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Quantummagnetism realizations

Cold atoms Quantum computers Solid states
" %%%é “
Gc;t:g et al., PR112 110501 Khajetoorians [..], Wiesendanger
(2019) Science332,1063(2011)

Hong, [..], Hess
PRL (2024)
Phys. Rev. BO6, L220406 (2022)

“Imaging

Jepsen [..]JDemler& Ketterle
Nature588, 403 (2020)



Completesolutionsto guantumspinsystems

AlntegrablesystemgBetheansatz
ASpeciaI 1I3pin ChainS[Bethe 1931, Klimpe6Gohmann FrahmPopkoy ..]
A Centralspinmodel[Richardson 19684, {nhomog) Bortz,Stoze(2007) £pinS,homog) Nepomechie2018]

ASpecial 2Dnodels

A Kitaevtoric codeKitaev2006]
A LevinWenmodels( stringnets) [Levin & Wen 2004]

ASolutionsby statisticaltransmutation
AJordanWignertransform( spinsto fermions) [Jordan & Wigner 1928]
AHolsteinPrimakovransform( spinsto bosons) [Holstein &Primakoff1940]
A Slaveparticle methods

Onlyspecialsystemswith completesolution



Motivation: Heisenbery 2 R S$fodiétstates

1D Heisenbergnodelwith boundaryterms
N-—2

H(¢) = [J(STS%,, +SYSY, )+ AS#S% ] +J [él-sg+sN_1 .éN(@a)].

J=2

Producteigenstatest t K | yhéligey
(@) = [ [cos(6/2)[1); + sin(6/2)e =

7

L]

/1
x.lw LI

o “ Jepsen [..]JPemleré& Ketterle
= e Nature588, 403 (2020)
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Motivation  [#(@)) =[] [cos(6/2)[1); + sin(6/2)e™|1),]
i

Producteigenstatedound in variousspinsystems

[CerezoRossignohk X wN2Z2a HAMT

[Pokrovskii V. L. &hokhlache1975] fz

. Y “\

1D Phantomhelices »@T‘ffu W STA T
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[Jepsen Ketterle2022] ) A A y P eed

[Popkoy ZhangGohmanz Y £ NY LISBIJ X o e b 2

[Batista & Somma 2012, 2015]

2D Kagomdattice and derivatives ° Y RARAA
VAVAVAVAY KRIKRY
[Changlani. Fradkin2018,FendIe3QOl9] ANNNNY
AYAVAVAYAY
NDexamples @ o
[Jepsen .Ketterle2022,Changlani. Fradkin2018] {”"v"\

Generaltheory?



All producteigenstatesn Heisebergnodels
from a graphicakconstruction

Felix Gerken @27, Ingo Runkel @3, Christoph Schweigert ©*3, and Thore Posske ©1:2

Recently, large degeneracy based on product eigenstates has been found in spin ladders, kagome-
like lattices, and motif magnetism, connected to spin liquids, anyonic phases, and quantum scars.
We unify these systems by a complete classification of product eigenstates of Heisenberg XXZ
Hamiltonians with Dzyaloshinskii-Moriya interaction on general graphs in the form of Kirchhoff
rules for spin supercurrents. By this, we construct spin systems with extensive degree of
degeneracy linked to exotic condensates which could be studied in atomic gases and quantum

spin lattices.

/'.

Felix GerkenIngo Runkel Chr.Schweigert ~ Phys. Rev. Resear¢hl. 012008 (202t



https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.7.L012008

Helsenbergnodelon ageneralgraph
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Symmetrieandspincurrents
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Conservatiomf spincurrents

In eigenstates:
Kirchhoffrule for spincurrents
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Productstateansatz

0O LYY 0YY 37YY
{ h}

U (9, p)) = Vi) i g
U(9,p)) = cos | o |e 1), + sin 5 )¢ g
eV
. . . 11)
Coupled trigonometric equations
2 : .
ZUhU; Q) = (sin(¥;) cos(;) BE + sin(d;) sin(;) BY + cos(d;)BZ) |2)
iUTUTh“U-U‘m) h
p2 T e + (cos(¥;) cos(pi) Bf + cos(¥;) sin(p; ) BY — sin(¥;) B — i(sin(p;) By — cos(ps)By)) |7).
= (cos(1%;) cos(¥;) A + sin(1¥;) sin(?;) (cos(p; — @;)J +sin(p; — @;)kijD)) jaey
+ (cos(0;) sin(d;) (cos(w: — @;)J + sin(pi — @;)ki; D) — sin(¥;) cos(9;)A — isin(¥;) (sin(ei — ;) — cos(pi — ¢j)kii D)) |i) 2 _ ) .
(9, ) =— cos(1;) cos(¥;) A + sin(;) sin(¥;) (cos(w; — @;)J + sin(p; — @, )k D
+ (cos(1¥;) sin(¥;) (cos(s — @;)J + sin(p; — @)k D) — sin(¥;) cos(¥;) A + isin(¥;) (sin(p; — ¢;)J — cos(p; — @;)ki; D)) |7) ey {;EE( (05 costU) 8 i) sty (oosts = @n) sl = 03)s D)
+ ("’ln(151 )Sln v, )A + (cos(¥; )005(19 ) - 1) (cos(pi — ‘103) J+ "in(‘Pz ‘Pj)ﬁijD]) |7, .7) += Z (sin(¥;) cos(y;) BE + sin(¥;) sin(p;) BY + cos(d;)B7) .
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Productstateansatzc results
0(0,)) = @ (cos (g Je ¥, +sn (5 )% 0,

eV
Findings
- Polar angleonstantthroughoutsystent g
- Adjacentazimuthalangleschangeby sAwith| AC‘)A@—) O
- Spincurrentconstantmagnitudeon everyedge

- Allproducteigenstateglegeneraté  >— TMQQ"QQi
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Producteigenstategrom
conservedspincurrents

Kirchhoffrule Circuitrule

—— <>

Consistenspincurrentpatternyg producteigenstate

Completeproducteigenstateclassification
of XXZ Heisenbemodelson graphs




Eulercycles

Konigsberdpridgeproblem

Hierholzer, Ca(lL873)
Mathematische Annaler6 (1): 332 (1873)



https://en.wikipedia.org/wiki/Carl_Hierholzer
https://en.wikipedia.org/wiki/Mathematische_Annalen

Eulercycles
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Eulercycles

Kirchhoffrule + Paththroughgraph
evenvertices U existsthat travels
eachedgeexactly
_.+<7 once
Circuitrule
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Exampleroducteigenstateand Eulercycles
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Wrappedup spin
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Largedegeneraceroducteigenspacesn

specialgraphs
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Mid-spectrumcondensate

Macroscopianid-spectrum 10.0%
degeneracyat energy
S 1.0%:
J 3 i~ S~ <
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Hidden anyonicondensat@

PRL 109, 227203 (2012) PHYSICAL REVIEW LETTERS 30 NOVEMBER 2012

Condensation of Anyons in Frustrated Quantum Magnets

C.D. Batista™ and Rolando D. Somma

Theoretical Division, T-4 and CNLS, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
(Received 23 June 2012; published 28 November 2012)
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Mapsspinsto anyons | Anyoncondensate
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Conclusionandoutlook

AFlexiblegeneraltheory of product eigenstatein
easyplane guantum mangets

ADegeneratespin statesat ground state and finite energy
APreparationschemesand physicalpropertiesof mid-spectrumcondensates
AConnectiorto hardcoreanyonsbeyondproduct states

ANewvacuafor Betheansatzand semianalyticalansétze
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Topologicatlassificationbeyond2D
Homotopygroupsof spheres
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Topologyandboundaryeffects
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Generalized Josephson effect with arbitrary periodicity in quantum magnets

Anshuman Tripathi,! Felix Gerken,!? Peter Schmitteckert,® Michael Thorwart,!>? Mircea Trif,* and Thore Posske® 2

'I. Institut fiir Theoretische Physik, Universitit Hamburg, Hamburg, Germany
2The Hamburg Centre for Ultrafast Imaging, Hamburg, Germany
SHQS Quantum Simulations GmbH, Karlsruhe, Germany
4 International Research Centre MagTop, Institute of Physics, Polish Academy of Sciences, Warsaw, Poland

Easy-plane quantum magnets are strikingly similar to superconductors, allowing for spin supercur-
rent and an effective superconducting phase stemming from their U(1) rotation symmetry around
the z-axis. We uncover a generalized fractional Josephson effect with a periodicity that increases
linearly with system size in one-dimensional spin-1/2 chains at selected anisotropies and phase-fixing
boundary fields. The effect combines arbitrary integer periodicities in a single system, exceeding the
47 and 87 periodicity of superconducting Josephson effects of Majorana zero modes and other exotic
quasiparticles. We reveal a universal energy-phase relation and connect the effect to the recently
discovered phantom helices.

2 VAR

Anshuman  Felix Gerken Peter ~ Michael Mircea Trif
Tripathi Schmitteckert Thorwart



Generalizedhigh-periodicityJosephsorffect
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Generalizedhigh-periodicityJosephsorffect

Energy vs Angle
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Universaphaseenergyrelation
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Artificialneuralnetworkguantumstates

Joshi, Peters, Posske, PRB (2023), PRR (2028)2024)



Quantumspinhelices
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Levelcrossincat sweetspots
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Adiabatiaquasiparticlgoump

Helicon Twiston

@125t |
Thouless, PRB7, 6083 (1983); Fu, Kane PRB 195312 (2006)
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Stability
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Helicalsectorsstability
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Recentlyrealizedby Googleteam, lookingfor KardarParistZhanguniversalityclasses

Science384, 6691 (2024)
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Adatom systems
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Proximitysuperconductivityn atomby-atom
craftedquantumdots. MachidaShibatastates

Lucas Schneider E, Khai That Ton, loannis loannidis, Jannis Neuhaus-Steinmetz, Thore

Posske, Roland Wiesendanger & Jens Wiebe

Nature 621, 60-65 (2023) ‘ Cite this article
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Thore Posske Hamburg

In-gapstate from nonmagneti@adatoms

Kazushigdachida FumiakiShibata (1972)

H=3 e1ChoCus — 4 ;(CETC1k¢+C_k¢CkT)

ko

+ 33 Via (Chods +dsTCrs) +E D 14g

ko

Progress of Theoretical Physics, Vol. 47, No. 6, June 1972

Bound States Due to Resonance Scattering
in Superconductor

Kazushige MACHIDA and Fumiaki SHIBATA

Department of Physics, Tokyo University of Education, Tokyo

(Received December 27, 1971)

It is shown exactly that the bound state in the energy gap of superconductors is produced
by the resonance scattering due to a single non-magnetic impurity.

In an appropriate renormalization procedure, we can show the growth of an impurity
band in the case of impurities of finite concentration and a possibility for gapless supercon-
duetivity is indicated.
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Thore Posske Hamburg

Whereisthe in-gapstate?

Hybridizatiomd muchlargerthan superconductinggap3da p T TP TT TR

o G LY Y2al LIKe&aAOlf aa
W’ (f . ) j?q—k r? bound state lies essentially at the gap
¢A”w SRISD wX6 {KAGE GOX86
that they] can be neglected In
| 3" discussion of physical properties.

A. V.Balatskyl.Vekhter and JiarnXin Zhu
Rev. Mod. Phys.8, 373 (2006)
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Experimentasetup
for MachidaShibatastates

Schneider et al., Natur@21,60 (2023



Experimentasetup
for MachidaShibatastates

quantum dot 1) Particlein-a-box state
o~ couples to superconductor
SCITTEIITTES only close to boundary
2) Capacitive screening by
superconductor
3) Energy tunable by
guantum dot length
0% ¢ TU

Schneider et al., Natur@21,60 (2023



Model of extended impurity
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Like single level superconductivity
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Densityof states(dl/dV) Measurements
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Single level superconductivity (DOS)
[/A=0.010
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Single level superconductivity (DOS)
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MachidaShibata states
IN transmorigatemonqubits

L 0K2dAKG F2NI f2y3 GAYS
metal nonmagnetic impurities

produce the ingap state, but the location
of it is so near the

superconducting gap edge, thus it is
Impossible to prove

its existence. But by your ingenious
Kazushigéachida method you have finally checked it

to be true experimentally.

wX 6

| hope that this time reversal preserving
MachidaShibata state turns out to be of
some use for the future as application or

Fdzy REYSyulbt LIKeaAoOaode Bargerboset al. PRIL24, 246802 (2020)

Suppressedoltagenoise+ stronganharmonicity



Lego kit of irgap states for synthesizing 2D
guantum matter

MachidaShibata states YuShibaRusinostates Nonmagneticadatoms

Helical magnetism | u ‘Shiba chains

Majorana modes Precursor Majorana modes
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Dynamicatreationof helices
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