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Geest & Portig 1948 On the Average Coulomb Potential (4,) and Constraints on the Electron Density in
Die dynamische Theorie 3 Ly
S ; _In_this paper, we argue that the average potential
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; 1,—.‘—9-’31-”“? B‘“dal ungesiites Raum e o O iy ambiguity about the point of zero potential in an infinite crystal and leaves open the
- el gibt. question of whether V(r) can be obtained from the knowledge of o(r) alone for an infi-

Yoo : nite crystal, R o o

For the ease of a finite crystal with boundary condition of zero potential at infinity, the
potential is completely defined by the charge distribution g(r) using Poisson equation,
The correct procedure for defining Vj is then to average the potential of the finite crys-
tal according to [11,12], which is given by

1 e(r)
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#o(r') dr’, (4)
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ﬁmn % j q»,,{zdtiﬂ. ”

v:lcuum} crystal layer yvacuum
1

Fig. 1. Coulomb potential V(z) for silicon (d) in Table 1 plotted as a function of distance through
the slab. The method of defining Vj is indicated. For silicon (110), the crystal layer width of a unit
cell is 0.21 nm? The laterally-averaged potential falls to less than 0.02 V within a distance of
0.37 nm from the nuclei of the surface atoms, measured normal to the surface

- SCF with p of isolated atoms insufficient

- DFT very extensive for larger structures

- MD with analytical bond order potential + 4 +
7-

E tot — EFEP + Eprom + ZHioc,joc@)ioc,joc Fig. 7. Comparison of two ways of assembling a crystallite from

. bases. Top: charge density in a crystallite of psewdo-atoms.

. . 1 2.2 > 3 band energy replaced by hopping Middl.:‘} the churﬁc d:nsiuLns ar;rmemdhly;fl:nit ue'lll';. Botiom:
- ; . the difference showing the surface dipo yver. The arrows
emplrlca S p Sp Integrals and bond order matrix indicate the positions of the nuclei of the pseudo-atoms.
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Mean Inner Potential {MIP) Vo in V
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Goal: Analyzing 3D (Si,Ge) nanostructures

STM and AFM (C)TEM

Ge-Si

I
X Si substrate

CTEM: two dimensional projection

Composition, structure, strain, morphology dynamical diffraction complexit
of (Si,Ge) nanostructures

|

Physical properties
(confinement) l ooooo

00000

Applicability electronic / photonic L\
devices ° B



Analyzing TEM of 3D (SI,Ge) nanostructures

(C)TEM
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STEM-HAADF and BF-TEM of (SI,Ge) islands:

Liquid phase epitaxy growth

T = 600°C Si-Ge-Bi1 Solution
Ké

f\/f\/f\_/

L[S

O\

Si Substrate

STEM-HAADF image

CTEM image

Sample A




LPE grown Si, Ge, islands
Ge concentration x vs. base plane width w
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High energy electrons: Phase grating approximation
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Electron holography of (Si,Ge) islands

Electron hologram Amplitude Unwrapped phase

A A A

Sample A



Amplified phase image of (Si,Ge) islands

10 x amplified phase image

Sample A

Phase shift (rad)

N
o
1 n

()} D ~ o0} ©
| I B | R R [

000 005 010 015 020 025 0.30

Distance (um)

Unwrapped
phase profile

16
EZZ Phase (rad) 14
] Amplitude (a.u.) |[[— 12
10
8
6
4
— 2
'// — — 0
7 %
Phase
Amplitude,
Positions (um)
— / 4 / 7 / 7 / 7 / 7 / 7 /

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7



Mean inner potential (MIP) & atomic scattering factors

atomic scattering
& structure factor
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bonding & electron interaction effects

n| Position — K .
f/\\\ high angle
l electron density K —» . scattering:
(e.g\ via DFT) ’ core part
. . . Poisson equation
L e 2= P low angle
p=-— scattering:
€9 mainly
electric potential electron
> .
15.0 density
14.5 : ,/
. Slg72G€y 55:113.05 V _"'u OO :r"t"ﬁ:h:ar:w:u:k:ﬁ:u"u: el
Z 140 ) = V=0
=S P electron density from unit to super cell
Q ' L
_(i_’-* 50 /"/ DFT(V) No-bonding (V)
@ Si, 1Ge, .1 13.37|V .
|~ i 12.57 13.91
125 Ge |14.67 15.58
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P. Kruse et al. Ultramicroscopy 106 (2006) 105



Classical molecular dynamics

time-integration (fs-steps) up to relaxation (< 1ns)
simultaneously 3N Newtonian equations of motion
with V= empirical interaction potential

d°r, oV
mj 2J _Fj —
dt or.
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e e e

atom

numbers CM
L FEM
10°
i MC, CGM
L MD: -gewtonia;lPEquatiolns
3 -Empirical Potentials
19 & BO -Thermo-Elastic BC
B TB
-
- | DFA |
fs ps ns us ms sec time scale
roboustness

Relaxation of an uncapped
(100)-SiGe/Si pyramid
AAT = 20K/ns up/down

At =0.1fs
T..x = 900K
Atequn = 1ns

Atiome = 0.10S




BOP

embedded bonds instead atoms — two-center orthogonal TB
density matrix instead diagonalisation — L.anczos recursion

E o = Erep + Eprom t  Epand (k)
| | |
empirical  sp>>sp®  2Hixje®icjo
| l

hopping integrals BOmatrix Pettifor-Aoki
Slater-Koster ssG, spG, ppo...
electronic hopping in closed loops
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Bond Order Potential

* Slater-Koster products = electronic hoppings in closed loops

®? (ai, bs)
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0 & On-Site hops ]
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Comparison of m—and o-contributions
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relative counts

P D F — - Tersoff Distribution of pair distances,

—— BOPM |1 angles and torsions at the

1.4° twist bonded Si-001 interface
comparing Tersoff and BOP4+
potentials after annealing at 900Kk
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C,H.: DFT-optimized
structure and charge density
(a), selected cuts of density
(b), potential (c), and
sampled BOP (d)




BOP optimized structure (a),

charge density (b), and simulated exit waves (amplitude A,
phase P) for DFT, standard EMS potentials, and sampled
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multi-slice inversion
(van Dyck, Griblyuk, Lentzen,
Allen, Spargo, Koch)
Pade-inversion (Spence)
non-Convex sets (Spence)
local linearization

deviations from
reference structures:
displacement field (Head)

parameter algebraic discretization

& potential

Inversion ?

L atomic
. . No Iteration .
exit object same ambiguities displacements
wave additional instabilities
. direct interpretation
l1mage by data reduction:
Fourier filtering
reference beam (holography) QUANTITEM
defocus series (Kirkland, van Dyck ...) Fuzzy & Neuro-Net
Gerchberg-Saxton (Jansson) Srain analysis

tilt-series, voltage variation



Sigma13-(001)-Au-Korngrenze

Obj
Priiparation: R.Scholz, MPI Halle
Hologramm: A.Orchowski, Uni-Tiibingen
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| Autokorrelation | | Seitenband |
]
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P =M(X) Y,

N

T

W
7
Assumptions:

- object: weakly distorted crystal
- described by unknown parameter set X={t, K,V,, u}

- approximations of t,, K, a priori known

P =M(X,) Y, + IM(X)(X-X,) Y,









i i i

t(i,))

’

K, (1))

X= X +HOMTOM)LIMT.[Po2- B(X,)]

K, (1,))



Ge-CdTe, 300kV

Sample: D. Smith

Holo: H. Lichte,
M.Lehmann

set 2: CdTe
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