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Core loss spectroscopy
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e Dichroisim in the TEM
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Dipole approximation
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Dipole selection rule. Usually OK.



Dipole approximation: link with XANES

0’c

——5 oc—ZMI\q R|F)|*8(Ey — E;— AE)

Equivalent to the dipole transition in XANES, with ¢ < — > ¢ polarisation vector

Angular dependence of X-ray absorption spectra
C Brouder , Journal of Physics: Condensed Matter, Volume 2, Number 3, 1990

Al.l. Dipole transitions

The dipole absorption cross section can be written

oP(€) = dn’atw PRI rli)|?0(E; — E;, — hiw) = > &&0". (A1)
i/f ;'}'


https://iopscience.iop.org/journal/0953-8984
https://iopscience.iop.org/volume/0953-8984/2
https://iopscience.iop.org/issue/0953-8984/2/3

Magnetic circular dichroism

>Prediciton; Erskine and Stern, PRB 12, (1975) 737

>Experimental verification (Fe K edge): Schiitz et al., PRL 58, (1987) 737
>Breakthrough (Fe L edge): Chen et al. PRL 75, (1995) 152-155.

11
4
:

H Fre |
=
& | |
9 | (
= %
| ,‘ \“J' ;
e A © J. Stéhr,
690 700 710 720 730 740 Stanford

Photon Energy (eV)




Magnetic circular dichroism

Circular dichroism in L, ; edges of d-metals
schematic

occup. * transition probability
of most prominent populations
(Lovesey, 1996):

2pl1/2: down/up =2/3/2/9




Magnetic circular dichroism

A

Polarization vector in XANES Momentum transfer g in ELNES

Matrix elements of DFF in dipole approximation:

Z|<f| ig') - Rli)|" =
Zlmq Rli)|’ +Z|<f\q Rli)|’ +z{Z (ilg - RIF)(fIT- Rli) — Y (il7- RIf){f|q - Rl >}
2, f

i, f
x & { MDFF (g J',E)} x GAq

Non zero only for magnetic transitions




Magnetic circular dichroism

Change phase shift from
+m/2 to -1/ 2

7+ iq = §- iq
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Magnetic circular dichroism

Laue circle centre and thickness determine phase shift

%0 4y’ ks DFF(qj, E)
OEOQ a(2) K; Z ZCU ql?qj?

J=1 I%)
) H[C)‘(']"G(‘)]‘ IG(_"+0|-)]|"<n|
20.0+ i —
[ 3 Ni 100
|
e _ o[ g=020; LCC=010 B
» | C:I —
= - \ .
= 1' 4{ -
'g 10.0 —[II 0 -
S |
3
E
5.0+ \ p% -
5 # :ﬁ | S
n-beam case : oA o
Y o . |
(.0 I ] | Damf 1 ) O’I’O-D 1 U{}Qmﬁo 1 i Q‘i\oﬂh
0 2() 40) 60 80) 100

Sample thickness (nm)



Magnetic circular dichroism

Normalised intensity

>EMCD (exposure 60 s, 200 nm): S. Rubino, TU Vienna
>Specimen and XMCD: E. Carlino et al, TASC, Elettra
>(Calculation: P. Novak et al., Inst. of Physics, Prague

705 710 715 720 725
Energy Loss [eV]

EMCD

Normalised intensity

705 710 715 720
Photon energy [eV]

XMCD

1 | A T T T
+
0.8 difference 7
0.6 |- —

Normalised intensity

705 710 715 720 725
Energy Loss [eV]

WIENZk calc.

P. Schattschneider et al,
Nature 441,486-488
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Magnetic circular dichroism

Thickness dependence

Cobalt single crystal

Experiment v
Calculation

Dichroic signal [%]
%)

<4<
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2006: Detector shift method Thickness [mn]
Co [001] g= 1,0,0 LCC=1/2,0,0
200 nm lateral resolution
Optimized illumination

60 s acquisition time



Magnetic circular dichroism
e MICROSCOPY e

Advance Access Publication Date: 23 January 2018

Article

Convergent-beam EMCD: benefits, pitfalls
and applications
S. Loffler'** and W. Hetaba'~
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Thales circle (pos. A) Intersection (pos. B) Adjacent (pos. C) Optimum (pos. D)
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Fig. 4. EMCD effect § (a—d) and SNR §/45 (e-h) for the four sets of detector positions A-D as a function of convergence and collection semi-
angles. The SNR is given for a jump ratio of r = 2 in fractions of the maximum SNR.
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Fig. 3. Difference signal AI (a—d) and SNR AI/6AI (e-h) for the four sets of detector positions A-D as a function of convergence and collection
semi-angles. The SNR is given for a jump ratio of r= 2 in fractions of the maximum SNR.
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Magnetic measurements with atomic-plane
resolution
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Figure 1 | Scheme of the experimental set-up. (a) Side-view of the structure model of bcc iron tilted into a 3-beam orientation with the beam along the
(118) direction. (b) Top view of the structure model. Scanning direction is schematically shown by blue cone with arrows. (¢) ADF survey image
(acceleration voltage 200 kV, convergence semi-angle 10 mrad) showing atomic planes. The yellow scale bar denotes 2 A. (d) ADF image acquired along
with the acquisition of a spectrum image. Its size corresponds to the yellow rectangle marked in the ADF survey image. (e) Schematic placement of
detectors for a classical EMCD approach in the 3-beam orientation. (f) Experimental diffraction pattern acquired in the same settings as the ADF survey
image. (g) Detector placement in the here-proposed APR-EMCD approach. Note that in the classical approach we need two measurements at each beam
position to acquire both chiral (4 ) and chiral (=) spectra, while in the APR-EMCD a single detector aperture is sufficient.
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Figure 3 | Experimental detection of APR-EMCD. (a) Representative ADF image of the scanned area and (b) its line profile. A smoothed profile was
used to identify individual minima and maxima, based on which a mask has been defined (c) with blue and yellow regions marking summation areas
centred at d/4 to the right or left of the atomic columns. Their width is determined by local steepness of the ADF line profile. (d) Example of the two CPD
components with line profiles of their maps. (e, f) Note the strong correlation between the second CPD component (blue) and the overlayed ADF line
profile shown in grey colour. The EMCD-like component also shows such a tendency, but the correlation is weaker. (g) Spectral differences obtained before
the subtraction of the second CPD component and (h) after the subtraction. Note how the subtraction of the second CPD component leads to a higher
number of spectra showing clear EMCD signature in (h). Spectral differences were calculated from scaled spectra, so that their average peak value at L5
edge equals to one. In g and h, the individual spectral differences were vertically offset by 0.02 and 0.015, respectively.
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* pbeyond linear response

» Surface effects

e Relativistic effects
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Introduction
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Formalism
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Single electron description not applicable
Medium described by the dielectric function

Linear reaction of medium on the fast
travelling charged particle

Effect of boundaries (surfaces)

Retardation effect (speed of electron versus
speed of light)
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Formalism

Infinite medium; no retardation, linear response

VD (7.1 = o7 1) g;\vaergeence of electric displacement linked to density of free

pi(T, 1) = — ed(r — V1)

FT[V f] = 27igFT[f]

271G - D(G, ) = p = — ed(2nG -V — )

5@’, w) = €ye(q, a))f(Zj, ) Response of medium to perturbation
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Formalism

Infinite medium; no retardation

—

E(F.t) = — VO, 1) Electric field and potential

E(G, w) = — 27ig®(G, o)

. e6(2nqg - v — w)
(I)(qa 60) —

Ar’q2eye(q, w)

Electron travels along z direction, a distance dz=v.dt during dt

—dW
dz

Stopping power SP = with dW work of electric force over distance dz
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Formalism

Infinite medium; no retardation

P = — p— Back to real space...

x=y=0,z=vt

ed2nq -V — ) ., - L5
¢(’_;, t) _ /[/[ . ( q - )ezﬂlqr—lwtdqua) q - Y = qu
drqg?eqe(q, w)
2 o(2nvqg, — w) _—
e
SP = > IJ'zﬂ.qu 2( ZZ — e27tlé]r—la)td3qda)
471' €p (ql + qz )G(Q9 60) x=y=0,z=vt

integration over gz with delta function picks value of integrand (normalize by 2zv)
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Formalism

Infinite medium; no retardation

e

SP =

+00 )
- 871'360‘}2 J J’a)=—oo (QJz_ T (i)z)g(gla a))

qi 27TV

e(7, t) real therefore e(—w) = €*(w)

d*q,dw

i +00 o _
drdegv? ), )0 (@1 + (5)?)  €(q, w)

27TV

AE = hw
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Formalism

Infinite medium; no retardation

e T 0, -1,
471'360\/2 =0 (qu_ + (_)2) 6(Q9 a))

q1 2TV
SP=J

G
SP = ”nVAE . dQAdAE
0QIAE

[ AE oF d*q, dw P: E-loss probability per unit path length
0q | 0w

o e’ | B ( —1 )
= 3
0QOAE  n,mh?eyv? 0% + 0z  \e(q, AE)
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* Single electron description not applicable

Formalism

 Medium described by the dielectric function

e Linear reaction of medium on the fast
travelling charged particle

0°c e* 1 c,( —1 )
— 2% )
0QOAE  n,h?egv? 02+ 02  \e(q, AE)
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Formalism
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 Experiment, plasmon dispersion
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Experiment

PHYSICAL REVIEW B VOLUME 27, NUMBER 9 1 MAY 1983

Experimental energy-loss function, Im[— 1/€(q,®)], for aluminum

P. E. Batson* and J. Silcox

Free electron gaz: Jellium model
damped oscillator.

Plasmon parabolic dispersion

hw (V)

FIG. 11. Intensity contour map after application of the
image subtraction. Note the enhancement of the Bragg
plus plasmon scattering (GG).
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Experiment interpretation

Jellium model: FEG modelled as a damped oscillator, with I  damping constant.

natural frequency of damped oscillator can be calculated @, = 4 / ne’/ (€gm)

P

sharp resonance: peak at w,. Broad resonance, peak appears at lower energy
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Experiment
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Experiment in Ag
structure 2 shows a nice dispersion

other structures have a different
behaviour

Simulation: TDDFT
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