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Many-body physics with synthetic matter
Goal: Understand ensembles of interacting quantum particles

superfluidity superconductivity magnetism neutron star

R.P. Feynman Quantum Simulation
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> 320 atoms assembled
> 35% probability
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setup (4K)

Schymik, PRApplied 2021
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R = 10 µm ) Vint/h ⇠ 1� 10 MHz
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1. Dipolar XY magnet with resonant dipole interactions

2. Spin squeezing using dipolar interaction



Outline

1. Dipolar XY magnet with resonant dipole interactions

2. Spin squeezing using dipolar interaction

C. Chen et al., Nature 2023

N. Yao      +      M. Zaletel

V. Liu
J. Hauschild
S. Chatterjee
(Berkeley)

M. Bintz
A. Läuchli + M. Schuler

(Innsbruck)



Ising model
<latexit sha1_base64="MMVSyY+ntQ17MLTKF46Iaf7HqeE="></latexit>
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Ĥ =
X

hi,ji

Jij �̂
x
i �̂

x
j

<latexit sha1_base64="Ui02aDMF7+8yaxq+bO4Fdv7mI3o="></latexit>
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<latexit sha1_base64="dmcwlhOrpH6zS7g+otwCZuypeEo="></latexit>y

<latexit sha1_base64="0TFyb2iRIBIAWBZcM5q3Bczx1R8="></latexit>!x x!x ...

 x!x x ...

!x x!x ...

Ground state (1/2, 1/3…) = 
classical Néel configurations

Ising versus XY model = classical versus quantum…

=

Greiner, Bloch, 
Esslinger, Kuhr…

Dalla Piazza, Nat. Phys. 2017

Metal organic
compound

Atoms in 
lattices

<latexit sha1_base64="ZSbi3gt/l/SsXWP1+KQbbXqu+8A="></latexit>

Ĥ =
X

i 6=j

Jij Si · SjHeisenberg:

Cu(DCOO)24D2O



Ising model
<latexit sha1_base64="MMVSyY+ntQ17MLTKF46Iaf7HqeE="></latexit>

Ĥ =
X

hi,ji

Jij �̂
x
i �̂

x
j

<latexit sha1_base64="Ui02aDMF7+8yaxq+bO4Fdv7mI3o="></latexit>

Ĥ =
X

hi,ji

Jij(�̂
x
i �̂

x
j + �̂

y
i �̂

y
j )

=
X

hi,ji

Jij

2
(�̂+

i �̂
�
j + �̂

�
i �̂

+
j )

XY model

Antiferro
<latexit sha1_base64="Pe8sxc06ShB+SiGXsB4dn8bSy+M="></latexit>

Jij < 0

Square (1/2) Triangle (1/3)<latexit sha1_base64="j246rAgOrKFmv7nT1WErc/T8j9w=">AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwVdJS1GXBhS6r2AfUIsl0WofmxWRSLEX8Abf6a+If6F94Z0xBLaITkpw5954zc+/1Yl8kynFec9bC4tLySn61sLa+sblV3N5pJVEqGW+yyI9kx3MT7ouQN5VQPu/EkruB5/O2NzrV8faYy0RE4ZWaxLwXuMNQDARzFVGXd4WbYskpO2bZ86CSgRKy1YiKL7hGHxEYUgTgCKEI+3CR0N NFBQ5i4nqYEicJCRPnuEeBtCllccpwiR3Rd0i7bsaGtNeeiVEzOsWnV5LSxgFpIsqThPVptomnxlmzv3lPjae+24T+XuYVEKtwS+xfulnmf3W6FoUBTkwNgmqKDaOrY5lLarqib25/qUqRQ0ycxn2KS8LMKGd9to0mMbXr3rom/mYyNav3LMtN8a5vSQOu/BznPGhVy5Wjcu2iVqpXs1HnsYd9HNI8j1HHORpokvcAj3jCs3VmBZayxp+pVi7T7OLbsh4+AKcyj4o=</latexit>x

<latexit sha1_base64="dmcwlhOrpH6zS7g+otwCZuypeEo="></latexit>y

<latexit sha1_base64="0TFyb2iRIBIAWBZcM5q3Bczx1R8="></latexit>!x x!x ...

 x!x x ...

!x x!x ...

Ground state (1/2, 1/3…) = 
classical Néel configurations

Ising versus XY model = classical versus quantum…

=

Greiner, Bloch, 
Esslinger, Kuhr…

Dalla Piazza, Nat. Phys. 2017

Short-range interactions

Metal organic
compound

Atoms in 
lattices

<latexit sha1_base64="ZSbi3gt/l/SsXWP1+KQbbXqu+8A="></latexit>

Ĥ =
X

i 6=j

Jij Si · SjHeisenberg:

Cu(DCOO)24D2O



Dipolar XY magnets: possibility of Long-Range Order
Dipolar interactions

<latexit sha1_base64="slFg4wK5Rl+nzQ306x+QcvvgmSw="></latexit>

) 1/R3

Magnetic atomsHannover

Bakr, Ye, Ni…KRb, NaRb
Cr, Er, Dy

Laburthe, Ferlaino, Pfau, 
Ketterle, Modugno…

Polar molecules Defects in solid

N. Yao



Dipolar XY magnets: possibility of Long-Range Order
Dipolar interactions

<latexit sha1_base64="slFg4wK5Rl+nzQ306x+QcvvgmSw="></latexit>

) 1/R3

Magnetic atomsHannover

Bakr, Ye, Ni…KRb, NaRb
Cr, Er, Dy

Polar molecules Defects in solid

vs.

<latexit sha1_base64="xlT8sa+0b+DrsPrI9W6mxSPavNo="></latexit>

J
<latexit sha1_base64="swj6H2CQuGaIXX4jWmg8e/534q0="></latexit>

J

2
p
2

<latexit sha1_base64="xlT8sa+0b+DrsPrI9W6mxSPavNo="></latexit>

J
<latexit sha1_base64="TU1Xh4CPo6H/y6t0GBeoXTwrbcM="></latexit>

" <latexit sha1_base64="Q4DM0lCtF4bz1TPPiGjnFhj+7Y8="></latexit>

#

<latexit sha1_base64="TU1Xh4CPo6H/y6t0GBeoXTwrbcM="></latexit>

"<latexit sha1_base64="Q4DM0lCtF4bz1TPPiGjnFhj+7Y8="></latexit>

#

<latexit sha1_base64="TU1Xh4CPo6H/y6t0GBeoXTwrbcM="></latexit>

"

<latexit sha1_base64="Q4DM0lCtF4bz1TPPiGjnFhj+7Y8="></latexit>

#

Introduces frustration!!

N. Yao

<latexit sha1_base64="sOJwP7kuzySpEnJJ7vUzkaPc59E="></latexit>

J < 0AFM:

Laburthe, Ferlaino, Pfau, 
Ketterle, Modugno…



Dipolar XY magnets: possibility of Long-Range Order

Long Range order for FM & AFM
<latexit sha1_base64="UkYkrjgeyTv/nESkz2GaKUWIX30="></latexit>

T = 0 ) Bruno, PRL 2001
<latexit sha1_base64="yqMtFpIz/9rZoKYZkaj2XDvPB0Y="></latexit>

h�x
i �

x
j i 6= 0, |i� j| ! 1

Dipolar interactions
<latexit sha1_base64="slFg4wK5Rl+nzQ306x+QcvvgmSw="></latexit>

) 1/R3

Magnetic atomsHannover

Bakr, Ye, Ni…KRb, NaRb
Cr, Er, Dy

Polar molecules Defects in solid

vs.

<latexit sha1_base64="xlT8sa+0b+DrsPrI9W6mxSPavNo="></latexit>

J
<latexit sha1_base64="swj6H2CQuGaIXX4jWmg8e/534q0="></latexit>

J

2
p
2

<latexit sha1_base64="xlT8sa+0b+DrsPrI9W6mxSPavNo="></latexit>

J
<latexit sha1_base64="TU1Xh4CPo6H/y6t0GBeoXTwrbcM="></latexit>

" <latexit sha1_base64="Q4DM0lCtF4bz1TPPiGjnFhj+7Y8="></latexit>

#

<latexit sha1_base64="TU1Xh4CPo6H/y6t0GBeoXTwrbcM="></latexit>

"<latexit sha1_base64="Q4DM0lCtF4bz1TPPiGjnFhj+7Y8="></latexit>

#

<latexit sha1_base64="TU1Xh4CPo6H/y6t0GBeoXTwrbcM="></latexit>

"

<latexit sha1_base64="Q4DM0lCtF4bz1TPPiGjnFhj+7Y8="></latexit>

#

Introduces frustration!!

Expectations for ground state:

N. Yao

<latexit sha1_base64="sOJwP7kuzySpEnJJ7vUzkaPc59E="></latexit>

J < 0AFM:

Laburthe, Ferlaino, Pfau, 
Ketterle, Modugno…



Dipolar XY magnets: possibility of Long-Range Order

Long Range order for FM & AFM
<latexit sha1_base64="UkYkrjgeyTv/nESkz2GaKUWIX30="></latexit>

T = 0 )
<latexit sha1_base64="zotkXWpy3Xs+5M0QDtWQIaywVWA="></latexit>

T 6= 0 ) LRO for FM  
No LRO for AFM (frustration destabilizes)

Bruno, PRL 2001
<latexit sha1_base64="yqMtFpIz/9rZoKYZkaj2XDvPB0Y="></latexit>

h�x
i �

x
j i 6= 0, |i� j| ! 1

Dipolar interactions
<latexit sha1_base64="slFg4wK5Rl+nzQ306x+QcvvgmSw="></latexit>

) 1/R3

Magnetic atomsHannover

Bakr, Ye, Ni…KRb, NaRb
Cr, Er, Dy

Polar molecules Defects in solid

vs.

<latexit sha1_base64="xlT8sa+0b+DrsPrI9W6mxSPavNo="></latexit>

J
<latexit sha1_base64="swj6H2CQuGaIXX4jWmg8e/534q0="></latexit>

J

2
p
2

<latexit sha1_base64="xlT8sa+0b+DrsPrI9W6mxSPavNo="></latexit>

J
<latexit sha1_base64="TU1Xh4CPo6H/y6t0GBeoXTwrbcM="></latexit>

" <latexit sha1_base64="Q4DM0lCtF4bz1TPPiGjnFhj+7Y8="></latexit>

#

<latexit sha1_base64="TU1Xh4CPo6H/y6t0GBeoXTwrbcM="></latexit>

"<latexit sha1_base64="Q4DM0lCtF4bz1TPPiGjnFhj+7Y8="></latexit>

#

<latexit sha1_base64="TU1Xh4CPo6H/y6t0GBeoXTwrbcM="></latexit>

"

<latexit sha1_base64="Q4DM0lCtF4bz1TPPiGjnFhj+7Y8="></latexit>

#

Introduces frustration!!

Expectations for ground state:

N. Yao

<latexit sha1_base64="sOJwP7kuzySpEnJJ7vUzkaPc59E="></latexit>

J < 0AFM:

Laburthe, Ferlaino, Pfau, 
Ketterle, Modugno…



Dipolar XY magnets: possibility of Long-Range Order

Long Range order for FM & AFM
<latexit sha1_base64="UkYkrjgeyTv/nESkz2GaKUWIX30="></latexit>

T = 0 )
<latexit sha1_base64="zotkXWpy3Xs+5M0QDtWQIaywVWA="></latexit>

T 6= 0 ) LRO for FM  
No LRO for AFM (frustration destabilizes)

Bruno, PRL 2001
<latexit sha1_base64="yqMtFpIz/9rZoKYZkaj2XDvPB0Y="></latexit>

h�x
i �

x
j i 6= 0, |i� j| ! 1

Long-range order in 2D - XY magnets never observed…

Dipolar interactions
<latexit sha1_base64="slFg4wK5Rl+nzQ306x+QcvvgmSw="></latexit>

) 1/R3

Magnetic atomsHannover

Bakr, Ye, Ni…KRb, NaRb
Cr, Er, Dy

N. Yao

Polar molecules Defects in solid

vs.

<latexit sha1_base64="xlT8sa+0b+DrsPrI9W6mxSPavNo="></latexit>

J
<latexit sha1_base64="swj6H2CQuGaIXX4jWmg8e/534q0="></latexit>

J

2
p
2

<latexit sha1_base64="xlT8sa+0b+DrsPrI9W6mxSPavNo="></latexit>

J
<latexit sha1_base64="TU1Xh4CPo6H/y6t0GBeoXTwrbcM="></latexit>

" <latexit sha1_base64="Q4DM0lCtF4bz1TPPiGjnFhj+7Y8="></latexit>

#

<latexit sha1_base64="TU1Xh4CPo6H/y6t0GBeoXTwrbcM="></latexit>

"<latexit sha1_base64="Q4DM0lCtF4bz1TPPiGjnFhj+7Y8="></latexit>

#

<latexit sha1_base64="TU1Xh4CPo6H/y6t0GBeoXTwrbcM="></latexit>

"

<latexit sha1_base64="Q4DM0lCtF4bz1TPPiGjnFhj+7Y8="></latexit>

#

Introduces frustration!!

Expectations for ground state:

<latexit sha1_base64="sOJwP7kuzySpEnJJ7vUzkaPc59E="></latexit>

J < 0AFM:

Laburthe, Ferlaino, Pfau, 
Ketterle, Modugno…



Experimental preparation of XY ferro- & anti-ferromagnets

Start from:
staggered

<latexit sha1_base64="9Ub41NH4MFtxjHhl9jlmiSntbPQ="></latexit>

HXY = �J

X

i<j

a
3

r
3
ij

(�x
i �

x
j + �

y
i �

y
j ) + ~

X

i

�i�
z
i

<latexit sha1_base64="KfQFOFCUj/ikgrLXUkUkCD9Pkyo=">AAACAnicbVDLSsNAFJ34rPUVdenCwSJUkJhI1S4LboogVLAPaEKZTCft0EkyzEzEGrrTn9GVqDs/wR/wb5zWLLT1rM6951y45/icUals+8uYm19YXFrOreRX19Y3Ns2t7YaME4FJHccsFi0fScJoROqKKkZaXBAU+ow0/cHFWG/eEiFpHN2oISdeiHoRDShGSq865l7xEh7DPnQR5yK+g7ZVdo9g6ooQXlXvR4cds2Bb9gRwljgZKYAMtY756XZjnIQkUpghKduOzZWXIqEoZmSUdxNJOMID1CNtTSMUEumlkyAjeBDEAqo+gZP5tzdFoZTD0NeeEKm+nNbGy/+0dqKCspfSiCeKRFhbtBYkDKoYjvuAXSoIVmyoCcKC6i8h7iOBsNKt5XV8ZzrsLGmcWM6ZdXpdKlRKWRE5sAv2QRE44BxUQBXUQB1g8AiewRt4Nx6MJ+PFeP2xzhnZzQ74A+PjG1NmlLo=</latexit>

(J/h ⇡ 0.8MHz)



1. Prepare a classical Néel state along z: checkerboard pattern

Sørensen et al., PRA 81, 061603(R) (2010) 

<latexit sha1_base64="EA7qc/82L1yZi3NvNmekRLY2VbE=">AAACC3icbVDNTgIxGOz6i/i36tFLlZhwwl1C0IsJiRePmMhPAhvSLR/Q0O1u2q6ELDyCvoyejHrz5gv4Nhbcg4Jzms5Mm874EWdKO86XtbK6tr6xmdnKbu/s7u3bB4d1FcaSQo2GPJRNnyjgTEBNM82hGUkggc+h4Q+vZ37jHqRiobjT4wi8gPQF6zFKtJE6dn7SPml3w5EgUoajtiSizwFf4UnZqXYS97w4TbWOnXMKzhx4mbgpyaEU1Y79ad6lcQBCU06UarlOpL2ESM0oh2m2HSuICB2SPrQMFSQA5SXzRlN81gsl1gPA8/PvbEICpcaBbzIB0QO16M3E/7xWrHuXXsJEFGsQ1ESM14s51iGeDYO7TALVfGwIoZKZX2I6IJJQbebLmvruYtllUi8W3HLBvS3lKqV0iAw6Rqcoj1x0gSroBlVRDVH0iJ7RG3q3Hqwn68V6/YmuWOmdI/QH1sc3/9aaQg==</latexit>

|#i = |60P1/2i

<latexit sha1_base64="Qk6UFOc1jBmBVubvqsS4hgp8QLA=">AAACCXicbVA7T8MwGHTKq5RXgJHFUIGYSlJVhQWpEgtjEfQhNVHkuF9bq85DtgOq0v4C+DMwIWBj5Q/wb3BLBijcdL47S9+dH3MmlWV9GrmFxaXllfxqYW19Y3PL3N5pyigRFBo04pFo+0QCZyE0FFMc2rEAEvgcWv7wYuq3bkFIFoU3ahSDG5B+yHqMEqUlzzwaO/tOEhMhojtHkLDPAZ/jcdW69lL7pDzJNM8sWiVrBvyX2Bkpogx1z/xwuhFNAggV5UTKjm3Fyk2JUIxymBScREJM6JD0oaNpSAKQbjrrM8GHvUhgNQA8e//MpiSQchT4OhMQNZDz3lT8z+skqnfmpiyMEwUh1RHt9RKOVYSns+AuE0AVH2lCqGD6SkwHRBCq9HgFXd+eL/uXNMslu1qyryrFWiUbIo/20AE6RjY6RTV0ieqogSh6QE/oFb0Z98aj8Wy8fEdzRvZnF/2C8f4FX+iZXg==</latexit>

|"i = |60S1/2i

<latexit sha1_base64="r/TT2f5m3VCUM9olqSckTMuWtcw=">AAAB6XicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSFGXBUFcVrA/0A4lk95pQ5OZaZIRytCH0JWoO1/HF/BtTOsstPWsvtxzAvfcIBFcG9f9cgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgkfYNNwI7CQKqQwEtoPxzdxvP6LSPI4ezDRBX9JhxEPOqLGjTk9Jcqtw0i9X3Kq7EFkFL4cK5Gr0y5+9QcxSiZFhgmrd9dzE+BlVhjOBs1Iv1ZhQNqZD7FqMqETtZ4t9Z+QsjBUxIySL9+9sRqXWUxnYjKRmpJe9+fA/r5ua8NrPeJSkBiNmI9YLU0FMTOa1yYArZEZMLVCmuN2SsBFVlBl7nJKt7y2XXYXWRdW7rHr3tUq9lh+iCCdwCufgwRXU4Q4a0AQGAp7hDd6dsfPkvDivP9GCk/85hj9yPr4BigyNQA==</latexit>

Freq

Experimental preparation of XY ferro- & anti-ferromagnets

Start from:
staggered

<latexit sha1_base64="9Ub41NH4MFtxjHhl9jlmiSntbPQ="></latexit>

HXY = �J

X

i<j

a
3

r
3
ij

(�x
i �

x
j + �

y
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y
j ) + ~

X

i

�i�
z
i

<latexit sha1_base64="KfQFOFCUj/ikgrLXUkUkCD9Pkyo=">AAACAnicbVDLSsNAFJ34rPUVdenCwSJUkJhI1S4LboogVLAPaEKZTCft0EkyzEzEGrrTn9GVqDs/wR/wb5zWLLT1rM6951y45/icUals+8uYm19YXFrOreRX19Y3Ns2t7YaME4FJHccsFi0fScJoROqKKkZaXBAU+ow0/cHFWG/eEiFpHN2oISdeiHoRDShGSq865l7xEh7DPnQR5yK+g7ZVdo9g6ooQXlXvR4cds2Bb9gRwljgZKYAMtY756XZjnIQkUpghKduOzZWXIqEoZmSUdxNJOMID1CNtTSMUEumlkyAjeBDEAqo+gZP5tzdFoZTD0NeeEKm+nNbGy/+0dqKCspfSiCeKRFhbtBYkDKoYjvuAXSoIVmyoCcKC6i8h7iOBsNKt5XV8ZzrsLGmcWM6ZdXpdKlRKWRE5sAv2QRE44BxUQBXUQB1g8AiewRt4Nx6MJ+PFeP2xzhnZzQ74A+PjG1NmlLo=</latexit>

(J/h ⇡ 0.8MHz)



<latexit sha1_base64="OyTKofkkFTCdH7n1c0X2bb/zM+Q=">AAAB53icbZDLTgJBEEVr8IX4Ql266UhMXJEZY9AliRuXmMgjgQnpaQpo6Xmku8aETPgGXRl15//4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHLxKkW2BSxinUn4AaVjLBJkhR2Eo08DBS2g8nN3G8/ojYyju5pmqAf8lEkh1JwsqNWb4CKeL9ccavuQmwVvBwqkKvRL3/2BrFIQ4xIKG5M13MT8jOuSQqFs1IvNZhwMeEj7FqMeIjGzxbbztjZMNaMxsgW79/ZjIfGTMPAZkJOY7PszYf/ed2Uhtd+JqMkJYyEjVhvmCpGMZuXZgOpUZCaWuBCS7slE2OuuSB7mpKt7y2XXYXWRdWrVb27y0q9lh+iCCdwCufgwRXU4RYa0AQBD/AMb/DuSOfJeXFef6IFJ/9zDH/kfHwDeTaMqw==</latexit>

�

1. Prepare a classical Néel state along z: checkerboard pattern

<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

<latexit sha1_base64="EA7qc/82L1yZi3NvNmekRLY2VbE=">AAACC3icbVDNTgIxGOz6i/i36tFLlZhwwl1C0IsJiRePmMhPAhvSLR/Q0O1u2q6ELDyCvoyejHrz5gv4Nhbcg4Jzms5Mm874EWdKO86XtbK6tr6xmdnKbu/s7u3bB4d1FcaSQo2GPJRNnyjgTEBNM82hGUkggc+h4Q+vZ37jHqRiobjT4wi8gPQF6zFKtJE6dn7SPml3w5EgUoajtiSizwFf4UnZqXYS97w4TbWOnXMKzhx4mbgpyaEU1Y79ad6lcQBCU06UarlOpL2ESM0oh2m2HSuICB2SPrQMFSQA5SXzRlN81gsl1gPA8/PvbEICpcaBbzIB0QO16M3E/7xWrHuXXsJEFGsQ1ESM14s51iGeDYO7TALVfGwIoZKZX2I6IJJQbebLmvruYtllUi8W3HLBvS3lKqV0iAw6Rqcoj1x0gSroBlVRDVH0iJ7RG3q3Hqwn68V6/YmuWOmdI/QH1sc3/9aaQg==</latexit>

|#i = |60P1/2i

<latexit sha1_base64="Qk6UFOc1jBmBVubvqsS4hgp8QLA=">AAACCXicbVA7T8MwGHTKq5RXgJHFUIGYSlJVhQWpEgtjEfQhNVHkuF9bq85DtgOq0v4C+DMwIWBj5Q/wb3BLBijcdL47S9+dH3MmlWV9GrmFxaXllfxqYW19Y3PL3N5pyigRFBo04pFo+0QCZyE0FFMc2rEAEvgcWv7wYuq3bkFIFoU3ahSDG5B+yHqMEqUlzzwaO/tOEhMhojtHkLDPAZ/jcdW69lL7pDzJNM8sWiVrBvyX2Bkpogx1z/xwuhFNAggV5UTKjm3Fyk2JUIxymBScREJM6JD0oaNpSAKQbjrrM8GHvUhgNQA8e//MpiSQchT4OhMQNZDz3lT8z+skqnfmpiyMEwUh1RHt9RKOVYSns+AuE0AVH2lCqGD6SkwHRBCq9HgFXd+eL/uXNMslu1qyryrFWiUbIo/20AE6RjY6RTV0ieqogSh6QE/oFb0Z98aj8Wy8fEdzRvZnF/2C8f4FX+iZXg==</latexit>

|"i = |60S1/2i

<latexit sha1_base64="r/TT2f5m3VCUM9olqSckTMuWtcw=">AAAB6XicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSFGXBUFcVrA/0A4lk95pQ5OZaZIRytCH0JWoO1/HF/BtTOsstPWsvtxzAvfcIBFcG9f9cgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgkfYNNwI7CQKqQwEtoPxzdxvP6LSPI4ezDRBX9JhxEPOqLGjTk9Jcqtw0i9X3Kq7EFkFL4cK5Gr0y5+9QcxSiZFhgmrd9dzE+BlVhjOBs1Iv1ZhQNqZD7FqMqETtZ4t9Z+QsjBUxIySL9+9sRqXWUxnYjKRmpJe9+fA/r5ua8NrPeJSkBiNmI9YLU0FMTOa1yYArZEZMLVCmuN2SsBFVlBl7nJKt7y2XXYXWRdW7rHr3tUq9lh+iCCdwCufgwRXU4Q4a0AQGAp7hDd6dsfPkvDivP9GCk/85hj9yPr4BigyNQA==</latexit>

Freq
<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

Experimental preparation of XY ferro- & anti-ferromagnets

Start from:
staggered

<latexit sha1_base64="9Ub41NH4MFtxjHhl9jlmiSntbPQ="></latexit>

HXY = �J
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<latexit sha1_base64="KfQFOFCUj/ikgrLXUkUkCD9Pkyo=">AAACAnicbVDLSsNAFJ34rPUVdenCwSJUkJhI1S4LboogVLAPaEKZTCft0EkyzEzEGrrTn9GVqDs/wR/wb5zWLLT1rM6951y45/icUals+8uYm19YXFrOreRX19Y3Ns2t7YaME4FJHccsFi0fScJoROqKKkZaXBAU+ow0/cHFWG/eEiFpHN2oISdeiHoRDShGSq865l7xEh7DPnQR5yK+g7ZVdo9g6ooQXlXvR4cds2Bb9gRwljgZKYAMtY756XZjnIQkUpghKduOzZWXIqEoZmSUdxNJOMID1CNtTSMUEumlkyAjeBDEAqo+gZP5tzdFoZTD0NeeEKm+nNbGy/+0dqKCspfSiCeKRFhbtBYkDKoYjvuAXSoIVmyoCcKC6i8h7iOBsNKt5XV8ZzrsLGmcWM6ZdXpdKlRKWRE5sAv2QRE44BxUQBXUQB1g8AiewRt4Nx6MJ+PFeP2xzhnZzQ74A+PjG1NmlLo=</latexit>

(J/h ⇡ 0.8MHz)



<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

1. Prepare a classical Néel state along z: checkerboard pattern

<latexit sha1_base64="OyTKofkkFTCdH7n1c0X2bb/zM+Q=">AAAB53icbZDLTgJBEEVr8IX4Ql266UhMXJEZY9AliRuXmMgjgQnpaQpo6Xmku8aETPgGXRl15//4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHLxKkW2BSxinUn4AaVjLBJkhR2Eo08DBS2g8nN3G8/ojYyju5pmqAf8lEkh1JwsqNWb4CKeL9ccavuQmwVvBwqkKvRL3/2BrFIQ4xIKG5M13MT8jOuSQqFs1IvNZhwMeEj7FqMeIjGzxbbztjZMNaMxsgW79/ZjIfGTMPAZkJOY7PszYf/ed2Uhtd+JqMkJYyEjVhvmCpGMZuXZgOpUZCaWuBCS7slE2OuuSB7mpKt7y2XXYXWRdWrVb27y0q9lh+iCCdwCufgwRXU4RYa0AQBD/AMb/DuSOfJeXFef6IFJ/9zDH/kfHwDeTaMqw==</latexit>

�

<latexit sha1_base64="EA7qc/82L1yZi3NvNmekRLY2VbE=">AAACC3icbVDNTgIxGOz6i/i36tFLlZhwwl1C0IsJiRePmMhPAhvSLR/Q0O1u2q6ELDyCvoyejHrz5gv4Nhbcg4Jzms5Mm874EWdKO86XtbK6tr6xmdnKbu/s7u3bB4d1FcaSQo2GPJRNnyjgTEBNM82hGUkggc+h4Q+vZ37jHqRiobjT4wi8gPQF6zFKtJE6dn7SPml3w5EgUoajtiSizwFf4UnZqXYS97w4TbWOnXMKzhx4mbgpyaEU1Y79ad6lcQBCU06UarlOpL2ESM0oh2m2HSuICB2SPrQMFSQA5SXzRlN81gsl1gPA8/PvbEICpcaBbzIB0QO16M3E/7xWrHuXXsJEFGsQ1ESM14s51iGeDYO7TALVfGwIoZKZX2I6IJJQbebLmvruYtllUi8W3HLBvS3lKqV0iAw6Rqcoj1x0gSroBlVRDVH0iJ7RG3q3Hqwn68V6/YmuWOmdI/QH1sc3/9aaQg==</latexit>

|#i = |60P1/2i

<latexit sha1_base64="Qk6UFOc1jBmBVubvqsS4hgp8QLA=">AAACCXicbVA7T8MwGHTKq5RXgJHFUIGYSlJVhQWpEgtjEfQhNVHkuF9bq85DtgOq0v4C+DMwIWBj5Q/wb3BLBijcdL47S9+dH3MmlWV9GrmFxaXllfxqYW19Y3PL3N5pyigRFBo04pFo+0QCZyE0FFMc2rEAEvgcWv7wYuq3bkFIFoU3ahSDG5B+yHqMEqUlzzwaO/tOEhMhojtHkLDPAZ/jcdW69lL7pDzJNM8sWiVrBvyX2Bkpogx1z/xwuhFNAggV5UTKjm3Fyk2JUIxymBScREJM6JD0oaNpSAKQbjrrM8GHvUhgNQA8e//MpiSQchT4OhMQNZDz3lT8z+skqnfmpiyMEwUh1RHt9RKOVYSns+AuE0AVH2lCqGD6SkwHRBCq9HgFXd+eL/uXNMslu1qyryrFWiUbIo/20AE6RjY6RTV0ieqogSh6QE/oFb0Z98aj8Wy8fEdzRvZnF/2C8f4FX+iZXg==</latexit>

|"i = |60S1/2i

<latexit sha1_base64="r/TT2f5m3VCUM9olqSckTMuWtcw=">AAAB6XicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSFGXBUFcVrA/0A4lk95pQ5OZaZIRytCH0JWoO1/HF/BtTOsstPWsvtxzAvfcIBFcG9f9cgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgkfYNNwI7CQKqQwEtoPxzdxvP6LSPI4ezDRBX9JhxEPOqLGjTk9Jcqtw0i9X3Kq7EFkFL4cK5Gr0y5+9QcxSiZFhgmrd9dzE+BlVhjOBs1Iv1ZhQNqZD7FqMqETtZ4t9Z+QsjBUxIySL9+9sRqXWUxnYjKRmpJe9+fA/r5ua8NrPeJSkBiNmI9YLU0FMTOa1yYArZEZMLVCmuN2SsBFVlBl7nJKt7y2XXYXWRdW7rHr3tUq9lh+iCCdwCufgwRXU4Q4a0AQGAp7hDd6dsfPkvDivP9GCk/85hj9yPr4BigyNQA==</latexit>

Freq
<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

Experimental preparation of XY ferro- & anti-ferromagnets

Start from:
staggered

<latexit sha1_base64="9Ub41NH4MFtxjHhl9jlmiSntbPQ="></latexit>
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+

microwaves

<latexit sha1_base64="QftFW3QQhhiq1hO0Xe+EPaxEQFI="></latexit>

Mz = 0

Sørensen et al., PRA 81, 061603(R) (2010) 

<latexit sha1_base64="KfQFOFCUj/ikgrLXUkUkCD9Pkyo=">AAACAnicbVDLSsNAFJ34rPUVdenCwSJUkJhI1S4LboogVLAPaEKZTCft0EkyzEzEGrrTn9GVqDs/wR/wb5zWLLT1rM6951y45/icUals+8uYm19YXFrOreRX19Y3Ns2t7YaME4FJHccsFi0fScJoROqKKkZaXBAU+ow0/cHFWG/eEiFpHN2oISdeiHoRDShGSq865l7xEh7DPnQR5yK+g7ZVdo9g6ooQXlXvR4cds2Bb9gRwljgZKYAMtY756XZjnIQkUpghKduOzZWXIqEoZmSUdxNJOMID1CNtTSMUEumlkyAjeBDEAqo+gZP5tzdFoZTD0NeeEKm+nNbGy/+0dqKCspfSiCeKRFhbtBYkDKoYjvuAXSoIVmyoCcKC6i8h7iOBsNKt5XV8ZzrsLGmcWM6ZdXpdKlRKWRE5sAv2QRE44BxUQBXUQB1g8AiewRt4Nx6MJ+PFeP2xzhnZzQ74A+PjG1NmlLo=</latexit>

(J/h ⇡ 0.8MHz)

<latexit sha1_base64="/u0KjVqqpvooaUPCDvF5jJy75Dk="></latexit>

⌦µW



<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

2. Adiabatically decrease 𝛿 to “melt” into XY AFM

<latexit sha1_base64="OyTKofkkFTCdH7n1c0X2bb/zM+Q=">AAAB53icbZDLTgJBEEVr8IX4Ql266UhMXJEZY9AliRuXmMgjgQnpaQpo6Xmku8aETPgGXRl15//4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHLxKkW2BSxinUn4AaVjLBJkhR2Eo08DBS2g8nN3G8/ojYyju5pmqAf8lEkh1JwsqNWb4CKeL9ccavuQmwVvBwqkKvRL3/2BrFIQ4xIKG5M13MT8jOuSQqFs1IvNZhwMeEj7FqMeIjGzxbbztjZMNaMxsgW79/ZjIfGTMPAZkJOY7PszYf/ed2Uhtd+JqMkJYyEjVhvmCpGMZuXZgOpUZCaWuBCS7slE2OuuSB7mpKt7y2XXYXWRdWrVb27y0q9lh+iCCdwCufgwRXU4RYa0AQBD/AMb/DuSOfJeXFef6IFJ/9zDH/kfHwDeTaMqw==</latexit>

�

<latexit sha1_base64="EA7qc/82L1yZi3NvNmekRLY2VbE=">AAACC3icbVDNTgIxGOz6i/i36tFLlZhwwl1C0IsJiRePmMhPAhvSLR/Q0O1u2q6ELDyCvoyejHrz5gv4Nhbcg4Jzms5Mm874EWdKO86XtbK6tr6xmdnKbu/s7u3bB4d1FcaSQo2GPJRNnyjgTEBNM82hGUkggc+h4Q+vZ37jHqRiobjT4wi8gPQF6zFKtJE6dn7SPml3w5EgUoajtiSizwFf4UnZqXYS97w4TbWOnXMKzhx4mbgpyaEU1Y79ad6lcQBCU06UarlOpL2ESM0oh2m2HSuICB2SPrQMFSQA5SXzRlN81gsl1gPA8/PvbEICpcaBbzIB0QO16M3E/7xWrHuXXsJEFGsQ1ESM14s51iGeDYO7TALVfGwIoZKZX2I6IJJQbebLmvruYtllUi8W3HLBvS3lKqV0iAw6Rqcoj1x0gSroBlVRDVH0iJ7RG3q3Hqwn68V6/YmuWOmdI/QH1sc3/9aaQg==</latexit>

|#i = |60P1/2i

<latexit sha1_base64="Qk6UFOc1jBmBVubvqsS4hgp8QLA=">AAACCXicbVA7T8MwGHTKq5RXgJHFUIGYSlJVhQWpEgtjEfQhNVHkuF9bq85DtgOq0v4C+DMwIWBj5Q/wb3BLBijcdL47S9+dH3MmlWV9GrmFxaXllfxqYW19Y3PL3N5pyigRFBo04pFo+0QCZyE0FFMc2rEAEvgcWv7wYuq3bkFIFoU3ahSDG5B+yHqMEqUlzzwaO/tOEhMhojtHkLDPAZ/jcdW69lL7pDzJNM8sWiVrBvyX2Bkpogx1z/xwuhFNAggV5UTKjm3Fyk2JUIxymBScREJM6JD0oaNpSAKQbjrrM8GHvUhgNQA8e//MpiSQchT4OhMQNZDz3lT8z+skqnfmpiyMEwUh1RHt9RKOVYSns+AuE0AVH2lCqGD6SkwHRBCq9HgFXd+eL/uXNMslu1qyryrFWiUbIo/20AE6RjY6RTV0ieqogSh6QE/oFb0Z98aj8Wy8fEdzRvZnF/2C8f4FX+iZXg==</latexit>

|"i = |60S1/2i

<latexit sha1_base64="r/TT2f5m3VCUM9olqSckTMuWtcw=">AAAB6XicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSFGXBUFcVrA/0A4lk95pQ5OZaZIRytCH0JWoO1/HF/BtTOsstPWsvtxzAvfcIBFcG9f9cgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgkfYNNwI7CQKqQwEtoPxzdxvP6LSPI4ezDRBX9JhxEPOqLGjTk9Jcqtw0i9X3Kq7EFkFL4cK5Gr0y5+9QcxSiZFhgmrd9dzE+BlVhjOBs1Iv1ZhQNqZD7FqMqETtZ4t9Z+QsjBUxIySL9+9sRqXWUxnYjKRmpJe9+fA/r5ua8NrPeJSkBiNmI9YLU0FMTOa1yYArZEZMLVCmuN2SsBFVlBl7nJKt7y2XXYXWRdW7rHr3tUq9lh+iCCdwCufgwRXU4Q4a0AQGAp7hDd6dsfPkvDivP9GCk/85hj9yPr4BigyNQA==</latexit>

Freq
<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

Experimental preparation of XY ferro- & anti-ferromagnets

<latexit sha1_base64="QftFW3QQhhiq1hO0Xe+EPaxEQFI="></latexit>

Mz = 0

Sørensen et al., PRA 81, 061603(R) (2010) 

Start from:
staggered

<latexit sha1_base64="9Ub41NH4MFtxjHhl9jlmiSntbPQ="></latexit>
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<latexit sha1_base64="OE/9EKIZkqpURtRSrrChtc3Ud4g=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVzUp3pYFEcRVBXuRNpTJ9KQdOrk4MxFKyGvoStSdD+ML+DZOaxba+q++Of8/cP7jxYIrbdtf1sLi0vLKamGtuL6xubVd2tltqiiRDBssEpFse1Sh4CE2NNcC27FEGngCW97ocuK3HlEqHoV3ehyjG9BByH3OqDYj96qXdmWQtu+z7PimVyrbFXsqMg9ODmXIVe+VPrv9iCUBhpoJqlTHsWPtplRqzgRmxW6iMKZsRAfYMRjSAJWbTpfOyKEfSaKHSKbv39mUBkqNA89kAqqHatabDP/zOon2L9yUh3GiMWQmYjw/EURHZNKd9LlEpsXYAGWSmy0JG1JJmTYXKpr6zmzZeWhWK85Z5fT2pFyr5ocowD4cwBE4cA41uIY6NIDBAzzDG7xbsfVkvVivP9EFK/+zB39kfXwDbB6PhA==</latexit>

EXY/J

<latexit sha1_base64="Ly+NlM1qu2IIcY96wbaoPEuOfUg=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVzUp3pYFN+Kqgr1AE8pketIMnVycmQgl9DV0JerOh/EFfBunNQtt/VffnP8fOP/xU8GVtu0va2l5ZXVtvbRR3tza3tmt7O23VZJJhi2WiER2fapQ8BhbmmuB3VQijXyBHX90PfU7jygVT+J7PU7Ri+gw5gFnVJuR54Y+le4Ahaant/1K1a7ZM5FFcAqoQqFmv/LpDhKWRRhrJqhSPcdOtZdTqTkTOCm7mcKUshEdYs9gTCNUXj5bekKOg0QSHSKZvX9ncxopNY58k4moDtW8Nx3+5/UyHVx5OY/TTGPMTMR4QSaITsi0OxlwiUyLsQHKJDdbEhZSSZk2Fyqb+s582UVo12vORe387qzaqBeHKMEhHMEJOHAJDbiBJrSAwQM8wxu8W6n1ZL1Yrz/RJav4cwB/ZH18AzrDj2M=</latexit>

~�/J

<latexit sha1_base64="KfQFOFCUj/ikgrLXUkUkCD9Pkyo=">AAACAnicbVDLSsNAFJ34rPUVdenCwSJUkJhI1S4LboogVLAPaEKZTCft0EkyzEzEGrrTn9GVqDs/wR/wb5zWLLT1rM6951y45/icUals+8uYm19YXFrOreRX19Y3Ns2t7YaME4FJHccsFi0fScJoROqKKkZaXBAU+ow0/cHFWG/eEiFpHN2oISdeiHoRDShGSq865l7xEh7DPnQR5yK+g7ZVdo9g6ooQXlXvR4cds2Bb9gRwljgZKYAMtY756XZjnIQkUpghKduOzZWXIqEoZmSUdxNJOMID1CNtTSMUEumlkyAjeBDEAqo+gZP5tzdFoZTD0NeeEKm+nNbGy/+0dqKCspfSiCeKRFhbtBYkDKoYjvuAXSoIVmyoCcKC6i8h7iOBsNKt5XV8ZzrsLGmcWM6ZdXpdKlRKWRE5sAv2QRE44BxUQBXUQB1g8AiewRt4Nx6MJ+PFeP2xzhnZzQ74A+PjG1NmlLo=</latexit>

(J/h ⇡ 0.8MHz)



<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

2. Adiabatically decrease 𝛿 to “melt” into XY AFM

<latexit sha1_base64="OyTKofkkFTCdH7n1c0X2bb/zM+Q=">AAAB53icbZDLTgJBEEVr8IX4Ql266UhMXJEZY9AliRuXmMgjgQnpaQpo6Xmku8aETPgGXRl15//4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHLxKkW2BSxinUn4AaVjLBJkhR2Eo08DBS2g8nN3G8/ojYyju5pmqAf8lEkh1JwsqNWb4CKeL9ccavuQmwVvBwqkKvRL3/2BrFIQ4xIKG5M13MT8jOuSQqFs1IvNZhwMeEj7FqMeIjGzxbbztjZMNaMxsgW79/ZjIfGTMPAZkJOY7PszYf/ed2Uhtd+JqMkJYyEjVhvmCpGMZuXZgOpUZCaWuBCS7slE2OuuSB7mpKt7y2XXYXWRdWrVb27y0q9lh+iCCdwCufgwRXU4RYa0AQBD/AMb/DuSOfJeXFef6IFJ/9zDH/kfHwDeTaMqw==</latexit>

�

<latexit sha1_base64="EA7qc/82L1yZi3NvNmekRLY2VbE=">AAACC3icbVDNTgIxGOz6i/i36tFLlZhwwl1C0IsJiRePmMhPAhvSLR/Q0O1u2q6ELDyCvoyejHrz5gv4Nhbcg4Jzms5Mm874EWdKO86XtbK6tr6xmdnKbu/s7u3bB4d1FcaSQo2GPJRNnyjgTEBNM82hGUkggc+h4Q+vZ37jHqRiobjT4wi8gPQF6zFKtJE6dn7SPml3w5EgUoajtiSizwFf4UnZqXYS97w4TbWOnXMKzhx4mbgpyaEU1Y79ad6lcQBCU06UarlOpL2ESM0oh2m2HSuICB2SPrQMFSQA5SXzRlN81gsl1gPA8/PvbEICpcaBbzIB0QO16M3E/7xWrHuXXsJEFGsQ1ESM14s51iGeDYO7TALVfGwIoZKZX2I6IJJQbebLmvruYtllUi8W3HLBvS3lKqV0iAw6Rqcoj1x0gSroBlVRDVH0iJ7RG3q3Hqwn68V6/YmuWOmdI/QH1sc3/9aaQg==</latexit>

|#i = |60P1/2i

<latexit sha1_base64="Qk6UFOc1jBmBVubvqsS4hgp8QLA=">AAACCXicbVA7T8MwGHTKq5RXgJHFUIGYSlJVhQWpEgtjEfQhNVHkuF9bq85DtgOq0v4C+DMwIWBj5Q/wb3BLBijcdL47S9+dH3MmlWV9GrmFxaXllfxqYW19Y3PL3N5pyigRFBo04pFo+0QCZyE0FFMc2rEAEvgcWv7wYuq3bkFIFoU3ahSDG5B+yHqMEqUlzzwaO/tOEhMhojtHkLDPAZ/jcdW69lL7pDzJNM8sWiVrBvyX2Bkpogx1z/xwuhFNAggV5UTKjm3Fyk2JUIxymBScREJM6JD0oaNpSAKQbjrrM8GHvUhgNQA8e//MpiSQchT4OhMQNZDz3lT8z+skqnfmpiyMEwUh1RHt9RKOVYSns+AuE0AVH2lCqGD6SkwHRBCq9HgFXd+eL/uXNMslu1qyryrFWiUbIo/20AE6RjY6RTV0ieqogSh6QE/oFb0Z98aj8Wy8fEdzRvZnF/2C8f4FX+iZXg==</latexit>

|"i = |60S1/2i

<latexit sha1_base64="r/TT2f5m3VCUM9olqSckTMuWtcw=">AAAB6XicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSFGXBUFcVrA/0A4lk95pQ5OZaZIRytCH0JWoO1/HF/BtTOsstPWsvtxzAvfcIBFcG9f9cgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgkfYNNwI7CQKqQwEtoPxzdxvP6LSPI4ezDRBX9JhxEPOqLGjTk9Jcqtw0i9X3Kq7EFkFL4cK5Gr0y5+9QcxSiZFhgmrd9dzE+BlVhjOBs1Iv1ZhQNqZD7FqMqETtZ4t9Z+QsjBUxIySL9+9sRqXWUxnYjKRmpJe9+fA/r5ua8NrPeJSkBiNmI9YLU0FMTOa1yYArZEZMLVCmuN2SsBFVlBl7nJKt7y2XXYXWRdW7rHr3tUq9lh+iCCdwCufgwRXU4Q4a0AQGAp7hDd6dsfPkvDivP9GCk/85hj9yPr4BigyNQA==</latexit>

Freq
<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

Experimental preparation of XY ferro- & anti-ferromagnets

<latexit sha1_base64="QftFW3QQhhiq1hO0Xe+EPaxEQFI="></latexit>

Mz = 0

Sørensen et al., PRA 81, 061603(R) (2010) 

Start from:
staggered

<latexit sha1_base64="9Ub41NH4MFtxjHhl9jlmiSntbPQ="></latexit>

HXY = �J
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AFM <latexit sha1_base64="OE/9EKIZkqpURtRSrrChtc3Ud4g=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVzUp3pYFEcRVBXuRNpTJ9KQdOrk4MxFKyGvoStSdD+ML+DZOaxba+q++Of8/cP7jxYIrbdtf1sLi0vLKamGtuL6xubVd2tltqiiRDBssEpFse1Sh4CE2NNcC27FEGngCW97ocuK3HlEqHoV3ehyjG9BByH3OqDYj96qXdmWQtu+z7PimVyrbFXsqMg9ODmXIVe+VPrv9iCUBhpoJqlTHsWPtplRqzgRmxW6iMKZsRAfYMRjSAJWbTpfOyKEfSaKHSKbv39mUBkqNA89kAqqHatabDP/zOon2L9yUh3GiMWQmYjw/EURHZNKd9LlEpsXYAGWSmy0JG1JJmTYXKpr6zmzZeWhWK85Z5fT2pFyr5ocowD4cwBE4cA41uIY6NIDBAzzDG7xbsfVkvVivP9EFK/+zB39kfXwDbB6PhA==</latexit>

EXY/J

<latexit sha1_base64="Ly+NlM1qu2IIcY96wbaoPEuOfUg=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVzUp3pYFN+Kqgr1AE8pketIMnVycmQgl9DV0JerOh/EFfBunNQtt/VffnP8fOP/xU8GVtu0va2l5ZXVtvbRR3tza3tmt7O23VZJJhi2WiER2fapQ8BhbmmuB3VQijXyBHX90PfU7jygVT+J7PU7Ri+gw5gFnVJuR54Y+le4Ahaant/1K1a7ZM5FFcAqoQqFmv/LpDhKWRRhrJqhSPcdOtZdTqTkTOCm7mcKUshEdYs9gTCNUXj5bekKOg0QSHSKZvX9ncxopNY58k4moDtW8Nx3+5/UyHVx5OY/TTGPMTMR4QSaITsi0OxlwiUyLsQHKJDdbEhZSSZk2Fyqb+s582UVo12vORe387qzaqBeHKMEhHMEJOHAJDbiBJrSAwQM8wxu8W6n1ZL1Yrz/RJav4cwB/ZH18AzrDj2M=</latexit>

~�/J

<latexit sha1_base64="KfQFOFCUj/ikgrLXUkUkCD9Pkyo=">AAACAnicbVDLSsNAFJ34rPUVdenCwSJUkJhI1S4LboogVLAPaEKZTCft0EkyzEzEGrrTn9GVqDs/wR/wb5zWLLT1rM6951y45/icUals+8uYm19YXFrOreRX19Y3Ns2t7YaME4FJHccsFi0fScJoROqKKkZaXBAU+ow0/cHFWG/eEiFpHN2oISdeiHoRDShGSq865l7xEh7DPnQR5yK+g7ZVdo9g6ooQXlXvR4cds2Bb9gRwljgZKYAMtY756XZjnIQkUpghKduOzZWXIqEoZmSUdxNJOMID1CNtTSMUEumlkyAjeBDEAqo+gZP5tzdFoZTD0NeeEKm+nNbGy/+0dqKCspfSiCeKRFhbtBYkDKoYjvuAXSoIVmyoCcKC6i8h7iOBsNKt5XV8ZzrsLGmcWM6ZdXpdKlRKWRE5sAv2QRE44BxUQBXUQB1g8AiewRt4Nx6MJ+PFeP2xzhnZzQ74A+PjG1NmlLo=</latexit>

(J/h ⇡ 0.8MHz)



<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

2. Adiabatically decrease 𝛿 to “melt” into XY FM

<latexit sha1_base64="OyTKofkkFTCdH7n1c0X2bb/zM+Q=">AAAB53icbZDLTgJBEEVr8IX4Ql266UhMXJEZY9AliRuXmMgjgQnpaQpo6Xmku8aETPgGXRl15//4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHLxKkW2BSxinUn4AaVjLBJkhR2Eo08DBS2g8nN3G8/ojYyju5pmqAf8lEkh1JwsqNWb4CKeL9ccavuQmwVvBwqkKvRL3/2BrFIQ4xIKG5M13MT8jOuSQqFs1IvNZhwMeEj7FqMeIjGzxbbztjZMNaMxsgW79/ZjIfGTMPAZkJOY7PszYf/ed2Uhtd+JqMkJYyEjVhvmCpGMZuXZgOpUZCaWuBCS7slE2OuuSB7mpKt7y2XXYXWRdWrVb27y0q9lh+iCCdwCufgwRXU4RYa0AQBD/AMb/DuSOfJeXFef6IFJ/9zDH/kfHwDeTaMqw==</latexit>

�

<latexit sha1_base64="EA7qc/82L1yZi3NvNmekRLY2VbE=">AAACC3icbVDNTgIxGOz6i/i36tFLlZhwwl1C0IsJiRePmMhPAhvSLR/Q0O1u2q6ELDyCvoyejHrz5gv4Nhbcg4Jzms5Mm874EWdKO86XtbK6tr6xmdnKbu/s7u3bB4d1FcaSQo2GPJRNnyjgTEBNM82hGUkggc+h4Q+vZ37jHqRiobjT4wi8gPQF6zFKtJE6dn7SPml3w5EgUoajtiSizwFf4UnZqXYS97w4TbWOnXMKzhx4mbgpyaEU1Y79ad6lcQBCU06UarlOpL2ESM0oh2m2HSuICB2SPrQMFSQA5SXzRlN81gsl1gPA8/PvbEICpcaBbzIB0QO16M3E/7xWrHuXXsJEFGsQ1ESM14s51iGeDYO7TALVfGwIoZKZX2I6IJJQbebLmvruYtllUi8W3HLBvS3lKqV0iAw6Rqcoj1x0gSroBlVRDVH0iJ7RG3q3Hqwn68V6/YmuWOmdI/QH1sc3/9aaQg==</latexit>

|#i = |60P1/2i

<latexit sha1_base64="Qk6UFOc1jBmBVubvqsS4hgp8QLA=">AAACCXicbVA7T8MwGHTKq5RXgJHFUIGYSlJVhQWpEgtjEfQhNVHkuF9bq85DtgOq0v4C+DMwIWBj5Q/wb3BLBijcdL47S9+dH3MmlWV9GrmFxaXllfxqYW19Y3PL3N5pyigRFBo04pFo+0QCZyE0FFMc2rEAEvgcWv7wYuq3bkFIFoU3ahSDG5B+yHqMEqUlzzwaO/tOEhMhojtHkLDPAZ/jcdW69lL7pDzJNM8sWiVrBvyX2Bkpogx1z/xwuhFNAggV5UTKjm3Fyk2JUIxymBScREJM6JD0oaNpSAKQbjrrM8GHvUhgNQA8e//MpiSQchT4OhMQNZDz3lT8z+skqnfmpiyMEwUh1RHt9RKOVYSns+AuE0AVH2lCqGD6SkwHRBCq9HgFXd+eL/uXNMslu1qyryrFWiUbIo/20AE6RjY6RTV0ieqogSh6QE/oFb0Z98aj8Wy8fEdzRvZnF/2C8f4FX+iZXg==</latexit>

|"i = |60S1/2i

<latexit sha1_base64="r/TT2f5m3VCUM9olqSckTMuWtcw=">AAAB6XicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSFGXBUFcVrA/0A4lk95pQ5OZaZIRytCH0JWoO1/HF/BtTOsstPWsvtxzAvfcIBFcG9f9cgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgkfYNNwI7CQKqQwEtoPxzdxvP6LSPI4ezDRBX9JhxEPOqLGjTk9Jcqtw0i9X3Kq7EFkFL4cK5Gr0y5+9QcxSiZFhgmrd9dzE+BlVhjOBs1Iv1ZhQNqZD7FqMqETtZ4t9Z+QsjBUxIySL9+9sRqXWUxnYjKRmpJe9+fA/r5ua8NrPeJSkBiNmI9YLU0FMTOa1yYArZEZMLVCmuN2SsBFVlBl7nJKt7y2XXYXWRdW7rHr3tUq9lh+iCCdwCufgwRXU4Q4a0AQGAp7hDd6dsfPkvDivP9GCk/85hj9yPr4BigyNQA==</latexit>

Freq
<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

Experimental preparation of XY ferro- & anti-ferromagnets

Sørensen et al., PRA 81, 061603(R) (2010) 

Start from:
staggered

<latexit sha1_base64="9Ub41NH4MFtxjHhl9jlmiSntbPQ="></latexit>

HXY = �J
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<latexit sha1_base64="QftFW3QQhhiq1hO0Xe+EPaxEQFI="></latexit>

Mz = 0<latexit sha1_base64="OE/9EKIZkqpURtRSrrChtc3Ud4g=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVzUp3pYFEcRVBXuRNpTJ9KQdOrk4MxFKyGvoStSdD+ML+DZOaxba+q++Of8/cP7jxYIrbdtf1sLi0vLKamGtuL6xubVd2tltqiiRDBssEpFse1Sh4CE2NNcC27FEGngCW97ocuK3HlEqHoV3ehyjG9BByH3OqDYj96qXdmWQtu+z7PimVyrbFXsqMg9ODmXIVe+VPrv9iCUBhpoJqlTHsWPtplRqzgRmxW6iMKZsRAfYMRjSAJWbTpfOyKEfSaKHSKbv39mUBkqNA89kAqqHatabDP/zOon2L9yUh3GiMWQmYjw/EURHZNKd9LlEpsXYAGWSmy0JG1JJmTYXKpr6zmzZeWhWK85Z5fT2pFyr5ocowD4cwBE4cA41uIY6NIDBAzzDG7xbsfVkvVivP9EFK/+zB39kfXwDbB6PhA==</latexit>

EXY/J

<latexit sha1_base64="Ly+NlM1qu2IIcY96wbaoPEuOfUg=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVzUp3pYFN+Kqgr1AE8pketIMnVycmQgl9DV0JerOh/EFfBunNQtt/VffnP8fOP/xU8GVtu0va2l5ZXVtvbRR3tza3tmt7O23VZJJhi2WiER2fapQ8BhbmmuB3VQijXyBHX90PfU7jygVT+J7PU7Ri+gw5gFnVJuR54Y+le4Ahaant/1K1a7ZM5FFcAqoQqFmv/LpDhKWRRhrJqhSPcdOtZdTqTkTOCm7mcKUshEdYs9gTCNUXj5bekKOg0QSHSKZvX9ncxopNY58k4moDtW8Nx3+5/UyHVx5OY/TTGPMTMR4QSaITsi0OxlwiUyLsQHKJDdbEhZSSZk2Fyqb+s582UVo12vORe387qzaqBeHKMEhHMEJOHAJDbiBJrSAwQM8wxu8W6n1ZL1Yrz/RJav4cwB/ZH18AzrDj2M=</latexit>

~�/J

<latexit sha1_base64="KfQFOFCUj/ikgrLXUkUkCD9Pkyo=">AAACAnicbVDLSsNAFJ34rPUVdenCwSJUkJhI1S4LboogVLAPaEKZTCft0EkyzEzEGrrTn9GVqDs/wR/wb5zWLLT1rM6951y45/icUals+8uYm19YXFrOreRX19Y3Ns2t7YaME4FJHccsFi0fScJoROqKKkZaXBAU+ow0/cHFWG/eEiFpHN2oISdeiHoRDShGSq865l7xEh7DPnQR5yK+g7ZVdo9g6ooQXlXvR4cds2Bb9gRwljgZKYAMtY756XZjnIQkUpghKduOzZWXIqEoZmSUdxNJOMID1CNtTSMUEumlkyAjeBDEAqo+gZP5tzdFoZTD0NeeEKm+nNbGy/+0dqKCspfSiCeKRFhbtBYkDKoYjvuAXSoIVmyoCcKC6i8h7iOBsNKt5XV8ZzrsLGmcWM6ZdXpdKlRKWRE5sAv2QRE44BxUQBXUQB1g8AiewRt4Nx6MJ+PFeP2xzhnZzQ74A+PjG1NmlLo=</latexit>

(J/h ⇡ 0.8MHz)



<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

2. Adiabatically decrease 𝛿 to “melt” into XY FM

<latexit sha1_base64="OyTKofkkFTCdH7n1c0X2bb/zM+Q=">AAAB53icbZDLTgJBEEVr8IX4Ql266UhMXJEZY9AliRuXmMgjgQnpaQpo6Xmku8aETPgGXRl15//4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHLxKkW2BSxinUn4AaVjLBJkhR2Eo08DBS2g8nN3G8/ojYyju5pmqAf8lEkh1JwsqNWb4CKeL9ccavuQmwVvBwqkKvRL3/2BrFIQ4xIKG5M13MT8jOuSQqFs1IvNZhwMeEj7FqMeIjGzxbbztjZMNaMxsgW79/ZjIfGTMPAZkJOY7PszYf/ed2Uhtd+JqMkJYyEjVhvmCpGMZuXZgOpUZCaWuBCS7slE2OuuSB7mpKt7y2XXYXWRdWrVb27y0q9lh+iCCdwCufgwRXU4RYa0AQBD/AMb/DuSOfJeXFef6IFJ/9zDH/kfHwDeTaMqw==</latexit>

�

<latexit sha1_base64="EA7qc/82L1yZi3NvNmekRLY2VbE=">AAACC3icbVDNTgIxGOz6i/i36tFLlZhwwl1C0IsJiRePmMhPAhvSLR/Q0O1u2q6ELDyCvoyejHrz5gv4Nhbcg4Jzms5Mm874EWdKO86XtbK6tr6xmdnKbu/s7u3bB4d1FcaSQo2GPJRNnyjgTEBNM82hGUkggc+h4Q+vZ37jHqRiobjT4wi8gPQF6zFKtJE6dn7SPml3w5EgUoajtiSizwFf4UnZqXYS97w4TbWOnXMKzhx4mbgpyaEU1Y79ad6lcQBCU06UarlOpL2ESM0oh2m2HSuICB2SPrQMFSQA5SXzRlN81gsl1gPA8/PvbEICpcaBbzIB0QO16M3E/7xWrHuXXsJEFGsQ1ESM14s51iGeDYO7TALVfGwIoZKZX2I6IJJQbebLmvruYtllUi8W3HLBvS3lKqV0iAw6Rqcoj1x0gSroBlVRDVH0iJ7RG3q3Hqwn68V6/YmuWOmdI/QH1sc3/9aaQg==</latexit>

|#i = |60P1/2i

<latexit sha1_base64="Qk6UFOc1jBmBVubvqsS4hgp8QLA=">AAACCXicbVA7T8MwGHTKq5RXgJHFUIGYSlJVhQWpEgtjEfQhNVHkuF9bq85DtgOq0v4C+DMwIWBj5Q/wb3BLBijcdL47S9+dH3MmlWV9GrmFxaXllfxqYW19Y3PL3N5pyigRFBo04pFo+0QCZyE0FFMc2rEAEvgcWv7wYuq3bkFIFoU3ahSDG5B+yHqMEqUlzzwaO/tOEhMhojtHkLDPAZ/jcdW69lL7pDzJNM8sWiVrBvyX2Bkpogx1z/xwuhFNAggV5UTKjm3Fyk2JUIxymBScREJM6JD0oaNpSAKQbjrrM8GHvUhgNQA8e//MpiSQchT4OhMQNZDz3lT8z+skqnfmpiyMEwUh1RHt9RKOVYSns+AuE0AVH2lCqGD6SkwHRBCq9HgFXd+eL/uXNMslu1qyryrFWiUbIo/20AE6RjY6RTV0ieqogSh6QE/oFb0Z98aj8Wy8fEdzRvZnF/2C8f4FX+iZXg==</latexit>

|"i = |60S1/2i

<latexit sha1_base64="r/TT2f5m3VCUM9olqSckTMuWtcw=">AAAB6XicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSFGXBUFcVrA/0A4lk95pQ5OZaZIRytCH0JWoO1/HF/BtTOsstPWsvtxzAvfcIBFcG9f9cgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgkfYNNwI7CQKqQwEtoPxzdxvP6LSPI4ezDRBX9JhxEPOqLGjTk9Jcqtw0i9X3Kq7EFkFL4cK5Gr0y5+9QcxSiZFhgmrd9dzE+BlVhjOBs1Iv1ZhQNqZD7FqMqETtZ4t9Z+QsjBUxIySL9+9sRqXWUxnYjKRmpJe9+fA/r5ua8NrPeJSkBiNmI9YLU0FMTOa1yYArZEZMLVCmuN2SsBFVlBl7nJKt7y2XXYXWRdW7rHr3tUq9lh+iCCdwCufgwRXU4Q4a0AQGAp7hDd6dsfPkvDivP9GCk/85hj9yPr4BigyNQA==</latexit>

Freq
<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

Experimental preparation of XY ferro- & anti-ferromagnets

Sørensen et al., PRA 81, 061603(R) (2010) 

Start from:
staggered

<latexit sha1_base64="9Ub41NH4MFtxjHhl9jlmiSntbPQ="></latexit>
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<latexit sha1_base64="QftFW3QQhhiq1hO0Xe+EPaxEQFI="></latexit>

Mz = 0

FM

<latexit sha1_base64="OE/9EKIZkqpURtRSrrChtc3Ud4g=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVzUp3pYFEcRVBXuRNpTJ9KQdOrk4MxFKyGvoStSdD+ML+DZOaxba+q++Of8/cP7jxYIrbdtf1sLi0vLKamGtuL6xubVd2tltqiiRDBssEpFse1Sh4CE2NNcC27FEGngCW97ocuK3HlEqHoV3ehyjG9BByH3OqDYj96qXdmWQtu+z7PimVyrbFXsqMg9ODmXIVe+VPrv9iCUBhpoJqlTHsWPtplRqzgRmxW6iMKZsRAfYMRjSAJWbTpfOyKEfSaKHSKbv39mUBkqNA89kAqqHatabDP/zOon2L9yUh3GiMWQmYjw/EURHZNKd9LlEpsXYAGWSmy0JG1JJmTYXKpr6zmzZeWhWK85Z5fT2pFyr5ocowD4cwBE4cA41uIY6NIDBAzzDG7xbsfVkvVivP9EFK/+zB39kfXwDbB6PhA==</latexit>

EXY/J

<latexit sha1_base64="Ly+NlM1qu2IIcY96wbaoPEuOfUg=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVzUp3pYFN+Kqgr1AE8pketIMnVycmQgl9DV0JerOh/EFfBunNQtt/VffnP8fOP/xU8GVtu0va2l5ZXVtvbRR3tza3tmt7O23VZJJhi2WiER2fapQ8BhbmmuB3VQijXyBHX90PfU7jygVT+J7PU7Ri+gw5gFnVJuR54Y+le4Ahaant/1K1a7ZM5FFcAqoQqFmv/LpDhKWRRhrJqhSPcdOtZdTqTkTOCm7mcKUshEdYs9gTCNUXj5bekKOg0QSHSKZvX9ncxopNY58k4moDtW8Nx3+5/UyHVx5OY/TTGPMTMR4QSaITsi0OxlwiUyLsQHKJDdbEhZSSZk2Fyqb+s582UVo12vORe387qzaqBeHKMEhHMEJOHAJDbiBJrSAwQM8wxu8W6n1ZL1Yrz/RJav4cwB/ZH18AzrDj2M=</latexit>

~�/J

<latexit sha1_base64="KfQFOFCUj/ikgrLXUkUkCD9Pkyo=">AAACAnicbVDLSsNAFJ34rPUVdenCwSJUkJhI1S4LboogVLAPaEKZTCft0EkyzEzEGrrTn9GVqDs/wR/wb5zWLLT1rM6951y45/icUals+8uYm19YXFrOreRX19Y3Ns2t7YaME4FJHccsFi0fScJoROqKKkZaXBAU+ow0/cHFWG/eEiFpHN2oISdeiHoRDShGSq865l7xEh7DPnQR5yK+g7ZVdo9g6ooQXlXvR4cds2Bb9gRwljgZKYAMtY756XZjnIQkUpghKduOzZWXIqEoZmSUdxNJOMID1CNtTSMUEumlkyAjeBDEAqo+gZP5tzdFoZTD0NeeEKm+nNbGy/+0dqKCspfSiCeKRFhbtBYkDKoYjvuAXSoIVmyoCcKC6i8h7iOBsNKt5XV8ZzrsLGmcWM6ZdXpdKlRKWRE5sAv2QRE44BxUQBXUQB1g8AiewRt4Nx6MJ+PFeP2xzhnZzQ74A+PjG1NmlLo=</latexit>

(J/h ⇡ 0.8MHz)



<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

2. Adiabatically decrease 𝛿 to “melt” into XY AFM / FM

<latexit sha1_base64="OyTKofkkFTCdH7n1c0X2bb/zM+Q=">AAAB53icbZDLTgJBEEVr8IX4Ql266UhMXJEZY9AliRuXmMgjgQnpaQpo6Xmku8aETPgGXRl15//4A/6NDc5Cwbs6Xfd2UreCRElDrvvlFNbWNza3itulnd29/YPy4VHLxKkW2BSxinUn4AaVjLBJkhR2Eo08DBS2g8nN3G8/ojYyju5pmqAf8lEkh1JwsqNWb4CKeL9ccavuQmwVvBwqkKvRL3/2BrFIQ4xIKG5M13MT8jOuSQqFs1IvNZhwMeEj7FqMeIjGzxbbztjZMNaMxsgW79/ZjIfGTMPAZkJOY7PszYf/ed2Uhtd+JqMkJYyEjVhvmCpGMZuXZgOpUZCaWuBCS7slE2OuuSB7mpKt7y2XXYXWRdWrVb27y0q9lh+iCCdwCufgwRXU4RYa0AQBD/AMb/DuSOfJeXFef6IFJ/9zDH/kfHwDeTaMqw==</latexit>

�

<latexit sha1_base64="EA7qc/82L1yZi3NvNmekRLY2VbE=">AAACC3icbVDNTgIxGOz6i/i36tFLlZhwwl1C0IsJiRePmMhPAhvSLR/Q0O1u2q6ELDyCvoyejHrz5gv4Nhbcg4Jzms5Mm874EWdKO86XtbK6tr6xmdnKbu/s7u3bB4d1FcaSQo2GPJRNnyjgTEBNM82hGUkggc+h4Q+vZ37jHqRiobjT4wi8gPQF6zFKtJE6dn7SPml3w5EgUoajtiSizwFf4UnZqXYS97w4TbWOnXMKzhx4mbgpyaEU1Y79ad6lcQBCU06UarlOpL2ESM0oh2m2HSuICB2SPrQMFSQA5SXzRlN81gsl1gPA8/PvbEICpcaBbzIB0QO16M3E/7xWrHuXXsJEFGsQ1ESM14s51iGeDYO7TALVfGwIoZKZX2I6IJJQbebLmvruYtllUi8W3HLBvS3lKqV0iAw6Rqcoj1x0gSroBlVRDVH0iJ7RG3q3Hqwn68V6/YmuWOmdI/QH1sc3/9aaQg==</latexit>

|#i = |60P1/2i

<latexit sha1_base64="Qk6UFOc1jBmBVubvqsS4hgp8QLA=">AAACCXicbVA7T8MwGHTKq5RXgJHFUIGYSlJVhQWpEgtjEfQhNVHkuF9bq85DtgOq0v4C+DMwIWBj5Q/wb3BLBijcdL47S9+dH3MmlWV9GrmFxaXllfxqYW19Y3PL3N5pyigRFBo04pFo+0QCZyE0FFMc2rEAEvgcWv7wYuq3bkFIFoU3ahSDG5B+yHqMEqUlzzwaO/tOEhMhojtHkLDPAZ/jcdW69lL7pDzJNM8sWiVrBvyX2Bkpogx1z/xwuhFNAggV5UTKjm3Fyk2JUIxymBScREJM6JD0oaNpSAKQbjrrM8GHvUhgNQA8e//MpiSQchT4OhMQNZDz3lT8z+skqnfmpiyMEwUh1RHt9RKOVYSns+AuE0AVH2lCqGD6SkwHRBCq9HgFXd+eL/uXNMslu1qyryrFWiUbIo/20AE6RjY6RTV0ieqogSh6QE/oFb0Z98aj8Wy8fEdzRvZnF/2C8f4FX+iZXg==</latexit>

|"i = |60S1/2i

<latexit sha1_base64="r/TT2f5m3VCUM9olqSckTMuWtcw=">AAAB6XicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSFGXBUFcVrA/0A4lk95pQ5OZaZIRytCH0JWoO1/HF/BtTOsstPWsvtxzAvfcIBFcG9f9cgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgkfYNNwI7CQKqQwEtoPxzdxvP6LSPI4ezDRBX9JhxEPOqLGjTk9Jcqtw0i9X3Kq7EFkFL4cK5Gr0y5+9QcxSiZFhgmrd9dzE+BlVhjOBs1Iv1ZhQNqZD7FqMqETtZ4t9Z+QsjBUxIySL9+9sRqXWUxnYjKRmpJe9+fA/r5ua8NrPeJSkBiNmI9YLU0FMTOa1yYArZEZMLVCmuN2SsBFVlBl7nJKt7y2XXYXWRdW7rHr3tUq9lh+iCCdwCufgwRXU4Q4a0AQGAp7hDd6dsfPkvDivP9GCk/85hj9yPr4BigyNQA==</latexit>

Freq
<latexit sha1_base64="wED94NQ7Nw/iunc/ccQC3FdD8X0=">AAAB5nicdVDLSsNAFL3xWeur6tLNYBFchSStbd1V3LisYNpCG8pkOmmGTh7MTIQS+gu6EnXnB/kD/o2TWkFFz+rcc86Fe66fciaVZb0bK6tr6xubpa3y9s7u3n7l4LArk0wQ6pKEJ6LvY0k5i6mrmOK0nwqKI5/Tnj+9KvzeHRWSJfGtmqXUi/AkZgEjWGnJHbIYXY4qVcu8aDWccwdZpmU1nVqjIE6z7tSQrZUCVViiM6q8DccJySIaK8KxlAPbSpWXY6EY4XReHmaSpphM8YQONI1xRKWXL46do9MgEUiFFC3m79kcR1LOIl9nIqxC+dsrxL+8QaaClpezOM0UjYmOaC/IOFIJKjqjMROUKD7TBBPB9JWIhFhgovRnyrr+V0f0P+k6pt0w7Zt6tV1fPqIEx3ACZ2BDE9pwDR1wgQCDB3iGFyM07o1H4+kzumIsd47gB4zXD3lsjBE=</latexit>

2 A
<latexit sha1_base64="MZJZ3UU3NqXqtEdxlVQkf/elI+c=">AAAB5nicdZDNTgIxFIU7+If4h7p000hMXJEOIQg7ohuXmDhAAhPSKXeYhk5n0nZMCOEVdGXUnQ/kC/g2dhATNXpWp/c7Te65QSq4NoS8O4W19Y3NreJ2aWd3b/+gfHjU1UmmGHgsEYnqB1SD4BI8w42AfqqAxoGAXjC9ynnvDpTmibw1sxT8mE4kDzmjxo68IZf4clSukCqxajRwbtwmca1ptZq1Wgu7S0RIBa3UGZXfhuOEZTFIwwTVeuCS1PhzqgxnAhalYaYhpWxKJzCwVtIYtD9fLrvAZ2GisIkAL9/fs3Maaz2LA5uJqYn0b5YP/2KDzIRNf85lmhmQzEYsCzOBTYLzznjMFTAjZtZQprjdErOIKsqMvUzJ1v/qiP833VrVbVTdm3qlXV8doohO0Ck6Ry66QG10jTrIQwxx9ICe0YsTOffOo/P0GS04qz/H6Iec1w9vcIwL</latexit>

2 B

Experimental preparation of XY ferro- & anti-ferromagnets

<latexit sha1_base64="QftFW3QQhhiq1hO0Xe+EPaxEQFI="></latexit>

Mz = 0

Sørensen et al., PRA 81, 061603(R) (2010) 

Start from:
staggered

<latexit sha1_base64="9Ub41NH4MFtxjHhl9jlmiSntbPQ="></latexit>
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FM

AFM <latexit sha1_base64="OE/9EKIZkqpURtRSrrChtc3Ud4g=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVzUp3pYFEcRVBXuRNpTJ9KQdOrk4MxFKyGvoStSdD+ML+DZOaxba+q++Of8/cP7jxYIrbdtf1sLi0vLKamGtuL6xubVd2tltqiiRDBssEpFse1Sh4CE2NNcC27FEGngCW97ocuK3HlEqHoV3ehyjG9BByH3OqDYj96qXdmWQtu+z7PimVyrbFXsqMg9ODmXIVe+VPrv9iCUBhpoJqlTHsWPtplRqzgRmxW6iMKZsRAfYMRjSAJWbTpfOyKEfSaKHSKbv39mUBkqNA89kAqqHatabDP/zOon2L9yUh3GiMWQmYjw/EURHZNKd9LlEpsXYAGWSmy0JG1JJmTYXKpr6zmzZeWhWK85Z5fT2pFyr5ocowD4cwBE4cA41uIY6NIDBAzzDG7xbsfVkvVivP9EFK/+zB39kfXwDbB6PhA==</latexit>

EXY/J

<latexit sha1_base64="Ly+NlM1qu2IIcY96wbaoPEuOfUg=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVzUp3pYFN+Kqgr1AE8pketIMnVycmQgl9DV0JerOh/EFfBunNQtt/VffnP8fOP/xU8GVtu0va2l5ZXVtvbRR3tza3tmt7O23VZJJhi2WiER2fapQ8BhbmmuB3VQijXyBHX90PfU7jygVT+J7PU7Ri+gw5gFnVJuR54Y+le4Ahaant/1K1a7ZM5FFcAqoQqFmv/LpDhKWRRhrJqhSPcdOtZdTqTkTOCm7mcKUshEdYs9gTCNUXj5bekKOg0QSHSKZvX9ncxopNY58k4moDtW8Nx3+5/UyHVx5OY/TTGPMTMR4QSaITsi0OxlwiUyLsQHKJDdbEhZSSZk2Fyqb+s582UVo12vORe387qzaqBeHKMEhHMEJOHAJDbiBJrSAwQM8wxu8W6n1ZL1Yrz/RJav4cwB/ZH18AzrDj2M=</latexit>

~�/J

<latexit sha1_base64="KfQFOFCUj/ikgrLXUkUkCD9Pkyo=">AAACAnicbVDLSsNAFJ34rPUVdenCwSJUkJhI1S4LboogVLAPaEKZTCft0EkyzEzEGrrTn9GVqDs/wR/wb5zWLLT1rM6951y45/icUals+8uYm19YXFrOreRX19Y3Ns2t7YaME4FJHccsFi0fScJoROqKKkZaXBAU+ow0/cHFWG/eEiFpHN2oISdeiHoRDShGSq865l7xEh7DPnQR5yK+g7ZVdo9g6ooQXlXvR4cds2Bb9gRwljgZKYAMtY756XZjnIQkUpghKduOzZWXIqEoZmSUdxNJOMID1CNtTSMUEumlkyAjeBDEAqo+gZP5tzdFoZTD0NeeEKm+nNbGy/+0dqKCspfSiCeKRFhbtBYkDKoYjvuAXSoIVmyoCcKC6i8h7iOBsNKt5XV8ZzrsLGmcWM6ZdXpdKlRKWRE5sAv2QRE44BxUQBXUQB1g8AiewRt4Nx6MJ+PFeP2xzhnZzQ74A+PjG1NmlLo=</latexit>

(J/h ⇡ 0.8MHz)



10 x 10 = 100 atomsread-out
x-basis

Light-shift 𝛿 <latexit sha1_base64="zwLHvx4Y5Cu8jHHF2GgnclfZ7eQ=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV2WmeFsW3LisYC/YGUomzbShuQxJRihDn0JXou58G1/AtzGts9DWf/XnfH/g/CdOOTPW97+8ldW19Y3N0lZ5e2d3b79ycNg2KtOEtojiSndjbChnkrYss5x2U02xiDntxOObGe88Um2Ykvd2ktJI4KFkCSPYutFDmLJQOY7q/UrVr/lzoWUTFKYKhZr9ymc4UCQTVFrCsTG9wE9tlGNtGeF0Wg4zQ1NMxnhIe85KLKiJ8vnGU3SaKI3siKL5+3c2x8KYiYhdRmA7MotsNvyP9TKbXEc5k2lmqSQu4liScWQVmhVHA6YpsXziDCaauS0RGWGNiXXnKbv6wWLZZdOu14LL2sXdebVRLw5RgmM4gTMI4AoacAtNaAEBCc/wBu+e8J68F+/1J7riFX+O4I+8j2/sRI4M</latexit>⇡

2

t = 1 𝜇s

Observation of Long-Range FM order



10 x 10 = 100 atomsread-out
x-basis

Light-shift 𝛿 <latexit sha1_base64="zwLHvx4Y5Cu8jHHF2GgnclfZ7eQ=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV2WmeFsW3LisYC/YGUomzbShuQxJRihDn0JXou58G1/AtzGts9DWf/XnfH/g/CdOOTPW97+8ldW19Y3N0lZ5e2d3b79ycNg2KtOEtojiSndjbChnkrYss5x2U02xiDntxOObGe88Um2Ykvd2ktJI4KFkCSPYutFDmLJQOY7q/UrVr/lzoWUTFKYKhZr9ymc4UCQTVFrCsTG9wE9tlGNtGeF0Wg4zQ1NMxnhIe85KLKiJ8vnGU3SaKI3siKL5+3c2x8KYiYhdRmA7MotsNvyP9TKbXEc5k2lmqSQu4liScWQVmhVHA6YpsXziDCaauS0RGWGNiXXnKbv6wWLZZdOu14LL2sXdebVRLw5RgmM4gTMI4AoacAtNaAEBCc/wBu+e8J68F+/1J7riFX+O4I+8j2/sRI4M</latexit>⇡

2

t = 1 𝜇s

Observation of Long-Range FM order

<latexit sha1_base64="7ocfke6Q9JEylBOXSjxGNr98pbc=">AAACTHicbZBLTwIxFIU7+EJ8jbp000hM3EhmDD42JiRsXGIij4TBSadcoNB5pO0YyYR/aHTt/9CV8VFg4gO4q9PznZv0Hi/iTCrLejEyS8srq2vZ9dzG5tb2jrm7V5NhLChUachD0fCIBM4CqCqmODQiAcT3ONS9QXnM6/cgJAuDWzWMoOWTbsA6jBKlLddk5bsHN2H9Eb7CDidBlwN2JOv6RPvsV/axI6b0ZGEuhfPsZ9E181bBmgyeF3Yq8iidims+Ou2Qxj4EinIiZdO2ItVKiFCMchjlnFhCROiAdKGpZUB8kK1kUskIH3VCgVUP8OT9N5sQX8qh7+mMT1RPzrKxuYg1Y9W5bCUsiGIFAdURzToxxyrE42Zxmwmgig+1IFQw/UtMe0QQqnT/OX2+PXvsvKidFuzzwtlNMV8qpkVk0QE6RMfIRheohK5RBVURRc/oDX2iL+PJeDXejY9pNGOkO/vo32RWvwHgtbO+</latexit>

Cx
ij = h�x

i �
x
j i � h�x

i ih�x
j i

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

<latexit sha1_base64="g6CY6yHz+8b58AVp7KOWMqgJupY="></latexit>

j

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

FM AFM



10 x 10 = 100 atomsread-out
x-basis

Light-shift 𝛿 <latexit sha1_base64="zwLHvx4Y5Cu8jHHF2GgnclfZ7eQ=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV2WmeFsW3LisYC/YGUomzbShuQxJRihDn0JXou58G1/AtzGts9DWf/XnfH/g/CdOOTPW97+8ldW19Y3N0lZ5e2d3b79ycNg2KtOEtojiSndjbChnkrYss5x2U02xiDntxOObGe88Um2Ykvd2ktJI4KFkCSPYutFDmLJQOY7q/UrVr/lzoWUTFKYKhZr9ymc4UCQTVFrCsTG9wE9tlGNtGeF0Wg4zQ1NMxnhIe85KLKiJ8vnGU3SaKI3siKL5+3c2x8KYiYhdRmA7MotsNvyP9TKbXEc5k2lmqSQu4liScWQVmhVHA6YpsXziDCaauS0RGWGNiXXnKbv6wWLZZdOu14LL2sXdebVRLw5RgmM4gTMI4AoacAtNaAEBCc/wBu+e8J68F+/1J7riFX+O4I+8j2/sRI4M</latexit>⇡

2

t = 1 𝜇s

Observation of Long-Range FM order

<latexit sha1_base64="7ocfke6Q9JEylBOXSjxGNr98pbc=">AAACTHicbZBLTwIxFIU7+EJ8jbp000hM3EhmDD42JiRsXGIij4TBSadcoNB5pO0YyYR/aHTt/9CV8VFg4gO4q9PznZv0Hi/iTCrLejEyS8srq2vZ9dzG5tb2jrm7V5NhLChUachD0fCIBM4CqCqmODQiAcT3ONS9QXnM6/cgJAuDWzWMoOWTbsA6jBKlLddk5bsHN2H9Eb7CDidBlwN2JOv6RPvsV/axI6b0ZGEuhfPsZ9E181bBmgyeF3Yq8iidims+Ou2Qxj4EinIiZdO2ItVKiFCMchjlnFhCROiAdKGpZUB8kK1kUskIH3VCgVUP8OT9N5sQX8qh7+mMT1RPzrKxuYg1Y9W5bCUsiGIFAdURzToxxyrE42Zxmwmgig+1IFQw/UtMe0QQqnT/OX2+PXvsvKidFuzzwtlNMV8qpkVk0QE6RMfIRheohK5RBVURRc/oDX2iL+PJeDXejY9pNGOkO/vo32RWvwHgtbO+</latexit>

Cx
ij = h�x

i �
x
j i � h�x

i ih�x
j i

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

<latexit sha1_base64="g6CY6yHz+8b58AVp7KOWMqgJupY="></latexit>

j

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

FM AFM

d



10 x 10 = 100 atomsread-out
x-basis

Light-shift 𝛿 <latexit sha1_base64="zwLHvx4Y5Cu8jHHF2GgnclfZ7eQ=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV2WmeFsW3LisYC/YGUomzbShuQxJRihDn0JXou58G1/AtzGts9DWf/XnfH/g/CdOOTPW97+8ldW19Y3N0lZ5e2d3b79ycNg2KtOEtojiSndjbChnkrYss5x2U02xiDntxOObGe88Um2Ykvd2ktJI4KFkCSPYutFDmLJQOY7q/UrVr/lzoWUTFKYKhZr9ymc4UCQTVFrCsTG9wE9tlGNtGeF0Wg4zQ1NMxnhIe85KLKiJ8vnGU3SaKI3siKL5+3c2x8KYiYhdRmA7MotsNvyP9TKbXEc5k2lmqSQu4liScWQVmhVHA6YpsXziDCaauS0RGWGNiXXnKbv6wWLZZdOu14LL2sXdebVRLw5RgmM4gTMI4AoacAtNaAEBCc/wBu+e8J68F+/1J7riFX+O4I+8j2/sRI4M</latexit>⇡

2

t = 1 𝜇s

Observation of Long-Range FM order

<latexit sha1_base64="7ocfke6Q9JEylBOXSjxGNr98pbc=">AAACTHicbZBLTwIxFIU7+EJ8jbp000hM3EhmDD42JiRsXGIij4TBSadcoNB5pO0YyYR/aHTt/9CV8VFg4gO4q9PznZv0Hi/iTCrLejEyS8srq2vZ9dzG5tb2jrm7V5NhLChUachD0fCIBM4CqCqmODQiAcT3ONS9QXnM6/cgJAuDWzWMoOWTbsA6jBKlLddk5bsHN2H9Eb7CDidBlwN2JOv6RPvsV/axI6b0ZGEuhfPsZ9E181bBmgyeF3Yq8iidims+Ou2Qxj4EinIiZdO2ItVKiFCMchjlnFhCROiAdKGpZUB8kK1kUskIH3VCgVUP8OT9N5sQX8qh7+mMT1RPzrKxuYg1Y9W5bCUsiGIFAdURzToxxyrE42Zxmwmgig+1IFQw/UtMe0QQqnT/OX2+PXvsvKidFuzzwtlNMV8qpkVk0QE6RMfIRheohK5RBVURRc/oDX2iL+PJeDXejY9pNGOkO/vo32RWvwHgtbO+</latexit>

Cx
ij = h�x

i �
x
j i � h�x

i ih�x
j i

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

<latexit sha1_base64="g6CY6yHz+8b58AVp7KOWMqgJupY="></latexit>

j

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

FM AFM

FM

AFM

d

d



10 x 10 = 100 atomsread-out
x-basis

Light-shift 𝛿 <latexit sha1_base64="zwLHvx4Y5Cu8jHHF2GgnclfZ7eQ=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV2WmeFsW3LisYC/YGUomzbShuQxJRihDn0JXou58G1/AtzGts9DWf/XnfH/g/CdOOTPW97+8ldW19Y3N0lZ5e2d3b79ycNg2KtOEtojiSndjbChnkrYss5x2U02xiDntxOObGe88Um2Ykvd2ktJI4KFkCSPYutFDmLJQOY7q/UrVr/lzoWUTFKYKhZr9ymc4UCQTVFrCsTG9wE9tlGNtGeF0Wg4zQ1NMxnhIe85KLKiJ8vnGU3SaKI3siKL5+3c2x8KYiYhdRmA7MotsNvyP9TKbXEc5k2lmqSQu4liScWQVmhVHA6YpsXziDCaauS0RGWGNiXXnKbv6wWLZZdOu14LL2sXdebVRLw5RgmM4gTMI4AoacAtNaAEBCc/wBu+e8J68F+/1J7riFX+O4I+8j2/sRI4M</latexit>⇡

2

t = 1 𝜇s

Observation of Long-Range FM order

<latexit sha1_base64="7ocfke6Q9JEylBOXSjxGNr98pbc=">AAACTHicbZBLTwIxFIU7+EJ8jbp000hM3EhmDD42JiRsXGIij4TBSadcoNB5pO0YyYR/aHTt/9CV8VFg4gO4q9PznZv0Hi/iTCrLejEyS8srq2vZ9dzG5tb2jrm7V5NhLChUachD0fCIBM4CqCqmODQiAcT3ONS9QXnM6/cgJAuDWzWMoOWTbsA6jBKlLddk5bsHN2H9Eb7CDidBlwN2JOv6RPvsV/axI6b0ZGEuhfPsZ9E181bBmgyeF3Yq8iidims+Ou2Qxj4EinIiZdO2ItVKiFCMchjlnFhCROiAdKGpZUB8kK1kUskIH3VCgVUP8OT9N5sQX8qh7+mMT1RPzrKxuYg1Y9W5bCUsiGIFAdURzToxxyrE42Zxmwmgig+1IFQw/UtMe0QQqnT/OX2+PXvsvKidFuzzwtlNMV8qpkVk0QE6RMfIRheohK5RBVURRc/oDX2iL+PJeDXejY9pNGOkO/vo32RWvwHgtbO+</latexit>

Cx
ij = h�x

i �
x
j i � h�x

i ih�x
j i

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

<latexit sha1_base64="g6CY6yHz+8b58AVp7KOWMqgJupY="></latexit>

j

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

FM AFM

FM

AFM

dFerromagnet:
Long-range order !

d
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2

t = 1 𝜇s

Observation of Long-Range FM order
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Cx
ij = h�x

i �
x
j i � h�x

i ih�x
j i

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

<latexit sha1_base64="g6CY6yHz+8b58AVp7KOWMqgJupY="></latexit>

j

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

FM AFM

FM

AFM

dFerromagnet:
Long-range order !

d

Antiferromagnet: LRO destabilized by imperfections



10 x 10 = 100 atomsread-out
x-basis
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2

t = 1 𝜇s

Observation of Long-Range FM order
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Cx
ij = h�x

i �
x
j i � h�x

i ih�x
j i

Important role          of interaction
<latexit sha1_base64="5s+4KkcpfaGxQLSNVQvmrSvJFwA=">AAAB5nicdZDLTgIxGIU7XhFvqEs3jcTE1dhhZhB2JG5cYuIACYykUzrQ0Lmk7ZiQCa+gK6PufCBfwLexg5io0bP6+p/T5D9/kHImFULvxsrq2vrGZmmrvL2zu7dfOTjsyCQThHok4YnoBVhSzmLqKaY47aWC4ijgtBtMLwu/e0eFZEl8o2Yp9SM8jlnICFZ65Fnn4tYeVqrIRG7DbtYgMh3Hdpu2BoRcp16HloZCVbBUe1h5G4wSkkU0VoRjKfsWSpWfY6EY4XReHmSSpphM8Zj2NcY4otLPF8vO4WmYCKgmFC7e37M5jqScRYHORFhN5G+vGP7l9TMVNvycxWmmaEx0RHthxqFKYNEZjpigRPGZBkwE01tCMsECE6UvU9b1vzrC/6FTM6266V471VZjeYgSOAYn4AxY4AK0wBVoAw8QwMADeAYvxsS4Nx6Np8/oirH8cwR+yHj9ADyri/A=</latexit>

1/r3

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

<latexit sha1_base64="g6CY6yHz+8b58AVp7KOWMqgJupY="></latexit>

j

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

FM AFM

FM

AFM

dFerromagnet:
Long-range order !

d

Antiferromagnet: LRO destabilized by imperfections



10 x 10 = 100 atomsread-out
x-basis
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2

t = 1 𝜇s

Observation of Long-Range FM order
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Cx
ij = h�x

i �
x
j i � h�x

i ih�x
j i

Important role          of interaction
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1/r3

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

<latexit sha1_base64="g6CY6yHz+8b58AVp7KOWMqgJupY="></latexit>

j

<latexit sha1_base64="+HBF2yU8qrEl1QAQyrVSj7HO1XQ="></latexit>

i

FM AFM

FM

AFM

dFerromagnet:
Long-range order !

d

Antiferromagnet: LRO destabilized by imperfections

Sbierski et al., 
arXiv:2305.03673

Also: ions 1D
arXiv:2211.01275



Outline

1. Dipolar XY magnet with resonant dipole interactions

2. Spin squeezing using dipolar interaction

N. Yao
M. Block

B. Ye
(Harvard)

G. Bornet et al., arXiv:2303.08053

T. Roscilde F. Mezzacapo
(Lyon)



Dynamics under XY Hamiltonian

<latexit sha1_base64="zwLHvx4Y5Cu8jHHF2GgnclfZ7eQ=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV2WmeFsW3LisYC/YGUomzbShuQxJRihDn0JXou58G1/AtzGts9DWf/XnfH/g/CdOOTPW97+8ldW19Y3N0lZ5e2d3b79ycNg2KtOEtojiSndjbChnkrYss5x2U02xiDntxOObGe88Um2Ykvd2ktJI4KFkCSPYutFDmLJQOY7q/UrVr/lzoWUTFKYKhZr9ymc4UCQTVFrCsTG9wE9tlGNtGeF0Wg4zQ1NMxnhIe85KLKiJ8vnGU3SaKI3siKL5+3c2x8KYiYhdRmA7MotsNvyP9TKbXEc5k2lmqSQu4liScWQVmhVHA6YpsXziDCaauS0RGWGNiXXnKbv6wWLZZdOu14LL2sXdebVRLw5RgmM4gTMI4AoacAtNaAEBCc/wBu+e8J68F+/1J7riFX+O4I+8j2/sRI4M</latexit>⇡

2

Initialize: 
<latexit sha1_base64="ml8jkLjQn27So0BozJUltMfvOJ8="></latexit>

| !,! ...iy = (|"i+ i|#i)⌦N

MW-pulse

“Coherent spin state”

<latexit sha1_base64="N4S1vaq/HDmhry+mm54uSDBZg14=">AAAB63icbZDLSgMxFIYzXmu9VV26CRbBVZkp3pYFNy4r2At2hpJJz7ShuQxJRihDn0JXou58G1/AtzGts9DWf/XnfH/g/CdOOTPW97+8ldW19Y3N0lZ5e2d3b79ycNg2KtMUWlRxpbsxMcCZhJZllkM31UBEzKETj29mvPMI2jAl7+0khUiQoWQJo8S60UOYslA5juv9StWv+XPhZRMUpooKNfuVz3CgaCZAWsqJMb3AT22UE20Z5TAth5mBlNAxGULPWUkEmCifbzzFp4nS2I4Az9+/szkRxkxE7DKC2JFZZLPhf6yX2eQ6yplMMwuSuohjScaxVXhWHA+YBmr5xBlCNXNbYjoimlDrzlN29YPFssumXa8Fl7WLu/Nqwy8OUULH6ASdoQBdoQa6RU3UQhRJ9Ize0LsnvCfvxXv9ia54xZ8j9Efexzfrqo4K</latexit>⇡

2

FM

<latexit sha1_base64="ohaNzz8k4BRIXw77/kqpE18lx+E="></latexit>x

<latexit sha1_base64="f0AMDQRG8t1ZYK9W6YSFCd39yOE="></latexit>y

<latexit sha1_base64="WBoIAV+s2JeODR1cuPDutiZpR9o=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVZJS1GVBEJct2FaoRZLptA7Ni8lEqEV/wK1+m/gH+hfeGVNQi+iEJGfOvefM3Hv9JBCpcpzXgrWwuLS8Ulwtra1vbG6Vt3c6aZxJxtssDmJ56XspD0TE20qogF8mknuhH/CuPz7V8e4tl6mIows1SXg/9EaRGArmKaJad9flilN1zLLngZuDCvLVjMsvuMIAMRgyhOCIoAgH8JDS04 MLBwlxfUyJk4SEiXPco0TajLI4ZXjEjuk7ol0vZyPaa8/UqBmdEtArSWnjgDQx5UnC+jTbxDPjrNnfvKfGU99tQn8/9wqJVbgh9i/dLPO/Ol2LwhAnpgZBNSWG0dWx3CUzXdE3t79UpcghIU7jAcUlYWaUsz7bRpOa2nVvPRN/M5ma1XuW52Z417ekAbs/xzkPOrWqe1Stt+qVRi0fdRF72MchzfMYDZyjibbxfsQTnq0zK7BSK/tMtQq5ZhfflvXwAW36j3g=</latexit>z



Dynamics under XY Hamiltonian

<latexit sha1_base64="zwLHvx4Y5Cu8jHHF2GgnclfZ7eQ=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV2WmeFsW3LisYC/YGUomzbShuQxJRihDn0JXou58G1/AtzGts9DWf/XnfH/g/CdOOTPW97+8ldW19Y3N0lZ5e2d3b79ycNg2KtOEtojiSndjbChnkrYss5x2U02xiDntxOObGe88Um2Ykvd2ktJI4KFkCSPYutFDmLJQOY7q/UrVr/lzoWUTFKYKhZr9ymc4UCQTVFrCsTG9wE9tlGNtGeF0Wg4zQ1NMxnhIe85KLKiJ8vnGU3SaKI3siKL5+3c2x8KYiYhdRmA7MotsNvyP9TKbXEc5k2lmqSQu4liScWQVmhVHA6YpsXziDCaauS0RGWGNiXXnKbv6wWLZZdOu14LL2sXdebVRLw5RgmM4gTMI4AoacAtNaAEBCc/wBu+e8J68F+/1J7riFX+O4I+8j2/sRI4M</latexit>⇡

2

Initialize: 
<latexit sha1_base64="ml8jkLjQn27So0BozJUltMfvOJ8="></latexit>

| !,! ...iy = (|"i+ i|#i)⌦N

MW-pulse

<latexit sha1_base64="YtrsWU1eICVeOMxoN6H9UmyDemo="></latexit>

| (t)i = e�iHXYt/~ | (0)i

Evolve:

“Coherent spin state”

<latexit sha1_base64="N4S1vaq/HDmhry+mm54uSDBZg14=">AAAB63icbZDLSgMxFIYzXmu9VV26CRbBVZkp3pYFNy4r2At2hpJJz7ShuQxJRihDn0JXou58G1/AtzGts9DWf/XnfH/g/CdOOTPW97+8ldW19Y3N0lZ5e2d3b79ycNg2KtMUWlRxpbsxMcCZhJZllkM31UBEzKETj29mvPMI2jAl7+0khUiQoWQJo8S60UOYslA5juv9StWv+XPhZRMUpooKNfuVz3CgaCZAWsqJMb3AT22UE20Z5TAth5mBlNAxGULPWUkEmCifbzzFp4nS2I4Az9+/szkRxkxE7DKC2JFZZLPhf6yX2eQ6yplMMwuSuohjScaxVXhWHA+YBmr5xBlCNXNbYjoimlDrzlN29YPFssumXa8Fl7WLu/Nqwy8OUULH6ASdoQBdoQa6RU3UQhRJ9Ize0LsnvCfvxXv9ia54xZ8j9Efexzfrqo4K</latexit>⇡

2

FM

<latexit sha1_base64="ohaNzz8k4BRIXw77/kqpE18lx+E="></latexit>x

<latexit sha1_base64="f0AMDQRG8t1ZYK9W6YSFCd39yOE="></latexit>y

<latexit sha1_base64="WBoIAV+s2JeODR1cuPDutiZpR9o=">AAACxHicjVHLSsNAFD2Nr1pfVZdugkVwVZJS1GVBEJct2FaoRZLptA7Ni8lEqEV/wK1+m/gH+hfeGVNQi+iEJGfOvefM3Hv9JBCpcpzXgrWwuLS8Ulwtra1vbG6Vt3c6aZxJxtssDmJ56XspD0TE20qogF8mknuhH/CuPz7V8e4tl6mIows1SXg/9EaRGArmKaJad9flilN1zLLngZuDCvLVjMsvuMIAMRgyhOCIoAgH8JDS04 MLBwlxfUyJk4SEiXPco0TajLI4ZXjEjuk7ol0vZyPaa8/UqBmdEtArSWnjgDQx5UnC+jTbxDPjrNnfvKfGU99tQn8/9wqJVbgh9i/dLPO/Ol2LwhAnpgZBNSWG0dWx3CUzXdE3t79UpcghIU7jAcUlYWaUsz7bRpOa2nVvPRN/M5ma1XuW52Z417ekAbs/xzkPOrWqe1Stt+qVRi0fdRF72MchzfMYDZyjibbxfsQTnq0zK7BSK/tMtQq5ZhfflvXwAW36j3g=</latexit>z



Dynamics under XY Hamiltonian

read-out
<latexit sha1_base64="zwLHvx4Y5Cu8jHHF2GgnclfZ7eQ=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV2WmeFsW3LisYC/YGUomzbShuQxJRihDn0JXou58G1/AtzGts9DWf/XnfH/g/CdOOTPW97+8ldW19Y3N0lZ5e2d3b79ycNg2KtOEtojiSndjbChnkrYss5x2U02xiDntxOObGe88Um2Ykvd2ktJI4KFkCSPYutFDmLJQOY7q/UrVr/lzoWUTFKYKhZr9ymc4UCQTVFrCsTG9wE9tlGNtGeF0Wg4zQ1NMxnhIe85KLKiJ8vnGU3SaKI3siKL5+3c2x8KYiYhdRmA7MotsNvyP9TKbXEc5k2lmqSQu4liScWQVmhVHA6YpsXziDCaauS0RGWGNiXXnKbv6wWLZZdOu14LL2sXdebVRLw5RgmM4gTMI4AoacAtNaAEBCc/wBu+e8J68F+/1J7riFX+O4I+8j2/sRI4M</latexit>⇡
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Interactions depolarize…
Generation entanglement?
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A detour: spin squeezing in OAT versus dipolar model
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A detour: spin squeezing in OAT versus dipolar model

Metrological gain in Ramsey interf.: 
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A detour: spin squeezing in OAT versus dipolar model

Metrological gain in Ramsey interf.: 

x

z One-axis twisted model

Dipolar XY: “same” structure
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A detour: spin squeezing in OAT versus dipolar model

Metrological gain in Ramsey interf.: 
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Is 1/r3 long-range enough to generate squeezing?
If yes, does it scale with N?
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From dipolar XY to one-axis twisting model…
Is 1/r3 long-range enough to generate squeezing?
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From dipolar XY to one-axis twisting model…
Is 1/r3 long-range enough to generate squeezing?

Prediction: yes! M.P.A Jones & T. Pohl, PRL (2014)
A-M. Rey, PRL (2020)
T. Roscilde, PRL 129, 150503 (2022)
N. Yao, arXiv:2301.09636
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From dipolar XY to one-axis twisting model…
Is 1/r3 long-range enough to generate squeezing?

Prediction: yes! And should scale: 

3

↵ = 3 for Rydberg atoms, with metrological qualities of
the produced states that have the same scaling behavior
as in the ideal case of the OAT dynamics. This result
is far from trivial, as the OAT model is integrable (with
non-thermalizing dynamics), while the dipolar Hamilto-
nian is expected to be chaotic (see discussion below).

Time-dependent variational dynamics. To investigate
the scalable production of entangled states along the dy-
namics generated by the dipolar XX model, we com-
pute the exact dynamics up to N = 20 qubits [29, 30],
and for larger N we employ a time-dependent Varia-
tional Monte Carlo (tVMC) scheme [31, 32], based on
the pair-product (or spin-Jastrow) wavefunction [33]
| (t)i =:

P
�

Q
j 6=k cjk(�j , �k; t)|�i, where �i is the state

of the i-th spin on the computational basis (eigenbasis of
S

z
i ). The evolution of the pair coe�cients cjk is dictated

by the time-dependent variational principle. This wave-
function captures exactly the dynamics of the OAT model
[34]; as shown in the Supplemental Material (SM) [35],
it remains extremely accurate in the case ↵ = 3 on pla-
nar lattices, when compared with exact calculations for
small lattices; and it allows us to push the calculation of
the dynamics to sizes N ⇠ 100 and to reach macroscopic
evolution times tJ ⇠ O(N) thanks to its small number
of variational parameters (O(N) with translational sym-
metry).

OAT-like dynamics of a planar dipolar array. To
establish a first link between the OAT dynamics and
the dynamics of the dipolar XX model, we investigate
the time evolution of the average collective spin, whose
only component which is not identically zero is hJxi(t).
Fig. 1(b) shows the time evolution of hJxi, exhibiting
the characteristic pattern of the OAT dynamics, with an
inversion of the collective spin orientation at time tinv fol-
lowed by a revival of the original orientation at time trev.
These two events occur at times 2⇡I and 4⇡I in the OAT
dynamics, and therefore they allow us to define an e↵ec-

tive, size-dependent moment of inertia I
(e↵)
N for the dipo-

lar system such that tinv = 2⇡I
(e↵)
N and trev = 4⇡I

(e↵)
N .

The e↵ective moment of inertia I
(e↵)
N for the dipolar

square and triangular lattices is shown in Fig. 1(c), and it
is found to scale linearly with N ; in particular the trian-

gular lattice has a smaller I
(e↵)
N due to its higher connec-

tivity, guaranteeing a faster dynamics. In fact, as further

discussed in the SM [35], I
(e↵)
N can be predicted ab-initio

by inspecting the low-energy excitation spectrum for a
small system (N = 16); and recognizing in it the charac-
teristic planar rotor spectrum (known as Anderson tower
of states [34, 36, 37]). This allows us to extract the mo-

ment of inertia I
(e↵)
N=16, which can then be appropriately

rescaled to an arbitrary size N by using Kac renormal-
ization factors, in very good agreement with the moment
of inertia extracted directly from the time dependence of
system of size N (see Fig. 1(c)). The Fourier transform of
hJxi(t) further reveals the nature of the low-lying energy

spectrum of the system as that of a planar rotor: indeed,
as J

x connects states with J
z = M di↵ering by one unit,

one expects [35] to see characteristic frequencies with en-

ergies !I
(e↵)
N = [(M + 1)2 � M

2]/2 = M + 1/2, which is
precisely what is observed in Fig. 1(c).
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FIG. 2: (a) Evolution of the spin squeezing parameter for
the dipolar XX model on a square lattice – the circles mark
the optimum; (b) scaling of the optimal squeezing value and

optimal squeezing time (with Kac normalization K(↵)
N [35]),

showing exponents ⌫ = 0.72 and µ = 0.36 (to be compared
with ⌫ = 2/3 and µ = 1/3 for the OAT model).

Squeezed states and OAT scaling. The first class of
multipartite entangled states produced by the Hamilto-
nian dynamics is represented by spin squeezed states:
Fig. 2 shows the time evolution for the squeezing param-
eter for various system sizes: clearly scalable squeezing
is exhibited, with optimal squeezing time and optimal
squeezing scaling in a way which is compatible with the
behavior of OAT model. Our results are consistent with
those of Ref. [38], based on an independent semiclassical
calculation.
Multi-headed and double-headed cat states. The

squeezing dynamics is followed by the generation of over-
squeezed states: their entanglement pattern is best rec-
ognizable at times 2⇡I

(e↵)
/q, at which these states are

expected to take the form of q-cats (see Fig. 3(a) for a
sketch). In order to detect the appearance of a q-cat,
we inspect the probability distribution P (Jx) for the J

x

spin component [39], reconstructed via exact calculations
in Fig. 3(b) (while in [35] we show a tVMC study of the
overlap with the |q�cati states). At times 2⇡I

(e↵)
/q the

P (Jx) distribution exhibits a multi-peaked structure, re-
flecting the appearance of a q-cat as superposition of sev-
eral CSS with discrete projections along the J

x axis. In
particular we observe a characteristic 4-peak structure
for the q = 6 cat state, a 3-peak structure for the q = 4
cat state, and a 2-peak structure for the q = 2 cat / GHZ
state. In the latter case, the distribution associated with
the ideal cat state would be P (Jx) = 1/2 for J

x = ±N/2
and zero otherwise, while the dipolar cat state exhibits
instead two peaks with a tail. Nonetheless, as shown in
Fig. 3(c), the tail in question decays exponentially when
moving away from the maxima; this localized structure of
the distribution around the maxima has important con-
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Roscilde et al.,  arXiv:2302.0927, 2303.00380

From dipolar XY to one-axis twisting model…
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Is 1/r3 long-range enough to generate squeezing?

Rotor / spin wave theory

Prediction: yes! And should scale: 

3

↵ = 3 for Rydberg atoms, with metrological qualities of
the produced states that have the same scaling behavior
as in the ideal case of the OAT dynamics. This result
is far from trivial, as the OAT model is integrable (with
non-thermalizing dynamics), while the dipolar Hamilto-
nian is expected to be chaotic (see discussion below).

Time-dependent variational dynamics. To investigate
the scalable production of entangled states along the dy-
namics generated by the dipolar XX model, we com-
pute the exact dynamics up to N = 20 qubits [29, 30],
and for larger N we employ a time-dependent Varia-
tional Monte Carlo (tVMC) scheme [31, 32], based on
the pair-product (or spin-Jastrow) wavefunction [33]
| (t)i =:

P
�

Q
j 6=k cjk(�j , �k; t)|�i, where �i is the state

of the i-th spin on the computational basis (eigenbasis of
S

z
i ). The evolution of the pair coe�cients cjk is dictated

by the time-dependent variational principle. This wave-
function captures exactly the dynamics of the OAT model
[34]; as shown in the Supplemental Material (SM) [35],
it remains extremely accurate in the case ↵ = 3 on pla-
nar lattices, when compared with exact calculations for
small lattices; and it allows us to push the calculation of
the dynamics to sizes N ⇠ 100 and to reach macroscopic
evolution times tJ ⇠ O(N) thanks to its small number
of variational parameters (O(N) with translational sym-
metry).

OAT-like dynamics of a planar dipolar array. To
establish a first link between the OAT dynamics and
the dynamics of the dipolar XX model, we investigate
the time evolution of the average collective spin, whose
only component which is not identically zero is hJxi(t).
Fig. 1(b) shows the time evolution of hJxi, exhibiting
the characteristic pattern of the OAT dynamics, with an
inversion of the collective spin orientation at time tinv fol-
lowed by a revival of the original orientation at time trev.
These two events occur at times 2⇡I and 4⇡I in the OAT
dynamics, and therefore they allow us to define an e↵ec-

tive, size-dependent moment of inertia I
(e↵)
N for the dipo-

lar system such that tinv = 2⇡I
(e↵)
N and trev = 4⇡I

(e↵)
N .

The e↵ective moment of inertia I
(e↵)
N for the dipolar

square and triangular lattices is shown in Fig. 1(c), and it
is found to scale linearly with N ; in particular the trian-

gular lattice has a smaller I
(e↵)
N due to its higher connec-

tivity, guaranteeing a faster dynamics. In fact, as further

discussed in the SM [35], I
(e↵)
N can be predicted ab-initio

by inspecting the low-energy excitation spectrum for a
small system (N = 16); and recognizing in it the charac-
teristic planar rotor spectrum (known as Anderson tower
of states [34, 36, 37]). This allows us to extract the mo-

ment of inertia I
(e↵)
N=16, which can then be appropriately

rescaled to an arbitrary size N by using Kac renormal-
ization factors, in very good agreement with the moment
of inertia extracted directly from the time dependence of
system of size N (see Fig. 1(c)). The Fourier transform of
hJxi(t) further reveals the nature of the low-lying energy

spectrum of the system as that of a planar rotor: indeed,
as J

x connects states with J
z = M di↵ering by one unit,

one expects [35] to see characteristic frequencies with en-

ergies !I
(e↵)
N = [(M + 1)2 � M

2]/2 = M + 1/2, which is
precisely what is observed in Fig. 1(c).
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FIG. 2: (a) Evolution of the spin squeezing parameter for
the dipolar XX model on a square lattice – the circles mark
the optimum; (b) scaling of the optimal squeezing value and

optimal squeezing time (with Kac normalization K(↵)
N [35]),

showing exponents ⌫ = 0.72 and µ = 0.36 (to be compared
with ⌫ = 2/3 and µ = 1/3 for the OAT model).

Squeezed states and OAT scaling. The first class of
multipartite entangled states produced by the Hamilto-
nian dynamics is represented by spin squeezed states:
Fig. 2 shows the time evolution for the squeezing param-
eter for various system sizes: clearly scalable squeezing
is exhibited, with optimal squeezing time and optimal
squeezing scaling in a way which is compatible with the
behavior of OAT model. Our results are consistent with
those of Ref. [38], based on an independent semiclassical
calculation.
Multi-headed and double-headed cat states. The

squeezing dynamics is followed by the generation of over-
squeezed states: their entanglement pattern is best rec-
ognizable at times 2⇡I

(e↵)
/q, at which these states are

expected to take the form of q-cats (see Fig. 3(a) for a
sketch). In order to detect the appearance of a q-cat,
we inspect the probability distribution P (Jx) for the J

x

spin component [39], reconstructed via exact calculations
in Fig. 3(b) (while in [35] we show a tVMC study of the
overlap with the |q�cati states). At times 2⇡I

(e↵)
/q the

P (Jx) distribution exhibits a multi-peaked structure, re-
flecting the appearance of a q-cat as superposition of sev-
eral CSS with discrete projections along the J

x axis. In
particular we observe a characteristic 4-peak structure
for the q = 6 cat state, a 3-peak structure for the q = 4
cat state, and a 2-peak structure for the q = 2 cat / GHZ
state. In the latter case, the distribution associated with
the ideal cat state would be P (Jx) = 1/2 for J

x = ±N/2
and zero otherwise, while the dipolar cat state exhibits
instead two peaks with a tail. Nonetheless, as shown in
Fig. 3(c), the tail in question decays exponentially when
moving away from the maxima; this localized structure of
the distribution around the maxima has important con-
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↵ = 3 for Rydberg atoms, with metrological qualities of
the produced states that have the same scaling behavior
as in the ideal case of the OAT dynamics. This result
is far from trivial, as the OAT model is integrable (with
non-thermalizing dynamics), while the dipolar Hamilto-
nian is expected to be chaotic (see discussion below).

Time-dependent variational dynamics. To investigate
the scalable production of entangled states along the dy-
namics generated by the dipolar XX model, we com-
pute the exact dynamics up to N = 20 qubits [29, 30],
and for larger N we employ a time-dependent Varia-
tional Monte Carlo (tVMC) scheme [31, 32], based on
the pair-product (or spin-Jastrow) wavefunction [33]
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of the i-th spin on the computational basis (eigenbasis of
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i ). The evolution of the pair coe�cients cjk is dictated

by the time-dependent variational principle. This wave-
function captures exactly the dynamics of the OAT model
[34]; as shown in the Supplemental Material (SM) [35],
it remains extremely accurate in the case ↵ = 3 on pla-
nar lattices, when compared with exact calculations for
small lattices; and it allows us to push the calculation of
the dynamics to sizes N ⇠ 100 and to reach macroscopic
evolution times tJ ⇠ O(N) thanks to its small number
of variational parameters (O(N) with translational sym-
metry).

OAT-like dynamics of a planar dipolar array. To
establish a first link between the OAT dynamics and
the dynamics of the dipolar XX model, we investigate
the time evolution of the average collective spin, whose
only component which is not identically zero is hJxi(t).
Fig. 1(b) shows the time evolution of hJxi, exhibiting
the characteristic pattern of the OAT dynamics, with an
inversion of the collective spin orientation at time tinv fol-
lowed by a revival of the original orientation at time trev.
These two events occur at times 2⇡I and 4⇡I in the OAT
dynamics, and therefore they allow us to define an e↵ec-

tive, size-dependent moment of inertia I
(e↵)
N for the dipo-

lar system such that tinv = 2⇡I
(e↵)
N and trev = 4⇡I

(e↵)
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The e↵ective moment of inertia I
(e↵)
N for the dipolar

square and triangular lattices is shown in Fig. 1(c), and it
is found to scale linearly with N ; in particular the trian-

gular lattice has a smaller I
(e↵)
N due to its higher connec-

tivity, guaranteeing a faster dynamics. In fact, as further

discussed in the SM [35], I
(e↵)
N can be predicted ab-initio

by inspecting the low-energy excitation spectrum for a
small system (N = 16); and recognizing in it the charac-
teristic planar rotor spectrum (known as Anderson tower
of states [34, 36, 37]). This allows us to extract the mo-

ment of inertia I
(e↵)
N=16, which can then be appropriately

rescaled to an arbitrary size N by using Kac renormal-
ization factors, in very good agreement with the moment
of inertia extracted directly from the time dependence of
system of size N (see Fig. 1(c)). The Fourier transform of
hJxi(t) further reveals the nature of the low-lying energy

spectrum of the system as that of a planar rotor: indeed,
as J

x connects states with J
z = M di↵ering by one unit,

one expects [35] to see characteristic frequencies with en-

ergies !I
(e↵)
N = [(M + 1)2 � M

2]/2 = M + 1/2, which is
precisely what is observed in Fig. 1(c).

0 1 2 3

J t

0

5

10

15

�
10

lo
g 1

0
�2 R

(a) N

16

36

64

100

144

101 102

N

10�1

100

101 (b)

J K
(3)
N tsq

min �2
R

1.84 N0.36

1.88 N�0.72

FIG. 2: (a) Evolution of the spin squeezing parameter for
the dipolar XX model on a square lattice – the circles mark
the optimum; (b) scaling of the optimal squeezing value and

optimal squeezing time (with Kac normalization K(↵)
N [35]),

showing exponents ⌫ = 0.72 and µ = 0.36 (to be compared
with ⌫ = 2/3 and µ = 1/3 for the OAT model).

Squeezed states and OAT scaling. The first class of
multipartite entangled states produced by the Hamilto-
nian dynamics is represented by spin squeezed states:
Fig. 2 shows the time evolution for the squeezing param-
eter for various system sizes: clearly scalable squeezing
is exhibited, with optimal squeezing time and optimal
squeezing scaling in a way which is compatible with the
behavior of OAT model. Our results are consistent with
those of Ref. [38], based on an independent semiclassical
calculation.
Multi-headed and double-headed cat states. The

squeezing dynamics is followed by the generation of over-
squeezed states: their entanglement pattern is best rec-
ognizable at times 2⇡I

(e↵)
/q, at which these states are

expected to take the form of q-cats (see Fig. 3(a) for a
sketch). In order to detect the appearance of a q-cat,
we inspect the probability distribution P (Jx) for the J

x

spin component [39], reconstructed via exact calculations
in Fig. 3(b) (while in [35] we show a tVMC study of the
overlap with the |q�cati states). At times 2⇡I

(e↵)
/q the

P (Jx) distribution exhibits a multi-peaked structure, re-
flecting the appearance of a q-cat as superposition of sev-
eral CSS with discrete projections along the J

x axis. In
particular we observe a characteristic 4-peak structure
for the q = 6 cat state, a 3-peak structure for the q = 4
cat state, and a 2-peak structure for the q = 2 cat / GHZ
state. In the latter case, the distribution associated with
the ideal cat state would be P (Jx) = 1/2 for J

x = ±N/2
and zero otherwise, while the dipolar cat state exhibits
instead two peaks with a tail. Nonetheless, as shown in
Fig. 3(c), the tail in question decays exponentially when
moving away from the maxima; this localized structure of
the distribution around the maxima has important con-

<latexit sha1_base64="ROZoycoL45RHb2PcZ4yttblx0CM="></latexit> �
10

lo
g
⇠2 RM.P.A Jones & T. Pohl, PRL (2014)

A-M. Rey, PRL (2020)
T. Roscilde, PRL 129, 150503 (2022)
N. Yao, arXiv:2301.09636

Roscilde
PRL (2022)

FM

AFM

<latexit sha1_base64="QeAcA8AIvaVvTuT/HK8wO4TeUho="></latexit>

J0 =
Ja↵

N

X

i 6=j

(±1)|i�j| 1

r↵ij

<latexit sha1_base64="MyRIBRuQlrUkdSex+aap7rulKhw="></latexit>

HXY ⇡ E0 +
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↵ = 3 for Rydberg atoms, with metrological qualities of
the produced states that have the same scaling behavior
as in the ideal case of the OAT dynamics. This result
is far from trivial, as the OAT model is integrable (with
non-thermalizing dynamics), while the dipolar Hamilto-
nian is expected to be chaotic (see discussion below).

Time-dependent variational dynamics. To investigate
the scalable production of entangled states along the dy-
namics generated by the dipolar XX model, we com-
pute the exact dynamics up to N = 20 qubits [29, 30],
and for larger N we employ a time-dependent Varia-
tional Monte Carlo (tVMC) scheme [31, 32], based on
the pair-product (or spin-Jastrow) wavefunction [33]
| (t)i =:

P
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Q
j 6=k cjk(�j , �k; t)|�i, where �i is the state

of the i-th spin on the computational basis (eigenbasis of
S

z
i ). The evolution of the pair coe�cients cjk is dictated

by the time-dependent variational principle. This wave-
function captures exactly the dynamics of the OAT model
[34]; as shown in the Supplemental Material (SM) [35],
it remains extremely accurate in the case ↵ = 3 on pla-
nar lattices, when compared with exact calculations for
small lattices; and it allows us to push the calculation of
the dynamics to sizes N ⇠ 100 and to reach macroscopic
evolution times tJ ⇠ O(N) thanks to its small number
of variational parameters (O(N) with translational sym-
metry).

OAT-like dynamics of a planar dipolar array. To
establish a first link between the OAT dynamics and
the dynamics of the dipolar XX model, we investigate
the time evolution of the average collective spin, whose
only component which is not identically zero is hJxi(t).
Fig. 1(b) shows the time evolution of hJxi, exhibiting
the characteristic pattern of the OAT dynamics, with an
inversion of the collective spin orientation at time tinv fol-
lowed by a revival of the original orientation at time trev.
These two events occur at times 2⇡I and 4⇡I in the OAT
dynamics, and therefore they allow us to define an e↵ec-

tive, size-dependent moment of inertia I
(e↵)
N for the dipo-

lar system such that tinv = 2⇡I
(e↵)
N and trev = 4⇡I

(e↵)
N .

The e↵ective moment of inertia I
(e↵)
N for the dipolar

square and triangular lattices is shown in Fig. 1(c), and it
is found to scale linearly with N ; in particular the trian-

gular lattice has a smaller I
(e↵)
N due to its higher connec-

tivity, guaranteeing a faster dynamics. In fact, as further

discussed in the SM [35], I
(e↵)
N can be predicted ab-initio

by inspecting the low-energy excitation spectrum for a
small system (N = 16); and recognizing in it the charac-
teristic planar rotor spectrum (known as Anderson tower
of states [34, 36, 37]). This allows us to extract the mo-

ment of inertia I
(e↵)
N=16, which can then be appropriately

rescaled to an arbitrary size N by using Kac renormal-
ization factors, in very good agreement with the moment
of inertia extracted directly from the time dependence of
system of size N (see Fig. 1(c)). The Fourier transform of
hJxi(t) further reveals the nature of the low-lying energy

spectrum of the system as that of a planar rotor: indeed,
as J

x connects states with J
z = M di↵ering by one unit,

one expects [35] to see characteristic frequencies with en-

ergies !I
(e↵)
N = [(M + 1)2 � M

2]/2 = M + 1/2, which is
precisely what is observed in Fig. 1(c).
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FIG. 2: (a) Evolution of the spin squeezing parameter for
the dipolar XX model on a square lattice – the circles mark
the optimum; (b) scaling of the optimal squeezing value and

optimal squeezing time (with Kac normalization K(↵)
N [35]),

showing exponents ⌫ = 0.72 and µ = 0.36 (to be compared
with ⌫ = 2/3 and µ = 1/3 for the OAT model).

Squeezed states and OAT scaling. The first class of
multipartite entangled states produced by the Hamilto-
nian dynamics is represented by spin squeezed states:
Fig. 2 shows the time evolution for the squeezing param-
eter for various system sizes: clearly scalable squeezing
is exhibited, with optimal squeezing time and optimal
squeezing scaling in a way which is compatible with the
behavior of OAT model. Our results are consistent with
those of Ref. [38], based on an independent semiclassical
calculation.
Multi-headed and double-headed cat states. The

squeezing dynamics is followed by the generation of over-
squeezed states: their entanglement pattern is best rec-
ognizable at times 2⇡I

(e↵)
/q, at which these states are

expected to take the form of q-cats (see Fig. 3(a) for a
sketch). In order to detect the appearance of a q-cat,
we inspect the probability distribution P (Jx) for the J

x

spin component [39], reconstructed via exact calculations
in Fig. 3(b) (while in [35] we show a tVMC study of the
overlap with the |q�cati states). At times 2⇡I

(e↵)
/q the

P (Jx) distribution exhibits a multi-peaked structure, re-
flecting the appearance of a q-cat as superposition of sev-
eral CSS with discrete projections along the J

x axis. In
particular we observe a characteristic 4-peak structure
for the q = 6 cat state, a 3-peak structure for the q = 4
cat state, and a 2-peak structure for the q = 2 cat / GHZ
state. In the latter case, the distribution associated with
the ideal cat state would be P (Jx) = 1/2 for J

x = ±N/2
and zero otherwise, while the dipolar cat state exhibits
instead two peaks with a tail. Nonetheless, as shown in
Fig. 3(c), the tail in question decays exponentially when
moving away from the maxima; this localized structure of
the distribution around the maxima has important con-
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↵ = 3 for Rydberg atoms, with metrological qualities of
the produced states that have the same scaling behavior
as in the ideal case of the OAT dynamics. This result
is far from trivial, as the OAT model is integrable (with
non-thermalizing dynamics), while the dipolar Hamilto-
nian is expected to be chaotic (see discussion below).

Time-dependent variational dynamics. To investigate
the scalable production of entangled states along the dy-
namics generated by the dipolar XX model, we com-
pute the exact dynamics up to N = 20 qubits [29, 30],
and for larger N we employ a time-dependent Varia-
tional Monte Carlo (tVMC) scheme [31, 32], based on
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by the time-dependent variational principle. This wave-
function captures exactly the dynamics of the OAT model
[34]; as shown in the Supplemental Material (SM) [35],
it remains extremely accurate in the case ↵ = 3 on pla-
nar lattices, when compared with exact calculations for
small lattices; and it allows us to push the calculation of
the dynamics to sizes N ⇠ 100 and to reach macroscopic
evolution times tJ ⇠ O(N) thanks to its small number
of variational parameters (O(N) with translational sym-
metry).

OAT-like dynamics of a planar dipolar array. To
establish a first link between the OAT dynamics and
the dynamics of the dipolar XX model, we investigate
the time evolution of the average collective spin, whose
only component which is not identically zero is hJxi(t).
Fig. 1(b) shows the time evolution of hJxi, exhibiting
the characteristic pattern of the OAT dynamics, with an
inversion of the collective spin orientation at time tinv fol-
lowed by a revival of the original orientation at time trev.
These two events occur at times 2⇡I and 4⇡I in the OAT
dynamics, and therefore they allow us to define an e↵ec-
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N for the dipo-
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tivity, guaranteeing a faster dynamics. In fact, as further

discussed in the SM [35], I
(e↵)
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by inspecting the low-energy excitation spectrum for a
small system (N = 16); and recognizing in it the charac-
teristic planar rotor spectrum (known as Anderson tower
of states [34, 36, 37]). This allows us to extract the mo-

ment of inertia I
(e↵)
N=16, which can then be appropriately

rescaled to an arbitrary size N by using Kac renormal-
ization factors, in very good agreement with the moment
of inertia extracted directly from the time dependence of
system of size N (see Fig. 1(c)). The Fourier transform of
hJxi(t) further reveals the nature of the low-lying energy

spectrum of the system as that of a planar rotor: indeed,
as J

x connects states with J
z = M di↵ering by one unit,

one expects [35] to see characteristic frequencies with en-

ergies !I
(e↵)
N = [(M + 1)2 � M

2]/2 = M + 1/2, which is
precisely what is observed in Fig. 1(c).
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FIG. 2: (a) Evolution of the spin squeezing parameter for
the dipolar XX model on a square lattice – the circles mark
the optimum; (b) scaling of the optimal squeezing value and

optimal squeezing time (with Kac normalization K(↵)
N [35]),

showing exponents ⌫ = 0.72 and µ = 0.36 (to be compared
with ⌫ = 2/3 and µ = 1/3 for the OAT model).

Squeezed states and OAT scaling. The first class of
multipartite entangled states produced by the Hamilto-
nian dynamics is represented by spin squeezed states:
Fig. 2 shows the time evolution for the squeezing param-
eter for various system sizes: clearly scalable squeezing
is exhibited, with optimal squeezing time and optimal
squeezing scaling in a way which is compatible with the
behavior of OAT model. Our results are consistent with
those of Ref. [38], based on an independent semiclassical
calculation.
Multi-headed and double-headed cat states. The

squeezing dynamics is followed by the generation of over-
squeezed states: their entanglement pattern is best rec-
ognizable at times 2⇡I

(e↵)
/q, at which these states are

expected to take the form of q-cats (see Fig. 3(a) for a
sketch). In order to detect the appearance of a q-cat,
we inspect the probability distribution P (Jx) for the J

x

spin component [39], reconstructed via exact calculations
in Fig. 3(b) (while in [35] we show a tVMC study of the
overlap with the |q�cati states). At times 2⇡I

(e↵)
/q the

P (Jx) distribution exhibits a multi-peaked structure, re-
flecting the appearance of a q-cat as superposition of sev-
eral CSS with discrete projections along the J

x axis. In
particular we observe a characteristic 4-peak structure
for the q = 6 cat state, a 3-peak structure for the q = 4
cat state, and a 2-peak structure for the q = 2 cat / GHZ
state. In the latter case, the distribution associated with
the ideal cat state would be P (Jx) = 1/2 for J

x = ±N/2
and zero otherwise, while the dipolar cat state exhibits
instead two peaks with a tail. Nonetheless, as shown in
Fig. 3(c), the tail in question decays exponentially when
moving away from the maxima; this localized structure of
the distribution around the maxima has important con-
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Scaling of squeezing with atom number

Dynamics of the Rotor
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