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Introduction
Scattering cross-section
Mixed dynamic form-factor

Dynamical diffraction theory

@ Electron in beam - |k)-state
@ Electron in crystal - superposition of Bloch waves
@ Assuming crystal periodicity, boundary conditions lead to

d’o 4'72 kous
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@ Summation - a problem of geometry of experiment
@ Mixed Dynamic Formfactor (MDFF) - a key quantity
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Introduction
Scattering cross-section
Mixed dynamic form-factor

MDFF properties

© S(a,d',E) = 3, ;(ile R|f) (fle R[)O(E + E; — Ey)

@ Clearly S(q,q’,E) = S*(q, q, E)

@ In non-magnetic systems: S(q,q’,E) = S(—q/, —q, E)
@ Centrosymmetric systems: S(q,q’, E) = S(—q, —q', E)

@ i.e., in non-magnetic centrosymmetric crystals
MDFF is real

@ But to observe dichroism, we need
nonzero imaginary part of MDFF
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Electronic Structure
Realization Partial charges
BZ integration

Calculation of S(q,q’,E)

Electronic Structure - WIEN2k program package

Self-consistency cycle

lapwO Poisson equation ... AV =p
lapwl  scal. rel. eigv. problem ... HC(*) = E®)sc(¥)

lapwso 2" variational step ... HsoCY) = E&) )

lapw2  val. density ...p(r) = 3, O(Er — Ei) [t (r))?
lcore  Dirac equation for core states
mixer  mixing old and new p(r)

Needed WIEN2k outputs

@ core wavefunctions and energies
@ bandstructure - Bloch functions v, (r) and energies e,
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Electronic Structure
Realization Partial charges
BZ integration

Calculation of S(q,q’,E)

Initial and final states in APW

Initial state

@ Localized (core) state
@ Nonzero only inside the atomic sphere

(e, sli) — (r,slijz) = ZC” 1 Ri(r) Y (x/7)

Final state

@ ltinerant Bloch state
@ Defined in the whole unit cell; inside at. sphere we have

(r,slf) — (r,s|kv) = ZDLMS ()Y (e/r)
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Electronic Structure
Realization Partial charges

BZ integration

Calculation of S(q,q’,E)

Mixed Dynamic Formfactor

Sad E) = .5 3 SN a4 1)V N L L]
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cross-DOS
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Electronic Structure
Realization Partial charges
BZ integration

Calculation of S(q,q’,E)

Partial charges - QTL code

Altered QTL code replaces LAPW2 -qgt1

@ Proper symmetrization of Bloch states — full-BZ k-mesh
no more necessary

@ Spin-orbit interaction properly introduced
@ Gives all 1056 independent components of (lms|l'm's')x,
@ Improved accuracy of I/0 operations

@ Perl script initgtl.pl prepares input and definition files

@ Executing gt1 gtl.def leadsto case.qgt11 file
containing cross-charges Dy,,(kv)D;, ..., (kv)
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Electronic Structure
Realization Partial charges
BZ integration

Calculation of S(q,q’,E)

Integration over Brillouin zone - TETRA program

Changes introduced to original TETRA code

@ Improved accuracy of internal and I/O operations
@ Output of all cross-DOS components goes to a single file

Running TETRA

@ Requires case. insel file

@ Perl script initmdff.pl prepares input and definition
files for both TETRA and MDFF SO codes

@ Executing tetra tetra.def leadsto case.crossdos
file - cross-DOS components

J. Rusz, P. Novak EMCD Calculations



Electronic Structure
Realization Partial charges

BZ integration

Calculation of S(q,q’,E)

Cross-DOS components

Matrix 32x32 of complex numbers (lms|'m's’) with Le = 3:

00[00) (00|11 00[33) | (00[00) (0O[1T) --- (00|33
211 ooi gn 11% 211 33§ 11 ooi 211 11% gn 33%
<33'00> <33'1T> <33'33> <33'00> (33'1T> <33'33>
00[00) (00[11 00[33) | (00[00) (00[1 00[33
211 ooi éﬁ 112 211 33§ éﬁooi élil_ §1133§
<33i00> <33i11> - <33i33> <33i00> <33{11> - <33i33>
: (T
Spin blocks: (lT ll)
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Electronic Structure
Realization Partial charges
BZ integration

Calculation of S(q,q’,E)

Calculation of S(q,9’,E) - MDFFSO program

Changes introduced to original MDFF code

@ Relativistic treatment of initial (core) states
@ Extended to include spin-up/down cross-terms
@ Calculation speed optimizations

@ Improved accuracy of I/0 operations (reading
case.crossdos file)

Running MDFFSO

@ Requires case.insel file

@ Executing mdffso mdffso.def leadsto case.mdffso
file - ready for summation with i1x codes

J. Rusz, P. Novak EMCD Calculations



Face-centered cubic nickel
Body-centered cubic iron
Hexagonal close-packed cobalt

Outline

e Results

Calculations



Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

fccNi: density of states - 3d projections
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

fccNi: dichroism

0.6F T T I —

= Fr Ty — o(+) - o()
H o r L, ]9 1

a o 3—0a()

B 04} E-—-o(DFF sonly) |

2 F F ]

S C C B

st F F b i

& : *

50.2 r ] =

% IR e N R

g 855 8555 872 8725

£

- PR 1 PR 1 PR 1
855 860 865 870 875
Energy loss (eV)

J. Rusz, P. Novak EMCD Calculations



Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

fccNi: thickness profile
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

fccNi: convergence & collection angle profile
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

fccNi: detector placement sensitivity
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

bccFe: density of states - 3d projections
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Face-centered cubic nickel
Body-centered cubic iron
Hexagonal close-packed cobalt

bccFe: dichroism
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

thickness profile
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Face-centered cubic nickel
Body-centered cubic iron
Hexagonal close-packed cobalt

Results

bccFe: convergence & collection angle profile
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

bccFe: detector placement sensitivity
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

hcpCo: density of states - 3d projections
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Face-centered cubic nickel
Body-centered cubic iron
Hexagonal close-packed cobalt

hcpCo: dichroism
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

hcpCo: thickness profile
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

hcpCo: convergence & collection angle profile
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

hcpCo: detector placement sensitivity
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Results

Face-centered cubic nickel
Body-centered cubic iron
Hexagonal close-packed cobalt

Why so small dichroism in Co?

Intensity (arb. units)
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

Why so small dichroism in Co?

Effect of summation over atoms

d? 4~2 . 1 Q.. — Su(Qsyy, Qs L E)
= e S st g S O D
dQE  aj kin G447 F N 4 0, 03

Xy
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

Why so small dichroism in Co?

Effect of summation over atoms

d? 4~2 . 1 Q.. — Su(Qsyy, Qs L E)
= e S st g S O D
dQE  aj kin G447 F N 4 0, 03

Xy

. Su(Qry,,Qyr, )
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

Why so small dichroism in Co?

Effect of summation over atoms
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Face-centered cubic nickel
Results Body-centered cubic iron
Hexagonal close-packed cobalt

Why so small dichroism in Co?

Effect of summation over atoms
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

Why so small dichroism in Co?

Effect of summation over atoms
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

Why so small dichroism in Co?

Effect of summation over atoms
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

Why so small dichroism in Co?

Effect of summation over atoms
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Face-centered cubic nickel
Body-centered cubic iron
Hexagonal close-packed cobalt

Can we do better?

Yes, let’s choose a better G

@ let G = (G, Gy,0)
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

Can we do better?

Yes, let’s choose a better G

@ let G = (G, Gy,0)
@ requiring G -u; = 27n; and G - u; = 27n,
we get (in (hkl) notation) G = (2ny — ny,2n; — n2,0)
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Face-centered cubic nickel
Body-centered cubic iron

Results Hexagonal close-packed cobalt

Can we do better?

@ let G = (G, Gy,0)
@ requiring G -u; = 27n; and G - u; = 27n,

we get (in (hkl) notation) G = (2ny — ny,2n; — n2,0)
@ e.g., letny =1andn, =1, then G = (110).
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Face-centered cubic nickel
Body-centered cubic iron
Hexagonal close-packed cobalt

Can we do better?

@ let G = (G, Gy,0)
@ requiring G -u; = 27n; and G - u; = 27n,

we get (in (hkl) notation) G = (2ny — ny,2n; — n2,0)
@ e.g., letny =1andn, =1, then G = (110).
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Conclusions and outlook

Conclusions and outlook

Conclusions

@ A coherent set of programs for calculation of MDFF was
prepared

@ A dichroic effect on bccFe, hepCo and fccNi was calculated

@ Calculations indicate that dichroic effect is:
o weakly sensitive to detector misplacements of up to 30% g,
e rather sensitive to sample thickness
@ sensitive to collection/convergence angle
@ There is an important dependence of dichroism strength
on exp. geometry - on the systematic row indices
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