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LPENS Topological Solitons in Magnetism

ABORATOIRE DE PHYSIQUE
DE L'ECOLE NORMALE SUPERIEURE

Topology Topologically protected magnetization textures
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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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Feo.5C00.5Si with lattice spacing 90 nm
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Skyrmion tube Chiral bobber Bloch anti-Bloch crystal
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X. Z.Yu, et al., Nature 465, 901 (2010). orge Gobel, Ingrid Mertig, and Oleg A.Tretiakov,

Physics Reports 895, 1 (2021)

Probes for Detection Skyrmionics
* Electrons (Lorentz TEM, Spin-Polarized EM)  Nanometric size * Controllable properties
- Scanning Probes (MFM, NV, SPSTM) + High mobility . Compact
* Photons (soft X-rays, XMCD, XMLD) * Topological stability * Low-energy consumptior

Scattering Techniques (Neutron Scattering)
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H=-JS; Sit1 —D-(S; x Si41) — K(57)* — HS;

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

For a Review: Magnetic Skyrmion Materials, Y. Tokura and N. Kanazawa, Chem. Rev. 121, 5, 2857 (2021).
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T. Okubo, et al., Phys. Rev. Lett. 108, 017206 (2012). GdoPdSis T. Kurumaji, , et al. Science 365, 914 (2019)
A. O. Leonov, and M. Mostovoy, Nature Comm. 6, 8275 (2015). GdS Ruy Al12 M. Hirschberger, et al., Nature Comm. 10 5831 (2019)
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'F' e OKYrmion Racetrack Memory Neuromorphic Computing
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A. Fert, et al., Nature Nan. 8, 152 (2013).
Shilei Zhang, et al., Sci. Rep. 5, 15773 (2015).

Skyrm'on

K. Mee Song, et al., Nature
Electronics 3, 148-155 (2020).

Stochastic Computing

Manipulator

D. Pinna et al., Phys. Rev.
Applied 9, 064018 (2018).

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

Fe ML on Ir(111) with lattice spacing 1 nm
Frustrated Magnets with lattice spacing ~ 2.5 nm
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S. Heinze, et al., Nature Physics 7, 713 (2011).
M. Hirschberger, et al., Nature Comm. 10 5831 (2019).

Quantum Sensing

Magnetic
imaging
techniques

E. Marchiori, et al., Nat. Rev. Phys. 4, 49 (2022)
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Quantum Magnonics

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

Topological Magnons

S. A. Dlaz et al PRL 122, 187203 (2019).
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C. Psaroudaki, S. Hoffman, J. Klinovaja, and D. Loss,
 Quantum Dynamics of Skyrmions in Chiral Magnets, Quantum Mass
Phys. Rev. X 7, 041045 (2017).

C. Psaroudaki and D. Loss,
Quantum Depinning of a Magnetic Skyrmion,
Phys. Rev. Lett. 124, 097202 (2020).

Macroscopic Quantum
Phenomena ’

V. Lohani, C. Hickey, J. Masell, and A. Rosch,
Quantum Skyrmions in Frustrated Ferromagnets,
Phys. Rev. X 9, 041063 (2019).

Skyrmions in spin 1/2
frustrated magnets
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E PENS Quantum Skyrmions

O Collective coordinates m(r,t) — m(R(%), ©o(t),v(1))

O Collective coordinates canonical quantizaton R — R,

Particle + fluctuations Lo — P0o

O Macroscopic quantum tunnelin
Strong Quantum Fluctuations pIC quanium tunneling

s, U . o A
H = 5 Z[Jsr Sy +Dp_p - (8 X Sp)] + ZB - S,

(r,r') r

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

Skyrmions in spin 1/2 magnets
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o Ay ' L 5o
Sy — / Ar[—iQ(XY — YX) + ~MR2 + U(X, V)]
o | |

Topological number Skyrmion Mass Pinning Potential

Decay Rate 1 ~ —e¢
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;35 0.5 Quantum Depinning of a Magnetic Skyrmion,
C. Psaroudaki and D. Loss, Phys. Rev. Lett. 124, 097202 (2020)
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R. Zarzuela, et al.,
=1 ~ 100 J. Brooke, et al., Nature 413, 610 (2001).  Phys. Rev. B 85, 180401(R) (2012).
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Initialization and Control Decoherence

gO — {Uata va UZ7 Uph7 UCNOT}
gl — {UH7 U57 UT7 UCNOT}
Scalability Universal Set of Quantum Gates
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® Superconducting Qubits o Molecular Magnets

Michael N. Leuenberger & Daniel Loss
Quantum computing in molecular magnets H \ QL /7
Nature 410, 789 (2001) S o

John Clarke & Frank K. Wilhelm,
Superconducting quantum bits, Nature 453 (2008)

® Quantum Dot Qubit ® lon Traps

K. R. Brown, et al.,
Materials challenges for trapped-ion quantum
computers, Nature Reviews Materials 6, 892 (20271)" ™=

Daniel Loss and David I°. DiVincenzo,

Quantum computation with quantum dots,
Phys. Rev. A57,120 (1998)

® Photon Qubits ® Nitrogen Vacancies in Diamond

Mg =~1

v [10)

J. L. O’Brien, et al,,
Photonic quantum technologies,
Nature Photonics 3 687 (2009)

P. Neumann, et al., 00}

\I\D I01>i" ’[“JEM -
l

Multipartite Entanglement Among — +~ ;V“C“""y -
Single Spins in Diamond, © 37 @
Figure from: Ernesto Galvdo/ Quantum and linear-optical computation/INL Science 320, 1326 (2008) @
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Roadmap for new qubit development

® |dentify a degree of freedom that can be quantum-coherently controlled

b Skyrmion Helicity in frustrated magnets

® Check if a few traditional requirements are met
b Coherence time, scalability, control and gate operations

® Readout Measurements

Advantages O Compact, high density, and low-energy devices
Single-Spins Skyrmions Circuits
\\m NNt /,} S T
................................................... WAV i _7, \ f,: o —

O Ability to individually address qubits and tune external parameters

O Transferable state-of-the-art technology from skyrmionics
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LPENS Stabilizing Mechanisms
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Dipole Interactions: o< cos(2¢o) | bop = J/V Ly = 100nm = 1pm
Bulk Interfacial

Dzyaloshinskii- Moriya Interactions: o< cos(g) , sin(yg) by, =J/D Ly, =10 — 100nm

Geometrical frustration: ~ Global Symmetry: No intrinsic potential term  £,,, = +/J2/Ji loey = 2 — 10nm
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L P EN S Skyrmion Helicity Quantization

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Path integral quantization

Z B /Dmei&m?m)é m = my(r, po(t)) + X(r, ¢, @o(t)) 4= /DSOODSZeiSeff(@o,Sz)Zé

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Faddeev-Popov techniques O-constraints Canonical Forms  {®(r),II(r')}p = d(r — r’)

/DS@ODSZJSOO JSzé(lFl)é(lFQ) =1 /dr2dt ®(1 — cos©) = /dt[szsbo + /d’f‘2X*X]

Integrate out zero mode  Momentum Conservation

Seff — /dt[g SZSDO — H(@Oasz)]

Conjugate Momentum Collective Coordinate Operators

A A —_

b 7SZ s 7Sz — 9 S
Conjugate momentum S5, = /dr(l _mz) 0 $0, 5] =1/

Generator of rotations {S.,®} = —0p® Sz|s) = (s/5)]s)
Polwo) = wolpo) , with |po) = [po + 2m)
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Skyrmion Helicity Quantization

Faddeev-Popc¢
/ DQOQDSZ e

Integrate

PHYSICAL REVIEW D VOLUME 11, NUMBER 10

Extended particles in quantum field theories*

J.-L. Gervais
Laboratoire de Physique Theorique de [’Ecole Normale Superieure 75005 Paris, France

B. Sakita
Department of Physics, The City College of The City University of New York, New York, New York 10031
(Received 13 January 1975)

The method of collective coordinates developed in the study of strong-coupling theory is used for the
quantization of the kink solution of a two-dimensional nonlinear field theory. The position of the kink

is treated as a collective coordinate, which represents the position of a particle. It is separated from the

rest of the coordinates, which represent the internal degrees of freedom of an extended particle. Two
similar but different methods are presented; the one is nonrelativistic and suited for the weak-coupling limit.
while the other is relativistic.

15 MAY

------------------------------------------------------------------

Conjugate Momentum

Conjugate momentum

Generator of rotations

Christina Psaroudaki

Seff — dt[g SZSOO — H(@Oa Sz)]

AN AN

Sz [@07 Sz]

(5/5)Is)

@Oa
S.|s) =

Pol®o)

S
[5,,0) = —9,d

dr(l —m,)

Collective Coordinate Operators

— /8

= oleo) , with |¢pg) = [po + 27)
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Quantum Hamiltonian

Magnetic field

. T

Electric field

T

H=—2 1 hS’Z + Kg €08 200 — B, cos @ + h sin g

l

Magnetic anisotropy ~ Dipole interactions/Strain

\4

Magnetic field gradient/DMI

vV f

V(o)
V(o)

V(o)

Potential Engineering is experimentally feasible with current technology

“Quantum Functionalities of Magnetic Skyrmions”
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Magnetic anisotropy Electric Field Magnetic Field Gradient

In-plane magnetic anisotropy Electric dipole

pzy = —eij X (Sq, X Sy) Magnetic force microscopy (MFM) probe
5 (B) 4 pass (C)
Fr = SK,/a’ / dr m; H. Katsura, et al., Phys. Rev. Lett. 95 057205 (2005) iy R

Electric Polarization

\_/
skyrmions footprints

FeGe thin plate under uniaxial tensile strain

(9) Il pass MFM (f) pass" MFM

il

;skyrmios footprints

MnSi thin films

4 2 8 2 § 2 1 2 , 2
-1.0 -0.5 0.0 0.5 1.01
M. N. Wilson, et al., Phys. Rev. B 86, 144420 (2012).
X. Yao, et al., New . Phys. 22 083032 (2020)
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V(SO()) — KRy COS 2950 — E, cos 950 + h | sin 960 Requirements

O High Anharmonicity |w12 — wo1| > 20%wo1

O Suppressed Thermal Excitations kpl' << hwia, hwgs

Universal Level Repulsion Diagram

I | ,
—0.10 —0.05 0.00 0.05 0.10
o

C. Psaroudaki and C. Panagopoulos, Phys. Rev. Lett. 127, 067201 (2021)
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V(po) = Kz cos 29 — E, cos @g + h sin @ RF-SQUID “Flux” Qubit

Potential energy
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magnetic magnetic electric 05 - T T ‘2>_
anisotropy field field
/« /« /« huwps2 foro
Hs = k(S, — h/k)* — E, cos ¢g
S,- Qubit Ez <L K } Qubit states

)

A 5 2 ”
H = 4Ec (N - ng) _ Ejcosd

’j4

[(ZB N . 3 3
| ]_Z | — —— =
— v

Ll

Charge Qubit i ; —
nmoo-m2 0 m/2 o

superconducting phase, ¢
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Single-qubit unitary operations U, (6)
Befare Applying 7 Gate After Applying 7 Gate g() — {Uaj‘) Uy, U27 Uph) UCNOT}
|0} 10)
|
Uz(ﬂ') ~L | E: ‘ gl — {UH7U57UT7UCNOT}
el ¢ | B
x | x -‘ Two-qubit unitary operations
1) Bt
7 e CNOT B Flips the second if firstis |1)
NP
Up = U.(7/2)Us(7/2)Ux(7/2)
x " X / o SWAP X Swaps two qubits
Y 11}
[0) 0}
| C7 ! Applies a phase flip to the second
| U 0 —2—  iffirstis |1)
1) 1)
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|O> ¥ =al0)+81)  Microwave Fields  Feo = /dr B(r,t) - m(r,t)

B(r,t) = Bceos(wt + @) f(t)xé, — H ~ cos(wt+ ¢)f(t)cos(eg)

External External field External
1) frequency amplitude phase

/ / /

Wy — W . OFf(t R L
Rotating Frame 5 50 | ];( ) oS 90, + sin ¢y,
In-phase pulses ¢ = ( Out-of-phase pulses ¢ = /2
....................................................... Z A ......... ...................................................... Z .................. A .......... 119 +) — —Q/ f t/ dt,
C. Psaroudaki and C. Panagopoulos, Phys. Rev. Lett. 127, 067201 (2021)

. Y ' B

Electric Field Protocol Her = FE.(t)0 Uz(0) = exp _ﬁgz/ E.(t)dt| = exp | =0
N SO S -

T-Gate Ug= e_i”‘/SUZ(”/‘l)é Hadamard-Gate UH = —iUz(7/2) UX(”/z)UZ(”/Z)

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

J. Xia, et al., Phys. Rev. Lett. 130 106701 (2023)
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Interaction energy
]:.int — t]int fr m; - 1N
Qubit Hamiltonian

Hint — _J/ COS(Wl — 902)

int

nan
"“‘ ‘.‘Q.
* g}
o *
.

_ xala2 gz ala2 L <
Hint = jnta-ajo-a; _0-71111;@.2 O.Z int << int

Time-dependent C. Psaroudaki and C. Panagopoulos,

Phys. Rev. Lett. 127, 067201 (2021)

e ' B 0
UZZ — €XP _ﬁ ; HIsing(t)dt_ — €XP _—EO'ZO'Z_ "Zit = 2_150 for O <t <1
D CZ Ucz = em/4U(Zl)(”/2) U(ZZ) (7/2)Uzz(—=/2)
. Xia, et al,, Phys. Rev. L 152 y2) (2)
. Xia, et al., Phys. Rev. Lett. 130 106701 (2023) CNOT Ugor = U’ UczUy"

Ji Zou, et al., Phys. Rev. Research 5, 033166 (2023)
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YIG square dot

(a) On resonant Off resonant

B ' TSWAL Ib..u
:. . 0 Sk " é \’AI.,‘ ’ Y L Am—r A A
y Irmion 3 ‘ Tois e L Aw
Y ; , Laser WNY, I
h. YTG circular dot i - o e = . = i
d K ; ‘e (b) int Time int Cime
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Interaction lime Ty (us)

Skyrmion-magnon coupling Axs ~ 10 MHz . |
M. Fukami, D. R. Candido, D. D. Awschalom, and M. E. Flatté

Xue-Feng Pan, et al., Phys. Rev. Lett. 132, 193601 (2024) PRX Quantum 2, 040314 (2021)

skyrmion

fhkdid;
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"VIdesEs

SN

a netlc M
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C. Psaroudaki and D. R. Candido, in preparation
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(a) Bloch sphere (b)Longitudinal relaxation (c) Pure dephasing (d) Transverse relaxation
1 Z (Longitudinal) z g TR
= = = _— A 4 4
Longitudinal relaxation Fl — T1 O peameom e e 119
., Excitation i | ephasing -
1 /_ . l.i| / ¥ Fl.,, r(p / .
Transverse relaxation ['5 — [ 5 | = —I'1 + F‘P | = . N .. ’
(Transverse) \ 4 I," Tra:;:;rse _\_;\!J,'l noise > s
[1) noise 1) 1) 1)

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

Landau-Lifshitz-Gilbert Equation

m =~(—0F/0m) x m+ am x m

A

1 R . .
Hy = =5 M(we0 + & (8)7:0- + 1 (t)y161)

|
-
'\

Ko PO =

P ot r 3 Tg
0 r, — /& Z
9F . 1 72 Sl(wQ) P 2 ( )
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Hy = —wq0, + &1 (t)yLo1L + & ()70

'y = ViSL (Wq)
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Beyond bulk magnets: skyrmions in vdW ferromagnets?

_. Psaroudaki, and C. Panagopoulos., Skyrmion Qubits: Challenges For Future Quantum Computing Applications, Appl. Phys. Lett. 123, 260501 (2023
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Magnon Spectrum around Skyrmions in Frustrated Magnets*
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Measurements of the topological Hall effect do not suggest the presence of a specific state type
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Magnon modes around Isolated Skyrmions
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