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Computing the work function of a metal surface using ghost atoms

Ultra-thin films of insulating materials deposited on a metal substrate constitute a peculiar class of

materials with tunable properties and growing potential in different fields (1213 1 this tutorial, you will
learn how to change the work function of a substrate by depositing an overlayer of another material.

Work function tuning

An important consequence of the deposition of a thin insulating film on a metal substrate is the
induced change in work function of the metal support, which can be lowered or increased depending
on the nature of the interface. Examples of such changes in work function have been reported in the
literature. Kelvin probe force microscopy or scanning tunneling microscopy studies of alkali chloride

thin films on Au(111) and Ag(100) have shown work function reductions of 0.5-1.2 eV [41I5]. Another

reduction of 1.3 eV [6]. Theoretical calculations have predicted a reduction in work function for NaCl,

MgO, and other oxides on various metals (711811
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You will here calculate the work function change of a metallic Ag(100) surface as a consequence of
depositing 1 to 3 layers of insulating MgO. The procedure to calculate the work function follows the
prescription given in the tutorial Computing the work function of a metal surface using ghost atoms.

In particular, you will:

create and optimize the Ag and MgO bulk structures;
construct the Ag(100) and MgO(100) surfaces;
create the MgO(100)/Ag(100) interface;

set up work function calculations and run them;
analyze the results and compare with literature.

B > @ =

Computational settings

Throughout this tutorial you will use a particular set of computational settings (mesh cut-off, k-point
sampling, basis-set, exchange-correlation, number of metal layers, etc.) which are chosen such that
the QuantumATK results can be compared to literature. Always keep in mind, however, that you should
check that your results are properly converged with respect to such settings.

Ag(100) and MgO(100) surfaces

Do the following to build the silver and magnesium oxide bulks:

e Open the Builder and click Add » Add From Database, locate “Silver” in the database, and add it to
the Stash.

e Also locate MgO and add it to the Stash. You should now have to bulk configurations in the Stash:
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You will in this tutorial use the PW91 exchange-correlation functional for DFT simulations, in order to

compare to literature results from Prada et al. 9 The Ag lattice constant is 4.16 A within PW91, so use
this value for the silver bulk configuration:

e Select the “Silver” Stash item, and open the Bulk Tools » Lattice Parameters plugin.
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e Make sure fractional coordinates of the atoms are conserved when the lattice is changed, and enter
4.16 A for the lattice parameter. Close the window.

X Lattice Parameters

Choose the lattice type from the dropdown menu.

Lattice type: [Face centered cubic > l

Keep m coordinates constant when changing the lattice
Lattice Parameters

Adjust the lattice parameters of the selected lattice type. Only
parameters relevant for the lattice type can be changed. Lattice
parameters can be exported to the clipboard by right-clicking.

b (A) 4.16 | B 90 | b/a 1
c (R) 4.16 |y 90 | c/a 1

Primitive Vectors

Manipulate the Primitive Vectors directly. This is only possible if
UnitCell was chosen from the dropdown menu.

x (A) y (&) z (A)
A|O 2.08 2.08
B |2.08 0 2.08
C |2.08 2.08 0

Volume = 17.9978 Az

O Hint

You could also simply perform a DFT geometry optimization of the silver bulk configuration using
PW91 and 11x11x11 k-points, and thereby relax the unit cell. The result of this more general approach
would be approximately 4.16 A for the lattice constant.

Next, create the Ag(100) surface:

e Use the Builders » Surface (Cleave) tool to cleave the bulk silver along the [100] direction. Click Next
twice.

Surface (Cleave)

Define the surface

Miller indices
h k |

[RE [off [of

Select an atom for the outer layer

Element a b

C
0 m 0.000|0.000|0.000

1 Silver 0.5000.500 0.000

2 |Silver 0.5000.000 0.500 ) \

3 |Silver 0.000 0.500 0.500

< Back [ Next = H Cancel

* Choose Non-periodic and normal (s!ab) for the out-of-plane cell vector, and set the slab thickness to 5
layers with 15 A top vacuum and 5 A bottom vacuum. The large vacuum ensures that the effective
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potential can decay smoothly to zero above the slab.
[ ] surface (Cleave)

Finalize output configuration

¥| Automatically update 3D view

Out-of-plane cell vector vsis

Non-periodic and normal (slab) :]

Layers A

Top vacuum | 7.2115 |2|| 15.0000 |

Thickness | 5.0000 [3{| 10.4000 | |

Bottom vacuum | 2.4038 [3{[ 5.0000 |

[ =< Back H Finish H Cancel l

Follow the same steps to create a 4-layer MgO(100) surface, and then rename the two new Stash items to
“Ag(100)” and “MgO(100)", respectively.
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Ag/MgO interface

You should now use the Builders > Interface plugin to create the Ag(100)/MgO (100) interface:

e Open the Interface plugin, and drag and drop the Ag(100) and MgO(100) configurations into the two
drop zones. Notice that the Second surface (MgO) is automatically strained slightly, 0.81%, such that it
matches the First surface (Ag):
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File Edit Selection View Windows Help
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Preview: Left-click 3D view to dismiss = Builders
= Interface
To create an interface between two surfaces, drop two

bulk systems on the drop zones First and Second. The
AB-plane is interpreted as the surface plane.

Strain: 0% Strain: 0.81%

@ E] Add/Remove Layer E] @

Press Select Surface Cells to choose a different match
between the two surfaces.

Press Shift Surfaces to move the two surfaces in m
relation to each other.
I Select Surface Cells... l [ Shift Surfaces... l

Periclase Ag(100)

(geme )

Add
8
Copy
Delete
Silver

e The Ag—MgO separation is way too large. Click the Shift Surfaces botton and enter a displacement
along z of -19.4 A in order to move the MgO(100) slab closer to the Ag(100). The interface separation
should now be 2.7 A. Note that an O atom is in an on-top position relative to an Ag atom, so you do not
have to shift the MgO slab in the xy plane:

File Edit Selection View Windows Help
o+ @0 ETH a2 4

Preview: Left-click 3D view to dismiss = Builders

=

Interface

To create an interface between two surfaces, drop two
bulk systems on the drop zones First and Second. The
AB-plane is interpreted as the surface plane.

@ shift Surfaces

Move the two surfaces relative to each other.
Coordinates

@ Cartesian Fractional

Periodic supercell

Calculate displacement using potential [Pedone_ZOOE:FeB 5 l

N | [Calculate gisp\acementl

Add
Displacement : x [0.000000 [2] y [0.000000./] z [-19.4pooo]%]
Copy
Smallest interatomic distance : 2.7 A
Delete
Silver Periclase ag(1o0)  |EIEEEN Calculate energy ev

e Close the Shift Surfaces window and click Createto add the interface to the Stash.

You can learn more about the Interface Builder in the Technical Notes on Interface Builder.

DFT calculations

As explained in the tutorial Computing the work function of a metal surface using ghost atoms, you will
need to add “ghost atoms” above the surface or interface. Work function calculations require a very good
description of the charge density extending into the vacuum, and ghost atoms offer exactly this.
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Adding ghost atoms

e Select the outermost O and Mg surface atoms (two atoms in total) and click the icon in the tool bar
at the top of the Builder window:

Builder
File Edit Selection View Windows _Help

Mo 4 ]aoai’::?E':g'aD;b« rar,

[v]

Interface: Ag(100) MgO(100) Builders
Bulk Tools
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Device Tools

Graphics

Miscellaneous

Add Selection Tools

Copy

Delete
Silver Periclase Ag(100) MgO(100)

= »
e Next, swap the identity of the two ghost atoms, such that the O ghost atom is above the surface O
atom and likewise for Mg. You can simply select a (ghost) atom and use the [si] icon encircled in the
image above to select from the periodic table.

Interface: Ag(100) MgO(100)

* Finally, send the configuration to the Script Generator &@.

ATK-DFT calculations

The work function is identified as the chemical potential when the effective potential is zero on the cell
boundary above the surface. A Dirichlet boundary condition (BC) is used to enforce this. You will also
compute the effective potential in order to inspect it visually. Set up the required DFT calculations in the
following manner:

e Change the default output name to Mgo3LAg.nc and add four blocks to the script: New Calculator,
OptimizeGeometry, [[&] ChemicalPotential, and [[&] EffectivePotential.
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Script Generator(2) - Interface Ag(100) MgO(100).py*
File Edit Windows Help

-
Blocks Script
@ New Calculator L] Bulk
E‘ Analysis from File w e

OptimizeGeometry
P ChemicalPotential
P EffectivePotential

m Adjust Configuration
Initial State
Optimization

'P Analysis

Global 10
Default output file | MgO3LAg|nc E]
Script detail Minimal -

-

e Open the [ag New Calculator block and set the following parameters:

k-point Sampling: 11x11x1;

[teration Controt Tolerance = 10 Hartree;

Exchange Correlation. GGA.PW9T;

Basis set. DoubleZetaPolarized for O and Mg, SingleZetaPolarized for Ag;

Poisson solver.
e choose the FFT2D solver,
e select a Neumann BC on the left C face,

e select a Dirichlet BC on the right C face.

o New Calculator

Calculators Exchange Correlation

@ ATK-DFT

Type |GGA

L3

ATK-SE: Extended Huckel

Predefined functionals [PWQl

L3

ATK-SE: Slater-Koster

Exchange PerdewWang91 E
ATK-Classical i
Correlation PerdewWang91Correlation E
Abinit
Parameters
FHI-aims
Hubbard U | Disabled 3]
Calculator settings Spin [Unpolarized

Algorithm parameters
Basic

Ak

Van der Waals correction | Disabled

~ | | Parameters
Iteration control parameters
Basis set/exchange correlation
Numerical accuracy parameters Basis Set
Poisson solver
Element Pseudopotential Basis Set
----- Oxygen FHI [Z=6] GGA.PBE DoubleZetaPolarized
----- Magnesium FHI [Z=2] GGA.PBE DoubleZetaPolarized
----- Silver FHI [Z=11] GGA.PBE SingleZetaPolarized

- Activate tags Add element
Estimate Memory Usage ]
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New Calculator

Calculators Poisson Solver
@ ATK-DFT Solver
() ATK-SE: Extended Huckel O Multi-grid ) Direct ® FFT2D O FFT

) ATK-SE: Slater-Koster Boundary Conditions

J) ATK-Classical -
Front (A) Periodic s
O Abinit — 7
Back (A) Periodic H]
O FHI-aims
Bottom (B) Periodic Ea
Calculator settings 3
Algorithm parameters Top (B) Periodic >
Basic
Iteration control parameters Left (C) [Neumann - l
Basis set/exchange correlation g
Numerical accuracy parameters Right (C) [Dirichlet E l

Poisson solver

[ Estimate Memory Usage l

e Next, open the |2 | OptimizeGeometry block and edit it. In particular, make sure to constrain the bottom
of the Ag(100) slab and the ghost atoms during the optimization:

e Decrease the force tolerance to 0.01 eV/A.
e Tick Save trajectory, and enter Mgo3LAg.nc as the file name.

¢ Click Add Constraints and select the bottom two Ag atoms and the two ghost atoms. Then click
Add tag from selectionand choose a Fixed constraint for that group (Selection 0).

Optimize Geometry

Optimize Geometry

Force tolerance [ 0.01 l eV/A
Stress tolerance [ 0.05 l eV/A3
Maximum number of steps [ 200 I%l
Maximum step size [ 0‘2| A
Optimizer Method [LBFGS :]

¥| Constrain cell ¥ x <y ¥ z

Target Stress

o o 0| Gpa B
[ of| of
[ o
7| Isotropic pressure [ o

[ Add Constraints l

¥| Save trajectory [Mgo3LAg.Nd] | =)

10

¥| Save [v¥] Print

O T 1 E—
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Constraints Editor

For the atom indices associated
with a given tag, change the
combo box in the Constraint
column to the desired constraint.
To apply constraints to the current
selection, press the Add
Selection button. Notice, that
rigid body constraints may not
share atom indices. In this case,
their table are entries are
displayed in red.

Tag Constraint
Left Interface MNone S
Right Interface MNone S

Add tag from Selection l xgancel ] [ aQK l

e Save the script as Mgo3LAg.py and execute it using the Job Manager 2. If needed, you can also
download the final script here: & MgO3LAg.py. It should only take about five minutes to finish if
executed in serial on a modern laptop. This can be reduced to 2.5 minutes if executed in parallel with 4
MPI processes.

Analyzing the results

The OptimizeGeometry, ChemicalPotential and EffectivePotential objects should now have appeared on
the QuantumATK LabFloor:

LabFloor
B MgO3LAg

B & v oo &

MgO3LAg.nc  MgO3LAg.nc  MgO3LAg.nc MgO3LAg.nc MgO3LAg.nc
glDO00 glDoo2 glDo03 glDD04 glDo01

ﬁ%/ OptimizeGeometry

l,l, ChemicalPotential

Vv (r) EffectivePotential

Try to select the OptimizeGeometry object and visualize the relaxation trajectory by clicking the Viewer
plugin on the right-hand side of the LabFloor. Click | to start the video. Confirm that the constrained Ag
and ghost atoms are indeed fixed during relaxation.

Work function

Select the ChemicalPotential object and click the Show Text Representation plugin to read off the
calculated chemical potential of -2.99 eV.

The work function for this 3 layer MgO on Ag(100) is therefore 2.99 eV, which is in a very good agreement
with the calculated value of 2.96 eV reported in the literature by Prada et al. [91.

You can also create the 2L-Mg0/Ag(100), 1L.-Mg0/Ag(100) and the Ag(100) systems following the steps
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described above. Another approach is to use the relaxed 3L.-MgO/Ag(100) configuration as a starting
point for the other systems. This will reduce the number of BFGS steps needed for relaxing those systems,
and thereby save computational time.

For example, to create the 2L-MgO/Ag system and calculate the work function:

e Locate the relaxed 3L-Mg0O/Ag(100) configuration on the LabFloor. It has object ID g/D002.

e Transfer it to the Builder € and rename it Mgo2LAg .

e Delete the two O and Mg ghost atoms, and convert the new surface O and Mg atoms to ghost atoms.

e Swap the Mg and O ghost atoms as described above.

* Send the configuration to the Scripter (& and set up the calculation as descibed above.

Builder

File Edit Selection View Windows Help

(lo$ a0y TH@FEAa 02 4

MgO3LAg.Nc

Stash
Add

Copy

Delete

Table 4 Table: Calculated PW91 work functions (eV).
The corresponding work function difference wrt. to
clean Ag(100) is reported in parenthesis. ||

QuantumATK  pada et a/ 19!

Ag(100) 4.22 4.23

1L-MgO/Ag  3.31(-0.97) 3.29 (-0.94)
2L-MgO/Ag 297 (-1.25) 2.95 (-7.28)
3L-MgO/Ag  2.99 (-1.23) 2.96 (-1.27)

The scripts needed to calculate all the work functions in the table column labelled QuantumATK may be
downloaded here: & Ag100.py, & MgO1LAg.py, & MgO2LAg.py, & MgO3LAg.py.

The table above shows excellent agreement between QuantumATK and literature (VASP) work
function calculations. However, results may change if the computational settings change. For
example, a SZP basis set was used for the Ag atoms — a DZP basis set may give slightly different

results. The type of pseudopotentials used may also affect results, and more ghost atoms may be
needed in some cases.
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Effective potential

You have used a particular set of boundary conditions for the work function calculations — Neumann on
the left C face, and Dirichlet on the right C face. You can now use the 1D Projector plugin to visualize the
average effective potential in the calculations:

e Select the EffectivePotential object on the LabFloor, and click the 1D Projector plugin.

¢ Select to project along the C axis using the Average projection type, and click Add line to plot the
projection:

€ 1D Projector - MgO3LAg.nc gID004

Projection Properties Projection Plot
Grid [0: Mgo3LAg.NC - gID004 - Effectivepotential % |
Axis oA OB ®c 5
Projection type O Sum @ Average ) Through point
Projection Point (fractional coordinates) 9
a =0.00 5| b = 0.00 || c=o0.00 -3
Spin projection U s
pin proj [up J e
Vector component X ] ’:;
2 s
Add line Show Preview Clear plot ;f‘
Line Info —20
Name Value 25
i~ Source 0: MgO3LAg.nc - glD004 - EffectivePot
- Type EffectivePotential
- Projection axis C -30
E- Point coordinates
i Abscissa 0.23368
; - oOrdinate -3.8495 eV _3?).(; 0.2 0.4 0.6 0.8 1.0
i~ Projection type  Average C
i~ Spin Up
m_Lm_e—D;_C_ayf_Lan_e—'_m Active line :

The effective potential is clearly different in the Ag(100) and MgO(100) regions. Moreover, the effect of
the two different BCs are quite clear from the value and slope of the potential in both ends of the
supercell:

e The Neumann BC on the left C face has imposed a zero slope of the effective potential on the
boundary, but does not constrain the actual value of the potential on the boundary.

¢ On the contrary, the Dirichlet BC on the right C face has forced the effective potential to zero on the
boundary, and the slope just happens to be approximately zero in the vacuum region.

1D Projector plugin
Common QuantumATK grid objects

BlochState, EffectivePotential, Eigenstate, ElectronDensity, ElectronDifferenceDensity,
ElectrostaticDifferencePotential, ExchangeCorrelationPotential, ExternalPotential, LocalDeviceDensityOfStates,
TransmissionEigenstate, ElectronLocalizationFunction.

The 1D Projector can be used to project all sorts of 3D grid data onto a 1D representation. This is very
useful for visualization purposes, and works for a wise range of QuantumATK grid objects (see the box).

Several options are available in the plugin widget:

Grid

You can open the projector tool with multiple objects selected on the LabFloor, to plot them next to
each other. Here you choose which one to plot.
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Axis

Choose along which direction you want to project your 3D data grid.

Projection
type

Sum or average all the data in the plane perpendicular to the selected direction. You can also simply
plot the single values along a line passing through a particular projection point.

Projection point
Specify, in fractional coordinates, the projection point to be used in case the projection type Through
pointis selected.

Spin

projection
In case of spin polarized calculations, collinear or non-collinear, you can select the specific spin
projection.

Add line
Once the options above are specified, click this button to plot your projection in the window on the
right-hand side. You can add more projections to the same plot.

Remove line

Select one line in the Projection Plot window and click to remove the line from the plot.

Clear plot
Remove all lines from the plot.

Line

Info
Some useful information about the currently selected plot line/point are shown. Note that the plot is
interactive. Click on any point of the plot to print the corresponding information.

Projection Plot

Right-click to zoom, customize or export data to file.
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