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De nitions

Photoemission spectroscopy

Measurement of binding energies by means of determining the
kinetic energy of photo-excited electrons from a sample.
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Photoemission spectroscopy

Measurement of binding energies by means of determining the
kinetic energy of photo-excited electrons from a sample.

-

Binding energy, Ej

Energy required to excite an electron to the vacuum level.

Eb = Ejevel Evacuum = Elevet EF

A\
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De nitions

Photoemission spectroscopy

Measurement of binding energies by means of determining the
kinetic energy of photo-excited electrons from a sample.

Binding energy, Ej

Energy required to excite an electron to the vacuum level.

Eb = Ejevel Evacuum = Elevet EF

Core level shift,

Binding energy of a core electron in a test environment relative

to a reference environment. e.g. surface core level shift (SCLS) :
— test environment ! electron on surface
—reference ! electron in bulk

.
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Description of experiment

@ Photoemission study of In islands deposited over a forest
of large, multi-walled nanotubes.

@ Data taken at a set of points along forest at several
temperatues.

Nanotube forest Data acquisition locations

Conducted at ESCA microscopy beamline by Alexei Barinov,
Luca Gregoratti, Lucia Aballe, Pavel Dudin and Maya Kiskinova.
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In 3d line in different environments

@ Red dots/line : Data/ t
@ Red line : InC interface
@ Black line : Metallic In

@ Blue line : “Unidenti ed”
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@ Binding energies of the three components are:

EpleV] | [eV]
Metallic In (reference) | 443.9 —
In-C Interface 444.6 0.7
Unidenti ed 445.75 | 1.85

@ E;, = binding energy
= core level shift with respect to reference
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Previous work

@ Nature 428, 924(2004)
@ Experimental study.
@ Controlled transport of In
nanoparticles across a
biased nanotube.
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Previous work

@ Nature 428, 924(2004)

o Experimental study.

@ Controlled transport of In
nanoparticles across a
biased nanotube.

@ PRB 72, 075302(2005)

o DFT study.

@ Activation energy, charge
transfer etc. of an In atom
over a graphene sheet.

o "Berkeley paper"
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Goal and assumptions

@ Goal : Identify the unknown line.
@ Assumptions :

@ The nanotubes are large enough to be treated as graphene
sheets. ( 150 200 nm in diameter)
@ The indium atoms do not move along the nanotubes in the
form of islands but as individual atoms.
@ Final state theory  pehike and schefer PRL, 71 2338(1993)
— Valence electron response to creation of core hole is fast.
— Screening energy is transfered to the photoelectron.

Hande Ustiinel Migration of In along a nanotube forest



Our work Goal and assumptions
Theory and Calculations

Total energy differences

@ DFT good for total energy differences
@ Test system = In + graphene:
EZ"(In3d) = Fgﬁ'“(N C;1 In?){7 EZ(N C;1 In; grin

Elevel EF

What is 917
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Total energy differences

@ DFT good for total energy differences
@ Test system = In + graphene:
EZ"(In3d) = Fgﬁ'“(N C;1 In?){7 EZ(N C;1 In; grin

Elevel EF

Whatis 9*n?
@ Reference system = metallic bulk In:

Elr]'netallicln(ln 3d) - Etrgtetallicln(N 1 In; 1 In?) Etlgtetallic In(N |n) metallic In
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Total energy differences

@ DFT good for total energy differences
@ Test system = In + graphene:
EZ"(In3d) = Fgﬁ'“(N C;1 In?){7 EZ(N C;1 In; grin

Elevel EF

What is  9*In?
@ Reference system = metallic bulk In:

Elr]'netallicln(ln 3d) - Etrgtetallicln(N 1 In; 1 In?) Etlgtetallic In(N |n) metallic In

@ Core-level shift:

_ pgraphene+in metallic In
= Ef =
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Calculations

@ Four total energy calculations are needed.

© Graphene + In with a 3d hole in the In atom.

@ Perfect graphene + In.

© Bulk In with a 3d hole in any one of the In atoms.
@ Perfect metallic bulk In.

@ Plus two chemical potential calculations. (?)
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Calculations

@ Four total energy calculations are needed.

© Graphene + In with a 3d hole in the In atom.

@ Perfect graphene + In.

© Bulk In with a 3d hole in any one of the In atoms.
@ Perfect metallic bulk In.

@ Plus two chemical potential calculations. (?)

How to deal with the core hole computationally

An atom with a core hole is represented by a pseudopotential
created using a reference con gur ation that has one less

electron in the relevant energy level,
e.g. In?:[Ar] 3d°4s24p84d105s25pt
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Procedure

@ Generate regular pseudopotential without core hole.
In: [Ar] 3d194s24p®4d105525p1

@ Test the accuracy of the pseudopotential against available
experimental or theoretical data

@ Remaining close to regular pseudopotential parameters,
generate another with core hole.
In?: [Ar] 3d°4s24p%4d105s25p?
@ Calculate the core level shift for different scenarios for
graphene + In system to identify line from
@ In on pristine graphene at different locations
@ Inon a 5775 defect
@ In on a vacancy
@ In as a substitutional impurity
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e Preliminary results
@ Pseudopotential tests
@ Exercise — InP (110) SCLS
@ In + graphene system
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InP lattice constant (aexp = 11:09 a.u.)

@ Start with norm-conserving pseudopotential.
@ Literature ) 4d state is chemically active.

@ Importance of 4d semicore state in the valence of
pseudopotential.

semicore | a[a.u.] | % error
no 10.63 -4.1
yes 11.12 -04

@ 4d increases the energy cutoff from 20 to 80 Ryd.

@ Ultrasoft : back down to 25 Ryd with
11.053 a.u. = -0.3% error

Good agreement.
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In lattice constant

p_

@ In has bct structure (c/a= 2) fcc).

@ Complicated energy surface : two shallow minima that
merge as V decreases.

LMTO/LDA PRB 85, 142(2000)
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In lattice constant

@ Pseudopotential is able to capture double minimum but
locations of minima uctuate .

@ Lose the double minima as volume decreases. Single

minimum at fcc.
3000 - .
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Fair agreement.
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Band structure

@ Band structure at the experimental volume for fcc In.
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Hausserman et al. Angew. Chem. Int. Ed. 38 2017 (1999)
Good agreement.
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Comparison to previous graphene + In data

@ Compare our results for equilibrium separation and binding
energies to the Berkeley paper.

@ Calculation details

pseudopotential | semicore Ecut
Berkeley | norm-conserving no 70 Ryd
Us ultrasoft yes 40 Ryd (over-safe)
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@ Equilibrium separation for several In/C coverages (LDA)

Coverage | Berkeley [a.u.] | Our result [a.u.] | % error
1/2 3.70 3.76 1.6 %
1/8 2.58 2.70 4.4 %

1/18 2.31 2.34 1.3%
1/32 2.32 2.35 1.3%

Good agreement.
@ Binding energy for several In/C coverages (LDA)

Coverage | Berkeley [eV] | Our result [eV] | % error
1/8 -1.294 -1.730 33.7%
1/18 -1.119 -1.000 10.6 %
1/32 -1.220 -3.063 1m

No agreement!
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Surface core level shift (SCLS)

Surface segregation method aiden etal. PRL 81 2449

Use the same supercell twice — once for the core hole in the
bulk and once for the core hole on the surface.

@ Work functions cancel.
@ Total energies of the non-excited systems cancel.
) Only two calculations are needed.

EsurfacL _ _ f
b =

EE’UIk - [ ] _ _ f

DSCLS: _ ]
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Surface buckling

@ Well-known pattern of In-P dimers on the surface

@ In! sinks beneath surface
@ P! rises above surface

@ This pattern is stable in our calculation.

Zp [A] J Zinj [A]
Experiment 12 0.18 0.48
Experiment 2P 0.06 0.63
Theory 0.17-0.18 | 0.46-0.58
Present 0.27 0.45
axsw
PELEED
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Surface core level shift — In 4d line

@ Experiment PRB 40 9824(1989) ) SCLS =-0.325eV

@ NOTE that this experiment measures the binding energy of
a 4d electron. Reporting earlier results from a
non-semicore pseudopotential.

@ Comparison

Nat | k-points | Ecyt [Ryd] | SCLS [eV]
84 18 -0.173
84 | 4 M&P 18 -0.177
168 18 0.004
@ With increasing cell size magnitude decreases, direction

shifts.
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Future directions

Future directions

@ Finalize pseudopotential tests.
@ Calculate work functions.

@ In In+graphene system, study convergence with respect to

@ Coverage (=supercell size)
@ k-point mesh
@ Smearing parameter (relevant for In metal)

@ Calculate for the In+graphene system in different
con gur ations.

@ Try also GGA.
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