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o Siegl et al. (arXiv preprint): 3x3 quantum
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adiabatic twisting of the environment

results in a tiny quantum skyrmion

controlled creation and annihilation of
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Sotnikov et al. (PRB): ED study of
quantum analog of classical
Hamiltonian, but system sizes too small
to observe real-space structure
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classical states

Detect quantum skyrmions by
measuring average polarization or
neutron scattering cross section

Quantum skyrmion lattices
IN the thermodynamic limit
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MPS form gives access to the eigenvalues
of the reduced density matrix

* measure bipartite entanglement for free
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1 k=1

e canonical truncation: keep the largest
contributions to reduced density matrix

» effective variational energy minimization
(density matrix renormalization group)
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Quantum Skyrmions
arXiv:2112.12475*

Use tensor networks (matrix
product states) to overcome size
limits of exact diagonalization (ED)
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Quantum Skyrmions J = —0.0D B = —Bye,

arXiv:2112.12475* H=J <Z> (Sr .S +D,._..-S,.%x8S,.+B- Sr5r,r/)
.7 Da'z — Dez X az

e Use tensor networks (matrix
product states) to overcome size
limits of exact diagonalization (ED)

radial spin winding of 3 lattice sites




Quantum Skyrmions 5D B = —Due:

- I:I = J S'r‘ ' S'r" + D'r—'r" . Sr X Sr’ + B - Srér,’r"
arXiv:2112.12475* 2 ( )
’ Dai = De., X a;

e Use tensor networks (matrix
product states) to overcome size
limits of exact diagonalization (ED)

* radial spin winding of 3 lattice sites

e angular spin rotation according to lattice
symmetries (here, rotation by 11/3)

o Skyrmion type: Hedgehog family



Quantum SkyrmiOnS J = —O.5DA B = —Bye,

- ]:] =J Z Sr ' S’P’ + D'r‘—'r" ) Sfr‘ X Sr’ + B - Srér,r’
arXIV:2112.12475* (r,'r">( D. = De. X a. )

 use MPS form to confirm bipartite
entanglement (von Neumann entropy)
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J = —0.5D B = —Doe.
I:[ = J Z (Sr . Sr’ + Dr—r’ ) Sr X Sr’ =+ B - Srér,r’)
) Dai — Dez X A;

 use MPS form to confirm bipartite
entanglement (von Neumann entropy)

Quantum Skyrmions
arXiv:2112.12475*

e confirm entanglement shared between

_ two spins (Osterloh et al., Nature 416)
 Quantum skyrmions are
entangled superpositions of o Crprr =max(0,A\1 — Ao — Az — A\y)

classical states
o Rr,r’ — pr,r’ﬁr,r’ Pr.r’ = tr{r,r’}cp

e eigenvalues A1 = A2 > Az > A4




J = —0.5D B = —Doe.
I:[ = J Z (Sr . Sr’ + Dr—r’ ) Sr X Sr’ =+ B - Srér,r’)
) Dai — Dez X A;

 use MPS form to confirm bipartite
entanglement (von Neumann entropy)

Quantum Skyrmions
arXiv:2112.12475*

e confirm entanglement shared between

_ two spins (Osterloh et al., Nature 416)
 Quantum skyrmions are
entangled superpositions of o Crprr =max(0,A\1 — Ao — Az — A\y)

classical states
o Rr,r’ — pr,r’ﬁr,r’ Pr.r’ = tr{r,r’}cp

e eigenvalues A1 = A2 > Az > A4
e side remark:

Pr,r = Z <S$Sf/> O D 0p
o,




By =1

Quantum Skyrmions B = —Boe.

arXiv:2112.12475*

Dai — Dez X A;

e confirm entanglement shared between
two spins (Osterloh et al., Nature 416)

 Quantum skyrmions are
entangled superpositions of
classical states




By =1/8

Quantum Skyrmions B = —Boe-

arXiv:2112.12475*

Dai — Dez X A;

e confirm entanglement shared between
two spins (Osterloh et al., Nature 416)

 Quantum skyrmions are
entangled superpositions of
classical states




By =1/2

Quantum Skyrmions B = —Boe.

arXiv:2112.12475*

Dai — Dez X A;

e confirm entanglement shared between
two spins (Osterloh et al., Nature 416)

 Quantum skyrmions are
entangled superpositions of
classical states




By =1

Quantum Skyrmions B = —Boe.

arXiv:2112.12475*

Dai — Dez X A;

e confirm entanglement shared between
two spins (Osterloh et al., Nature 416)

» field-polarized ground state

 Quantum skyrmions are
entangled superpositions of
classical states




By =1/8

B = —Boez
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Quantum Skyrmions

arXiv

two spins (Osterloh et al., Nature 416)
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Dai — Dez X A;

e confirm entanglement shared between

(r,r’")

2112.12475"

arXiv

two spins (Osterloh et al., Nature 416)

quantum skyrmion ground state
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Quantum Skyrmions B = —Boe.

arXiv:2112.12475* D, = De. x a,

» Elastic magnetic differential neutron
scattering cross section
(extracted from spin structure factors)

e Detect quantum skyrmions by
measuring average polarization or
neutron scattering cross section




B = —Boez

Quantum Skyrmions

measuring average polarization or
neutron scattering cross section

VL *
arXiv:2112.12475 D, = De. x a,
* Add anisotropy to study meltdown of the
skyrmion phase
® Apert. — —K Z Sigi/
(r7’)
1.0
* Detect quantum skyrmions by S
n 0.9
|
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B = —Boez
Dai — Dez X A;
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* |ocality of entanglement allows to access

Quantum Skyrmions

arXiv:2112.12475*
* Quantum skyrmion lattices
IN the thermodynamic limit



Quantum Spintronics
Future directions

* analytic description of the quantum
skyrmion lattice phase

* find and utilize unigue dynamics of

quantum skyrmion lattices
* tensor networks
e state tomography

e time evolution with tensor
networks

 finite temperature simulations
(using auxiliary field QMC?)




Quantum Spintronics
Future directions

 To use Hubbard-Stratonovich trafo’s, we
must write interactions as perfect squares

A A N2
€apySEST, = ‘€a267| (S,f +Sign(ea5,y)53,) + ...

 finite temperature simulations
(using auxiliary field QMC?)




Quantum Spintronics
Future directions

 To use Hubbard-Stratonovich trafo’s, we
must write interactions as perfect squares

A A N2
€apySEST, = ‘€a267| (S,f +Sign(ea5,y)53,) + ...

e “...” refers to terms that can be made
constant by restrictions on the local
Hilbert space (on-site Hubbard repulsion)

 finite temperature simulations
(using auxiliary field QMC?)




Quantum Spintronics
Future directions

 To use Hubbard-Stratonovich trafo’s, we
must write interactions as perfect squares

A A N2
€apySEST, = ‘€a267| (S,f +Sign(ea5,y)53,) + ...

e “...” refers to terms that can be made
constant by restrictions on the local
Hilbert space (on-site Hubbard repulsion)

Auxiliary field QMC: fermionize...
S? — %ﬁgafi

 finite temperature simulations
(using auxiliary field QMC?)




Quantum Spintronics
Future directions

 To use Hubbard-Stratonovich trafo’s, we
must write interactions as perfect squares

A A N2
€apySEST, = ‘€a267| (S,f +Sign(ea5,y)53,) + ...

e “...” refers to terms that can be made
constant by restrictions on the local
Hilbert space (on-site Hubbard repulsion)

Auxiliary field QMC: fermionize...
S? — %ﬁgafi

 finite temperature simulations
(using auxiliary field QMGC?) » Sign problem? If yes, how bad is it...




Summary
arXiv:2112.12475*

e Use tensor networks (matrix
product states) to overcome size
limits of exact diagonalization (ED)

 Quantum skyrmions are
entangled superpositions of
classical states

e Detect quantum skyrmions by
measuring average polarization or
neutron scattering cross section

* Quantum skyrmion lattices
IN the thermodynamic limit
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