
 
 
 

  

FOM - 16.0190 
 
 
 
 
 
 

 
 
 

Annual report 2015 
 

FOM programme nr. i39 
'Scalable circuits of majorana qubits' 

 
 
 

Foundation for Fundamental Research on Matter 
www.fom.nl 

 
 
 

 
MBE-ALD during installation at QuTech lab 

 
 
 

May 2016 
 



 
 
 

 
 
 - 2 - 
 

Content 

 
1. Scientific results 2015 ................................................................................................................................ 3 

2. Added value of the programme .............................................................................................................. 3 

3. Personnel .................................................................................................................................................... 4 

4. Publications ................................................................................................................................................ 4 

5. Valorisation and outreach ........................................................................................................................ 4 

6. Vacancies .................................................................................................................................................... 4 

Fact sheet as of 1 January 2016 ...................................................................................................................... 5 

Historical overview of input and output .................................................................................................... 7 

PhD defences ................................................................................................................................................... 7 

Patents (new/changes) .................................................................................................................................. 7 

Overview of projects and personnel ............................................................................................................ 8 

Workgroup FOM-D-41 .................................................................................................................................. 8 

 
 
 
 
  



 
 
 

 
 
 - 3 - 
 

1. Scientific results 2015 
The current state of the art in Majorana research is the characterization of the properties of single 
Majorana bound states or pairs of bound states. The next milestone is to show the non-Abelian 
statistics of Majorana bound states through braiding. There are two main proposals for a braiding 
circuit in the literature: The flux-controlled braiding that was put forward by the Beenakker group 
in Leiden (Hyart et al. Phys. Rev. B 88, 035121 (2013)) and a gate-controlled alternative (Aasen et al. 
arXiv:1511.05153). We are actively pursuing and evaluating both approaches. 
 
The demonstration of braiding requires proper materials that allow for Majorana fermions with 
negligible quasi-particle poisoning. A prerequisite for that is a 'hard' induced superconducting 
gap. For nanowires, previous results from the group of C. Marcus in Copenhagen have indicated 
that epitaxial interfaces between semiconductor and superconductor are essential. 
 
To this end, a novel ultra-high vacuum (UHV) deposition cluster tool has been developed, manu-
factured and started to be installed at QuTech during 2015. It will serve to develop and produce 
nanowire based devices for the QuTech topological quantum computing roadmap, with a level of 
materials integration, design and cleanliness that is not possible with the current technology. 
Indeed, the cluster has been designed to allow the deposition of a variety of pure crystalline mate-
rials by means of both Molecular Beam Epitaxy (MBE) and Atomic Layer Deposition (ALD) tech-
nology, and to promote the best integration of different epitaxial materials (i.e. semiconductor and 
superconductor) in the same nanodevice without altering the material interface cleanliness. In 
addition, a special care has been taken to minimize the introduction of particle contamination in 
the cluster and the cross contamination in-between different. The cluster installation and run up 
phase will continue until the second quarter of 2016. We expect first samples from the third quarter 
of 2016. 
 
All the different proposals for braiding circuits require the fabrication of separate superconducting 
islands, possibly together with electrostatic gates. Epitaxial semiconductor/superconductor wires 
form a challenge as established lithographic fabrication techniques cannot be used to pattern the 
superconductor. In the last year we have worked towards improved etch recipes for creating gated 
junctions in InSb and InAs nanowires with epitaxial Al shells, as well as investigated wire sha-
dowing as an alternative technique for creating junctions. 
 
The braiding circuit that was put forward by the group of Carlo Beenakker in Leiden relies on the 
read-out of the topological qubit formed by Majorana fermions with microwave spectroscopy of 
transmons. We have successfully installed the high frequency microwave equipment required for 
operating a magnetic field compatible transmon. Initial testing of traditional flux-tunable transmon 
qubits has revealed the challenges associated with operating these sensitive devices within a mag-
netically unshielded environment. As an alternative, we have developed the fabrication of gate-
tunable nanowire transmons with sputtered contacts (published in Phys. Rev. Lett.). Using 
nanowires with an epitaxial aluminum shell has since then significantly improved the relaxation 
and coherence times. In the coming year we plan to further develop transmons with magnetic field 
compatible junctions, and demonstrate their performance in magnetic fields. 
 
2. Added value of the programme 
This IPP comes with a partnership with the Microsoft Station Q team that is headed by 
Dr. M. Freedman. This Q team is of exceptional quality and all meetings are very inspiring. 
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3. Personnel 
The PhDs are on schedule with their projects. Michiel de Moor started on this project in June 2014, 
Alex Proutski in July 2014, Florian Luthi started on December 2014. 
Stevan Nadj Perge was working as a PhD on this project from 1 March till 31 December 2015. 
Two technicians started on this project. Jason Mensingh from the 15 June 2015 and Siebe Vissers 
1 October 2015. 
Michael Wimmer has been awarded a Vidi that started October 2015. The research in the Vidi is 
geared at designing robust topological phases using numerical simulations and will serve as input 
to the work of this FOM programme 
 
4. Publications 
- Noninvasive Method for Nanoscale Electrostatic Gating of Pristine Materials, Arjan J.A. 

Beukman, Fanming Qu, Ken W. West, Loren N. Pfeiffer, Leo P. Kouwenhoven, Nanoletters 
2015, 15, 6883-6888. 

- B. Pekerten, A. Teker, O. Bozat, M. Wimmer, I. Adagideli Disorder-induced topological transi-
tions in multichannel Majorana wires, ArXiv:1509.00449. 

- F. Qu, A.J.A. Beukman, S. Nadj-Perge, M. Wimmer, B.-M. Nguyen, W. Yi, J. Thorp, M. Sokolich, 
A.A. Kiselev, M.J. Manfra, C.M. Marcus, L.P. Kouwenhoven. Electric and Magnetic Tuning 
Between the Trivial and Topological Phases in InAs/GaSb Double Quantum Wells.Phys. Rev. 
Lett. 115, 036803 (2015). 

 
5. Valorisation and outreach 
- Leo Kouwenhoven: 4-6 December 2015 Station Q meeting, Santa Barbara, USA. Experimental 

progress on Majoranas in semiconductor nanowires. 
- Michael Wimmer: - Majorana fermions in nanowires: inside out Symposium Low dimensional 

order mediated by interfaces, Hannover, Germany, 9 April 2015. 
- Florian Lüthi: Ensemble Coupling of Electron Spins of Organic to a Superconducting Coplanar 

Waveguide Resonator (Poster, Nanofront Skiing Retreat Courchevel, 16-21 March 2015). 
- Proximitized Semiconducting Nanowires as Nonlinear Elements for Superconducting Tansmon 

Qubits (Poster, presented in 2 different versions, once at an IDEA league summer school in 
Zurich, 7-13 September 2015. 

 
6. Vacancies 
There are various positions available. 
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Fact sheet as of 1 January 2016 

 FOM – 14.1244/3 
 datum: 01-01-2016 
 
 
APPROVED INDUSTRIAL PARTNERSHIP PROGRAMME  
 
 
Number i39. 
  
Title (code) Scalable Circuits of Majorana Qubits (SCMQ) 
  
Executive organisational unit BUW 
  
Programme management Prof.dr.ir. L.P. Kouwenhoven 
  
Duration 2014 – 2018 
  
Cost estimate M€ 16.2 
  
Partner(s) Microsoft 
  
Concise programme description 
a. Objectives 
The potential realization of a quantum computer depends on the ability to suppress decoherence. 
One of the most promising proposed designs is based on so-called Majorana-state qubits. The 
longterm objective of this Industrial Partnership Programme is to develop scalable Majorana 
circuits of qubits with topological protection. The main scientific challenge is to demonstrate non-
Abelian statistics through braiding, using circuits of Majorana qubits. In the future these 
topologically protected qubits are a possible building block for large-scale quantum computing. 
 
b. Background, relevance and implementation 
The promise of using Majoranas for scalable quantum circuits is that quantum decoherence can be 
circumvented by using topological protection. The topological protection is guaranteed as long as 
the fermionic parity of the system remains constant; i.e. the number of electrons in the system has 
to remain either an even or an odd number. This parity can be viewed as a qubit and can be 
denoted as the 'Majorana state'. Qubit operations involve exchanging different Majoranas around 
each other, called a 'braiding operation'. Strikingly, the expected exchange statistics is not 
fermionic, nor bosonic, but instead 'non-Abelian'. It is this non-Abelian statistics that makes these 
Majoranas so interesting. First, of all it would be the first (quasi) particle ever to show non-Abelian 
statistics. Second, the non-trivial exchange statistics provide a mean for manipulating quantum 
states useful for quantum computation. Most importantly, and absolutely stunning, is the notion 
that as long as topological protection works the Majorana state cannot decohere, i.e. quantum 
mechanics without decoherence!  
 
The experimental challenge is to control parity conservation. Even-odd parity effects were 
studied in the '90's on superconducting nanostructures employing the stabilizing effect of 
Coulomb blockade. The current challenge is to repeat these experiments, however, Coulomb 
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blockade cannot be used since this interaction in fact provides a coupling between different 
parities. We therefore have to control even-odd occupations of an open system. 
 
Microsoft has chosen topologically protected qubits as their approach towards large scale quantum 
computing. The collaboration between Microsoft and the Kouwenhoven group at TU Delft was 
established in 2010. An earlier FOM-Microsoft IPP (TQC , nr. i26) was already granted and 
currently running, and resulted in the first discovery of the Majorana fermion. The current IPP 
puts a strong emphasis on technology development and making the transition from individual 
Majorana samples towards Majorana circuits.  
 
Funding 
salarispeil cao per 01-01-2016 
bedragen in k€ ≤ 2015 2016 2017 2018 2019 2020 ≥ 2021 Totaal 

FOM-basisexploitatie  - - - - - - - - 

FOM-basis investeringen - - - - - - - - 

Basisinvesteringen NWO 250 1.750 1.750 - - - - 3.750 

Doelsubsidies derden         
- Microsoft basisfinanciering1) 

- Microsoft matching4) 
- TKI-toeslag5) 

8.417 
324 

3.670 

- 2) 

177 3) 

1.728 

- 1) 

- 
- 

- 1) 

- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

8.4171) 
501 

5.398 
Totaal 12.661 3.655 1.750 - - - - 18.066 

1) Microsoft zal in totaal naar schatting M$ 22.5 bijdragen, de helft in-cash en de andere helft in de vorm van 
apparatuur die rechtstreeks aan TU Delft geleverd wordt. De exacte bedragen worden jaarlijks 
vastgesteld, en het bedrag in Euro's is afhankelijk van de actuele dollarkoers. 

2) In 2015 heeft Microsoft ook al de bijdrage van 2016 voldaan (in totaal k$ 7.700 in-cash). 
3) Exact bedrag is afhankelijk van de actuele dollarkoers. 
4) Microsoft draagt k$ 600 bij als matching voor de inzet van de TKI-toeslag gegenereerd over 2014 
5) TKI-toeslag wordt jaarlijks toegekend. De Microsoft bijdragen in apparatuur leveren ook TKI-toeslag op. 

De bedragen over 2014 en 2015 zijn inclusief TKI-toeslag die verworven is over programma i26-TQC (ook 
met partner Microsoft) en binnen dit programma wordt geadministreerd. 

 
Source documents and progress control 
a) Original programme proposal: FOM-14.0849 

b) Ex ante evaluation: FOM-14.1258; FOM-14.1569 
c) Decision Executive Board: FOM-14.1636 
d) Contracts: FOM-11.0744, FOM-11.0745, FOM-14.0793, FOM-15.1051, FOM-

15.1052 
 
 
Remarks 
The final evaluation of this programme will consist of a self-evaluation initiated by the programme 
leader and is foreseen in 2018. 
 
 
 vH par. HOZB 
 
Subgebied: 100% NANO  
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Historical overview of input and output 

 

Input personnel (in fte)  finances* (in k€ ) 
WP/V WP/T PhD NWP 

2014 - 0.3 1.0 - 284 

2015 - 2.6 4.0 1.5 1,120 

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2015 - 5 9 - 

* After closing the financial year. 
 
 
PhD defences 
2015 
None. 

 

 
 
Patents (new/changes) 
2015 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-D-41 

Leader Prof.dr.ir. L.P. Kouwenhoven 
Organisation Delft University of Technology 
Project leader(s)  
Project (title + number) Scalable circuits of Majorana qubits - tranche 1 (14SCMQ01) 
 
FOM employees on this project 
Name  Position Start date End date 
Nadj-Perge, S  WP/T 1-3-2015 31-12-2015 
Qu, F  WP/T 1-2-2015 31-7-2017 
Shen, J  WP/T 1-11-2015 31-10-2017 
Watson, J  WP/T 8-6-2015 7-6-2017 
Moor, MWA de PhD 1-7-2014 30-6-2018 
Proutski, A  PhD 1-8-2014 31-7-2018 
Vries, FK de PhD 1-1-2015 31-12-2018 
Benningshof, OWB  TP/T 1-5-2015 30-4-2017 
 
 
Leader Prof.dr.ir. L.P. Kouwenhoven 
Organisation Delft University of Technology 
Project leader(s)  
Project (title + number) Scalable Circuits of Marjorana Qubits - NWO/FOMdeel (14SCMQ02) 
 
FOM employees on this project 
Name  Position Start date End date 
Mensingh, JD  TP/T 15-6-2015 14-6-2020 
Visser, S  TP/T 1-10-2015 30-9-2016 
 
 
Leader Prof.dr.ir. L.P. Kouwenhoven 
Organisation Delft University of Technology 
Project leader(s) Dr. L. DiCarlo 
Project (title + number) (14SCMQ03) 
 
FOM employees on this project 
Name  Position Start date End date 
Lange, G de WP/T 1-10-2014 31-1-2015 
Luthi, F  PhD 1-12-2014 30-11-2018 
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