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Spectrometers

Nestor Zaluzec, ANL
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www. dlobalsino.com/EM/ Retractable TV-rate camera
d ' 1k x 1ki2k x 2k{10k x\10k multiScan CCD camera
25-hole mask

Pre-filter optical configuration
3rd-order filter aberration corrector
Large 5 mm entrance aperture .

. . s . . Patented

alignment mask
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2nd-order corrected prism design

Multipole projector optics for optimum detector
coupling for EFTEM and EELS

High-speed CCD detector with
mode for rapid EELS acquisition

Drift tube Quadrupole/Sextupolefoctupole lenses
Piezo-controlled energy-selecting slit



Electron energy filter/spectrometer configurations in TEM
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Real Life

FEG STEM at
UIC




LIBRA 200® C, and Monochromator

3 FEG Monochromator
2
+ Monochromator
an
Condenser
(C1,C2&C3)
Objective
EE Cs Corrector
Projector 1
(P1, P2 & P3)
Corrected _ _
Omega Filter d'SPGVSIV_e
plane (slit)
Projector 2 Di on f
(P4, P5 & P6) ispersion free

*Ease of use

*30% of intensity at
Viewing chamber 0.2eV
+ Detectors



Nion U-HERMES™* STEM and Iris EELS

*Ultra-High Energy
Resolution
Monochromated

Iris EELS-STEM

spectro-
meter

Side-entry stage
with liquid N2
cooling
Iris high resolution
electron energy loss
(and gain)
spectrometer

C3-C5
aberration
corrector
Nion The EELS and the monochromator
monochromator employ extensive aberration
100 or 200 kV correction and several stability-
CFEG enhancing schemes, and reach
better than 1 in 107 stability .
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Energy Levels and
Energy-Loss Spectrum
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Basic formalism |

Ignore diffraction effects, not really right but OK for now

Consider inelastic scattering as completely incoherent —
99% correct

Ignore relativistic effects, not correct and over the last
decade they have been shown to be critical

Assume that processes are not dependent upon the
electron energy, good for swift electrons

Consider a simple probability P(dE,q), for dE change in
energy and g wavevector change

Many simplifications if we integrate over all g, collection
angle (experimental variable)



Basic Geometry of EELS

Loss Loss
Probability electron
P(dE,q) Incident

electron
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normal



Basic formalism |l

d“Z'Zq'Z) = [I(E—E',q—q',z)P(dE’',dq")dE"dq’

Simplest case when energies do not overlap leads to a Poisson
distribution solution:

I(E,q,t) = exp (— %) 6(E) + tP(dE,q) exp (— %) S(E —dE) + -
I(E —ndE,nq,t) = (%)t”P”(dE, q)exp(—t/A)

1/2= [ P(dE,q)dEdq

We call A the mean free path. Note that the zero-loss peak has an
Intensity of exp(-t/A), so if we divide by this we get tP(dE,q) for single
scattering

With multiple scattering the result is slightly more complicated, but one
can do a log deconvolution to clean up the data



Plasmon Peaks
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Figure 38.2. (A) The low-loss spectrum from a very thin sample of pure Al showing the intense zero-loss peak (/) and a small plasmon peak {f,) at
about 15 eV. (B) The low-loss spectrum from a thick specimen of pure Al showing several plasmon peaks.

I(E —ndE,nqg,t) = (%)tnPn(dE, q)exp(—t/A)

Transmission Electron Microscopy by David B. Williams and C. Barry Carter, Plenum Press, New York, 1996.



Basic formalism Il

Probability = C [ Pinitiar OP}inadr

1

Interaction Term

Depends upon how many initial states there are, ¥;,itiai
and final Y¢;q;-

Also, there are effects due to removal of an electron from
the initial state which leads to a core-hole, and relaxation of
the electrons



Zero loss
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Plasmons

e Coulomb interaction between e
fast electrons of microscope & -
electrons In solid

* Creates a shock wave (similar -

to a ship through water) v
 Resonant frequencies of bulk Shook Wave

electrons leads to plasmon

losses — also dielectric

components

G
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Transmission Electron Microscopy, David B. Williams & C. Barry Carter, Plenum Press, New York, 1996.



Inter- and Intra Band Transitions

Irradiated spinel

F

AlLO; (sapphire) -
—————

Al,O;.MgO (spinel) =

% :

v L
: Al (metal) :

Spectra vertically displaced for easy visibility —
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Low loss spectrum from Al and Al compounds
— The differences in the spectra are due to differences in bonding

Transmission Electron Microscopy by David B. Williams and C. Barry Carter, Plenum Press, New York, 1996.



Counts

400k LI Band gap differences manifesting itself

in the low loss region of the EELS
spectrum

200k

SiN
10~ 20 30
Energy loss (eV)
Low loss region before Plasmon peak
UTULELD E
30K t Polystyrene
v (92%)
Intraband transition 20ky )
characteristic of
A
Polystyrene 10ky /) Polyethylene
/] (95%)
0 10 20 30 _
Energy loss (eV)

Transmission Electron Microscopy, David B. Williams & C. Barry Carter, Plenum Press, New York, 1996.



Core Losses
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Near edge structure

 Depends upon
— Dipole rule (Al = +1)
 Hence s> p, p—~>d but not s=>s

— What states are open
« Changes with valence and bonding



Extended structure

Back Diffraction
Photoelectron — constructure
or constructive
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Chemical bonding

Cu is d*0, no states available
In CuO, there are empty levels
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1s—m*
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Loss Energy [eV]

eels.kuicr.kyoto-u.ac.jp/eels.en.html

Diamond, graphite and fullerene
all consist of only carbon. All of
these specimens have absorption
peaks around 284 eV in EELS
corresponding to the existence of
carbon atoms. From the fine
structure of the absorption peak,
the difference in bonding state and
local electronic state can be
detected. The sharp peak at
absorption edge corresponds to the
excitation of carbon K-shell
electron (1s electron) to empty
anti-bonding & -orbital. It Is not
observed for diamond, because of
no © bonding.



Examples
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Transmission Electron Microscopy by David B. Williams and C. Barry Carter, Plenum Press, New York, 1996.



EELS
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Single Ba,Sr, , TiO nanocube EELS

7 nanocubes are detected as EELS, and the Ba/0=0.16-0.19

Ti/0=0.33-0.36, X average value is close is 0.5.

Relative quantification:
Elem. Atomic ratio (/)
Ti 0.33 = 0.046
O 1.00 %= 0.000
Ba 0.15 # 0.022



Elemental mapping

Three-window method
e W3/(W1+W?2) = Elemental map

Window 1 Window 2

\/ /

Window 3










Multilayer coating




Carbon Nanotube
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Electron Microscopy Methods for the
Characterization of Nanomaterials
(Example: Vanadium Oxide Nanotubes)

SEM:
characterization
of tubular
morphology

EELS: composition

C map

Cross-sections of VO, nanotubes: TEM and elemental TEM: characterization
maps obtained by electron spectroscopic imaging of the wall structure



NICr Oxidation



Column-by-column EELS?

Dynamical effects
Beam broadening

Scanned Incident Probe Localization
Interpretation

' Specimen
ADE Column by column image

|7\ IBF = 1-ADF

\

Column by column EELS?

Prism
EELS




Atomic resolution chemical analysis

— Edge resolution test on CoSi,/Si(111) interface
— VG Microscopes HB501UX, 100 kV, ~ 2.2 A probe
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Browning, Chisholm, Pennycook, Nature 1993



Single Atom Spectroscopy

Scanned
Probe

M. Varela, et al., Phys. Rev. Lett. 92 (2004) 095502

La-doped CaTiOq
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EELS ~ XAS with atomic resolution and sensitivity to 1 atom
~ STM but below the surface



O K edge counts (arb. units)
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D. A. Muller, Nature 399, 58 (1999)






Atomic resolution EELS and EDX

Simultaneously acquired EELS and EDS maps from a LaFeO3/SrTiO3 interface.
Principal component analysis was used to remove random noise. Data acquired in
aJEOL JEM-ARMZ200F at 200 kV, courtesy of E. Okunishi (JEOL) and M. Varela
(ORNL). Sample courtesy of Jacobo Santamaria's group (Complutense University,
Spain).



Atomic resolution Imaging and EELS map
with High Energy Resolution

C33C0409
(110) EELS S
@®Ca
Annular Bright O Co
Field (ABF) paye
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Data courtesy of Dr. Robert Klie, University of lllinois at Chicago



Atom by atom spectroscopy

C-K
Zhou, W, Lee, J., Nanda, J., Pantelides, S. T., Pennycook, S. J., & ldrobo, J.- Materials Science and
C. (2012). Atomically localized plasmon enhancement in monolayer Engineering and Scientific

raphene. Nature nanotechnology, 7(3), 161-165. G ...
Irap 9y. 73) User Facilities Divisions



Bonding of single Si atoms in the graphene lattice

Si-C,
20
s
Si-C,
?
s

Some 3d states in Si-C, structure are
missing!



Monochromator / Energy-Filter

Performance

FWHM=
600 meV

FWHM=
81 meV

Monochromator 1um Slit @ 200KV

No Monochromator @ 200KV

FWHM=
62 meV

Monochromator 1um Slit @ 80KV



Schematic of the Nion high resolution
monochromator

Full description in: Krivanek et al., Phil. Trans.
R. Soc. A 367 (2009) 3683.

un-dispersed outgoing beam

y energy-dispersed beam

Energy dispersion at slit is variable from
~ 2 um/eV to ~ 200 pm/eV

t EELS 2
monochromated beam

<« iIncoming beam

The Nion monochromator is equivalent to 2
parallel EEL spectrometers arranged back-to
back, with an energy-selecting slit in the
mid-plane, plus (next slide):



More recent zero loss peaks

MC in final position, stabilization schemes Stabilization scheme 1 connected,

not yet connected up. but not making much difference: short
exposure time is needed to avoid
broadening the ZLP.

The instability is due to elements outside the stabilization scheme, e.g. the
guadrupoles of the MC or the quads of the EELS. The probe on the sample
does not jitter, and this points to the EELS as the source of the problem.



Vibrational EELS.

OL Krivanek et al. Nature 514, 209-212 (2014) doi:10.1038/nature13870



STEM Imaging and EELS spectra of MgO cubes

M J Lagos et al. Nature 543, 529-532 (2017) doi:10.1038/nature21699



Phonons due to a single Si atom in graphene

EELS

/ aperture

EELS collection
schematic

Si atom (HAADF image) theory (graphene spectrum in grey) experiment
Hage et al., Science 367 (2020) 1124-1127

Phonon spectrum of a single Si atom has been recorded.






N Calculation of the Final States

*Cluster Methods: good for defects & clusters, often easier to run
Muffin-Tin Potential (OK for Metals, bad for semiconductors)
*FEFF7 — no self-consistency: must guess charge transfers
*FEFF8 — self —consistent: good for metals
*Full Potential
FDMNES - no self-consistency, but it can input potentials from WienZ2k

*Bandstructure methods: (3D periodic structures or supercells)
*Almost all bandstructure codes are self-consistent now
*Muffin-Tin Potential
L MTO - good for close-packed structures, esp. metals
*Full Potential
FP-LAPW
Wien2k — easy to calculate matrix elements & core hole effects
*Plane-wave codes (faster and less prone to artifacts than APW codes
*ABINIT (free, open-source and downloadable from abinit.org)
VASP (commercial)

_ *CASTEP (commercial, fancy user interface)
David Muller 2006






Core Hole Problem

Core-shell

N +ve potential of
= 0 departing core

\ Neighboring electron changes
L energy levels
FT gy

I

Empty states

Conduction/valence bands

Y

855eV

-4-H----1#

No core hole (ground state)

— usually not a good approximation (maybe in metals ?)
Z+1 approximation (eg., replace C by N)

— also not very good
Core-hole (supercell) calculations:

— remove 1 core electron on ONE atom in the supercell, add 1 electron to
conduction band

— remove 1 core electron, add 1 electron as uniform background charge,
considers statically screened e-h coulomb correlation

— fractional core hole (Slater Y2 method)



Comparison



Summary

EELS can give chemical information, more
Interesting (IMHO) Is electronic

Simulations are becoming decent

Significant recent instrument
Improvements

But, dynamical diffraction Is ignored
— OK If off a zone axis

— Incorrect in general
— | will return to this...
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