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Imagine ...
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Imagine someone tells you that
toroidal magnetic molecules

are superb building blocks
of quantum devices.
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Would you buy one?
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Or would you first check
such molecules?

And If, what would you
investigate?
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Imagine ...

Quantum devices — figures of merit

Memory unit

- requires bistability
- problem 1: quantum tunneling
- problem 2: stability against field fluctuations

Q-bit

- requires coherence
- problem decoherence
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Yes, we can!
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We are the sledgehammer team of matrix diagonalization.
Please send inquiries to jschnack@uni-bielefeld.de!
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Toroidal magnetic molecules
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Torodial magnetic molecules |

Model Hamiltonian |

2
H=-2Y%, Jyfi &+DY; (5 )
+uB gé ' Zz ;\9_:1

Toroidal magnetic moment

fzzz‘ﬁixgi

Classical ground states with vanishing moment, but
non-vanishing toroidal moment possible
(easy axes D < 0 & weak exchange |J;;| < | D).

J. Tang, I. Hewitt, N. T. Madhu, G. Chastanet, W. Wernsdorfer, C. E. Anson, C. Benelli, R. Sessoli, and A. K. Powell,
Angew. Chem. Int. Ed. 45, 1729 (2006).

A. Soncini and L. F. Chibotaru, Phys. Rev. B 77, 220406 (2008).

D. Pister, K. Irlander, D. Westerbeck, and J. Schnack, Phys. Rev. Research 4, 033221 (2022).
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Torodial magnetic molecules Il — hypothetical switching

D. Pister, K. Irlander, D. Westerbeck, and J. Schnack, Phys. Rev. Research 4, 033221 (2022).
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Torodial magnetic molecules lll — skyrmions and hopfions
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Toroidal structures are en vogue:

e no/small crosstalk to neighboring units,
e may be of topological nature, i.e., protected, as e.g. skyrmions or hopfions,

e topological toroidal structures always build on the Dzyaloshinskii-Moriya interac-
tion.

F. Zheng, N. S. Kiselev, F. N. Rybakov, L. Yang, W. Shi, S. Bllgel, and R. E. Dunin-Borkowski, Nature 623, 718 (2023).

C. Psaroudaki, E. Peraticos, C. Panagopoulos, Skyrmion qubits: Challenges for future quantum computing applications,
Appl. Phys. Lett. 123, 260501 (2023).
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Bistability, tunneling, and stabllity

against field fluctuations

emember what we know from SMMs!)
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Single-ion anisotropy and bistability | - good SMM

3o ko 3 M

[j — Zz D’L(;Sf)2 + upB Zz gzﬁf + I;Iferro int

D; < 0 collinear easy axes

eigenvectors: | M, « )

iz low-lying eigenvalues: Ey; = DM? + gupBM
i

(strong exchange limit)

M IMPORTANT: [H, S*] = 0 since all D tensors aligned!!!
- = level crossings at B =0
B = good hysteresis
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Singel-ion anisotropy |l

Single-ion anisotropy and bistability Il - bad/no SMM
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D, individual non-collinear anisotropy tensors

i Ez + upB ZZ gz;‘if T gferro int

NO LONGER eigenvectors: | M, «)
low-lying eigenvalues only approx. parabola (if at all)

IMPORTANT: [H, 57 # 0

=- avoided level crossings at B = 0 for integer spins
=- poor/no hysteresis — not bistable & bad for storage
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Single-ion anisotropy and bistability lll — stability

AE AE
M <>
=5/2-3/2-1/2 1/2 372 5/2 > -
—— i — — e P
I b: s f —_t— I : E —_ -
) | Il> _ B> 7 4 \ ]l> - ]2>
|<1| SX|2>| =0 |<1] SX[|2>| >0
Collinear easy axes: Non-collinear easy axes:
= No tunneling gap =- Tunneling gap for integer spin
= No transition matrix elements = (large) Transition matrix elements (1)

(1) K.-A. Lippert, C. Mukherjee, J.-P. Broschinski, Y. Lippert, S. Walleck, A. Stammler, H. Bogge, J. Schnack, and T.
Glaser, Inorg. Chem. 56, 15119 (2017).

Jirgen Schnack, Toroidal magnetic molecules 14/27



@ @ wm o 7] 7 ®

Singel-ion anisotropy IV

Single-ion anisotropy and bistability IV — stability

g
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Collinear easy axes:

= No tunneling gap

o
<1] SX[2>[ =0

= No transition matrix elements

]l> Ig>

<1[ SX]25[> 0

Non-collinear easy axes:
=- Tunneling gap for integer spin

= (large) Transition matrix elements

Toroidal moments
are here!
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Toroidal magnetic moments — There is hope!

Trimer s=2.5

" For gapped systems:
- (1) Gap shrinks with increasing anisotropy!
:, (2) Gap shrinks with increasing spin!
i (for all systems we investigated so far)

0 20 40 60 80
0 (deg)

Hexagon s=1.5

w| e Transition matrix element:
S (1) Vanishes for certain canting angles (N = 2, 3, 4)!
(2) Vanishes completely (N = 6)!

G assaiiaiiels | (WOrk in progress)

o (deg)

=- Larger rings (N > 4) with larger spins might be preferential.

Master Theses of Daniel Pister and Jonas Waltenberg, Bielefeld University
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Decoherence of
(toroidal) clock transitions



Context

Context

Investigation of decoherence of a

$ b‘ o subsystem if the combined system
y 2 ~®  (including bath) is evolved via the

time-dependent Schrodinger equa-

- v
/.«‘ !? tion.

Employed measure of decoherence: reduced density matrix

gsystem = TIpath (P)

Typicality: unitary-time evolution of pure state approximates dynamics of density matrix.
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Clock transitions 1

Concept of clock transitions

Fluctuations of B produce little

effect on dynamics of superpo-
\‘/ sition since AE of clock tran-

sition is independent of field at

/\ B = 0, at least to some order of
’ B a Taylor expansion.

Jirgen Schnack, Toroidal magnetic molecules 19/27



@ @ = o ] ? ® Clock transitions 3

Clock transitions with toroidal magnetic molecules

Model Hamiltonian I

2
H=-25. Jusi 5 +D2 (5@ | 57:3>
+MBQ§ ’ ZZ ;\9_:1 ‘|‘I;[int -+ I;’bath

Reasonable parameters: weak .J, strong D.
é Dipolar interactions with and among 8. .. 10 bath spins.

Investigation as function of tilt angle

- various clock transitions of the spectrum,
- various arrangements of the decohering bath.

K. Irlander, J. Schnack, Phys. Rev. Research 5, 013192 (2023).
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Clock transitions with toroidal magnetic molecules
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Time-evolution of all two-state superpositions of the lowest 6 states of the toroidal
system (assuming we can excite them).

K. Irlander, J. Schnack, Phys. Rev. Research 5, 013192 (2023).
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Clock transitions with toroidal magnetic molecules
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Decoherence as function of size of the bath (4, 6, 8, 10).

K. Irlander, J. Schnack, Phys. Rev. Research 5, 013192 (2023).
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Decoherence of toroidal magnetic molecules

e Joroidal structure irrelevant, i.e. not corre-
A lated with desired properties

(for Heisenberg interactions and non-
collinear easy axes).

s

e Canted, near orthogonal anisotropy axes

optimal in our example, i.e., they show
.é. longest coherence.

e Dipolar interactions between system spins
do not alter the picture.

D. Pister, K. Irlander, D. Westerbeck, and J. Schnack, Phys. Rev. Research 4, 033221 (2022).
K. Irlander, J. Schnack, Phys. Rev. Research 5, 013192 (2023).
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Summary

Summary = To-Do-List

e Toroidal magnetic molecules: perspectives not
clear (to me).

e Relaxation measurements needed!
e Decoherence measurements needed!

e More theory needed to e.g. assess the influence
of anisotropic interactions.
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an - D ? x The end

Thank you very much for your
attention.

The end.
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Molecular Magnetism Web

www.molmag.de

Highlights. Tutorials. Who is who. Conferences.
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