X-rays entering too close in time are discarded to

prevent recording photons at incorrect energies
63




Energy resolution & supersTEM

- _ 1 20 ev iy globalsino com/EMY
» — 130 eV NK, o
s r o Fescdulian Dead Time
:;E B r.l --..-. g
[1n} | . s E |
= BK, i
= =
8 'E' i Sl L )
© 5 .
CK, = | oM
PR = 148 &y
O Kq
| | | | | -.:I-l.._ -.r 1 -|.:_ ':.-. . "":.-.' "-:-" |-': ad L-'
100 200 300 400 500 a . o - - ;
Energy (eV) Erangy {#¥)

e EDS resolution is determined by the detector — current best performance 120eV
e Can be affected by Process / Dead time

Manufacturers have a good idea of ‘ideal’ performance with Dead/ Process Time

64




Relative intensity
(|}

—t

Brehmsstrahlung
continuum

S

K

oL

Characteristic
X-rays

X-rays from a
molybdenum
target at 35 kV

04 06 .08 .10
Wavelength (nm)

12

Relax : X-ray energy dispersive spectrometry (XEDS) & superSTEM

Characteristic X-rays
* Elemental identification
* Quantitative analysis

Continuum X-rays - Bremsstrahlung
e Background radiation
* must be subtracted for quantitative analysis

Instrumentation
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Continuum X-rays - Bremsstrahlung & SupergIEM

bremsstrahlung

* Interaction of incident e"with the nuclei of the specimen
atoms

e Change in momentum > X-ray

* The shape of the continuum spectrum is approximately M[ L[ K
described by Kramers' cross section
K-Z-(E; —E)
N(E) = ——

* N(E) number of bremsstrahlung X-rays of energy E produced by
electrons of energy E, & K constant

e Atlow energies, bremsstrahlung is absorbed by the specimen \
and the detector

intensity

Observed

X-ray energy 66




Continuum X-rays - Bremsstrahlung

* Arises from the interaction of incident beam electrons with the
nuclei of the specimen atoms

e The electron can suffer change in momentum

* During this process it may emit an X-ray

* The shape of the continuum spectrum is approximately
described by Kramers' cross section

N(E):K-Z-(EEO—E)

e N(E) number of bremsstrahlung X-rays of energy E produced by
electrons of energy E, & K constant

e Atlow energies, bremsstrahlung is absorbed by the specimen
and the detector

. Needs to be subtracted for quantitative analysis

bremsstrahlung

Relative Intensity

1.0

025 05 1.0 1.5 2.0

67

Wavelength (A)




Characteristic X-ray generation

. . . . . . - T T TTTI LA LU ILLLL T T TTTIN T TTTH L LLLLLL =
Total cross section for ionisation of a closed subshell n€j with 4 "y [ 1 1 -
2_[ +1e _ E g
E 31— -
= o .
(2_+1)2ne41 ; 1 < ,E E
O; = \4] - — s ]
meuz E i U g - -
P N —
E. is the binding energy of an electron in the subshell & U = E/Ei 5 F E
overvoltage N .
10° 10 107 10° 10 10° 10°
Electron energy {keV)
Return to ground state (almost!!) by filling in the hole with an
electron fl’ om an outer shell The ionized atom returns to ground state not via a single
) ) event but by a cascade of transitions, depending on the
*  X-ray may be emitted with E, .., = E;pjviar Efina complexity of the electronic structure of the atom.
Not all of the possible X-ray lines will be found in a spectrum
« Selection rules for emission and absorption of In practice overvoltage rule
electromagnetic radiation Anz0, Al = £1, Aj=0, #1. (tot. E,~3x E x—ray
ang.momentum).
Shoot the electron!! Encyclopedia of Spectroscopy and Spectrometry, 1010-1021 (1999)
http://www.animatedphysics.com/games/shoottheelectron.htm Rev. Mod. Phys. 40, 564-590 (1968) 68




Characteristic X-ray energies

* Generation of X-rays are characteristic to each element

Ex 2y d€pends monotonically on Z

* Empirically described by Moseley's law
— 2
Ex—ray(ev) — K(Z _ 1)

where K an empirically derived constant.

EDX K line simulation using DTSA-II

http://www.cstl.nist.gov/div837/837.02/epq/dtsa2/index.html

Henry Moseley

CNOFNeNa Al Si

|

!

P S ClI Ar K
K(X

|

25
energy (keV)
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Nomenclature

Siegbahn> X,

0 X:K, Land M (family)—> shell from which the core electron was
knocked out

O y:a, b, g 2 the number of shells that the orbital electron
dropped to fill the corehole

0 n: 1,2,3 - the subshell that the donating electron came from

IUPAC- X -V,

0 X, =>shell from which the electron was knocked out

TapLE 1. Radiative transitions for the relevant groups in the K, L, and M series.

H Transitions for the indicated lines are represented using the IUPAC notation
0 Y, = shell from corehole was filled e e ey

(S0-51) and the corresponding Siegbahn notation is indicated in parentheses

Group Lines Group Lines

K K-l.2 (Kaa) La-Mg (L)
K-L; (Kay) La-Ns (L)

Kt K-M, (Kf) Lo-0y (Lyg)
K-Ms (Kf) La-04 (Lyg)
K-My (Kl Lal Ls-M; (L£)
K-Ms 'Kﬁ_la] Lst La-Ma (L)
K-N2 (Kah () L3-M5 (Ls)
K-Ni (Kgh) Lyer Ls-My (Laa)
K-N; {Kﬁﬂ') L3-Ms (Leay)
K-Ns (Kgh Lsf LNy (L)

L,f L,-Ma (L) LNy (L)
Ly-My (L Li-Ns (Lf)
Li-My (L) Lau L3-Ng (Luy
Li-Ms (L) Ly-No (Lu)

Lyy Ly-Na (L) My Ma-Ns (My)
L-N3 (Lys) Mg My-Ng, (Mf)
Li-Ng (Lyy) MC Ms-Ns (MEs)

Loy Lo-M,y (L Ms-N3 (M)

Laf# Lo-M; (L) Ma Ms-Ng, (Mats)
oMy (1) Ms-N; (Ma,)

Lay L2-N; (Lys)

X-Ray Spectrometry 20, 149-155 (1991) O
J. Phys. Chem. Ref. Data 43, 1 (2014) 2 B 71
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Fluorescent (Auger) yield

* Anionized atom can also lose energy by ejecting Auger e

74
a+Z4

* Fluorescent yield: w =
with a~10° for K shells
0 w, ~103 - 1000 ionization events to produce 1 CK,
0O g, ~0.5 = 2 ionization events to produce 1 Ge K,

O the rest of the ionization events will produce Auger e~

e Light element atoms return to ground state mainly by Auger
emission. For that reason, their K-lines are weak.

* Fluorescent yield needs to be accounted for in quantification

Yield per shell vacancy

0.9

0.8
0.7

0.6

0.4

0.3

0.2

0.1

; L-shell

(average)

0 20 40 60 80 100

Atomic number (Z)

120

A. Puglisi, 2017, https://tel.archives-ouvertes.fr/tel-01755939v1




Absorption & fluorescence

e X-rays generated by electrons can be absorbed by the
specimen

* IfEyay = Ec ionization then it is possible that the X-ray will be
absorbed, and a photo-electron produced.

* Fluorescence = X-rays generated by atoms can generate
X-rays from other atoms

e Absorption and fluorescence need to be taken into
account in X-ray quantification

t-cosa
absorption
length

fi= f I;(t) exp(—(u/p)ipt’) dt \

0
p density mass attenuation coefficient for the elementiin
the specimen s :a measure of how strongly the element i
absorbs X-rays

e t’ absorption path length: t’=t socseca
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X-rays family lines

e X-rays come in families

* Not all excitations are equally probable

e The ratios between family lines of each element are

known and don’t change

* Peak overlaps are possible

Energy (keV)

EDX K line simulation using DTSA-II
-assuming 100% wt of elements @60kV
http://www.cstl.nist.gov/div837/837.02/epq/dtsa2/index.html|

intensity (a.u.)

energy (keV)

Z=6 7=26
Al Ko,
N ﬁ V Ko
S Ku F ﬂ Fe Ka
F K _
e lLNUIU VY W LA AUA AL o
0 2 3 4 5 6 7
energy (keV)
AgL, Co Ka
L[ﬂ
|_[iz KB
CoLAgM “ L, J [
- I I '/\JI ' : I ' I I ' I /\ I '
0 1 2 3 4 5 6 7 8 9
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Qualitative x-ray analysis

* The relative positions and weights of the E,  lines
in each family are consistent

e Allows peaks in the X-ray spectrum to be
recognized.

* By measuring the energies of the major X-ray
peaks in each family, the corresponding element
can be identified

* Most EDXs manufactures provide software which
is pretty good at peak identification

* Open source software is available

* Tables for manual peak identification

Results from automatic software
identification need to be verified!!

Nanomaterials 2021, 11(8), 2073 76




EDX of light elements (Z<11) & SuperSTEM

2=11-18
e Cannot be routinely analysed z=3.10
* H,_, and He,_, do not have characteristic X-rays Lo :
Z
e Li,; K, are of too low energy to be detected MoL \ K %
| S @
" $
* Be,_, to Ne,_,, K, can be detected o
CUlt fo, gegect - W
BUT
O low fluorescent yield
O subject to strong specimen & detector absorption 4 _
| [= Li-metal (0.0¢V)]
— Li,0 (-4.1eV)
— LiF (-5.4eV)
— Li,S (-2.8¢V)
LiCl (-3.51eV)

O EDX is best suited for heavy elements while EELS for light
elements (with the added benefit of electronic structure
information)

Intensity (arb. units)
[B]
T

cs_
§<

3 -6 -4 S0
Energy (eV)

(]
i

Scanning 38, 571-578 (2016)
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Don’t forget beam propagation

EDX O maps

& hickness(A)

Scientific Reports 7, 45970 (2017) Scientific Reports 11, 18022 (2021) PRB 86 (2012) 024108
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Single atoms

Erbium M

|

Erbium L

!

=] <] 10

(ke

W
Nature Photonics 6, 545 (2012)

cowTls

- T T T T T
224s single Si atom spectrum
B
, 115 EDur‘{tS Grid?
Sij Cu
: 51 counts 23 counts
2
i |EIII‘I RAMAL v k- 3 | | I | ,
0 2 4 6 B 10

X-ray Enargy (kel)

Appl. Phys. Lett. 100, 154101 (2012)
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Useful spectroscopy? A ‘supersTEM

X-ray Count rate lonization Fluorescence Detector
from an atom X- Section Yield Efficiency

\
R< n.2 aﬁ DOE
~EELS Signal Z A | ratio of EELS

to EDXS

Beam “Probe Geometric
Current Area” Efficiency

e Very large probe currents needed for useful signal collection!
e Poor energy resolution.




Quantitative x-ray analysis: Cliff-Lorimmer Technique

e Castaing (1951) : The concentration Ci of an element i in the specimen will generate a
certain intensity of characteristic X-rays.

* The wt% CA and CB of two elements A and B can be determined by the ration of their
simultaneously acquired characteristic intensities, IA and IB respectively:

g—: = XRCF;—z XRCF is the x-ray correction (sensitivity factor)
» (Cliff Lorimmer technique - k, is a sensitivity factor and is related only to the atomic-
number correction factor (2)
It varies according to the instrumentation and the acceleration voltage
The k factors are independent of thickness variations if the specimen is thin, i.e no
absortion

e {(zeta) factor extension —{, of element i is defined ionization cross section Qj,
fluorescence yield w,, electron illumination dose D,

M;

NOiniaiDeSA[%]

I
CADe

mass thickness gt = { where {; =

* Standarelss techniques

* ‘remote standards’, or ‘remote standard method’,

Quantification procedure in -factor method

Measured X-ray intensities: /4, /I, ..., If _—

Acquisition parameters: D, = N/t

Calculate initial mass thickness and compositions:
C = QN"N

pT: J‘J',CA_ gAA

=N 5 "7

~ N N*= N
e Z & Z -/
I J

Calculate corrections terms:
(W/p);® ptcoseca

1Tz exp[—(Wp) pt cosec a]

Calculate mass thickness and compositions:

N A
b ZQ";AJ ZQ";AJ
/ )
Check convergence No
Yes

Final mass thickness and compositions: pt, C,

Journal of Microscopy, Vol. 221, Pt 2 February 2006, pp. 89-109
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Quantitative x-ray analysis : Stop and think & supergTEM

Avoid strong channelling conditions if you can

sz fe IR 7 _\§__H|ix |‘: ]

Out of the box automatic quantitative analysis can be
qgualitative at best
Error often in >>1% (worse for light elements)

Know your system, compare with standards if you have
to (under similar conditions)

Microscopy and Microanalysis (2021), 27, 528-542
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PdAu Catalyst : Acknowledgments to: P. Longo, Gatan Inc




EELS vs EDX : Ease of use EDX F supergTEM

O mu = =
e wim ESLSL o ABOW. o v 00 sk 1024 = 300km = ot =g GO 80m |- Repon O e s

PLUG & PLAY

FEI Spectral.m:qursl-tlon _[
EELS |eDs |
lhefmoelea::tric 3
0" prem 1.6x10° - Exposure: 0.05 e
| 5' Energydoss: MEV
1.4x10° 4
] Adjust: 0.0 Ee’uf
oo optc 1.2x10° Dispersion:  |0.70eV/ch |
window d
m v w
_ £, o £ 1.0x10° e B
dispersfon plane alattrons g Setup: ]Cust.;.m _:j
©  g.ox10

SRS e

6.0x10*

0 100

: 0’ I"l"l“”‘” “| i

spectrum with specgum vl.rilh electrons L I
! el as

Scheaoti | Switched on 200 300 400 500 600 700 800 900
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EELS vs EDX : Sample Restrictions

\

1.=0.089 A, 5,
li.Ni=7B nm 2%| — a‘lﬁ\_l
——- 3,

ar SuperSTEM
DARESBURY

EELS — Fewer elements are easy to detect

K edges L, ; edgesM, ; edged, 5 edgesN, 5 edgesO, ; edges

B C N O F Ne
Al Si P S Cl Ar

Ga Ge As Se Br Kr
In SnSbTe | Xe

i EENENEENEE
Rb Srf§ Y Zr NbMo|Te RuRh Pd Ag Cd
csiBalf La] Hf Ta W|Re Os I Pt Au Hg
Fr Ra Ac

sl C Pr|Nd PriSm E l .
Th Pa U NpPu
EELS —is more sensitive
to thickness & specimen quality

Bt

intensity transfer
_*t higher losses

i '.' increase of
|

2 plasmon intensity i =

200 950 1000
Energy-loss [eV]
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EELS vs EDX : Spatial Resolution & SupersTEM

EELS intensity/10"

2_
0 ; T T T MJ{WWWTMWWMTM
200 250 300 350 400 450
Energy loss (eV)
UltraSTEM 200 at LPS-Orsay Scientific Reports volume 11, 1802 (

It’s a draw: EELS is more efficient overall, EDX has access to
more elements
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EELS vs EDX : Spectral Resolution & 'SuperSTEM

EDX ~100 eV - limited by detector

Oxygen - K Nickel - L

EDX

EELS |

400 500 600 700 800 900
Energy [eV]

EELS <1 eV depending on electron source, spectrometer
Ultimately limited by lifetimes




~——EELS spectruin of helium bubble
——EELS spectrum of palladium matrix

Intensity (arbitrary units)

Li,CO,
‘/‘/\Jﬂ
| 1 1 1 I

50

EELS is still superior,
though EDX is getting

better.

Energy loss (eV)

Counts (a.u.)

wwwi globalsino. comyE MY

N K,

OKq

Energy (eV)

400 500




EELS vs EDX : Quantification

(b) 104 s

Composition (wit)
o 2

Kim, H.-Ket al, Scientific Reports
2020, 10 (1), 13699.
EELS

\ .

15% 40% 40% 80%

J. Gazquez et al, Materials Science
in Semi. Proc., 65, 2017,
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Which one gives the greatest amount of information ?

Adrien Teurtrie — UMET

Infensity

EELS — Much more than element identification

" ¥ " ] f‘-‘"‘ " " L] ] ] ] L]
Zero-loss
Optical Fine-structure called:
properiies ELNES EXELFS Elemental
e R = - =
Thickness Bonding Coordination composition
Interat. dist.
Back d Oxygen edge
ackgroun inner shell (K shell) electrons
- & -
shell (L shell) electrons
w100 !
Plasmon
outer shell
[ i i X ) i i [ i i 5 5 i i M i i [ i 1 i i i i [
Gl
0 100 500 G000 Fo0 800 aoo0

QEM Summer school — 17-05-2022

1000

Energy-loss [2V]
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EELS and EDX together : Correlative Study

EELS : Nickel super alloy :

12% Of Aluminium in a precipate

Ti

Counts x 10°3

Cr
Fe Co

0
400 450 500 550 600 650 700

750 800 850 900 950 1000
eV

Al ?

100nm

1300 1400 1500 1600 1700
eV

Florence Pettinari-Sturmel et al Mat. Sc. and Eng.: A, Elsevier, 2019
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EELS and EDX together : Coincidence Detection

—#%—%—> Time

> Time

Experimental setup Eectrony — * P s+ + 3
32 ns - llnteraction with the sample
Pulse time e e
. —o i B B e e
= I ,
O o Detection
>
K — | |
— .— S . & > * + + -
At =25 ns j §;:pr§"se D. Jannis et al, Appl. Sci. 2021, 11(19), 9058
3 L-edge Cu

K-edge Al

0.2 84 0.01
g 26 20,008 s
c 0.15 4 5 £
- d =
£ £ 4 £0.006—
= 0.1 | 3
£ o1 2 i 5
5 L 5 £0.004 10
%005 &2~ g
@ V. = : A i
© 0 @ 0 ® 0.002 .

0—
J 4 7 7 ]
y : £ 7 7 1000 ‘ @ 7 7 7 7 7 -
7 1100 1200 -10 / 4 7 7
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EELS vs EDXS & 'SuperSTEM

Oxygen - K Nickel - L

400 500 600 700 aco 900 1000

Energy [eV]

EELS EDXS
© better spectral resolution © wide spectral energy range for efficient
© superior for lighter elements data collection
© more powerful experiment - more than © easier experiment

elemental analysis © easier quantification (with caveats)
© more difficult experiment ® lower Z element detection limit
© requires prior knowledge @ limited to elemental analysis

@ limited spectral range (high energies)
@® ‘quantification’ possible but more difficult
@ far more sensitive to sample quality




Thank you for your attention 3 supersTEM

hd

Get 'em!




Further reading

David B. Williams « C. Barry Carter

Transmission Electron
Microscopy

A Textbook for Materials Science

TN

=

Second Edition

@ Springer

Electron Energy ”
Loss Spectroscapy

Rik Brydson

Stephen J. Pennygook

* Peter D. Neflist

Editars + * _»

Scanning Transmission
Electron Microscopy

Imaging and Analysis

R.F. Egerton

Electron
Energy-Loss
Spectroscopy
in the Electron
Microscope

Third Edition

@ Springer




