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Spin liquids & Neutron scattering

Motivation  
Long-range order implies Bragg peaks, but what about spin liquids ? 

There is no unique signature of a spin liquid. 
=> Zoology of spin liquids in neutron scattering

Neutron scattering = Fourier transform of spin-spin correlations 
               = extensive amount of data

Paramagnet  
(uniform)

Long-range order  
(Bragg peak)

Spin liquid  
(?)

0

1

strongly correlated, disordered, phases



Harris et al PRL 1997

Spin ice & pinch points

Theory of pinch points: Youngblood & Axe PRB (1981), Isakov et al PRL (2004), Henley PRB (2005) …

Dy2Ti2O7, Ho2Ti2O7, Dy2Ge2O7...

Fennell et al 
Nat. Phys. 2007

Kadowaki et al 
JPSJ 2009

Fennell et al 
Science 2009

inverse Fourier  
transform

/
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Fourier  
transform

equipartition

r ·P(r) = 0

k ·P(k) = 0
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Equations of the magnetic field: Coulomb phase

Schematic  
pinch points



Pinch points in rare-earth pyrochlores

Pr2Hf2O7 — a QSI ? 
Sibille et al Nat. Phys. 2018

Pr2Zr2O7 
Kimura et al Nat. Comm. 2013

Tb2Ti2O7  Fennell et al PRL 2012 Nd2Zr2O7 averaged over  
[45:55]µeV at 60mK

Petit et al Nat. Phys. 2016 
Benton, PRB 2016

Magnetic fragmentation 
Brooks-Bartlett et al 

PRX 2014 
Nd2Hf2O7 

Anand et al PRB 2017 
Ho2Ir2O7 

Lefrançois et al  
Nat. Comm. 2017
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polarised  
neutrons: 
spin-flip

polarised  
neutrons: 

non-spin-flip
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Structure factors: spin ice
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Structure factors: Heisenberg antiferromagnet
T
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Canals & Garanin  
Can. J. Phys. 2001 

Isakov et al 
PRL 2004



U(1) gauge fields

Heisenberg antiferro (HAF):

easy-plane:
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easy-axis:

Structure factor of spin ice in its local basis

Can we extend it to other gauge fields ?
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Rank-2 U(1) gauge field
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Heisenberg AF as a tensor gauge field
0
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Generic nearest-neighbour Hamiltonian
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12 × 12 Interaction matrix
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diagonalisation

A2  
all in-  
all out

T1+  

FM

T1- 

AF

T2  
Palmer- 
Chalker

E 
Γ5

JB

JAA

B

defined on A tetrahedra

constraint applied on B tetrahedra

H =
X

hiji

~Si J̄ij
~Sj with J̄ =

0

@
J2 J4 J4
�J4 J1 J3
�J4 J3 J1

1

A=
X

i

ai m
2
i

Quadratic Hamiltonian

mA2 = 0,mT1+ = 0
fields vanishing in the ground state  

For the Heisenberg AF:  
fields fluctuating in the ground state 

mE , mT2 , mT1�mA2 = 0,mT1+ = 0



Heisenberg AF as a tensor gauge field

A2  
all in-  
all out

T1+  

FM

T1- 

AF

T2  
Palmer- 
Chalker

E 
Γ5

JB

JAA

B

defined on A tetrahedra

constraint applied on B tetrahedra
mA2 = 0,mT1+ = 0
fields vanishing in the ground state  

For the Heisenberg AF:  
fields fluctuating in the ground state 

mE , mT2 , mT1�mA2 = 0,mT1+ = 0

The low-energy fluctuations of the HAF can be described by  
a rank-2 tensor field (generalised electric field)  
satisfying the constraint of zero vector charge: 



Higher-rank tensor gauge fields

characteristic 4-fold pinch points ⇒ symmetric rank-2 U(1) tensor gauge field



Symmetric U(1) tensor gauge field

A2  
all in-  
all out

T1+  

FM

T1- 

AF

T2  
Palmer- 
Chalker

E 
Γ5

JB

JAA

B

defined on A tetrahedra

constraint applied on B tetrahedra
mA2 = 0,mT1+ = 0

mE , mT2 , mT1�mA2 = 0,mT1+ = 0

fields vanishing in the ground state  

Breathing anisotropy 
fields fluctuating in the ground state 



Rank-2 U(1) tensor gauge field

JB

JAA

B

Breathing pyrochlore
Heisenberg antiferromagnet  
with Dzyaloshinskii–Moriya  

on A tetrahedra
JA = JB > 0

DA < 0, DB = 0
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The generalised electric field is  
a symmetric, traceless,  

rank-2 tensor field.

with zero  
vector charge

Our model Heisenberg  
antiferromagnetDA = �0.01JA
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4-fold pinch points in neutron scattering ?
Phase diagram

DA = �0.01JA
<latexit sha1_base64="dXYMoDVXc2Hu9c37M1mklwmLu78="></latexit><latexit sha1_base64="dXYMoDVXc2Hu9c37M1mklwmLu78="></latexit><latexit sha1_base64="dXYMoDVXc2Hu9c37M1mklwmLu78="></latexit><latexit sha1_base64="dXYMoDVXc2Hu9c37M1mklwmLu78="></latexit>

Spin-flip channel as seen in neutron scattering
DA = 0
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Rau et al PRL 2016
J1 = +0.587meV

J2 = +0.573meV

J3 = �0.011meV

J4 = �0.117meV
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Haku et al PRB 2016

(!) opposite sign convention

single-tetrahedron parametrisation

JA = J1 = J2 = +0.57 meV

J3 = 0 meV

DA =
p
2J4 = �0.16 meV

JB = JA/20, DB = DA/20
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We chose:

Kimura et al PRB 2014 T = 250mK
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Half moon patterns
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Ghost modes in the kagome antiferromagnet

Intensity map at finite energy ω 
 

The spectral weight fades out in certain directions 
= 

“ghost” modes 
 

Robert et al PRL 2008



Half moons in Ising models
in terms of spins in terms of topological charges

Models Phase Diagram Pinch Points Half moons
J = 0.22
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Udagawa, Jaubert, Castelnovo, Moessner PRB 2016 // Rau & Gingras Nature Comm. 2016

Mizoguchi, Jaubert, Udagawa PRB 2016

J = J̃2 = J̃3
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AIAO Coulomb  
phase

Charge 
cluster 

ordering

J-1/2 1/40



Half moons in materials

Schematic map of polarised 
neutron scattering of Tb2Ti2O7 

Guitteny et al PRL 2013

Molecular dynamics simulation of transverse 
spin excitations (at finite energy ω)  
Pohle, Han, Shannon arXiv 2017 

for parameters of Ca10Cr7O28 
Balz et al Nature Phys. 2016

Predictions for the dynamic structure 
factor (at finite energy ω)  

Han, Pohle, Shannon PRB 2018  
for parameters of Nd2Zr2O7 

Benton PRB 2016

Inelastic 
neutron 

scattering 
experiments on 

NaCaNi2F7 
(left) and linear 

spin wave 
theory (right) 

Zhang et al PRL 
2019



Half moons in Heisenberg models
Mizoguchi, Jaubert, Moessner, Udagawa PRB 2018

in terms of spins in terms of a coarse-grained fieldJ = J̃2 = J̃3
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Half moons in Heisenberg models
Mizoguchi, Jaubert, Moessner, Udagawa PRB 2018

in terms of spins in terms of a coarse-grained fieldJ = J̃2 = J̃3
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Origin of the Half moons
Mizoguchi, Jaubert, Moessner, Udagawa PRB 2018

in terms of spins in terms of a coarse-grained fieldJ = J̃2 = J̃3
<latexit sha1_base64="Qkf6bCbXlGbkcCRxooaFNpPeiSE="></latexit><latexit sha1_base64="Qkf6bCbXlGbkcCRxooaFNpPeiSE="></latexit><latexit sha1_base64="Qkf6bCbXlGbkcCRxooaFNpPeiSE="></latexit><latexit sha1_base64="Qkf6bCbXlGbkcCRxooaFNpPeiSE="></latexit>

Weight of the eigenvectors in a 2nd Brillouin zone

Lower dispersive band Higher dispersive band Flat band



Origin of the Half moons
Mizoguchi, Jaubert, Moessner, Udagawa PRB 2018

in terms of spins in terms of a coarse-grained fieldJ = J̃2 = J̃3
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pinch point “negative” of the  
pinch point

annulus of the 
“negative” of the  

pinch point

Boltzmann factor of 
the “negative” of the  

pinch point

Field theory by 
Han, Pohle, Shannon  

PRB 2018



Origin of the Star patterns
Mizoguchi, Jaubert, Moessner, Udagawa PRB 2018

0.2

The radius of the half  
moons increase with J.

The half moons merge into stars.



Manipulate the gauge fields from a higher manifold  
Rank-2 U(1) tensor spin liquids in breathing geometry with 4-fold pinch points 

—— 
Half moons are dispersive pinch points,  

and common neutron-scattering features near  a Coulomb phase. 
The star patterns are half moons reaching the limit of the Brillouin zone.  

—— 
Machine Learning can build an entire phase diagram  

without being taught the nature of the phases beforehand. 
It can characterise the local spin constraints of spin liquids, 

and measure crossovers (i.e. not only phase transitions).

Yan, Benton, Jaubert, Shannon, arXiv:1902.10934 
Udagawa, Jaubert, Castelnovo, Moessner, PRB 2016 
Mizoguchi, Jaubert, Udagawa, PRL 2017 
Mizoguchi, Jaubert, Moessner, Udagawa, PRB 2018

Taillefumier, Benton, Han, Jaubert, Shannon, PRX 2017 
Benton, Jaubert, Singh, Oitmaa, Shannon, PRL 2018 
Greitemann et al, PRB 2019 (in press)

Conclusion

Fundings


