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➢ quantum computer
➢ problem of decoherence: loss of superposition of a quantum 

state due to the environment

➢ new approaches: topological qubits - Majorana (quasi)particles
➢ Majorana fermions origin in particle physics
➢ particles which are their own antiparticles
➢ search for Majorana fermions

➢ In solid state physics: Majorana zero modes (MZM)
➢ charge- and spinless quasiparticles 
➢ in 2D: anyons obeying non-Abelian statistics

➢ In this work, physical systems were investigated to determine 
whether they are suitable for the realization of MZM

Source: IBM's Q System One 

Motivation

Ettore Majorana



➢ e- and h+ can be considered as particle and antiparticle
➢

➢ in superconductors (SC)                               
➢ the Majorana condition is fulfilled for
➢ one expects Majorana excitations at 

➢ taking spin into account leads to 
➢ make the equations somehow independent of spin
➢ completely spin-polarizing all fermions (“spinless”)
➢ BSC SC: Cooper pairs comprised of superposition of 

spin-up and spin-down electrons
➢ p-wave SC (Sr2RuO4 ???)

➢ artificially build a spinless p-wave SC:
➢ the spin-degeneracy of an s-wave SC must be lifted -> 

spin orbit coupling 
➢ magnetic field -> separate two bands, fully spin-

polarized
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Fantastic Majoranas and where to find them

Li et al., Nat Commun 7, 12297 (2016)

Martin et al. Semicond. Sci. Technol. 27 124003 (2012)

F. von Oppen, et al. Oxford Univ. Press (2014)
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Practical realization of Majoranas via Yu-Shiba-Rusinov[1,2,3] states

Single magnetic impurity Multiple magnetic impurities

2D Shiba lattice

∆

J

small overlap strong overlap

Rachel et al. Phys. Rev. B 96, 205131 (2017)

[1] Yu, Acta Phys. Sin., 1965, 21(1): 75-91; [2] Shiba, Prog of Theoretical Physics, (1968); [3] Rusinov, Eksp. Teor. Fiz 9, (1968) 146

Inspired by F. von Oppen, et al. Oxford Univ. Press (2014)

Fe

Nb
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Instrumentation: UHV system with scanning tunneling microscopy

VT-STM
➢ UHV 10−10 mbar
➢ T = 25 K

He-bath STM System: Lab 014
➢ UHV 10−10 mbar
➢ T = 6.5 K
➢ 𝐵𝑥 = 2.5 T, 𝐵𝑧 = 6 T

JT-STM cryostat Specs Lab
➢ UHV 10−10 mbar
➢ T = 4 K
➢ 𝐵𝑧 = 2.8 T
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Scanning Tunneling Microscope (STM)

➢ sharp tip is raster-scanning a surface
➢ distance between the tip and the surface is only a few Angstrom 
➢ wave function of the tip and the sample can overlap 

➢ electrons can tunnel from the tip to the sample
➢ if a voltage is applied between the tip and the sample, a net tunneling current in a define direction is obtained
➢ loop keeping I constant which is dependent of the distance
➢ from the vertical change of position of the tip the topography of the surface can be extracted
➢ STM can also be used for spectroscopic measurements by changing the bias voltage during the measurement
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➢ Nb(110) twofold surface symmetry

➢ Nb(111) threefold surface symmetry 

➢ could favor the formation of chiral spin structures which might 
eliminate the need for strong spin-orbit coupling

➢ problem with Nb: high contamination with (mostly) oxygen

➢ established process for Nb(110): cleaning by sputtering and 
annealing at very high temperature near the melting point

➢ no established process for cleaning Nb(111)

Niobium (Nb) as an s-wave superconductor
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Attempts of cleaning Nb(111) by sputter-annealing cycles

➢ facetting destroyed the 
Nb(111) surface

➢ chemical approach
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Cleaning Nb(111) via atomic H treatment

X. Yang et al., Physics Letters A 365 (2007) 161–165 J. Goedecke et al. Phys. Rev. Materials 7, 084803, 2023

➢ chemical reduction 
NbOx + 2H → Nb + H2O
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Evaporation of magnetic material on Nb(111)

➢ Fe deposition leads to clustering

➢ presumably due to the open surface of the 
Kagome lattice

➢ growth of Fe ML on Nb(111) was not possible
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Monolayer growth of Fe on Nb(110)

A. Odobesko et al., PRB 99, 115437 (2019)
J. Goedecke et al., ACS Nano 2022 16 (9), 14066-14074 

Nb
FeFe

Fe
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Reconstructions of Fe ML on Nb(110)

J. Goedecke et al., ACS Nano 2022 16 (9), 14066-14074 

➢ disorder in the structure

➢ three different reconstructions of Fe: 
type I, type II and type III
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Investigating the magnetic properties via SP-STM 

➢ spin-polarized scanning tunneling microscopy (SP-STM)
➢ magnetic materials -> spin splitting of the DOS
➢ parallel alignment -> high current
➢ antiparallel alignment -> low current

Characterization of magnetic tip 1 



16.10.2024 Julia Goedecke 14

Magnetic properties of type I

➢ out-of-plane ferromagnetic monodomain

Tip Sample

Measurement

MONTECRYSTAL[1]

[1] J. Hagemeister, https://github.com/JHagemeister/MonteCrystal
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Magnetic properties of type II & type III

➢ All islands:
ferromagnetic monodomains 

out of plane with different 
coercive field strengths

J. Goedecke et al., ACS Nano 2022 16 (9), 14066-14074 c

Fe type 𝑩𝒄 [T]

I 2.2 ± 0.2

II 0.75 ± 0.2

III < 0.4 Rachel et al. Phys. Rev. B 96, 205131 (2017)

Monte Carlo simulations show:
➢ with increasing coercivity, increasing 

values for J and K
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Tunneling processes between two superconductors

Sketch inspired by Gross, Marx, Festkörperphysik 3 Auflage, De Gruyer

𝑇 ≠ 0 K 𝑇 = 4.5 K
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Spectroscopy measurement inside the gap of Fe/Nb(110) type I

➢ gap filled completely with Shiba bands
➢ strong variation of Shiba bands 

➢ locally with the underlying topographic structure
➢ with the intensity

➢ significant intensities at 𝐸𝐹
➢ bandwidths are large enough to overlap with 𝐸𝐹
➢ no gap reopening
➢ no edge modes

➢ the coherence peaks are strongly suppressed

J. Goedecke et al., ACS Nano 2022 16 (9), 14066-14074 
LDOS at 𝑬𝑭LDOS at 𝑬𝑭
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Inside the gap of Fe/Nb(110) type II & type III

LDOS at 𝑬𝑭

LDOS at 𝑬𝑭
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Shiba bands comparison of the different Fe types

➢ coercivity 
➢ coherence peak suppression
➢ disordered Shiba Bands

Type I Type II Type III
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Nb(111)
➢ a procedure was developed to produce a clean Nb(111) surface
➢ the atomic structure of the clean Nb(111) surface showed a reconstruction
➢ deposition of iron onto the cleaned Nb(111) surface showed formation of iron clusters

Fe/Nb(110)
➢ the atomic resolution of the three different reconstructions of ML Fe/Nb(110) was found
➢ magnetic properties

➢ out-of-plane ferromagnetic monodomain for all three types of reconstructions
➢ different coercivities: 𝐵𝑐

𝐼 > 𝐵𝑐
𝐼𝐼 > 𝐵𝑐

𝐼𝐼𝐼

➢ Shiba bands
➢ gap is completely filled with Shiba bands
➢ Shiba bands at EF

➢ no gap opening, no evidences for Majorana modes
➢ most likely because of the disorder

➢ outlook

Summary
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Outlook: Fe double layer

LDOS at 𝑬𝑭
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Disorder
➢ Can strongly effects topological properties of a 2D Shiba lattice

➢ Potential disorder
➢ Magnetic disorder

Mascot et al., PRB 100, 235102 (2019)

strength of J is 
disorderedpotential disorder

deviation of 
magnetic moment 
orientation

missing
magnetic
moment
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Rekonstruktion Fe/Nb(110)

➢ lattice constant 
➢ 𝑎𝐹𝑒 = 287pm
➢ 𝑎𝑁𝑏 = 330pm

➢ mismatch

Fe/W(110) (9,4%), 
Fe/Mo(110) (8,6%), 
Fe/V(110) (5%)

pseudomorphic
With annealing at 500K
Mismatch 9,4%



Fe/NbOx
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Distance measurement 
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Local spin-resolved SP-STS on Fe/Nb(110) to determine the bias
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Asym map



27.04.2022 Julia Goedecke 34

Simulations with MonteCrystal[1]

[1] J. Hagemeister, https://github.com/JHagemeister/MonteCrystal

Fe Type Bc[T] J1[meV] Kz[meV]

I 2.5 5 -0.2

2.5 1 -0.5

II 1 2 -0.1

0.62 1 -0.1

III 0.25 1 -0.05

➢ coercivity increases with J and Kz

➢ switching is most often initiated by a 

nucleation at the edge or corner of the 

island

➢ to a good approximation the switching 
behaviour is size-independent

➢ extraction of J and K for the different Fe 
types
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Magnetic Measurements

Tip Sample Measurement
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➢ dots here representing the possible 
combination of J and K for each type

➢ total magnetization:
➢ type I 95%, 
➢ type II 90% 
➢ type III 77%

Simulations of the total magnetization <M>



Shiba state
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Dissertation Lucas Schneider
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Shiba Type II + III
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Iron double layer and the Shiba bands
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Iron double layer and the Shiba bands



Magnetic properties of the DL
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Practical realization of Majoranas via Yu-Shiba-Rusinov states

Single magnetic impurity Multiple magnetic impurities

∆

J

Shiba bands in 1D chain

small overlap strong overlap

trivial non trivial

Nadj-Perge et al., Phys. Rev. B 88, 020407(R) (2013);

non trivial trivial
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Practical realization of Majoranas via Yu-Shiba-Rusinov states

Single magnetic impurity Multiple magnetic impurities

Shiba bands in 2D lattice

∆

J

Shiba bands in 1D chain

small overlap strong overlap

trivial non trivial
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➢ Why niobium: 
➢ high Tc = 9.2K of all elemental superconductors
➢ largest energy gap 
➢ spin-orbit coupling (even is comparatively light element)

➢ Nb(110) twofold surface symmetry

➢ Nb(111) threefold surface symmetry 
➢ could favor the formation of chiral spin structures which 

might eliminate the need for strong spin-orbit coupling. 
Problem with Nb: high contamination with (mostly) 
oxygen

➢ Established process for Nb(110): cleaning by sputtering 
and annealing at very high temperature near to melting 
point [1]

➢ No established process for cleaning Nb(111)

[1] A. Odobesko et al., PRB 99, 115437 (2019)



46



DMI
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Spin-Bahn-Kopplung

Austauschwechselwirkung



Anyonen

Bosonen
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Fermionen

→

→

Anyonen
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Topologie 
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➢ Gebiet in der Mathematik
➢ Klassifizierung von geometrischen Objekten (topologischen 

Räumen)
➢ Wie kann man mathematisch beschreiben ob zwei 

geometrische Objekte topologisch äquivalent sind?

➢ Zwei geometrische Objekte sind topologisch äquivalent
wenn man sie kontinuierlich ineinander verformen 
kann (homöomorph)

➢ Klassifizierung mittels topologischer Invariante
➢ Chern-Nummer

➢ In FK: Summe der Valenzbänder eines Materials in einer 
Phase weist eine topologische Eigenschaft auf

kontinuierliche Verformung



Topologisch invariante Chern-Nummer
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p-wave-Modell 1D
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2D-pwave
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2D-Shiba lattice
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1D



BSC
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