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Topological Solitons in Magnetism  

Topological number

Q =
1

4π

Z
dr m · (∂xm× ∂ym)

Real Space Spin Space

Q = 0
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Topology in Magnetism, Jiadong Zang,Vincent Cros, and Axel Hoffmann, Springer Series 

in Solid-State Sciences 192 (2018).
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Topological Solitons

Börge Göbel, Ingrid Mertig, and Oleg A.Tretiakov, 

Physics Reports 895, 1 (2021) 

Skyrmion Zoo

Skyrmionics

• Nanometric size

• High mobility

• Topological stability

• Controllable properties 

• Compact

• Low-energy consumption

Fe0.5Co0.5Si with lattice spacing 90 nm

X. Z. Yu, et al., Nature 465, 901 (2010). 

B
(m

T
)
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Probes for Detection

" Electrons (Lorentz TEM, Spin-Polarized EM)

" Scanning Probes  (MFM, NV, SPSTM)

" Photons (soft X-rays, XMCD, XMLD)

"  Scattering Techniques (Neutron Scattering)
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Chiral Magnets

M. N. Wilson, et al., Phys. Rev. B 89, 094411 (2014). 

Phase Diagram

H = −J̃Si · Si+1 − D̃ · (Si × Si+1)− K̃(Sz

i
)2 −HS

z

i
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Thin films on magnetic metals                    

Bulk Compounds

For a Review: Magnetic Skyrmion Materials, Y. Tokura and N. Kanazawa, Chem. Rev. 121, 5, 2857 (2021).
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Frustrated Magnets

T. Okubo, et al., Phys. Rev. Lett. 108, 017206 (2012).

J1/J2 = 0.5
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Skyrmion Crystal

A. O. Leonov, and M. Mostovoy, Nature Comm. 6, 8275 (2015). 

Gd2PdSi3
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Gd3Ru4Al12
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T. Kurumaji, , et al. Science 365, 914 (2019)

M. Hirschberger, et al., Nature Comm. 10 5831 (2019).
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Applications

Stochastic  Computing

D. Pinna et al., Phys. Rev. 

Applied 9, 064018 (2018). 

Neuromorphic Computing

K. Mee Song,  et al., Nature 

Electronics 3, 148–155 (2020). 

A. Fert, et al., Nature Nan. 8, 152 (2013). 

Shilei Zhang, et al., Sci. Rep. 5, 15773 (2015).

Skyrmion Racetrack Memory

Stability, formation, and dynamics are well understood to motivate going in the quantum regime!
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Skyrmions going quantum 

S. Heinze, et al., Nature Physics 7, 713 (2011).

Atomic Scale Skyrmions

Gd2PdSi3
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Gd3Ru4Al12
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M. Hirschberger, et al., Nature Comm. 10 5831 (2019).

Fe ML on Ir(111) with lattice spacing 1 nm

Frustrated Magnets with lattice spacing ~ 2.5 nm 

Quantum Sensing

Quantum Magnonics

H.Y.Yuan, et al., Physics Reports 965, 1-74 (2022).

Topological Magnons 

S. A. Diaz, et al., PRL 122, 187203 (2019).E. Marchiori, et al., Nat. Rev. Phys. 4, 49 (2022)
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Quantum Skyrmions

V. Lohani, C. Hickey, J. Masell, and A. Rosch, 

Quantum Skyrmions in Frustrated Ferromagnets, 

Phys. Rev. X 9, 041063 (2019). 

C. Psaroudaki and D. Loss,

 Quantum Depinning of a Magnetic Skyrmion, 

Phys. Rev. Lett. 124, 097202 (2020).

C. Psaroudaki, S. Hoffman, J. Klinovaja, and D. Loss,  

Quantum Dynamics of Skyrmions in Chiral Magnets, 

Phys. Rev. X 7, 041045 (2017).

Quantum Mass 

Skyrmions in spin 1/2 
frustrated magnets 

Macroscopic Quantum 
Phenomena
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Quantum Skyrmions

Collective coordinates 

Collective coordinates canonical quantization 

Macroscopic quantum tunneling  

Particle + fluctuations

R → R̂
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ϕ0 → ϕ̂0
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γ → γ̂
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m(r, t) → m(R(t) ,ϕ0(t), γ(t))
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Skyrmions in spin 1/2 magnets 

Strong Quantum Fluctuations

A. Haller, et al., Phys. Rev.  Res. 4, 043113 (2022) 
V. Lohani, et al., Phys. Rev. X 9, 041063 (2019). 
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SE =

Z β

0

dτ [−iQ̃(ẊY − ẎX ) +
1

2
MṘ

2 + U(X ,Y)]

Topological number Skyrmion Mass Pinning Potential

Quantum Depinning 

C. Psaroudaki and D. Loss, Phys. Rev. Lett. 124, 097202 (2020)

Quantum Depinning of a Magnetic Skyrmion,

 Decay Rate

Crossover Temperature Tc =

~U0

kBS0

Γ
−1

≈ 100 s
<latexit sha1_base64="inWaETrkeAKGJorrpA3LjTV8kiE=">AAACCnicbVC7SgNBFJ2NrxhfUUub0SDYGHYlomXQQssI5gHZGO5OJsmQmZ1lZlYSltja+Cs2ForY+gV2/o2TR6GJBy4czrmXe+8JIs60cd1vJ7WwuLS8kl7NrK1vbG5lt3cqWsaK0DKRXKpaAJpyFtKyYYbTWqQoiIDTatC7HPnVe6o0k+GtGUS0IaATsjYjYKzUzO77VyAE3CXH3hD7EEVK9rHnuvjBF4HsJ3rYzObcvDsGnifelOTQFKVm9stvSRILGhrCQeu650amkYAyjHA6zPixphGQHnRo3dIQBNWNZPzKEB9apYXbUtkKDR6rvycSEFoPRGA7BZiunvVG4n9ePTbt80bCwig2NCSTRe2YYyPxKBfcYooSwweWAFHM3opJFxQQY9PL2BC82ZfnSeUk7xXypzeFXPFiGkca7aEDdIQ8dIaK6BqVUBkR9Iie0St6c56cF+fd+Zi0ppzpzC76A+fzB/U9mdI=</latexit>

J. Brooke, et al., Nature 413, 610 (2001). 
R. Zarzuela, et al., 

Phys. Rev. B 85, 180401(R) (2012).
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Quantum Computing

Two-level System

~ωq
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Photon Polarization Electronic Spin Superconducting Flux Skyrmion Helicity

Anharmonicity Initialization and Control

¯ ¯

Scalability

G1 = {UH , US , UT , UCNOT}
<latexit sha1_base64="4k+yog/lGV/nvcN9i/o64Xkw1EQ="></latexit>

G0 = {Ux, Uy, Uz, Uph, UCNOT}
<latexit sha1_base64="Wfp5WSivZBbCBWWiBSz6HQdsVHg="></latexit>

Decoherence

Universal Set of Quantum Gates
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Physical Qubits 

Superconducting Qubits

Quantum Dot Qubit

Daniel Loss and David P. DiVincenzo, 

Quantum computation with quantum dots, 

Phys. Rev. A 57, 120 (1998)

A Flux qubit

Molecular Magnets 

Photon Qubits

Figure from: Ernesto Galvão/ Quantum and linear-optical computation/INL

J. L. O’Brien, et al., 

Photonic quantum technologies,

Nature Photonics 3 687 (2009)

John Clarke & Frank K. Wilhelm, 

Superconducting quantum bits, Nature 453 (2008)

Michael N. Leuenberger & Daniel Loss  

Quantum computing in molecular magnets, 

Nature 410, 789 (2001)

Ion Traps

K. R. Brown, et al.,  
Materials challenges for trapped-ion quantum 

computers, Nature Reviews Materials 6, 892 (2021)

Nitrogen Vacancies in Diamond

P. Neumann, et al.,  
Multipartite Entanglement Among 

Single Spins in Diamond,  
Science 320, 1326 (2008)



Christina Psaroudaki                                                                                                                                         “Quantum Functionalities of Magnetic Skyrmions”    

Novel Platform: Skyrmion Qubit

Advantages 

Identify a degree of freedom that can be quantum-coherently controlled 

³ Skyrmion Helicity in frustrated magnets 

Check if a few traditional requirements are met 

³ Coherence time, scalability, control and gate operations

Readout Measurements

Ability to individually address qubits and tune external parameters

Transferable state-of-the-art technology from skyrmionics 

Compact, high density, and low-energy devices 

Roadmap for new qubit development 

Single-Spins Skyrmions Circuits 
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ϕ0 = 0
<latexit sha1_base64="3kIkxHoyu/1s8FamAza8rBaAJoE=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRC9C0IvHCOYByRJmJ73JkNnZdWY2EEK+w4sHRbz6Md78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8aug4VQzrLBaxagVUo+AS64Ybga1EIY0Cgc1geDfzmyNUmsfy0YwT9CPalzzkjBor+Z0RVcmAd11yQ9xuseSW3TnIKvEyUoIMtW7xq9OLWRqhNExQrduemxh/QpXhTOC00Ek1JpQNaR/blkoaofYn86On5MwqPRLGypY0ZK7+npjQSOtxFNjOiJqBXvZm4n9eOzXhtT/hMkkNSrZYFKaCmJjMEiA9rpAZMbaEMsXtrYQNqKLM2JwKNgRv+eVV0rgoe5Xy5UOlVL3N4sjDCZzCOXhwBVW4hxrUgcETPMMrvDkj58V5dz4WrTknmzmGP3A+fwBPtpEm</latexit>

ϕ0 = π
<latexit sha1_base64="c0nF38qILcHtuZQlQVqGzi2mNKg=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoiil6EohePFewHNCFstpt26WYTdjeFGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvDDlTGnH+bZKa+sbm1vl7crO7t5+1T44bKskk4S2SMIT2Q2xopwJ2tJMc9pNJcVxyGknHN3N/M6YSsUS8agnKfVjPBAsYgRrIwV21RtjmQ5Z4KAb5KUssGtO3ZkDrRK3IDUo0AzsL6+fkCymQhOOleq5Tqr9HEvNCKfTipcpmmIywgPaM1TgmCo/nx8+RadG6aMokaaERnP190SOY6UmcWg6Y6yHatmbif95vUxH137ORJppKshiUZRxpBM0SwH1maRE84khmEhmbkVkiCUm2mRVMSG4yy+vkvZ53b2oXz5c1Bq3RRxlOIYTOAMXrqAB99CEFhDI4Ble4c16sl6sd+tj0Vqyipkj+APr8wemI5Jw</latexit>

Neél Skyrmions
<latexit sha1_base64="oN7ZIlE6+S0jT/aOq58HNcw1ffc=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1hEVyWRii6LblxJRfuAppTJ9KYdOpOEmYlYQnDjr7hxoYhbv8Kdf+P0sdDWAxcO59zLvff4MWdKO863lVtYXFpeya8W1tY3Nrfs7Z26ihJJoUYjHsmmTxRwFkJNM82hGUsgwufQ8AeXI79xD1KxKLzTwxjagvRCFjBKtJE69p4n/OghvQbvKIWM49vBUArjqKxjF52SMwaeJ+6UFNEU1Y795XUjmggINeVEqZbrxLqdEqkZ5ZAVvERBTOiA9KBlaEgEqHY6fiHDh0bp4iCSpkKNx+rviZQIpYbCN52C6L6a9Ubif14r0cF5O2VhnGgI6WRRkHCsIzzKA3eZBKr50BBCJTO3YtonklBtUiuYENzZl+dJ/aTklkunN+Vi5WIaRx7towN0jFx0hiroClVRDVH0iJ7RK3qznqwX6936mLTmrOnMLvoD6/MHtUiXpQ==</latexit>

Bloch Skyrmions
<latexit sha1_base64="Y9GlDn6JHHkRUdB33xsabV0vbwY=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JIRZelblxWtA9oQ5lMJ+3QeYSZiRhiF/6KGxeKuPU33Pk3TtsstPXAhcM593LvPWHMqDae9+0sLa+srq0XNoqbW9s7u+7eflPLRGHSwJJJ1Q6RJowK0jDUMNKOFUE8ZKQVjq4mfuueKE2luDNpTAKOBoJGFCNjpZ572OWhfMhqTOIhvB2liltZj3tuySt7U8BF4uekBHLUe+5Xty9xwokwmCGtO74XmyBDylDMyLjYTTSJER6hAelYKhAnOsim94/hiVX6MJLKljBwqv6eyBDXOuWh7eTIDPW8NxH/8zqJiS6DjIo4MUTg2aIoYdBIOAkD9qki2LDUEoQVtbdCPEQKYWMjK9oQ/PmXF0nzrOxXyuc3lVK1lsdRAEfgGJwCH1yAKrgGddAAGDyCZ/AK3pwn58V5dz5mrUtOPnMA/sD5/AGFCpZw</latexit>

ϕ0 = π/4
<latexit sha1_base64="jKfEzbkGgPwURBJmXl7IMJfu53w=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmoiFb0IRS8eK9gPaELYbDft0k2y7G4KtfSXePGgiFd/ijf/jds2B219MPB4b4aZeaHgTGnH+bYKa+sbm1vF7dLO7t5+2T44bKk0k4Q2ScpT2QmxopwltKmZ5rQjJMVxyGk7HN7N/PaISsXS5FGPBfVj3E9YxAjWRgrssjfCUgxY4Nx4gp3XArviVJ050Cpxc1KBHI3A/vJ6KclimmjCsVJd1xHan2CpGeF0WvIyRQUmQ9ynXUMTHFPlT+aHT9GpUXooSqWpRKO5+ntigmOlxnFoOmOsB2rZm4n/ed1MR9f+hCUi0zQhi0VRxpFO0SwF1GOSEs3HhmAimbkVkQGWmGiTVcmE4C6/vEpaF1W3Vr18qFXqt3kcRTiGEzgDF66gDvfQgCYQyOAZXuHNerJerHfrY9FasPKZI/gD6/MH3QWSkw==</latexit>

ϕ0 = 3π/4
<latexit sha1_base64="LQ8ZioPK/0Zrti2cI+svf+6Zey4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSZa0YtQ9OKxgv2AJoTNdtMu3WyW3U2hhP4TLx4U8eo/8ea/cdvmoNUHA4/3ZpiZFwlGlXbdL6u0srq2vlHerGxt7+zu2fsHbZVmEpMWTlkquxFShFFOWppqRrpCEpREjHSi0d3M74yJVDTlj3oiSJCgAacxxUgbKbRtf4ykGNLQvbnwBT2rh3bVrblzOH+JV5AqFGiG9qffT3GWEK4xQ0r1PFfoIEdSU8zItOJnigiER2hAeoZylBAV5PPLp86JUfpOnEpTXDtz9edEjhKlJklkOhOkh2rZm4n/eb1Mx9dBTrnINOF4sSjOmKNTZxaD06eSYM0mhiAsqbnVwUMkEdYmrIoJwVt++S9pn9e8eu3yoV5t3BZxlOEIjuEUPLiCBtxDE1qAYQxP8AKvVm49W2/W+6K1ZBUzh/AL1sc3VDCS0A==</latexit>

ϕ0 = 3π/2
<latexit sha1_base64="A1NDt7WjIEnJTqNebYwiuR6eCyI=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU01qRS9C0YvHCvYDmhA22227dJMsu5tCCf0nXjwo4tV/4s1/47bNQVsfDDzem2FmXig4U9pxvq3C2vrG5lZxu7Szu7d/YB8etVSSSkKbJOGJ7IRYUc5i2tRMc9oRkuIo5LQdju5nfntMpWJJ/KQngvoRHsSszwjWRgps2xtjKYYscG4vPcEuqoFddirOHGiVuDkpQ45GYH95vYSkEY014ViprusI7WdYakY4nZa8VFGByQgPaNfQGEdU+dn88ik6M0oP9RNpKtZorv6eyHCk1CQKTWeE9VAtezPxP6+b6v6Nn7FYpJrGZLGon3KkEzSLAfWYpETziSGYSGZuRWSIJSbahFUyIbjLL6+SVrXi1ipXj7Vy/S6PowgncArn4MI11OEBGtAEAmN4hld4szLrxXq3PhatBSufOYY/sD5/AFEoks4=</latexit>

ϕ0 = π/2
<latexit sha1_base64="yC87WZHzGOk0KlrhuJ84WbxqCwY=">AAAB+HicbVBNS8NAEJ34WetHox69BIvgqSaloheh6MVjBfsBTQib7aZdutksu5tCLf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXiQYVdp1v6219Y3Nre3CTnF3b/+gZB8etVSaSUyaOGWp7ERIEUY5aWqqGekISVASMdKOhnczvz0iUtGUP+qxIEGC+pzGFCNtpNAu+SMkxYCG7o0v6EU1tMtuxZ3DWSVeTsqQoxHaX34vxVlCuMYMKdX1XKGDCZKaYkamRT9TRCA8RH3SNZSjhKhgMj986pwZpefEqTTFtTNXf09MUKLUOIlMZ4L0QC17M/E/r5vp+DqYUC4yTTheLIoz5ujUmaXg9KgkWLOxIQhLam518ABJhLXJqmhC8JZfXiWtasWrVS4fauX6bR5HAU7gFM7Bgyuowz00oAkYMniGV3iznqwX6936WLSuWfnMMfyB9fkD2f2SkQ==</latexit>

Θ(r) = Θ(ρ)
<latexit sha1_base64="yK87HIXmVE3drZ2Xbg3cWFsnC8A=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VoNyWRim6EohuXFfqCJpTJdNIMnWTCzEQooWs3/oobF4q49Qvc+TdO2gjaeuDC4Zx7ufceL2ZUKsv6Mgorq2vrG8XN0tb2zu6euX/QkTwRmLQxZ1z0PCQJoxFpK6oY6cWCoNBjpOuNbzK/e0+EpDxqqUlM3BCNIupTjJSWBuax0wqIQhUnRCrw/FRMq/AK/ogi4NWBWbZq1gxwmdg5KYMczYH56Qw5TkISKcyQlH3bipWbIqEoZmRachJJYoTHaET6mkYoJNJNZ69M4alWhtDnQlek4Ez9PZGiUMpJ6OnO7GK56GXif14/Uf6lm9IoThSJ8HyRnzCoOMxygUMqCFZsognCgupbIQ6QQFjp9Eo6BHvx5WXSOavZ9dr5Xb3cuM7jKIIjcAIqwAYXoAFuQRO0AQYP4Am8gFfj0Xg23oz3eWvByGcOwR8YH9+sDZmd</latexit>

Φ(r) = φ+ ϕ0
<latexit sha1_base64="FtoKvtvb28y0fNjvxcMEPd1Zxqo=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoCCWRim6EohuXFewDmhAm00kzdDIJM5NCCV278VfcuFDErV/gzr9x0mah1QPDHM65l3vv8RNGpbKsL6O0tLyyulZer2xsbm3vmLt7HRmnApM2jlksej6ShFFO2ooqRnqJICjyGen6o5vc746JkDTm92qSEDdCQ04DipHSkmceOq2Q1pwIqdAPMjE9gVfQSUJ66oyR0L9neWbVqlszwL/ELkgVFGh55qcziHEaEa4wQ1L2bStRboaEopiRacVJJUkQHqEh6WvKUUSkm81OmcJjrQxgEAv9uIIz9WdHhiIpJ5GvK/Od5aKXi/95/VQFl25GeZIqwvF8UJAyqGKY5wIHVBCs2EQThAXVu0IcIoGw0ulVdAj24sl/Seesbjfq53eNavO6iKMMDsARqAEbXIAmuAUt0AYYPIAn8AJejUfj2Xgz3uelJaPo2Qe/YHx8A9ofmb0=</latexit>

Helicity

Dipole Interactions:

∝ cos(ϕ0) , sin(ϕ0)
<latexit sha1_base64="FWMZzl5Zb/HO3bJcXq72TQQS9RQ=">AAACFHicbVDLSgMxFM3UV62vUZdugkWoWMqMVHRZdOOygn1Ap5RMmrahmSQkmUIZ+hFu/BU3LhRx68Kdf2PazqK2HrhwOOde7r0nlIxq43k/TmZtfWNzK7ud29nd2z9wD4/qWsQKkxoWTKhmiDRhlJOaoYaRplQERSEjjXB4N/UbI6I0FfzRjCVpR6jPaY9iZKzUcS8CqYQ0AgZY6EIwQkoOaMc7h0GxCANN+YLWcfNeyZsBrhI/JXmQotpxv4OuwHFEuMEMad3yPWnaCVKGYkYmuSDWRCI8RH3SspSjiOh2MntqAs+s0oU9oWxxA2fq4kSCIq3HUWg7I2QGetmbiv95rdj0btoJ5TI2hOP5ol7MoA1hmhDsUkWwYWNLEFbU3grxACmEjc0xZ0Pwl19eJfXLkl8uXT2U85XbNI4sOAGnoAB8cA0q4B5UQQ1g8ARewBt4d56dV+fD+Zy3Zpx05hj8gfP1C5/knUg=</latexit>

Dzyaloshinskii- Moriya Interactions:

∝ cos(2ϕ0)
<latexit sha1_base64="YXR5P8zaQQZU0q2AK26FcGDa98I=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahbspMqeiy6MZlBfuAzjBk0kwbmpmEJFMoQ8GNv+LGhSJu/Ql3/o1pOwttPRA4nHMvN+eEglGlHefbKqytb2xuFbdLO7t7+wf24VFb8VRi0sKccdkNkSKMJqSlqWakKyRBcchIJxzdzvzOmEhFefKgJ4L4MRokNKIYaSMF9oknJBeaQw9zValBb4ykGNLAuYCBXXaqzhxwlbg5KYMczcD+8vocpzFJNGZIqZ7rCO1nSGqKGZmWvFQRgfAIDUjP0ATFRPnZPMMUnhulDyMuzUs0nKu/NzIUKzWJQzMZIz1Uy95M/M/rpTq69jOaiFSTBC8ORSmDJvOsENinkmDNJoYgLKn5K8RDJBHWpraSKcFdjrxK2rWqW69e3tfLjZu8jiI4BWegAlxwBRrgDjRBC2DwCJ7BK3iznqwX6936WIwWrHznGPyB9fkDW7eWsA==</latexit>

Geometrical frustration: Global Symmetry: No intrinsic potential term `typ =

p

J2/J1
<latexit sha1_base64="lXRasT06nTOWFPhOTQ6yQTRz46Y=">AAACEXicbVC7SgNBFJ31GeMramkzGIRUcTco2giijaSKYGIgG5bZyY0OmZ1dZ+6KYdlfsPFXbCwUsbWz82+cxBS+DgwczjmXO/eEiRQGXffDmZqemZ2bLywUF5eWV1ZLa+stE6eaQ5PHMtbtkBmQQkETBUpoJxpYFEq4CAcnI//iBrQRsTrHYQLdiF0q0RecoZWCUsUHKYPMj8L4NvNRqCG1sTynh9Q31xqzelDbqQdeHpTKbtUdg/4l3oSUyQSNoPTu92KeRqCQS2ZMx3MT7GZMo+AS8qKfGkgYH7BL6FiqWASmm40vyum2VXq0H2v7FNKx+n0iY5Exwyi0yYjhlfntjcT/vE6K/YNuJlSSIij+taifSorx6G6gPaGBoxxawrgW9q+UXzHNONoSi7YE7/fJf0mrVvV2q3tnu+Wj40kdBbJJtkiFeGSfHJFT0iBNwskdeSBP5Nm5dx6dF+f1KzrlTGY2yA84b59mQp1Z</latexit>

`sky = 2− 10nm
<latexit sha1_base64="L0brsP9Dk57DXrjySFtzNKO/Xwk=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoxpKUim6EohuXFewDmlAm02k7dGYSZiZiCPkFN/6KGxeKuHXnzr9x2mahrQcuHM65l3vvCSJGlXacb6uwsrq2vlHcLG1t7+zu2fsHbRXGEpMWDlkouwFShFFBWppqRrqRJIgHjHSCyfXU79wTqWgo7nQSEZ+jkaBDipE2Ut+ueISxfurxIHxIPU1FAtUkyTJ4CWunrgPnhuBZ3y47VWcGuEzcnJRBjmbf/vIGIY45ERozpFTPdSLtp0hqihnJSl6sSITwBI1Iz1CBOFF+OvsogydGGcBhKE0JDWfq74kUcaUSHphOjvRYLXpT8T+vF+vhhZ9SEcWaCDxfNIwZ1CGcxgMHVBKsWWIIwpKaWyEeI4mwNiGWTAju4svLpF2ruvXq2W293LjK4yiCI3AMKsAF56ABbkATtAAGj+AZvII368l6sd6tj3lrwcpnDsEfWJ8/9cSdFg==</latexit>

`sky = 10− 100nm
<latexit sha1_base64="15N11WAK6PdY2eZVXufAA/x3+p0=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiWBKp6EYounFZwT6gCWEynbZDZyZhZiKGkH9w46+4caGIWzfu/BunbRbaeuDC4Zx7ufeeMGZUacf5thYWl5ZXVktr5fWNza1te2e3paJEYtLEEYtkJ0SKMCpIU1PNSCeWBPGQkXY4uh777XsiFY3EnU5j4nM0ELRPMdJGCuxjjzAWZB4Po4fM01SkUI3SPIeX0HVOXMeBU0vwPLArTtWZAM4TtyAVUKAR2F9eL8IJJ0JjhpTquk6s/QxJTTEjedlLFIkRHqEB6RoqECfKzyY/5fDQKD3Yj6QpoeFE/T2RIa5UykPTyZEeqllvLP7ndRPdv/AzKuJEE4Gni/oJgzqC44Bgj0qCNUsNQVhScyvEQyQR1ibGsgnBnX15nrROq26tenZbq9SvijhKYB8cgCPggnNQBzegAZoAg0fwDF7Bm/VkvVjv1se0dcEqZvbAH1ifP+nynYk=</latexit>

`sky = 100nm− 1µm
<latexit sha1_base64="YgKFHIPpeliQaD5Os9rdl2tFpgc=">AAACHnicbVDLSgMxFM34rPVVdekmWAQ3lhlp0Y1QdOOygn1ApwyZNNOG5jEkGXEY5kvc+CtuXCgiuNK/MX0stPXAhZNz7iX3njBmVBvX/XaWlldW19YLG8XNre2d3dLefkvLRGHSxJJJ1QmRJowK0jTUMNKJFUE8ZKQdjq7HfvueKE2luDNpTHocDQSNKEbGSkGp5hPGgsznoXzIfENFCvUozXN4CT3XhVNd8PwUej5Ppk+eB6WyW3EngIvEm5EymKERlD79vsQJJ8JghrTuem5sehlShmJG8qKfaBIjPEID0rVUIE50L5ucl8Njq/RhJJUtYeBE/T2RIa51ykPbyZEZ6nlvLP7ndRMTXfQyKuLEEIGnH0UJg0bCcVawTxXBhqWWIKyo3RXiIVIIG5to0YbgzZ+8SFpnFa9aqd1Wy/WrWRwFcAiOwAnwwDmogxvQAE2AwSN4Bq/gzXlyXpx352PauuTMZg7AHzhfP1Mzopw=</latexit>

`typ = J/D
<latexit sha1_base64="9K/+CAU2pMJFKLY4ebe9haDkbSk=">AAACBnicbVDLSgMxFM34rPVVdSlCsAiu6oxUdCMUdSGuKtgHdIYhk962oZnMkGTEMszKjb/ixoUibv0Gd/6N6WOhrQcCh3PO5eaeIOZMadv+tubmFxaXlnMr+dW19Y3NwtZ2XUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaAT9y6HfuAepWCTu9CAGLyRdwTqMEm0kv7DnAud+6oZB9JC6mokBNrEsw+f45ujKLxTtkj0CniXOhBTRBFW/8OW2I5qEIDTlRKmWY8faS4nUjHLI8m6iICa0T7rQMlSQEJSXjs7I8IFR2rgTSfOExiP190RKQqUGYWCSIdE9Ne0Nxf+8VqI7Z17KRJxoEHS8qJNwrKPhsYDbTALVfGAIoZKZv2LaI5JQbZrLmxKc6ZNnSf245JRLJ7flYuViUkcO7aJ9dIgcdIoq6BpVUQ1R9Iie0St6s56sF+vd+hhH56zJzA76A+vzB8IJmKY=</latexit>

Bulk Interfacial

`typ = J/V
<latexit sha1_base64="HqdFXPBI4iwy2Hnn9cwAby7yiAs=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXcloo0QtBGrCOYB2RBmJ3eTIbOzy8ysuCwpbPwVGwtFbP0IO//GyaPQxAMDh3PO5c49fsyZ0o7zbeWWlldW1/LrhY3Nre0de3evoaJEUqjTiEey5RMFnAmoa6Y5tGIJJPQ5NP3h1dhv3oNULBJ3Oo2hE5K+YAGjRBupaxc94LybeaEfPWSeZiLFJjYaXdwcN7p2ySk7E+BF4s5ICc1Q69pfXi+iSQhCU06UartOrDsZkZpRDqOClyiICR2SPrQNFSQE1ckmR4zwoVF6OIikeULjifp7IiOhUmnom2RI9EDNe2PxP6+d6OC8kzERJxoEnS4KEo51ND4VcI9JoJqnhhAqmfkrpgMiCdWmt4IpwZ0/eZE0TspupXx6WylVL2d15FERHaAj5KIzVEXXqIbqiKJH9Ixe0Zv1ZL1Y79bHNJqzZjP76A+szx8ddphk</latexit>

Stabilizing Mechanisms
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Skyrmion Helicity Quantization 

Z =

Z
Dme

iS(m,ṁ)

<latexit sha1_base64="TwlmQ/XKek3T25oUw8s9a8zOuY4="></latexit>

m = m0(r,ϕ0(t)) + χ(r, t,ϕ0(t))
<latexit sha1_base64="2wJRS996/j7AyIVmyVwUHsXDKDE="></latexit>

Path integral quantization

Seff =

Z
dt[S̄ Szϕ̇0 −H(ϕ0, Sz)]

<latexit sha1_base64="3Eb8iWZQKxl6DXP+I4YBirpVgmk="></latexit>

Z =

Z
Dϕ0DSze

iSeff(ϕ0,Sz)

<latexit sha1_base64="MXntEjxfT+ZsaejuLMCytzUmNEE="></latexit>

Conjugate momentum 

Generator of rotations {Sz,Φ} = −∂φΦ
<latexit sha1_base64="vvB1qtWi+nZzVY8IzNxENVJv9ww=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJUYoEpQESxIFSyMRdCH1ESR47qtVcexbAepRP0CFn6FhQGEWJnZ+BucNgO0HOlKR+fca997QsGo0o7zbS0sLi2vrBbWiusbm1vb9s5uU8WJxKSBYxbLdogUYZSThqaakbaQBEUhI61weJX5rXsiFY35nR4J4keoz2mPYqSNFNhlL4W3wcMR9OoDCr0xvIDHnkBSU8QCT2SaMQK75FScCeA8cXNSAjnqgf3ldWOcRIRrzJBSHdcR2k+zdzEj46KXKCIQHqI+6RjKUUSUn07OGcOyUbqwF0tTXMOJ+nsiRZFSoyg0nRHSAzXrZeJ/XifRvXM/pVwkmnA8/aiXMKhjmGUDu1QSrNnIEIQlNbtCPEASYW0SLJoQ3NmT50nzpOJWK6c31VLtMo+jAPbBATgELjgDNXAN6qABMHgEz+AVvFlP1ov1bn1MWxesfGYP/IH1+QOWBJqW</latexit>

Collective Coordinate Operators

ϕ̂0 , Ŝz
<latexit sha1_base64="Z6XZKlFyVYv0Ipz8RHQLRHWve5k=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclJJIRZdFNy4r2gc0IUymk3boZBJmJoUasnPjr7hxoYhbf8Gdf+M0zUJbD1w4nHMv997jx4xKZVnfxtLyyuraemmjvLm1vbNr7u23ZZQITFo4YpHo+kgSRjlpKaoY6caCoNBnpOOPrqd+Z0yEpBG/V5OYuCEacBpQjJSWPPPIGSKVOmMk4iHNPAtCp1qFuXiXeQ+eWbFqVg64SOyCVECBpmd+Of0IJyHhCjMkZc+2YuWmSCiKGcnKTiJJjPAIDUhPU45CIt00/yODJ1rpwyASuriCufp7IkWhlJPQ150hUkM5703F/7xeooJLN6U8ThTheLYoSBhUEZyGAvtUEKzYRBOEBdW3QjxEAmGloyvrEOz5lxdJ+6xm12vnt/VK46qIowQOwTE4BTa4AA1wA5qgBTB4BM/gFbwZT8aL8W58zFqXjGLmAPyB8fkD7R2Ytg==</latexit>

[ϕ̂0, Ŝz] = i/S̄
<latexit sha1_base64="ig5DGuOr9505E8XdsyQ4aX8Z3Uo=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSAoSNyViDZC0MYyonlAdgl3J5NkyOyDmdlAXPYbbPwVGwtFbK3s/Bsnmy008cCFM+fcy9x73JAzqUzz28gtLC4tr+RXC2vrG5tbxe2dhgwiQWidBDwQLRck5cyndcUUp61QUPBcTpvu8HriN0dUSBb492ocUseDvs96jIDSUqd41LYHoGJ7BCIcsKRj4mOcKndJ58HBl5id2C6IybNYMstmCjxPrIyUUIZap/hldwMSedRXhIOUbcsMlRODUIxwmhTsSNIQyBD6tK2pDx6VTpyelOADrXRxLxC6fIVT9fdEDJ6UY8/VnR6ogZz1JuJ/XjtSvQsnZn4YKeqT6Ue9iGMV4Ek+uMsEJYqPNQEimN4VkwEIIEqnWNAhWLMnz5PGadmqlM9uK6XqVRZHHu2hfXSILHSOqugG1VAdEfSIntErejOejBfj3fiYtuaMbGYX/YHx+QMnjp0l</latexit>

Ŝz|si = (s/S̄)|si
<latexit sha1_base64="Hiv9vHJu0xQhPqkFZwqlixeXV5s=">AAACIXicbVBNSwMxFMz6WevXqkcvwSLUS92Vir0IRS8eFa0K3VLepmkbzGaX5K1Ql/4VL/4VLx4U8Sb+GdO6B20dCAwz83h5EyZSGPS8T2dmdm5+YbGwVFxeWV1bdzc2r02casYbLJaxvg3BcCkUb6BAyW8TzSEKJb8J705H/s0910bE6goHCW9F0FOiKxigldpuLegDZpfD9gMNbA6poYEG1ZOcHtOy2Q9C0Nbem3LbbsmreGPQaeLnpERynLfdj6ATszTiCpkEY5q+l2ArA42CST4sBqnhCbA76PGmpQoiblrZ+MIh3bVKh3ZjbZ9COlZ/T2QQGTOIQpuMAPtm0huJ/3nNFLu1ViZUkiJX7GdRN5UUYzqqi3aE5gzlwBJgWti/UtYHDQxtqUVbgj958jS5Pqj41crhRbVUP8nrKJBtskPKxCdHpE7OyDlpEEYeyTN5JW/Ok/PivDsfP9EZJ5/ZIn/gfH0Dr9qilg==</latexit>

ϕ̂0|ϕ0i = ϕ0|ϕ0i ,with |ϕ0i = |ϕ0 + 2πi
<latexit sha1_base64="Nrv6gdW2qYjkZvVt8RnF2mGoGfQ="></latexit>

Sz =

Z
dr(1−mz)

<latexit sha1_base64="9s3CW27rOwD554watxWkEv6J+sk=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahLiyJVHQjFNy4rGgf0IQwmUzaoZNJmJkIbejSjb/ixoUibv0Ed/6Nk7YLbT0wcDjnXubc4yeMSmVZ30ZhaXllda24XtrY3NreMXf3WjJOBSZNHLNYdHwkCaOcNBVVjHQSQVDkM9L2B9e5334gQtKY36thQtwI9TgNKUZKS555eOeN4BV0KFcwcCKk+n6YiTGs2KeRNzqBnlm2qtYEcJHYM1IGMzQ888sJYpxGhCvMkJRd20qUmyGhKGZkXHJSSRKEB6hHuppyFBHpZpNDxvBYKwEMY6GfDjRRf29kKJJyGPl6Mo8q571c/M/rpiq8dDPKk1QRjqcfhSmDKoZ5KzCggmDFhpogLKjOCnEfCYSV7q6kS7DnT14krbOqXaue39bK9dqsjiI4AEegAmxwAergBjRAE2DwCJ7BK3gznowX4934mI4WjNnOPvgD4/MHJ+mYHA==</latexit>

Faddeev-Popov techniques 

Z̃
<latexit sha1_base64="tPlJlnwtAKN58tY8VJDUlBGmn5Q=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK9kPbUDababt0swm7E6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxupn7rCbQRsbrHcQJ+xAZK9AVnaKWHLgoZQvY46ZUrbtWdgS4TLycVkqPeK391w5inESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOpYqFoHxs9nBE3pilZD2Y21LIZ2pvycyFhkzjgLbGTEcmkVvKv7ndVLsX/mZUEmKoPh8UT+VFGM6/Z6GQgNHObaEcS3srZQPmWYcbUYlG4K3+PIyaZ5VvfPqxd15pXadx1EkR+SYnBKPXJIauSV10iCcROSZvJI3RzsvzrvzMW8tOPnMIfkD5/MHGF+QnA==</latexit>

Conjugate Momentum 

Z
Dϕ0DSzJϕ0

JSz
δ(F1)δ(F2) = 1

<latexit sha1_base64="3pimJ3J7rThh7iyFQJXHBtIyxxs="></latexit>

·-constraints

Integrate out zero mode Momentum Conservation

Z
dr

2
dt Φ̇(1− cosΘ) =

Z
dt[Szϕ̇0 +

Z
dr

2
χ

∗

χ̇]
<latexit sha1_base64="p1tbQ+BSju9Un24QnltCVnhl/90="></latexit>

Canonical Forms
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Skyrmion Helicity Quantization 

Z =

Z
Dme

iS(m,ṁ)

<latexit sha1_base64="TwlmQ/XKek3T25oUw8s9a8zOuY4="></latexit>

m = m0(r,ϕ0(t)) + χ(r, t,ϕ0(t))
<latexit sha1_base64="2wJRS996/j7AyIVmyVwUHsXDKDE="></latexit>

Path integral quantization

Seff =

Z
dt[S̄ Szϕ̇0 −H(ϕ0, Sz)]

<latexit sha1_base64="3Eb8iWZQKxl6DXP+I4YBirpVgmk="></latexit>

Z =

Z
Dϕ0DSze

iSeff(ϕ0,Sz)

<latexit sha1_base64="MXntEjxfT+ZsaejuLMCytzUmNEE="></latexit>

Conjugate momentum 

Generator of rotations {Sz,Φ} = −∂φΦ
<latexit sha1_base64="vvB1qtWi+nZzVY8IzNxENVJv9ww=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJUYoEpQESxIFSyMRdCH1ESR47qtVcexbAepRP0CFn6FhQGEWJnZ+BucNgO0HOlKR+fca997QsGo0o7zbS0sLi2vrBbWiusbm1vb9s5uU8WJxKSBYxbLdogUYZSThqaakbaQBEUhI61weJX5rXsiFY35nR4J4keoz2mPYqSNFNhlL4W3wcMR9OoDCr0xvIDHnkBSU8QCT2SaMQK75FScCeA8cXNSAjnqgf3ldWOcRIRrzJBSHdcR2k+zdzEj46KXKCIQHqI+6RjKUUSUn07OGcOyUbqwF0tTXMOJ+nsiRZFSoyg0nRHSAzXrZeJ/XifRvXM/pVwkmnA8/aiXMKhjmGUDu1QSrNnIEIQlNbtCPEASYW0SLJoQ3NmT50nzpOJWK6c31VLtMo+jAPbBATgELjgDNXAN6qABMHgEz+AVvFlP1ov1bn1MWxesfGYP/IH1+QOWBJqW</latexit>

Collective Coordinate Operators

ϕ̂0 , Ŝz
<latexit sha1_base64="Z6XZKlFyVYv0Ipz8RHQLRHWve5k=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclJJIRZdFNy4r2gc0IUymk3boZBJmJoUasnPjr7hxoYhbf8Gdf+M0zUJbD1w4nHMv997jx4xKZVnfxtLyyuraemmjvLm1vbNr7u23ZZQITFo4YpHo+kgSRjlpKaoY6caCoNBnpOOPrqd+Z0yEpBG/V5OYuCEacBpQjJSWPPPIGSKVOmMk4iHNPAtCp1qFuXiXeQ+eWbFqVg64SOyCVECBpmd+Of0IJyHhCjMkZc+2YuWmSCiKGcnKTiJJjPAIDUhPU45CIt00/yODJ1rpwyASuriCufp7IkWhlJPQ150hUkM5703F/7xeooJLN6U8ThTheLYoSBhUEZyGAvtUEKzYRBOEBdW3QjxEAmGloyvrEOz5lxdJ+6xm12vnt/VK46qIowQOwTE4BTa4AA1wA5qgBTB4BM/gFbwZT8aL8W58zFqXjGLmAPyB8fkD7R2Ytg==</latexit>

[ϕ̂0, Ŝz] = i/S̄
<latexit sha1_base64="ig5DGuOr9505E8XdsyQ4aX8Z3Uo=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSAoSNyViDZC0MYyonlAdgl3J5NkyOyDmdlAXPYbbPwVGwtFbK3s/Bsnmy008cCFM+fcy9x73JAzqUzz28gtLC4tr+RXC2vrG5tbxe2dhgwiQWidBDwQLRck5cyndcUUp61QUPBcTpvu8HriN0dUSBb492ocUseDvs96jIDSUqd41LYHoGJ7BCIcsKRj4mOcKndJ58HBl5id2C6IybNYMstmCjxPrIyUUIZap/hldwMSedRXhIOUbcsMlRODUIxwmhTsSNIQyBD6tK2pDx6VTpyelOADrXRxLxC6fIVT9fdEDJ6UY8/VnR6ogZz1JuJ/XjtSvQsnZn4YKeqT6Ue9iGMV4Ek+uMsEJYqPNQEimN4VkwEIIEqnWNAhWLMnz5PGadmqlM9uK6XqVRZHHu2hfXSILHSOqugG1VAdEfSIntErejOejBfj3fiYtuaMbGYX/YHx+QMnjp0l</latexit>

Ŝz|si = (s/S̄)|si
<latexit sha1_base64="Hiv9vHJu0xQhPqkFZwqlixeXV5s=">AAACIXicbVBNSwMxFMz6WevXqkcvwSLUS92Vir0IRS8eFa0K3VLepmkbzGaX5K1Ql/4VL/4VLx4U8Sb+GdO6B20dCAwz83h5EyZSGPS8T2dmdm5+YbGwVFxeWV1bdzc2r02casYbLJaxvg3BcCkUb6BAyW8TzSEKJb8J705H/s0910bE6goHCW9F0FOiKxigldpuLegDZpfD9gMNbA6poYEG1ZOcHtOy2Q9C0Nbem3LbbsmreGPQaeLnpERynLfdj6ATszTiCpkEY5q+l2ArA42CST4sBqnhCbA76PGmpQoiblrZ+MIh3bVKh3ZjbZ9COlZ/T2QQGTOIQpuMAPtm0huJ/3nNFLu1ViZUkiJX7GdRN5UUYzqqi3aE5gzlwBJgWti/UtYHDQxtqUVbgj958jS5Pqj41crhRbVUP8nrKJBtskPKxCdHpE7OyDlpEEYeyTN5JW/Ok/PivDsfP9EZJ5/ZIn/gfH0Dr9qilg==</latexit>

ϕ̂0|ϕ0i = ϕ0|ϕ0i ,with |ϕ0i = |ϕ0 + 2πi
<latexit sha1_base64="Nrv6gdW2qYjkZvVt8RnF2mGoGfQ="></latexit>

Sz =

Z
dr(1−mz)

<latexit sha1_base64="9s3CW27rOwD554watxWkEv6J+sk=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahLiyJVHQjFNy4rGgf0IQwmUzaoZNJmJkIbejSjb/ixoUibv0Ed/6Nk7YLbT0wcDjnXubc4yeMSmVZ30ZhaXllda24XtrY3NreMXf3WjJOBSZNHLNYdHwkCaOcNBVVjHQSQVDkM9L2B9e5334gQtKY36thQtwI9TgNKUZKS555eOeN4BV0KFcwcCKk+n6YiTGs2KeRNzqBnlm2qtYEcJHYM1IGMzQ888sJYpxGhCvMkJRd20qUmyGhKGZkXHJSSRKEB6hHuppyFBHpZpNDxvBYKwEMY6GfDjRRf29kKJJyGPl6Mo8q571c/M/rpiq8dDPKk1QRjqcfhSmDKoZ5KzCggmDFhpogLKjOCnEfCYSV7q6kS7DnT14krbOqXaue39bK9dqsjiI4AEegAmxwAergBjRAE2DwCJ7BK3gznowX4934mI4WjNnOPvgD4/MHJ+mYHA==</latexit>

Faddeev-Popov techniques 

Z̃
<latexit sha1_base64="tPlJlnwtAKN58tY8VJDUlBGmn5Q=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK9kPbUDababt0swm7E6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxupn7rCbQRsbrHcQJ+xAZK9AVnaKWHLgoZQvY46ZUrbtWdgS4TLycVkqPeK391w5inESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOpYqFoHxs9nBE3pilZD2Y21LIZ2pvycyFhkzjgLbGTEcmkVvKv7ndVLsX/mZUEmKoPh8UT+VFGM6/Z6GQgNHObaEcS3srZQPmWYcbUYlG4K3+PIyaZ5VvfPqxd15pXadx1EkR+SYnBKPXJIauSV10iCcROSZvJI3RzsvzrvzMW8tOPnMIfkD5/MHGF+QnA==</latexit>

Conjugate Momentum 

Z
Dϕ0DSzJϕ0

JSz
δ(F1)δ(F2) = 1

<latexit sha1_base64="3pimJ3J7rThh7iyFQJXHBtIyxxs="></latexit>

·-constraints

Integrate out zero mode Momentum Conservation

Z
dr

2
dt Φ̇(1− cosΘ) =

Z
dt[Szϕ̇0 +

Z
dr

2
χ

∗

χ̇]
<latexit sha1_base64="p1tbQ+BSju9Un24QnltCVnhl/90="></latexit>

Canonical Forms
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Quantum Hamiltonian

0 π/2 π 3π/2 2π

ϕ0

V
(ϕ

0
)

0 π/2 π 3π/2 2π

ϕ0

V
(ϕ

0
)

Ez
<latexit sha1_base64="LPs9CX22lIaNOm9MPqjV+ZF1Qco=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0jaattbUQSPFW0ttKFstpt26eaD3Y1QQ3+CFw+KePUXefPfuGkjqOiDgcd7M8zMcyPOpLKsDyO3tLyyupZfL2xsbm3vFHf3OjKMBaFtEvJQdF0sKWcBbSumOO1GgmLf5fTWnZyn/u0dFZKFwY2aRtTx8ShgHiNYaen6YnA/KJYs87TSaNTqyDKtOVJiVytlG9mZUoIMrUHxvT8MSezTQBGOpezZVqScBAvFCKezQj+WNMJkgke0p2mAfSqdZH7qDB1pZYi8UOgKFJqr3ycS7Es59V3d6WM1lr+9VPzL68XKqzsJC6JY0YAsFnkxRypE6d9oyAQlik81wUQwfSsiYywwUTqdgg7h61P0P+mUTbtqnlxVS82zLI48HMAhHIMNNWjCJbSgDQRG8ABP8Gxw49F4MV4XrTkjm9mHHzDePgF8943z</latexit>

0 π/2 π 3π/2 2π

ϕ0

V
(ϕ

0
)

h⊥
<latexit sha1_base64="5cO/rgenKTTHrkaf0yfL1AyYx5g=">AAAB8HicdVBNSwMxEM3Wr1q/qh69BIvgadltq21vRS8eK9hWaZeSTbNtaJINSVYoS3+FFw+KePXnePPfmLYrqOiDgcd7M8zMCyWj2njeh5NbWV1b38hvFra2d3b3ivsHHR0nCpM2jlmsbkOkCaOCtA01jNxKRRAPGemGk8u5370nStNY3JipJAFHI0EjipGx0t14kPYlUXI2KJY897zSaNTq0HO9BebEr1bKPvQzpQQytAbF9/4wxgknwmCGtO75njRBipShmJFZoZ9oIhGeoBHpWSoQJzpIFwfP4IlVhjCKlS1h4EL9PpEirvWUh7aTIzPWv725+JfXS0xUD1IqZGKIwMtFUcKgieH8ezikimDDppYgrKi9FeIxUggbm1HBhvD1KfyfdMquX3XPrqul5kUWRx4cgWNwCnxQA01wBVqgDTDg4AE8gWdHOY/Oi/O6bM052cwh+AHn7ROBgZDj</latexit>

Potential Engineering is experimentally feasible with current technology

H =
Ŝ2

z

2M
+ hŜz

<latexit sha1_base64="gZnHbYfefRg8ZDaG/y+aC71mssY="></latexit>

Magnetic anisotropy

Magnetic field

Dipole interactions/Strain

Electric field

Magnetic field gradient/DMI

+
<latexit sha1_base64="3DnS3vImeIO9jz1IyYjxDR65oEU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5XyVb1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3QdjLc=</latexit>
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Potential Engineering

Magnetic anisotropy Electric Field Magnetic Field Gradient

Fx = S̄Kx/a
2

Z
dr m2

x

<latexit sha1_base64="t3GgL4V3Im2VpcBSBU3sKOHw/k0="></latexit>

In-plane magnetic anisotropy

FeGe thin plate under uniaxial tensile strain

K. Shibata, et al., Nature Nanotech. 10, 589 (2015).

Electric dipole

H. Katsura , et al.,  Phys. Rev. Lett. 95 057205 (2005)

Electric Polarization 

X. Yao, et al.,  New J. Phys. 22 083032 (2020) 

A. Casiraghi, et al. Commun. Phys. 2, 145 (2019).

Magnetic force microscopy (MFM) probe

M. N. Wilson, et al., Phys. Rev. B 86, 144420 (2012).

MnSi thin films
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Helicity-Qubit
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Universal Level Repulsion Diagram

Requirements

High Anharmonicity

Suppressed Thermal Excitations

|ω12 − ω01| > 20%ω01
<latexit sha1_base64="1jhI64LISyFt0ixxODAUMuFasEU=">AAACH3icbZDLSsNAFIYn9VbrLerSzWApuLEkpV5WUnTjsoK9QBPCZDpph04mYWYilJA3ceOruHGhiLjr2zhtI9TWAwMf/38OZ87vx4xKZVkTo7C2vrG5Vdwu7ezu7R+Yh0dtGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fiju6nfeSJC0og/qnFM3BANOA0oRkpLnnnpaFdBJwrJAHmpXcvOf9myMzh3b2DNcipwwfDMslW1ZgVXwc6hDPJqeua3049wEhKuMENS9mwrVm6KhKKYkazkJJLECI/QgPQ0chQS6aaz+zJY0UofBpHQjys4UxcnUhRKOQ593RkiNZTL3lT8z+slKrh2U8rjRBGO54uChEEVwWlYsE8FwYqNNSAsqP4rxEMkEFY60pIOwV4+eRXatapdr1481MuN2zyOIjgBp+AM2OAKNMA9aIIWwOAZvIJ38GG8GG/Gp/E1by0Y+cwx+FPG5AdnpaFQ</latexit>

−0.10 −0.05 0.00 0.05 0.10

h⊥

C. Psaroudaki and C. Panagopoulos, Phys. Rev. Lett. 127, 067201 (2021)
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Helicity-Qubit
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Qubit states

.00

~ω01

~ω02 ~ω12

|0i

|1i

|2i

0 π/2 π 3π/2 2π

ϕ0

−0.1

0.0

0.1

0.2

V
(ϕ

0
)

Sz-Qubit

Ez ' κ
<latexit sha1_base64="lEsAvcoPA9r+A6SqX45DijLzN/g=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FETxWsB/QXUs2zbah2WxIskpd+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8UHKmjet+O4Wl5ZXVteJ6aWNza3unvLvX1EmqCG2QhCeqHWJNORO0YZjhtC0VxXHIaSscXk381gNVmiXizowkDWLcFyxiBBsr3V93n5DPOfKHWErcLVfcqjsFWiReTiqQo94tf/m9hKQxFYZwrHXHc6UJMqwMI5yOS36qqcRkiPu0Y6nAMdVBNr16jI6s0kNRomwJg6bq74kMx1qP4tB2xtgM9Lw3Ef/zOqmJLoKMCZkaKshsUZRyZBI0iQD1mKLE8JElmChmb0VkgBUmxgZVsiF48y8vkuZJ1Tutnt2eVmqXeRxFOIBDOAYPzqEGN1CHBhBQ8Ayv8OY8Oi/Ou/Mxay04+cw+/IHz+QO+wpIJ</latexit>

Sz- Qubit

magnetic 
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magnetic 

field

electric 

field

Charge Qubit
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Universal Quantum Computing

Single-qubit unitary operations Ui(θ)
<latexit sha1_base64="eh3pGMVugnJZTKXf1aNNIdfmziU=">AAAB83icbVBNS8NAEJ34WetX1aOXxSLUS0mkoseiF48VTFtoQtlsN+3SzQe7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvSKXQaNvf1tr6xubWdmmnvLu3f3BYOTpu6yRTjLsskYnqBlRzKWLuokDJu6niNAok7wTju5nfeeJKiyR+xEnK/YgOYxEKRtFIntsXNQ9HHOkF6Veqdt2eg6wSpyBVKNDqV768QcKyiMfIJNW659gp+jlVKJjk07KXaZ5SNqZD3jM0phHXfj6/eUrOjTIgYaJMxUjm6u+JnEZaT6LAdEYUR3rZm4n/eb0Mwxs/F3GaIY/ZYlGYSYIJmQVABkJxhnJiCGVKmFsJG1FFGZqYyiYEZ/nlVdK+rDuN+tVDo9q8LeIowSmcQQ0cuIYm3EMLXGCQwjO8wpuVWS/Wu/WxaF2zipkT+APr8wfxAZD6</latexit>

Uz(π)
<latexit sha1_base64="jUJBsFcyutLiixQ5xuNRU/BLyas=">AAAB8HicbVBNTwIxEJ31E/EL9eilkZjghewajB6JXjxi4gIGNqRbutDQdjdt1wQ3/AovHjTGqz/Hm//GAntQ8CWTvLw3k5l5YcKZNq777aysrq1vbBa2its7u3v7pYPDpo5TRahPYh6rdog15UxS3zDDaTtRFIuQ01Y4upn6rUeqNIvlvRknNBB4IFnECDZWevB7T5Vuws5Qr1R2q+4MaJl4OSlDjkav9NXtxyQVVBrCsdYdz01MkGFlGOF0UuymmiaYjPCAdiyVWFAdZLODJ+jUKn0UxcqWNGim/p7IsNB6LELbKbAZ6kVvKv7ndVITXQUZk0lqqCTzRVHKkYnR9HvUZ4oSw8eWYKKYvRWRIVaYGJtR0YbgLb68TJrnVa9WvbirlevXeRwFOIYTqIAHl1CHW2iADwQEPMMrvDnKeXHenY9564qTzxzBHzifP7CEj7A=</latexit>

G1 = {UH , US , UT , UCNOT}
<latexit sha1_base64="4k+yog/lGV/nvcN9i/o64Xkw1EQ="></latexit>

G0 = {Ux, Uy, Uz, Uph, UCNOT}
<latexit sha1_base64="Wfp5WSivZBbCBWWiBSz6HQdsVHg="></latexit>

UH = Uz(π/2)Ux(π/2)Uz(π/2)
<latexit sha1_base64="hn435H11Ffw3k35NVy18XZK5420=">AAACDnicbZDNTgIxFIU7+If4N+rSTSMhwQ3OEIxuTIhuWGLiAAlMJp1SoKHTmbQdI054Aje+ihsXGuPWtTvfxgJjVPAkTb6ce29u7/EjRqWyrE8js7S8srqWXc9tbG5t75i7ew0ZxgITB4csFC0fScIoJ46iipFWJAgKfEaa/vByUm/eECFpyK/VKCJugPqc9ihGSlueWXC82jl0vLtiJ6LH5SONtz/47Xpm3ipZU8FFsFPIg1R1z/zodEMcB4QrzJCUbduKlJsgoShmZJzrxJJECA9Rn7Q1chQQ6SbTc8awoJ0u7IVCP67g1P09kaBAylHg684AqYGcr03M/2rtWPXO3ITyKFaE49miXsygCuEkG9ilgmDFRhoQFlT/FeIBEggrnWBOh2DPn7wIjXLJrpROrir56kUaRxYcgENQBDY4BVVQA3XgAAzuwSN4Bi/Gg/FkvBpvs9aMkc7sgz8y3r8AFoKY+w==</latexit>

UT
<latexit sha1_base64="o4OcFJe1ckNIcAft2HYe0wKXDR0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eKTVtoQ9lsJ+3SzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T2TDjFMMYjqQPOKMGis9+r1Gr1xxq+4cZJV4OalAjnqv/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mpU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CaYcJlmBiVbLIoyQUxCZn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/zyKmleVL3L6tXDZaV2m8dRhBM4hXPw4BpqcA918IHBAJ7hFd4c4bw4787HorXg5DPH8AfO5w8OAo2o</latexit>

ý

•
CNOT

Two-qubit unitary operations 

Flips the second if first is |1i
<latexit sha1_base64="arqjD1Y6JCZThE+udeoaG+p1Y0Q=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsKuKHoMevEYwTwgWcLspDcZMju7zMwKccmXePGgiFc/xZt/4+Rx0MSChqKqm+6uMBVcG8/7dgpr6xubW8Xt0s7u3n7ZPThs6iRTDBssEYlqh1Sj4BIbhhuB7VQhjUOBrXB0O/Vbj6g0T+SDGacYxHQgecQZNVbqueWudQ3xSVdRORDYcyte1ZuBrBJ/QSqwQL3nfnX7CctilIYJqnXH91IT5FQZzgROSt1MY0rZiA6wY6mkMeognx0+IadW6ZMoUbakITP190ROY63HcWg7Y2qGetmbiv95ncxE10HOZZoZlGy+KMoEMQmZpkD6XCEzYmwJZYrbWwkbUkWZsVmVbAj+8surpHle9S+ql/cXldrNIo4iHMMJnIEPV1CDO6hDAxhk8Ayv8OY8OS/Ou/Mxby04i5kj+APn8wf/mJKs</latexit>

SWAP Swaps two qubits

•
Z

CZ Applies a phase flip to the second 

if first is |1i
<latexit sha1_base64="arqjD1Y6JCZThE+udeoaG+p1Y0Q=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsKuKHoMevEYwTwgWcLspDcZMju7zMwKccmXePGgiFc/xZt/4+Rx0MSChqKqm+6uMBVcG8/7dgpr6xubW8Xt0s7u3n7ZPThs6iRTDBssEYlqh1Sj4BIbhhuB7VQhjUOBrXB0O/Vbj6g0T+SDGacYxHQgecQZNVbqueWudQ3xSVdRORDYcyte1ZuBrBJ/QSqwQL3nfnX7CctilIYJqnXH91IT5FQZzgROSt1MY0rZiA6wY6mkMeognx0+IadW6ZMoUbakITP190ROY63HcWg7Y2qGetmbiv95ncxE10HOZZoZlGy+KMoEMQmZpkD6XCEzYmwJZYrbWwkbUkWZsVmVbAj+8surpHle9S+ql/cXldrNIo4iHMMJnIEPV1CDO6hDAxhk8Ayv8OY8OS/Ou/Mxby04i5kj+APn8wf/mJKs</latexit>
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Single-Qubit Gates 

Fext =

Z
dr B(r, t) ·m(r, t)

<latexit sha1_base64="K3YP0/nXHY+eGAx2RRZMTtlNZrk="></latexit>

Microwave Fields 

B(r, t) = B cos(ωt+ φ)f(t)xêx
<latexit sha1_base64="m+IhTQuXFhEkLAyDbfUDgDkfHt0="></latexit>

External 

frequency

External field 

amplitude

External 

phase

In-phase pulses 

Rotating Frame

ϑ(t) = −Ω

Z
t

0

f(t0)dt0

<latexit sha1_base64="9csffS6VyJ0pBLCesjPDf5ChSjY=">AAACEXicbVA9SwNBEN3zM8avqKXNYpAkheFOFG2EoI2dEYwGcjHsbeaSJXt7x+6cEEL+go1/xcZCEVs7O/+Nm5hCjQ8GHu/NMDMvSKQw6Lqfzszs3PzCYmYpu7yyurae29i8NnGqOdR4LGNdD5gBKRTUUKCEeqKBRYGEm6B3NvJv7kAbEasr7CfQjFhHiVBwhlZq5Yr+HdPYBWRFLNETuudfRNBhvlDYcm+RhkUslGgbC61c3i27Y9Bp4k1InkxQbeU+/HbM0wgUcsmMaXhugs2B3Sa4hGHWTw0kjPdYBxqWKhaBaQ7GHw3prlXaNIy1LYV0rP6cGLDImH4U2M6IYdf89Ubif14jxfC4ORAqSREU/14UppJiTEfx0LbQwFH2LWFcC3sr5V2mGUcbYtaG4P19eZpc75e9g/Lh5UG+cjqJI0O2yQ4pEo8ckQo5J1VSI5zck0fyTF6cB+fJeXXevltnnMnMFvkF5/0LID+bSw==</latexit>

Out-of-phase pulses φ = π/2
<latexit sha1_base64="PCUn0HP9q/o5Y7lraQ2aZ3oyIrs=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU90tFb0IBS8eK9gP7C4lm2bb0Gw2JFmhLP0XXjwo4tV/481/Y9ruQVsfDDzem2FmXig508Z1v53C2vrG5lZxu7Szu7d/UD48auskVYS2SMIT1Q2xppwJ2jLMcNqViuI45LQTjm9nfueJKs0S8WAmkgYxHgoWMYKNlR59OWI3vmQXtX654lbdOdAq8XJSgRzNfvnLHyQkjakwhGOte54rTZBhZRjhdFryU00lJmM8pD1LBY6pDrL5xVN0ZpUBihJlSxg0V39PZDjWehKHtjPGZqSXvZn4n9dLTXQdZEzI1FBBFouilCOToNn7aMAUJYZPLMFEMXsrIiOsMDE2pJINwVt+eZW0a1WvXr28r1catTyOIpzAKZyDB1fQgDtoQgsICHiGV3hztPPivDsfi9aCk88cwx84nz/Bg5BG</latexit>

Uy(t) = e
−

i
2
ϑ(t)σ̂y

<latexit sha1_base64="z273Ua/8hXCE0Umu62ixLns9SKI="></latexit>

H ∼ cos(ωt+ φ)f(t) cos(ϕ̂0)
<latexit sha1_base64="8dNB6+dDfiKchDFIJpcQjmPGjPk=">AAACHnicbVDJSgNBEO1xN25Rj14ag5AghBlR1JvgxWMEs0AmhJpOT9LYPT101whhyJd48Ve8eFBE8KR/Y2c5uD0oeLxXRVW9KJXCou9/enPzC4tLyyurhbX1jc2t4vZOw+rMMF5nWmrTisByKRJeR4GSt1LDQUWSN6Pby7HfvOPGCp3c4DDlHQX9RMSCATqpWzy5oqEVioZM23KoFe8DRXoYpgNRoXEZK1NjAJiHd2CcPOr6lW6x5Ff9CehfEsxIicxQ6xbfw55mmeIJMgnWtgM/xU4OBgWTfFQIM8tTYLfQ521HE1DcdvLJeyN64JQejbVxlSCdqN8nclDWDlXkOhXgwP72xuJ/XjvD+KyTiyTNkCdsuijOJEVNx1nRnjCcoRw6AswIdytlAzDA0CVacCEEv1/+SxpH1eC4enJ9XLo4n8WxQvbIPimTgJySC3JFaqROGLknj+SZvHgP3pP36r1NW+e82cwu+QHv4wu0KqD/</latexit>

C. Psaroudaki and C. Panagopoulos, Phys. Rev. Lett. 127, 067201 (2021)

Electric Field Protocol HEF = Ez(t)σ̂z
<latexit sha1_base64="xnvenej9QP0et7IC6u1xaHwl1tQ=">AAACFXicbVBNSwMxEM36WetX1aOXYBEUpOxKRS+CKJUeK9gqdMuSTdM2NMkuyaxYl/0TXvwrXjwo4lXw5r8xrT1o9cHA470ZZuaFseAGXPfTmZqemZ2bzy3kF5eWV1YLa+sNEyWasjqNRKSvQ2KY4IrVgYNg17FmRIaCXYX9s6F/dcO04ZG6hEHMWpJ0Fe9wSsBKQWGvGqS+DKPb1AeuBmnlPMuyY1wJ7nZgF/s9AqlveFeSLLjDQaHoltwR8F/ijUkRjVELCh9+O6KJZAqoIMY0PTeGVko0cCpYlvcTw2JC+6TLmpYqIplppaOvMrxtlTbuRNqWAjxSf06kRBozkKHtlAR6ZtIbiv95zQQ6R62UqzgBpuj3ok4iMER4GBFuc80oiIElhGpub8W0RzShYIPM2xC8yZf/ksZ+ySuXDi7KxZPTcRw5tIm20A7y0CE6QVVUQ3VE0T16RM/oxXlwnpxX5+27dcoZz2ygX3DevwCM058O</latexit>

UZ(θ) = exp

ÿ

−

i

~
σ̂z

Z

t0

0

Ez(t)dt

�

= exp

ÿ

−

iθ

2
σ̂z

�

<latexit sha1_base64="PMKob7fs1RxpQixFjOV5/s+BJj0="></latexit>

T-Gate Hadamard-Gate

J. Xia, et al., Phys. Rev. Lett. 130 106701 (2023) 
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Interaction energy

Qubit Hamiltonian 

J
x

int
' J

z

int
<latexit sha1_base64="hBI02h+/ADbvNq1h9dKGeWME41E=">AAACMHicbVDLSgMxFM3UV62vqks3wSK4KjOi6LLoQnFVwT6gU0smTdvQTGZI7kjrMJ/kxk/RjYIibv0KM20Xte2BwOGcc8m9xwsF12DbH1ZmaXlldS27ntvY3Nreye/uVXUQKcoqNBCBqntEM8ElqwAHweqhYsT3BKt5/avUrz0ypXkg72EYsqZPupJ3OCVgpFb+2vUJ9CgR8W3yMGjFru8Fg9gFLocxl5AkCXaFwNOpp0WpVr5gF+0R8DxxJqSAJii38q9uO6CRzyRQQbRuOHYIzZgo4FSwJOdGmoWE9kmXNQyVxGe6GY8OTvCRUdq4EyjzJOCROj0RE1/roe+ZZLq4nvVScZHXiKBz0TQnhREwSccfdSKBIcBpe7jNFaMghoYQqrjZFdMeUYSC6ThnSnBmT54n1ZOic1o8uzstlC4ndWTRATpEx8hB56iEblAZVRBFz+gNfaIv68V6t76tn3E0Y01m9tE/WL9/uV+tEw==</latexit>

Hint = −J
0

int
cos(ϕ1 − ϕ2)

<latexit sha1_base64="dyXj4L2HBUGcKWEmDXK1MtLUNVU="></latexit>

Two Qubit Gates 

Time-dependent

J. Xia, et al., Phys. Rev. Lett. 130 106701 (2023) 

UZZ = exp

ÿ

i

~

Z

t0

0

HIsing(t)dt

�

= exp

ÿ

−

iθ

2
σ
1

z
σ
2

z

�

<latexit sha1_base64="/OOlrmFPFhcgP9Y4rmFZhz6q5hE="></latexit>

J
z

int
=

~θ

2t0
for 0 ≤ t ≤ t0

<latexit sha1_base64="bUvI1BTfXHUB4BZrTRRsnkI4lzg="></latexit>

CNOT

CZ

C. Psaroudaki and C. Panagopoulos, 
Phys. Rev. Lett. 127, 067201 (2021)

Ji Zou, et al., Phys. Rev. Research 5, 033166 (2023) 
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Two Qubit Gates via Magnons 

Xue-Feng Pan, et al., Phys. Rev. Lett. 132, 193601 (2024)

Skyrmion-magnon coupling λKS ∼ 10 MHz
<latexit sha1_base64="JndlcT8+ixTuMP2lmZnDQOvi23M=">AAACFnicbVDLSgMxFM34rPU16tJNsAhuLDNS0WXRTUGEivYBnaFk0rQNTTJDkhHHYfwJN/6KGxeKuBV3/o3pY6GtBwKHc87l5p4gYlRpx/m25uYXFpeWcyv51bX1jU17a7uuwlhiUsMhC2UzQIowKkhNU81IM5IE8YCRRjA4H/qNWyIVDcWNTiLic9QTtEsx0kZq24ceM+EOaqceD8K71NNUJPDiOsugpyiHrgMfxs5l5T5r2wWn6IwAZ4k7IQUwQbVtf3mdEMecCI0ZUqrlOpH2UyQ1xYxkeS9WJEJ4gHqkZahAnCg/HZ2VwX2jdGA3lOYJDUfq74kUcaUSHpgkR7qvpr2h+J/XinX31E+piGJNBB4v6sYM6hAOO4IdKgnWLDEEYUnNXyHuI4mwNk3mTQnu9MmzpH5UdEvF46tSoXw2qSMHdsEeOAAuOAFlUAFVUAMYPIJn8ArerCfrxXq3PsbROWsyswP+wPr8AUR0n24=</latexit>

M. Fukami, D. R. Candido, D. D. Awschalom, and M. E. Flatté

PRX Quantum 2, 040314 (2021)

C. Psaroudaki and D. R. Candido, in preparation 
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Decoherence 

Figure from “Quantum Engineer’s Guide to Superconducting Qubits”, P. Krantz, et al., Applied Physics Reviews 6, 021318 (2019). 

Γ1 = T
−1

1
<latexit sha1_base64="Hi0qYeovbcmWDGeWFs1N+Km1M1I=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgxpKRim6EogtdVugL2hgm00k7dCYJMxMhhPorblwo4tYPceffOG2z0NYDFw7n3Mu99/gxZ0o7zrdVWFldW98obpa2tnd29+z9g7aKEkloi0Q8kl0fK8pZSFuaaU67saRY+Jx2/PHN1O88UqlYFDZ1GlNX4GHIAkawNpJnl/u3WAjsIXgFmx56yE7RxLMrTtWZAS4TlJMKyNHw7K/+ICKJoKEmHCvVQ06s3QxLzQink1I/UTTGZIyHtGdoiAVVbjY7fgKPjTKAQSRNhRrO1N8TGRZKpcI3nQLrkVr0puJ/Xi/RwaWbsTBONA3JfFGQcKgjOE0CDpikRPPUEEwkM7dCMsISE23yKpkQ0OLLy6R9VkW16vl9rVK/zuMogkNwBE4AAhegDu5AA7QAASl4Bq/gzXqyXqx362PeWrDymTL4A+vzB2kIk1U=</latexit>

Γ2 = T
−1

2
=

1

2
Γ1 + Γϕ

<latexit sha1_base64="cf2qKT2xztRP18jo7E1NfthD5dk=">AAACJXicbZDNSsNAFIUn/tb6V3XpZrAIgliSUNGFguhClwq2FpoabqYTO3QmCTMToYS8jBtfxY0LiwiufBWnNQttPTDwce693LknSDhT2rY/rZnZufmFxdJSeXlldW29srHZVHEqCW2QmMeyFYCinEW0oZnmtJVICiLg9C7oX4zqd49UKhZHt3qQ0I6Ah4iFjIA2ll858S5BCPBdfIpvffc+O3Byg14ogWROnrk5LjocvF9Q5j2CTHos9ytVu2aPhafBKaCKCl37laHXjUkqaKQJB6Xajp3oTgZSM8JpXvZSRRMgfXigbYMRCKo62fjKHO8ap4vDWJoXaTx2f09kIJQaiMB0CtA9NVkbmf/V2qkOjzsZi5JU04j8LApTjnWMR5HhLpOUaD4wAEQy81dMemAC0ibYsgnBmTx5GppuzanXDm/q1bPzIo4S2kY7aA856AidoSt0jRqIoCf0gt7Q0Hq2Xq136+OndcYqZrbQH1lf32AOo28=</latexit>

Longitudinal relaxation

Transverse relaxation

Ĥq = −

1

2
~(ωqσ̂z + ξz(t)γzσ̂z + ξ⊥(t)γ⊥σ̂⊥)

<latexit sha1_base64="WqgxLboHX8WWk665NCi6Wru7nmM="></latexit>

Γ1 =
γ
2

⊥

~2
S⊥(ωq)

<latexit sha1_base64="D3yRZ8EmY4wl59hVINUPosXvYeA="></latexit>

Γϕ =
γ
2

z

~2
Sz(0)

<latexit sha1_base64="LK94OOT+ZMHWUpaMNretbMloUbI=">AAACIHicbZDLSsNAFIYnXmu9RV26GSyCbkoiSt0IRRe6rGgv0MRyMp20gzNJmJkUasijuPFV3LhQRHf6NE4vC28/DPx85xzOnD9IOFPacT6smdm5+YXFwlJxeWV1bd3e2GyoOJWE1knMY9kKQFHOIlrXTHPaSiQFEXDaDG7PRvXmgErF4uhaDxPqC+hFLGQEtEEdu+KdgxDQybwByKTPcnzihRJI5vUm/C6/Ocgzrx+ANAZfjcies9+xS07ZGQv/Ne7UlNBUtY797nVjkgoaacJBqbbrJNrPQGpGOM2LXqpoAuQWerRtbASCKj8bH5jjXUO6OIyleZHGY/p9IgOh1FAEplOA7qvftRH8r9ZOdXjsZyxKUk0jMlkUphzrGI/Swl0mKdF8aAwQycxfMemDyUebTIsmBPf3yX9N46DsHpaPLg9L1dNpHAW0jXbQHnJRBVXRBaqhOiLoHj2iZ/RiPVhP1qv1NmmdsaYzW+iHrM8vURujqA==</latexit>

ṁ = γ(−δF/δm)×m+ αm× ṁ
<latexit sha1_base64="sTk0McFP1vmKPsuvYO9DGNFG1OA="></latexit>

Landau-Lifshitz-Gilbert Equation 

−Ṡz +
∂F

∂ϕ0

+ αϕ0
ϕ̇0 = 0

ϕ̇0 +
∂F

∂Sz

+ αSz
Ṡz = 0

<latexit sha1_base64="fNh06dzsbrq7NH0asiWt1qe+VP4="></latexit>
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Decoherence 

Hq = −ωqσ̂z + ξ⊥(t)γ⊥σ̂⊥ + ξz(t)γzσ̂z
<latexit sha1_base64="NXeF/atlgO1lTSjS10vFE2EIAv4="></latexit>

Γϕ = γ2

z
Sz(0) = γ2

z
2/β

<latexit sha1_base64="4FdlwiK9rTM/Jk3BcjJ0BRjsYZA=">AAACIXicbZDNSgMxFIUz9b/+jbp0EyyCbupMqdiNILrQpaK1hU4d7qRpG5pkhiQj1MFXceOruHGhiDvxZUxrF7b1QODw3Xu5uSdKONPG876c3Mzs3PzC4lJ+eWV1bd3d2LzVcaoIrZKYx6oegaacSVo1zHBaTxQFEXFai3png3rtnirNYnlj+gltCuhI1mYEjEWhWwnOQQgIg3tQSZfhYxx0huDhroSvw4c9b3+clQ6CiBrAoVvwit5QeNr4I1NAI12G7mfQikkqqDSEg9YN30tMMwNlGOH0MR+kmiZAetChDWslCKqb2fDCR7xrSQu3Y2WfNHhI/05kILTui8h2CjBdPVkbwP9qjdS0K82MySQ1VJLfRe2UYxPjQVy4xRQlhvetAaKY/SsmXVBAjA01b0PwJ0+eNrelol8uHl6VCyenozgW0TbaQXvIR0foBF2gS1RFBD2hF/SG3p1n59X5cD5/W3POaGYLjcn5/gGzgaFX</latexit>

Γ1 = γ2

⊥
S⊥(ωq) = γ2

⊥
ωq coth(

βωq

2
)

<latexit sha1_base64="ZU/ggfg9eKx9w+MEE2MCIQ+qrx4="></latexit>

Transition Frequency

Anharmonicity

Decoherence Time

Temperature

Critical Temperature

Gilbert Damping 

ω12 ≈ 300 GHz
<latexit sha1_base64="5n0EKkHlFiPyVb+iLNYn1x7iojU=">AAACC3icbVC7TgJBFJ3FF+Jr1dJmAjGxIruI0ZJoISUm8kjYDZkdBpgws7OZmTXgBmsbf8XGQmNs/QE7/8YBtlDwJDc5Oefe3HtPEDGqtON8W5mV1bX1jexmbmt7Z3fP3j9oKBFLTOpYMCFbAVKE0ZDUNdWMtCJJEA8YaQbDq6nfvCNSURHe6nFEfI76Ie1RjLSROnbeE5z0USdxSxPooSiSYgRPHefB44EYJdfV+0nHLjhFZwa4TNyUFECKWsf+8roCx5yEGjOkVNt1Iu0nSGqKGZnkvFiRCOEh6pO2oSHiRPnJ7JcJPDZKF/aENBVqOFN/TySIKzXmgenkSA/UojcV//Pase5d+AkNo1iTEM8X9WIGtYDTYGCXSoI1GxuCsKTmVogHSCKsTXw5E4K7+PIyaZSKbrl4dlMuVC7TOLLgCOTBCXDBOaiAKqiBOsDgETyDV/BmPVkv1rv1MW/NWOnMIfgD6/MHJtGagA==</latexit>

λ ≈ 10a
<latexit sha1_base64="m84Iobik3HxVqWpW+zdegRNaZuk=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRKpqLuCG5cV7AOaUG4mk3boJBlmJmINxV9x40IRt/6HO//GaZuFth4YOJxzLvfOCQRnSjvOt7W0vLK6tl7aKG9ube/s2nv7LZVmktAmSXkqOwEoyllCm5ppTjtCUogDTtvB8Hrit++pVCxN7vRIUD+GfsIiRkAbqWcfetyEQ8AeCCHTB+w6GHp2xak6U+BF4hakggo0evaXF6Yki2miCQeluq4jtJ+D1IxwOi57maICyBD6tGtoAjFVfj69foxPjBLiKJXmJRpP1d8TOcRKjeLAJGPQAzXvTcT/vG6mo0s/Z4nINE3IbFGUcaxTPKkCh0xSovnIECCSmVsxGYAEok1hZVOCO//lRdI6q7q16vltrVK/KuoooSN0jE6Riy5QHd2gBmoigh7RM3pFb9aT9WK9Wx+z6JJVzBygP7A+fwAIlZRH</latexit>

Skyrmion Size 

Effective Spin S̄ = 10
<latexit sha1_base64="XA1fBPq6OC++uxKeAwNRS873zeI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxov2AJpTNdtsu3WzC7kQooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2yE1XArFGyhQ8naiOY1CyVvh6Hbqt564NiJWjzhOeBDRgRJ9wShayfdDqrOHCbkmntstV9yqOwNZJl5OKpCj3i1/+b2YpRFXyCQ1puO5CQYZ1SiY5JOSnxqeUDaiA96xVNGImyCb3TwhJ1bpkX6sbSkkM/X3REYjY8ZRaDsjikOz6E3F/7xOiv2rIBMqSZErNl/UTyXBmEwDID2hOUM5toQyLeythA2ppgxtTCUbgrf48jJpnlW98+rF/XmldpPHUYQjOIZT8OASanAHdWgAgwSe4RXenNR5cd6dj3lrwclnDuEPnM8fh6WQtA==</latexit>

M. Kjaergaard, et al., Annual Reviews of Condensed 
Matter Physics 11, 369-395 (2020)
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Magnetic texture qubits

So Takei and Masoud Mohseni, Phys. Rev. B 97, 064401 (2018) Ji Zou, et al., Phys. Rev. Research 5, 033166 (2023)

J. Xia, et al., Commun Mater 3, 88 (2022)
Materials for Quantum Technologies: a Roadmap for Spin and Topology

N. Banerjee, et al. arXiv:2406.07720 (2024) 

Meron Qubit

Domain wall Qubit Domain wall Qubit
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MQT in Josephson Junctions and Molecular Magnets

John Clarke, et al., Science 239, 992 (1988).

M. H. Devoret, J. M. Martinis, and J. Clarke, Phys. Rev. Lett. 55, 1908 (1985)

J. M. Martinis, M. H. Devoret, and J. Clarke, Phys. Rev. Lett. 55, 1543 (1985)

W. Wernsdorfer, and R. Sessoli, Science 284 133 (1999)

C. Sangregorio, et al., PRL 78 4645 (1997).
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Macroscopic Quantum Phenomena

C. Psaroudaki and C. Panagopoulos,

 Skyrmion Helicity: Quantization and Quantum Tunneling Effects , Phys. Rev. B 106, 104422 (2022)

Gauge potential
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Macroscopic Quantum Tunneling

ClassicalQuantum 
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Macroscopic Quantum Coherence

D. D. Awschalom, J. F. Smyth, G. Grinstein, 

D. P. DiVincenzo, and D. Loss

Phys. Rev. Lett. 71, 4279 (1993)
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W. Wernsdorfer and R. Sessoli, Science 284, 133 (1999).

Macroscopic Quantum Oscillation

Spin-Parity Effect 
D. Loss, D. P. DiVincenzo, and G. Grinstein, Phys. Rev. Lett. 69, 3232 (1992). 

J. von Delft and C. L. Henley, Phys. Rev. Lett. 69, 3236 (1992). 
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Candidate Materials

Rare earth-intermetallic, skyrmion hosting 

same space group 

signatures of nonlinear ground state 

Mott insulator on a triangular lattice 

frustrated triangular magnet  

C. Psaroudaki, and C. Panagopoulos., Skyrmion Qubits: Challenges For Future Quantum Computing Applications, Appl. Phys. Lett. 123, 260501 (2023)

frustrated square lattice

frustrated triangular magnet  

R&D path 


Fig. From N. Banerjee, et al. arXiv:2406.07720 (2024) 

Beyond bulk magnets: skyrmions in vdW ferromagnets? 
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Skyrmion Profile
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DMI-systems Frustrated-systems

tail

NTU SingaporeNTU Singapore

S.-Zeng Lin and S. Hayami, 

Phys. Rev. B 93, 064430 (2016)

Magnon Spectrum
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Metastable States

Skyrmion Lattice Ground State Metastable States

Measurements of the topological Hall effect do not suggest the presence of a specific state type

A. O. Leonov, and M. Mostovoy, Nature Comm. 6, 8275 (2015). 
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Magnon modes around Isolated Skyrmions

DMI-systems

S. Lin, C. D. Batista, and A. Saxena, Phys. Rev. B 89 024415 (2014)

Frustrated-systems

CCW CW breathing+helicity
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Magnon modes around Skyrmion Lattices

S. Diaz, et al., Phys. Rev. Research 2, 013231 (2020)

Frustrated-systemsDMI-systems
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Magnon modes around Skyrmion Lattices

Frustrated-systemsSkyrmion-Skyrmion Interaction

A. O. Leonov, and M. Mostovoy, Nature Comm. 6, 8275 (2015). 
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NTU SingaporeITS KarlsruheLawrence Berkeley 
National Laboratory

Uni Wyoming 

I. Approaching the Quantum Limit with Classical Skyrmions 

II. Quantum States in the Background of Classical Skyrmions

Low-T phase diagrams and novel centrosymmetric materials

Magnons, Electrons, Hybrid Superconductor-skyrmions, 
 Cavity Magnonics  

III. Quantum Skyrmions 

Semiclassical Quantization, Macroscopic Quantum Effects,  
Skyrmion Qubit, Skyrmions in Quantum Magnetism  

IV.  Accessing Quantum Aspects of Skyrmions in the Laboratory 

Materials and architectures, Experimental methods, Skyrmion 
Devices
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Skyrmion Qubit Readout

AFM/MFM

z control

VNA STS

Vb

T < 100mK T = 300K

Helicity Gate

Proposal of a scanning probe with a tuning fork

MRFM

D. Rugar, et aal., Nature 430, 329 (2004). 

MFM+FMR

E. Arima, et al., Nanotechnology 26, 125701 (2015)

NV magnetometry

Y. Dovzhenko, et al., 

Nature Comm. 9, 2712 

(2018)

Figure from A. Petrovic

Magnetic force microscopy 

A. Petrovi�, et al., arXiv:2410.11427v1 (2024)
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Skyrmion Qubit Readout

CD- Resonant elastic X-ray

D. Lachance-Quirion, et al., 

Science 367, 425 (2020).

Hybrid Systems

S. L. Zhang, et al., Phys. Rev. Lett. 120, 227202 (2018).

REXS+ FMR: S. Pöllath, et al., Phys. Rev. Lett. 

123, 167201 (2019).

Microwave Resonators

S. Khan, et al., Phys. Rev. B 104, L100402 (2021)

I. Gimeno, et al., ACS Nano, 14, 8707 (2020)

Z. Wang, et al., Nature 619, 276 (2023)

https://www.nature.com/
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C. Psaroudaki, and C. Panagopoulos., 

Skyrmion Qubits: Challenges For Future Quantum Computing Applications, Appl. Phys. Lett. 123, 260501 (2023)

Discussion

Chair of Quantum Information

A Petrovic, C. Psaroudaki, P. Fischer, M. Garst, and C. Panagopoulos, 

Colloquium: Quantum Properties and Functionalities of Magnetic Skyrmions arXiv:2410.11427v1 (2024)


