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In this tutorial you will learn how to use the LocalDensityOfStates analysis object for simulating STM
measurements of surfaces.

In particular we will be studying the tunneling anisotropic magneto resistance (TAMR) which is a measure
of the difference in STM current and conductance depending on the magnetization direction of the
substrate.
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Introduction

Scanning tunneling spectroscopy is an experimental technique which uses a scanning tunneling
microscope (STM) to probe the local density of electronic states (LDOS) of surfaces and materials on
surfaces at the atomic scale. A scanning tunneling spectrum is obtained by placing the STM tip above a
particular place on the sample. With the height of the tip fixed, the electron tunneling current is measured
as a function of electron energy by varying the voltage between the tip and the sample. The conductance,
dl/dV, obtained from such a measurement is proportional to the local electron density of states (LDOS) at
the position of the tip.

TAMR

The resistance (inverse of conductance) of a tunneling junction involving just a single ferromagnetic layer
may depend on the magnetization direction relative to the crystallographic axes. This effect is called

tunneling anisotropic magnetoresistance (TAMR) and has been observed in several STM experiments [1],

(2l The TAMR is caused by spin-orbit coupling, which results in an anisotropy of the density of states in
and above the surface layer. The TAMR is potentially interesting for spintronics applications as it requires
only one magnetic layer as opposed to traditional magnetic tunneling junctions involving both a reference
and free magnetic layer.

This tutorial is inspired by the experimental and theoretical works in [1], 12 which studies the TAMR of an
iron bilayer on a W(110) surface, 2LFe/W(110), as schematically |Ilustrated Fig. 12 below.

(a) V !
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@)
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tt 1 = ! + | | |Iron bilayer
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Tungsten

Fig. 12 Schematic illustration of the experiments. An iron bilayer is deposited on W(110). The Fe bilayer
forms magnetic domains with the magnetization perpendicular to the interface. The magnetic domains
are separated by domain walls in which the magnetization is parallel with the interface plane. By
positioning the STM tip either over the domain (a) or over the domain wall (b) it is possible to measure the
TAMR effect.4

This surface can be prepared in such a way that finite domains of out of plane magnetizations are
formed. Within the domain wall the magnetization will be in-plane. By measuring with STM the
conductance over a domain you get the out of plane component

(dI/dV') 1 while the same measurement over a domain wall you get the in-plane component

(dI/dV)|. The TAMR is then found as

(dI/dV). — (dI/dV),

TAMR =
(dI/dV).

The main experimental results from [] are shown in the figure below. Panel (a) shows the measured
dI/dV over a Co adatom on a 2LFe/W(110) surface for both in- and out of plane magnetization and
panel (b) shows the TAMR as function of sample voltage.
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Fig. 13 Experimental results. (a)
dI/dV spectra obtained on Co adatoms on domains (red dashed line) and on domain walls (blue solid
line) of an Fe double-layer film on W(110). (b) TAMR determined from the spectra in (a). From (114

Tersoff-Hamann approximation of simulated STM

The LocalDensityOfStates can be used to simulate scanning tunneling microscopy (STM) images within

the Tersoff-Hamann approximation 3] assuming that the tip wave function has s-orbital character and is
non-magnetic. When simulating an STM image, the energy can be interpreted as the bias difference
applied between the tip and the surface and the LocalDensityOfStates represents the STM

dI/dV measurement.

Since the local density of states
dr :
E = e - V,where
V, is the sample voltage, we can simulate the TAMR as
(M
ni(E,r) —n)(E,r)

TAMR =
ni(E,r)

Likewise, the current measured in an STM with an applied bias of

V, and with the tip at zero bias can be approximated as the partial electron density originating from
eigenstates in the energy interval

[0;e - Vi].

Setting up the 2LFe/W(110) structure
We will start by setting up the structure for the calculations.

Structure

Open the 4 Builder and

¢ Add a Wolfram/Tungsten bulk configuration from the database (search for Wolfram).
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e Make a (110) surface using the Surface (Cleave) under Builders in the right column.

e On the first page set h=7, k=7, I=0 . Press Next.

¥ Surface (Cleave)

Define the surface

Miller indices
h k |

Select an atom for the outer layer
Element a b o

0 Tungster 0.000 0.000 0.000

1 Tungsten0.500 0.500 0.500

< Back Cancel

e On the second page simply press Nextusing all default values.

e On the third page apply the changes (see image below)

e From the combo box choose Non-periodic and normal (slab)

e Set the Top and Bottom vacuum to 5 /ayers
e Set the Thickness to 70 /ayers

o Press Finish.

® Surface (Cleave)

Finalize output configuration

Automatically update 3D view
Out-of-plane cell vector v;is
Non-periodic and normal (slab)
Layers R
Top vacuum | 5.0000 3|| 11.1907
Thickness = 10.0000 *
Bottom vacuum | 5[ 11.1907]

Selected atom placement C = 0.75

deate Wy, (10 atoms)

22,3813 | | —

< Back Cancel

e Change the two rightmost W atoms to Fe.

e Rename the structure to ws-Fe2 (press F2).

We can make an initial optimization of the structure using the Quick Optimizer (see image below). Run the

optimization, which only takes a few seconds.
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® Builder
Eile Edit Selection View Windows Help
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> Favorites Z
> Builders
* Bulk Tools
~ Coordinate Tools
> Bonds
Center 3
> Custom Passivator P
> Mirror P
v Quick Optimizer 3
Select the ATK-ForceField potential from the list and

click Run to optimize the geometry.

If atoms are selected, all other atoms will be
constrained under optimization.

Optimization will iterate until either the maximum
number of steps is reached, or the maximum
interatomic force satisfies the force tolerance setting.

Potential EAM_Zhou_2004
Force tolerance (V/A) 0.05
Max steps 10 :
Max force component 0.02535 eV/A

Run

Inactive

Rotate "~
-]

Send the structure to the Script Generator using the [ icon.

The Quick Optimizer is an easy way to do an initial optimization of the structure to make it more
reasonable before proceeding with the main calculations. It is fast because it uses a ForceField, and

will automatically suggest the possibilities from the internal QuantumATK database. However, not all
structures will be supported by an appropriate ForceField.

Structural relaxation

Although the structure has been relaxed using the Quick Optimizer, we will still perform a geometry
optimization using a DFT calculator. The geometry optimization will be performed using a spin-polarized
calculator, while the subsequent analysis will be performed with spin-orbit coupling included.

Now do the following:

¢ Add an [ag LCAOCalculator to the script, open the LCAOCalculator widget and apply the changes on the
main page

e Change Spin to Polarized

¢ Increase the k-point density to 7 (select from the Preset Densities).
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- - LCAOCalculator ? X
| Q. search... 'Main # Quick Settings -

O Quick Settings # =

‘. LcAo E?(ﬂ.ﬁﬂeswssﬁ‘m Quickly populate this LCAOCalculator using predefined parameters.

a. ounterpoise # Quick Setting: -

Enab le counterboise correction

/x%/ erical Accuracy
roadening, Cut-g

Basic Parameters
(©) Iyeration Control Spin Polarized ] <+—

f AIGOTIthM e Exchange correlation SGGA
Poisson Solver

Boundaries and Electrastatics Pseudopotential PseudoDojo
E f.nEEE.!.'eELxg distribution Basis set Medium
B 0O, i s ki Charge (e)
Memo o
{3 Ssmete meslory se0s Numerical Accuracy
’ Eg!;‘., ltl‘ﬂlltcgedsefer&yngg? Occupation Fermi-Dirac
Broadening 1000
Density mesh cut-off 120 Hartree
k-points
Populate k-points quickly with | Preset Densities
Periodic A B Ooc
@® Density (R) 7 70 <+
© Sampling 18 18 1
Shift to I
[J Sync

164 symmetry-reduced k-points.

0K

e Go to the Poisson Solver page and apply the changes (see image below)
e Change the solver type to FFT2D

e Change the boundary conditions in the C-directionto Dirichletand Neumann. (Click the chain-
symbol § to the right of the combo boxes to allow for different boundary conditions.)

. - LCAOCalculator ? X

| O Search... | Poisson Solver # Quick Setting: -
. |

{3 Main Solver type FFT2D -

@, LCAO Basis Set

“® Basis and Exchange-Correlation

Counterpoise
Enable counterboise correction

Boundary Conditions

/§/ Numerical Accuraq Eront (A) Periodic i 8

Broadening, Cut-offs, K-points e

" *  Back (A) Periodic 7
Iteration Control Back (A)
Tolerance, Convergence

*1 Algo i Top (B) Periodic i
Eig eluesulver Store intermedi | | | g

L
@ " ' Bottom (B) Periodic

Parallel s ‘_!z Left (C) Dirichlet -
Fine grained process distribution
N Right (C) Neumann -

oo

—
+sI0
T2 Check point and Custom results fil

ﬂ RO Y oy usage Solvent Diglectrical Constant 1.00 =

Edit unck Settings
Createa edit predefined parame

< > ||< >

¢ Close the LCAOCalculator widget.

The reason for modifying the Poisson solver boundary conditions is to allow for a dipole shift across
the W/Fe interface. At any interface between two materials a certain charge transfer will occur, which
will give rise to a surface dipole. Using periodic boundary conditions in the C-direction will result in a
electrostatic potential with a certain slope in the vacuum region, effectively acting as an external
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electric field. By using the combination of Dirichlet and Neumannboundary conditions, the
electrostatic potential will be flat in the vacuum regions, but have different values on each side of the
slab. Try to add an ElectrostaticPotential OF ElectrostaticDifferencePotential analysis to the script
and inspect the results after the calculation using the Grid 1D Projector.

e Now add an OptimizeGeometry to the script and use the default settings.

Finally change the name of the Results file to w8-Fe2-polarized.hdf5 and run the calculation. The relaxed
structure can also be downloaded here & W8_Fe2_relaxed_configuration.py.

Local Density of States calculations

Having relaxed the atomic coordinates we are now ready to study the TAMR effect by calculating the local
density of states (LDOS). The LDOS contains the DOS at a given energy projected onto a real-space
position

n(E,r).

Send the relaxed configuration to the (@ Script Generator and go through the following steps:
e Add an |az/ LCAOCalculator and open the widget.
e Change Spin to Noncollinear Spin-Orbit
¢ Increase the k-point density to 7 (select from the Preset Densities).
¢ Modify the Poisson Solver as described above.
e Close the LCAOCalculator

e Add an [t Initial State block to the script and open it. In the InitialState widget you can change the
initial spin orientation, when changing the Spin Type to Non-collinear (see below). For global spin
rotations applied to all atoms the initial spin orientation will usually be kept during the self-consistent
calculation. For now you can leave the angles at the default values of
6 = 0°and
¢ = 0°, which corresponds to the out-of-plane magnetization.

¥/ Initial State ? X

Initial State
Spin Type Non-collinear -
Spin
Method By value
Change spin for all atoms
Magnitude 1.00

4 4 4

8 (°) 0.00
®(°) 0.00
How-To Apply
Element Magnitude 6 (°) o("
0 Tungsten 1 0 Show: [ arrows [ bonds
1 Tungsten 1 0 Old Calculation
X [] Use old calculation

I ) ’ Filename

The spin vectors are shown in the 3D window, allowing easy inspection of the initial spin state.
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e Add a »« LocalDensityOfStates object and open it to apply the changes indicated in the figure below

o Local Density of States ? X

Local Density of States
Energy Range

Ewn 02 <— eV |
Enx 05 @— ev|
Points | —» 511
Band indices \ |
Gaussian broadening \0.02 <+ eV|
Energy zero Fermi level

k-point Sampling
Grid type Monkhorst-Pack grid - |Preset densities -

Periodic Ka ke [ ke
@ Density (A) | 17| 17, <«— 1 Osync
O sampling 42 - 42 2 1

Number of symmetry reduced k-points: 1764 [] Shift to I Show

> More options

Results
Save to results file -

[J Print results summary to log

e Add a s MullikenPopulation object to the script.

¢ Finally change the Results file to w8-Fe2-theta-0-phi-8.hdf5 . Send the job to Job Manager and run the
calculation. The calculation takes around 30 minutes when run on a single node with 16 processes.

LocalDensity0fStates objects can take up a lot of memory, since a real-space grid object is stored for
every energy point. In order to reduce the memory of the calculation as well as of the stored .hdfs
file, the number of energy points can be lowered. It is also possible to modify the density of real-space
grid points. In order to do the latter, you must send the script to the Editor and add the line

density mesh cutoff=20*Hartree to the LocalDensityOfStates object as shown below.
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kpoints = KpointDensity(
density a=17.0*Angstrom,
density c=0.0*Angstrom,
force timereversal=False,

)

local density of states = LocalDensityOfStates(
configuration=bulk configuration,
kpoints=kpoints,
energies=numpy.linspace(-0.2, 0.5, 51)*eV,
band indices=Al1,
energy zero parameter=FermilLevel,
spectrum method=GaussianBroadening(0.02*eV),
density mesh cutoff=20*Hartree, # <--- Added line

)

Now we will change the initial spin to simulate the in-plane magnetization.

e Open the |11} Initial State widget again and change the angles to
6 = 90° and
¢ = 150°, which is the orientation with the lowest energy (try for yourself to scan over
¢ angles and calculate the total energy at each.) Press Apply to rotate the angles. The spin orientation

should now look as below:

V0! nitial State ? X
Initial State
Spin Type Non-collinear i
Spin
Method By value v
Change spin for all atoms v
Magnitude 1.00 E
8 (°) 90.00 z
Q) 150.00 :
How-To Apply
Element Magnitude 6 (°) o(("
0 Tungsten 190 Show: [ arrows [ bonds
1 [Tiingsten 1 90 Old Calculation
v [] Use old calculation
S < Filename
OK

Close the InitialState widget and change the Results file to w8-Fe2-theta-96-phi-156.hdf5 and run the
calculation.

When both calculations have finished, we are ready to analyze the results.

Analyzing the results

Once the calculation has finished we are ready to analyze the results. Before analyzing the LDOS
calculations, take a look at the calculated MullikenPopulations using the @) Viewer. Verify that the spins
on the iron atoms are pointing in the expected directions - out of plane (in the z-direction) for the
W8-Fe2-theta-0-phi-0.hdf5 file and in-plane for the ws-Fe2-theta-90-phi-1560.hdf5 file.

LDOS analysis
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Mark the »« LocalDensityOfStates object in the file w8-Fe2-theta-0-phi-0.hdf5 and open it with the Local
DOS Analyzer. The analyzer should appear as shown below. In the STM-like analyzer, you can adjust the
tip position using both fractional- and Cartesian coordinates. When the tip position is changed, the LDOS
vs. energy plot (upper right) will be updated. Change the tip position to 2 A above the surface Fe atom at
(0, 0, 35.067) A. Try also to change the energy and see how the contour plot changes. The contour plot in
the 3D window with the atomic structure contains the same data as the contour plot in the lower right plot.

Right click on the line in the upper right plot and choose Edit item and change the label Spin Sumto
$\perps , which QuantumATK will automatically parse and show as the symbol.

Tip position

Local DOS Analyzer - W8-Fe2-theta-0-phi-0.hdf5 [LocalDensityOfStates_0 = ] X
Y: P! ity
v
[ Eractional 0508 — Spin Sum
Transport direction z = x o Ang 0.003 Selected energy LDOS vs. energy calculated
- = at the tip position.
Spin Sum 2 y 0 Ang 5 B This approximates a dl/dV
Energy used for the 2D —lp Energy 00186V - > m T 0001 vs. V STM measurement.
contour plots = e g
3D Properties Auto update = Update g 0000
—-0.001
—-0.002

-02 -01 00 01 0.2 0.3 0.4 0.5
Energy (eV)

RO+ ik i
1.0

0.0027113
0.0025993

0.0024874 .":

L
O.O0237EENS 2D contour plot of LDOS at

T 4—
0022024 < the selected energy vs.
00021514 © fractional coordinates. Same
0.0020395 ~

data as in 3D window.

0.0019275

0.0018155
0.6 0.8 10

RO g

Now open the LocalDensityOfStates object from the file w8-Fe2-theta-90-phi-150.hdf5 containing the in-
plane magnetization. Apply the same setting for the tip position as above and edit the line in the upper
right plot and change the label to $\parallels . Also change the color and/or line style, such that it is
different from the default setting.

Now drag one of the LDOS vs. energy plots onto the other and select Overlay with shared axes to obtain a
plot like below. It is evident that the LDOS is different for the two magnetization directions and that there
is a TAMR effect.

|/ Plot Viewer ? X

0.0040{ |
0.0035 -

0.0030

evl)

0.0025 A

0.0020 A

0.0015 4

LDOS (A3

0.0010 A

0.0005 A

0.0000 T T T T T T
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

Energy (eV)

ROtk P o

In order to quantify the TAMR effect, download and run the script <. calculateTAMR.py. The script
calculates the LDOS vs. energy 2 A above the surface Fe atom as we just did in the analyzer above. Then it
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calculates the TAMR using equation (1) above and produces the figure shown below. In qualitative

agreement with the experimental findings [ the TAMR is oscillating as a function of energy (bias voltage
in an STM experiment). The magnitude of the calculated TAMR of

~ %20 is also in qualitative agreement with the experimental findings, although the experiments in (1l
were obtained for a Co adatom.

20

10 4

TAMR (%)

—-10 4

-30 T T T T T T
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
Energy (eV)

Co adatom on 2LFe/W(110)

In order to get a more direct comparison to the experiments from [ shown in Fig. 13 at the top, we here
present results for a Co adatom positioned on the 2LFe/W(110) slab. The calculations have been
performed in the same way as described above. Try for yourself to add a Co atom and relax the structure
using the Quick Optimizer in the ® Builder by going through the following steps:

In the Builder, repeat the 2LFe/W(110) structure two times in the A- and B directions.

Add a Co atom in a bridge position between two surface Fe atoms.

Relax the configuration using the Quick Optimizer.

Send the configuration to the @ Script Generator and setup the spin-orbit and LocalDensityOfStates
calculations as described above.

A final script is also given here: & W8_Fe2_Co.py. The script loops over the

(0, ¢) angles and performs the self-consistent spin-orbit calculation and LDOS calculation for both angle
pairs

(0,0) and

(90,150). Run either the scripts you have made yourself or the one given here.

When the calculations are finished (the calculation takes several hours when running on a single node
with 16 cores) the results can be analyzed and plotted with the script & calculate TAMR-Co-adatom.py to
give a figure like the one shown below, on the right. The calculated LDOS and TAMR share many
similarities with the experimental results in Fig. 14 (left part):

e The overall shape of the
dI/dV and LDOS plots agree with a small peak close to the Fermi energy and a larger peak around
0.6 eV.

e Both the calculated and measured TAMR shows a clear dip around the Fermi energy and an oscillating
behavior of the TAMR. The oscillation in the calculated TAMR are, however, more rabid than in the
experiments.

A potential cause of the differences between experimental and calculated data is the tip distance to the
Co adatom. Due to the localized basis set used in the QuantumATK calculations, the LDOS needs to be
calculated relatively close to the surface - here 2 A above the Co atom. It is very likely that the
experimental distance is somewhat larger. Also, the calculated results are obtained with a supercell which
is a 2x2 repetition of the unit cell. It is likely that this is too small a supercell to match the experimental
conditions.
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Fig. 14 Experimental results (left). (a)
dI/dV spectra obtained on Co adatoms on domains (red dashed line) and on domain walls (blue solid

line) of an Fe double-layer film on W(110). (b) TAMR determined from the spectra in (a). From [, The
right part of the figure shows the data calculated with QuantumATK.4

COSMICS project

TAMR effects are studied in the COSMICS project founded by the European Union’s Horizon 2020
research and innovation program under Grant Agreement No. 766726. More information about the
COSMICS project can be found here: http://cosmics-h2020.eu/
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