
HAL Id: hal-03036814
https://hal.science/hal-03036814

Submitted on 8 Dec 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

A quantum liquid of magnetic octupoles on the
pyrochlore lattice

Romain Sibille, Nicolas Gauthier, Elsa Lhotel, Victor Porée, Vladimir
Pomjakushin, Russell Ewings, Toby Perring, Jacques Ollivier, Andrew Wildes,

Clemens Ritter, et al.

To cite this version:
Romain Sibille, Nicolas Gauthier, Elsa Lhotel, Victor Porée, Vladimir Pomjakushin, et al.. A quantum
liquid of magnetic octupoles on the pyrochlore lattice. Nature Physics, 2020, 16 (5), pp.546-552.
�10.1038/s41567-020-0827-7�. �hal-03036814�

https://hal.science/hal-03036814
https://hal.archives-ouvertes.fr


 

1 

A quantum liquid of magnetic octupoles on the pyrochlore lattice 

Romain Sibille1,*, Nicolas Gauthier2, Elsa Lhotel3, Victor Porée1, Vladimir Pomjakushin1, Russell A. Ewings4,             

Toby G. Perring4, Jacques Ollivier5, Andrew Wildes5, Clemens Ritter5, Thomas C. Hansen5, David A. Keen4,             

Gøran J. Nilsen4, Lukas Keller1, Sylvain Petit6,* & Tom Fennell1 

1Laboratory for Neutron Scattering and Imaging, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland. 2Stanford Institute for Materials and 

Energy Science, SLAC National Accelerator Laboratory and Stanford University, Menlo Park, California 94025, USA. 3Institut Néel, CNRS–

Université Joseph Fourier, 38042 Grenoble, France. 4ISIS Pulsed Neutron and Muon Source, STFC Rutherford Appleton Laboratory, Harwell 

Campus, Didcot, OX11 0QX, UK. 5Institut Laue-Langevin, 71 avenue des Martyrs, 38000 Grenoble, France. 6LLB, CEA, CNRS, Université 

Paris-Saclay, CEA Saclay, 91191 Gif-sur-Yvette, France. *email: romain.sibille@psi.ch ; sylvain.petit@cea.fr  

Spin liquids are highly correlated yet disordered states formed by the entanglement of magnetic dipoles1. 

Theories typically define such states using gauge fields and deconfined quasiparticle excitations that 

emerge from a simple rule governing the local ground state of a frustrated magnet. For example, the            

‘2-in-2-out’ ice rule for dipole moments on a tetrahedron can lead to a quantum spin ice in rare-earth 

pyrochlores – a state described by a lattice gauge theory of quantum electrodynamics2-4.                      

However, f-electron ions often carry multipole degrees of freedom of higher rank than dipoles, leading to 

intriguing behaviours and ‘hidden’ orders5-6.  Here we show that the correlated ground state of a Ce3+-

based pyrochlore, Ce2Sn2O7, is a quantum liquid of magnetic octupoles. Our neutron scattering results 

are consistent with the formation of a fluid-like state of matter, but the intensity distribution is weighted 

to larger scattering vectors, which indicates that the correlated degrees of freedom have a more complex 

magnetization density than that typical of magnetic dipoles in a spin liquid. The temperature evolution of 

the bulk properties in the correlated regime below 1 Kelvin is well reproduced using a model of dipole–

octupole doublets on a pyrochlore lattice7-8. The nature and strength of the octupole–octupole couplings, 

together with the existence of a continuum of excitations attributed to spinons, provides further evidence 

for a quantum ice of octupoles governed by a ‘2-plus-2-minus’ rule. Our work identifies Ce2Sn2O7 as a 

unique example of a material where frustrated multipoles form a ‘hidden’ topological order, thus 

generalizing observations on quantum spin liquids to multipolar phases that can support novel types of 

emergent fields and excitations. The composite ‘dipole–octupole’ nature of the degrees of freedom and 

their evolution as a function of temperature or magnetic field provide new ways of controlling emergent 

phenomena in quantum materials. 
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In materials with strong electronic correlations, numerous phenomena and associated phase transitions are 

explained in terms of ordered structures where individual degrees of freedom can be described using the first term 

of a multipolar expansion (dipole moments). However, further terms are required to explain an increasing number 

of novel phenomena in condensed matter physics. Such multipole moments, where order is ‘hidden’ from usual 

probes, characterize the anisotropic distributions of electric and magnetic charges around given points of the 

crystal structure. Multipoles can arise at the atomic scale from spin–orbit coupling, leading to well-characterized 

examples of ‘hidden’ orders such as in Ce1-xLaxB6 or NpO2 (refs. 5,6). In the heavy-fermion material URu2Si2, 

multipoles are proposed to explain a mysterious electronic state appearing below a phase transition involving a 

large entropy change5,6,9. Multipoles can also emerge from atomic clusters, such as in the spin-liquid regime of 

Gd3Ga5O12 with effective magnetic multipoles formed from 10-spin loops10. A number of studies have also pointed 

to the role of unconventional odd-parity multipoles to explain phase transitions that break both space inversion 

and time reversal. This was discussed for example in the context of the pseudogap region of high-transition-

temperature superconductors11-12 and in related iridates13, as well as in metals with unconventional properties14-15 

and in magnetoelectric insulators16-17.  

Although sometimes hosting exotic behaviours, materials with multipolar orders can still be explained in the 

framework of symmetry-breaking phase transitions. Understanding physics beyond this paradigm is a major 

challenge, to which a significant part is contributed by spin liquids forming topological orders18. Such phases are 

defined by patterns of long-range quantum entanglements and fractionalized excitations – quasiparticles that 

cannot be constructed as combinations of the elementary constituents of the system. In 2- and 3-dimensional 

magnets, theoretical models of quantum spin liquids are now well-established and their applicability extends to a 

variety of frustrated spin systems1. However, connecting these predictions with experimental results remains 

difficult19. Measurements of fractionalized excitations were reported in model materials of Heisenberg spins with 

S = 1/2 or 1, such as the kagome lattice of Cu2+ ions in the 2-dimensional herbertsmithite mineral20 or the 3-

dimensional pyrochlore lattice of Ni2+ ions in NaCaNi2F7 (ref. 21). Alternatively, indications for quantum spin liquid 

physics exist in materials where the low-temperature degrees of freedom are Seff = 1/2 pseudo-spins of a spin–

orbital-entangled ground state doublet, such as in the 5d-electron H3LiIr2O6 (ref. 22) and 4f-electron YbMgGaO4 

(ref. 23) materials. However, these materials can still be described on the basis of magnetic dipoles where the 

effect of spin–orbit coupling is limited to the creation of spin-space anisotropies. 
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In magnetic rare-earth pyrochlores, distinct types of spin–orbital-entangled doublets of Seff = 1/2 are allowed by 

the local trigonal D3d symmetry (ref. 24). Ions with odd numbers of 4f electrons have their ground-state degeneracy 

imposed by Kramers’ theorem, in which case the pseudo-spins have components that transform either like 

magnetic dipoles only or like magnetic dipoles and magnetic octupoles (rank-3 multipoles)24. Alternatively, pseudo-

spins based on ‘non-Kramers’ doublets owe their degeneracy to the site symmetry and support magnetic dipole 

and electric quadrupole components24. Interactions between pseudo-spins sometimes involve only one 

component, in which case all terms in the Hamiltonian commute and the resulting phases are classical1. A famed 

example is the spin-ice state25 found in Ho2Ti2O7 and Dy2Ti2O7, where magnetic dipoles of moment value                    

m ~ 10 µB correspond to the 𝑧 component 𝜏#$ of each pseudo-spin – the direction along the local trigonal axis 

connecting the centre of the elementary tetrahedron with its vertex. Interactions in this case are dominated by 

classical dipole–dipole forces acting as ferromagnetic first-neighbour couplings (Edipolar ~ +2 K), as required to 

make the ‘2-in-2-out’ ice constraint effective. The result is a manifold of degenerate ice-rule states understood as 

the vacuum of an emergent Coulomb gauge field. However, in the absence of significant interactions 𝒥± between 

pseudo-spin components 𝜏#
±  transverse to 𝜏#$  (ref. 26), spin ices freeze and fall out of equilibrium at low 

temperature. Introducing zero-point fluctuations in order to stabilize a quantum spin ice requires a perturbative 

term4, which, for instance, was proposed in non-Kramers Pr3+-based pyrochlores where 𝒥±  corresponds to 

interactions between electric quadrupoles27. Here we reveal experimental signatures of a state where the dominant 

term in the Hamiltonian couples magnetic octupoles (𝜏#
') while weaker interactions between magnetic dipoles (𝜏#$) 

play the role of the transverse exchange, resulting in an octupolar quantum spin liquid predicted by theory7-8. This 

is realized in Ce2Sn2O7, where muon-spin relaxation measurements have ruled out the presence of magnetic order 

at least down to a temperature T of 0.02 K, while signatures of a correlated state were shown to appear in the bulk 

properties below T ~ 1 K – that is 50 times higher, therefore pointing to a mysterious quantum phase28. 

We first report inelastic neutron scattering measurements at a low temperature T of 6 K (Fig. 1a-c), probing the 

crystal-field states of Ce3+ ions in our phase-pure sample of formula Ce2Sn2O7.00±0.01 (see Extended data). 

Measurements with an incident energy Ei of 150 meV reveal two magnetic excitations that are easily identified at 

energy transfers E ~ 51 and 110 meV. These excitations are transitions from the ground to the excited Kramers 

doublets within the J = 5/2 multiplet of Ce3+, which itself results from the spin–orbital entanglement of the electron 

spin S = 1/2 and orbital angular momentum L = 3. Higher-multiplet transitions are also visible from the data (Fig. 
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1b-c). We have fitted the neutron data to a crystal-field Hamiltonian using the complete set of 14 intermediate-

coupling basis states of the J = 5/2 and J = 7/2 multiplets (Fig. 1d), as required by the comparable strengths of the 

crystal-field and spin–orbit interactions in light rare-earths (see Extended data for full description of the fitting). The 

resulting crystal-field parameters allow to reproduce the high-temperature behaviour of the magnetic susceptibility 

χ to a high accuracy, as shown in Fig. 1e, where the effective magnetic dipole moment μeff µ (χ×T)1/2 – a sharply-

discriminating quantity – is plotted as a function of temperature. At temperatures much below the first excited 

crystal-field level but above the correlated regime, that is between 1 and 10 K, the magnetic dipole moment is m 

~ 1.2 µB. This value translates into classical dipole–dipole couplings of about 0.025 K (Edipolar µ m2), which is small 

compared to the scale of the dominant interactions and confirms that the low-temperature correlated state 

originates from quantum-mechanical exchange interactions28. The wavefunction of the ground-state Kramers 

doublet |±⟩ obtained from the neutron data is essentially any linear combination of the *𝑚,- = ±3/22 states, which 

corresponds to the case where pseudo-spins form a composite object, carrying both a magnetic dipole and a 

magnetic octupole (ref. 8). 

We now focus on the nature of the correlated ground state using energy-integrated neutron scattering data 

recorded at temperatures inside and outside this regime, which by difference gives access to the Fourier transform 

of the total magnetization density – a product of the correlation function and Fourier transform of the magnetization 

density of the degrees of freedom. Using cold neutrons, which restricts the access to low scattering vectors only, 

we fail to provide evidence for a diffuse signal in energy-integrated experiments that would indicate correlations of 

magnetic dipoles (see Extended data). Instead, a signal of diffuse neutron scattering appears at higher scattering 

vectors accessible using thermal neutrons (Fig. 2a-c). The intensity distribution is zero at low scattering vectors  

Q < 4 Å-1 but grows at higher scattering vectors, where a maximum is reached around Q ~ 8 Å-1. This behaviour 

is precisely that expected from the Fourier transform of magnetic octupoles calculated from the type of ground-

state wavefunction in Ce2Sn2O7 (Extended data). The octupolar scattering increases in amplitude upon cooling 

below   1 K, concomitantly with the drop in the effective magnetic moment from ~ 1.2 µB in the range between T = 

1 and 10 K down to ~ 0.7 µB at ~ 0.1 K (Fig. 3a). The temperature dependence of both these quantities can be 

understood as the evolution of the mixing of the wavefunctions of the two states of the single-ion doublet under 

the effect of correlations. The interactions mix the otherwise degenerate *𝑚,- = ±3/22 states, forming new split 

eigenstates that minimize the energy of the system due to different magnetic dipole and octupole moment sizes. 
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For dominant octupole–octupole couplings, the octupole moment strengthens at the expense of the dipole 

moment, as shown in Fig. 1e, where the magnetic charge density of the ground-state doublet wavefunction is 

represented for different values of the dipole moment 𝐽$. 

In the following, we rationalize our observations of octupolar scattering on the basis of the Hamiltonian for rare-

earth pyrochlores with ‘dipole–octupole’ doublets ℋ56 = ∑ 8𝒥99𝜏#9𝜏:9 + 𝒥''𝜏#
'𝜏:

' + 𝒥$$𝜏#$𝜏:$ + 𝒥9$(𝜏#9𝜏:$ + 𝜏#$𝜏:9)>?#:@  

(refs. 7-8). The doublet is modelled by pseudo-spin S = 1/2 operators 𝜏# = (𝜏#9, 𝜏#
' , 𝜏#$), where the components 𝜏#9 

and 𝜏#$ transform like magnetic dipoles while 𝜏#
' behaves as an octupole moment7,8,24. We use a simplified version 

of the generic Hamiltonian considering 𝒥99 = 𝒥9$ = 0, which still captures the essential physics of octupolar 

phases. Within this approximation and using mean-field calculations, two sets of 𝒥'' and 𝒥$$ parameters were 

found to reproduce the bulk magnetic properties at low temperature (see Fig. 3a-b, and the details of the 

calculations described in the Extended data). The drop of the effective magnetic moment below 1 K is well 

reproduced using a dominant octupole–octupole interaction of either 𝒥'' = + 0.48 ± 0.06 K or                                   

𝒥'' = 	−0.16 ± 0.02 K, and a small but finite dipole–dipole coupling 𝒥$$ = +0.03 ± 0.01 K. Positive and negative 

𝒥''  values correspond to phases where the magnetic charge density of the octupoles on a tetrahedron is 

constrained by ‘2-plus-2-minus’ (see Fig. 2d) and ‘all-plus-all-minus’ rules, respectively, where ‘plus’ and ‘minus’ 

designate the two possible local mean-values of the octupolar operator associated with 𝜏#
' . A dominant and 

negative 𝒥'' implies that the octupoles are not frustrated and form a ‘hidden’ ordered ground state, which can be 

excluded based on the absence of signatures of a phase transition to a long-range ordered state in both our heat-

capacity and thermal-neutron scattering measurements. Meanwhile, the case governed by 𝒥'' > 0 is frustrated 

and leads to an extensively degenerate manifold of octupole ice configurations (Fig. 2d), for which our Monte Carlo 

simulations predict diffuse neutron scattering at high scattering vectors shown in Fig. 2e and clearly distinguishable 

from that expected for a manifold of dipole ice configurations in Ce2Sn2O7 (Fig. 2f,g). The calculated octupolar 

diffuse scattering has the high degree of structure in reciprocal space typical of ice phases, and its powder 

averaging reproduces the experimental data as shown in Fig. 2c. The octupole ice scattering is about several 

hundred times weaker than the value expected for spin-ice scattering, even with the small dipole-moment of 

Ce2Sn2O7, which itself is much weaker than that of classical spin ices like Ho2Ti2O7. 
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The finite value of 𝒥$$  obtained from the fit of the bulk magnetic properties (Fig. 3a-b) implies                           

𝒥±/𝒥'' = −𝒥$$/4𝒥'' ≈ −0.015 , where 𝒥'' = 0.48 K and 𝒥±  follows the convention of the nearest-neighbour 

pseudo-spin 1/2 quantum spin ice model29-30 after appropriate permutation of the pseudo-spin components7-8. The 

octupolar quantum spin ice is predicted to be stable in the range 0 < 𝒥±/𝒥'' < 0.19  (ref. 8), and it is also 

established that the U(1) quantum spin liquid is robust against perturbations and particularly stable in the regime 

where transverse exchange is frustrated (𝒥± < 0 ) (ref. 30-34). Therefore, it is natural to conjecture that          

𝒥±/𝒥'' ≈ −0.015 also falls in the octupolar quantum spin ice regime where, under applied magnetic field, theory 

predicts an Anderson–Higgs transition towards an ordered phase of dipole moments8. The critical field of this 

transition is of the order of 1.5 to 3 ℎ/𝒥'' , depending on the direction of the applied magnetic field ℎ, which 

translates into values of 0.5 to 1 Tesla for 𝒥'' = +0.48 K. This is in good agreement with the appearance of 

magnetic Bragg peaks at similar field values in the elastic scattering of cold neutrons at 0.05 K (see Extended 

data). The same set of 𝒥$$	and 𝒥''	parameters also reproduces the evolution of the heat capacity at low 

temperature under applied magnetic field (Fig. 3c). 

We expect the emergent excitations in Ce2Sn2O7 to be measurable using neutron spectroscopy, because 𝒥$$ 

allows neutron-active transitions between the two states of the doublet split by 𝒥'' . Low-energy neutron 

spectroscopy data indeed reveal the presence of low-energy excitations that are dipolar in nature (Fig. 4). In 

addition, the spectra measured in the correlated regime of Ce2Sn2O7 do not display a resolution-limited excitation 

centred on a unique energy transfer – as would be expected for the ‘hidden’ ordered phase set by 𝒥'' < 0, but 

instead have the continuous character of fractionalized excitations in a quantum spin liquid (Fig. 4c,f). We attribute 

the continuum in Ce2Sn2O7 to the gapped spinons of the U(1) quantum spin liquid, which are foreseen in inelastic 

neutron scattering of octupolar quantum spin ices8, including when 𝒥± is frustrated34. The continuum extends up 

to at least 0.3 meV (Fig. 4e); that is approximately one order of magnitude larger than the dominant exchange 

interaction 𝒥'' ≈ 0.05 meV around which the spectrum is peaked, and both of these characteristics are consistent 

with theoretical predictions4,35-37. Moreover, the low-energy edge of the spectra shown in Fig. 4b,e is reminiscent 

of the threshold proposed for the effect of the emergent photon – the gapless excitation in the lattice gauge theory 

of quantum spin ice2-4 – on the production of spinons, which leads to an abrupt onset in the density of states37. We 

note that the gapless photon itself is not expected to contribute to the inelastic neutron scattering of an octupolar 

quantum spin ice8, at least not in the form of dipolar magnetic neutron scattering, and that the estimated photon 
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bandwidth is of the order of the ring exchange 𝑔 ≡ 12𝒥±R/𝒥''S ≈ 10TU meV, which is much smaller than the 

energy scale of the inelastic scattering in Fig. 4. 

The octupolar quantum spin ice scenario might also explain recent observations of quantum spin liquid dynamics 

in Ce2Zr2O7 (ref. 38-39). In particular, the continuum of dipolar neutron scattering observed in ref. 39 indeed shows 

similar finite-energy centres and widths as in Fig. 4, and therefore can be used together with other measured 

properties that are similar in both materials to conclude that octupolar quantum spin ice is common among Ce3+ 

pyrochlores. In their work39, Gao et al. argue that Ce2Zr2O7 should be in the π-flux phase of quantum spin ice34,  

which is consistent with our estimates of exchange parameters (𝒥± < 0), while our work further shows that the 

spin ice manifold is constructed from octupoles. In contrast, the interpretation of Gaudet et al.38 that the inelastic 

neutron scattering in Ce2Zr2O7 should be compared with the equal-time structure factor of a quantum spin ice, 

where the calculation3 includes photon scattering but no spinons, appears inconsistent with our data and 

interpretation. However, the comparison of the two materials should be contrasted by the fact that the oxygen 

stoichiometry in Ce2Sn2O7 is well controlled and precisely measured (see Extended data), so that the amount of 

non-magnetic Ce4+ is known to be less than 1%, while the lattice constant of the studied samples of Ce2Zr2O7 

suggests about 10% of Ce4+ (ref. 38). Such a level of site dilution is likely to have a significant effect on the 

correlations, even though the local moment of the ~ 90% of Ce3+ is protected against disorder due to their Kramers’ 

nature. 

The discovery of the octupole ice in Ce2Sn2O7 is remarkable for several reasons: it is an example of frustrated 

multipoles, showing convincing consistency with the expectations of a well-established 3-dimensional model – the 

U(1) quantum spin liquid; it is one of very few materials to enter phases primarily driven by higher multipolar 

interactions5-6, and certainly a unique example of a quantum liquid in this context. Finally, degrees of freedom in 

the octupole ice are quantum objects whose dual ‘dipole–octupole’ nature can be controlled using magnetic fields8 

or – as our results demonstrate – as a function of temperature, which gives interesting perspectives in the field of 

quantum many-body systems and future related technologies. 
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Figure 1 | Dipole–octupole degrees of freedom. Energy spectra measured at 6 K (a-c) and recorded using incident 
neutrons of different energies as specified on the top right-hand corner of each panel. The solid lines are fits of the 

experimental data (black squares) using Gaussian peaks (peaks within each spectrum are constrained to the same 
width), and the resulting energy positions are shown in panel d. The energies and intensities of the magnetic excitations 
were used to adjust the six parameters of a crystal field Hamiltonian, which gives the ground-state doublet wavefunction 

|±⟩ = 0.87* 𝐹X/S	
S ,±3/22 ± 0.46* 𝐹X/S,	

S ∓ 3/22 ∓ 0.15* 𝐹[/S,	
S ± 3/22 − 0.01* 𝐹[/S,	

S ∓ 3/22. We note that although both J = 5/2 

and J = 7/2 multiplets contribute to this wavefunction, the composition is dominated by the ground multiplet J = 5/2 (see 
Extended data), as is the case for all the doublets drawn in black on panel d, while those represented in blue are 
dominated by the higher multiplet J = 7/2. Panel e shows the temperature dependence of the effective magnetic moment 

μeff µ (χ×T)1/2 determined experimentally from measurements of the magnetization M performed under a weak magnetic 

field H, which gives the magnetic susceptibility χ = M/H in the linear-field regime. The solid red line is the effective 
magnetic moment calculated from the parameters fitted from the neutron data shown in panels a-c. The inserts in panel 

e represent the magnetic charge density calculated from the type of ground state wavefunction of Ce3+ determined from 
the fit of the neutron data. In the temperature range between ~1 K and ~10 K, this wavefunction results in a dipole 

moment 𝐽$ = 3/2 shown on the right, which would persist down to the lowest temperatures in the absence of correlations. 

However, under the effect of octupole–octupole correlations, this quantum object encoded in the local ground-state 
wavefunction has the potential to reveal an octupole moment at the expense of the dipole moment. This is shown in the 

middle and left drawings in panel e, where the dipole moment 𝐽$ is half of that in the uncorrelated regime and zero, 

respectively. 
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Figure 2 | Octupole–octupole correlations. In panel a-c we present the diffuse scattering (blue points with error bars 

corresponding to ±1 standard error) obtained from the difference between neutron diffraction patterns measured at 5 K 

and at a lower temperature indicated on each panel. Measurements were performed on two different diffractometers 

using thermal neutrons of wavelengths l = 1.15 Å (dark blue points on panels a-c) or l = 1.37 Å (light blue points on 

panel c), which give access to the large scattering vectors required to observe scattering by magnetic octupoles. Diffuse 
scattering is expected for short-range correlated phases, which on the pyrochlore lattice are ice phases. Given the 

dipole–octupole nature of the degrees of freedom shown in Fig. 1, ice phases in Ce2Sn2O7 can be based on either 
octupoles or dipoles, whose local configurations are shown in panels d and f, respectively, where the blue and red 
colours encode regions of opposite magnetization. Magnetic dipoles respecting the ‘2-in-2-out’ ice rule on each 
tetrahedron are shown in panel f. In panel d, the octupolar ‘2-plus-2-minus’ ice rule is further highlighted using blue/red 

colours on the edges of the lattice along the corresponding magnetization directions of the closest octupole. We note 
that a variant of octupole ice configurations can be considered, where each octupole is rotated by 30 degrees around 
the local trigonal direction relative to what is shown here. In panels e and g, we show the diffuse scattering calculated 

in the (HHL) plane of reciprocal space using Monte Carlo simulations for the octupole ice and a spin ice of magnetic 
dipoles with first neighbour interactions only, respectively (see Extended data). Note that the spin ice pattern (panel g) 
is displayed over a much larger area of reciprocal space than usual, but the typical features can be discerned in the 
central region. The powder average of the diffuse scattering calculated for the octupole ice and spin ice configurations 

is shown respectively with red and black points in panel c, while the solid red line represents the same calculation for 

the octupole ice but scaled (´ 0.625) onto the experimental data. The octupolar scattering measured at 0.05 K is about 

two thirds of the intensity of the zero-temperature calculation assuming a full octupolar moment, which is a remarkable 
agreement giving strong support to the existence of octupole ice correlations in this material. Note the different scales 
used to display the octupolar (left scale) and dipolar (right scale) scattering in Ce2Sn2O7. 
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Figure 3 | Ground-state properties. Open circles in panels a and b show the effective magnetic moment μeff µ (χ×T)1/2 

as a function of temperature T and the magnetization M as a function of magnetic field H, respectively (ref. 28). The 

lines are the best fits using the Hamiltonian for rare-earth pyrochlores with ‘dipole–octupole’ doublets                             

ℋ56 = ∑ 8𝒥99𝜏#9𝜏:9 + 𝒥''𝜏#
'𝜏:

' + 𝒥$$𝜏#$𝜏:$ + 𝒥9$(𝜏#9𝜏:$ + 𝜏#$𝜏:9)>?#:@ , where the components 𝜏#9  and 𝜏#$  of the pseudo-spin 

operator 𝜏# = (𝜏#9, 𝜏#
', 𝜏#$) transform like magnetic dipoles, while 𝜏#

'  behaves as an octupole moment (refs. 7-8). We 

consider 𝒥99 = 𝒥9$ = 0 and we show here the fits for the hypothesis  𝒥'' > 0, which gives the octupole–octupole 

interaction 𝒥'' = +0.48 ± 0.06 K and the dipole–dipole interaction 𝒥$$ = +0.03 ± 0.01 K. The discrepancy between the 

experimental effective moment and the fitted curve is due to the mean-field nature of the model, which is sufficient to 
evaluate the main ingredients of the Hamiltonian but cannot account exactly for all details in the quantum regime, and 
the logarithmic temperature scale of panel a makes this particularly apparent. The same set of parameters also 
reproduces the field dependence of the magnetic contribution to the heat capacity, shown in panel c for field intervals of 

1 T (points with error bars corresponding to ±1 standard error), as obtained from measurements of the heat capacity of 

Ce2Sn2O7 and of the non-magnetic analogue La2Sn2O7. The temperature dependence of the integrated octupolar 

scattering is presented in panel a (black points with error bars corresponding to ±1 standard error), showing the increase 

of octupolar scattering upon cooling in the correlated regime and at the expense of the dipole moment represented by 

the effective magnetic moment (the grey curve is a guideline). The dominant octupole–octupole interaction 𝒥'' and the 

small finite value of the dipole–dipole coupling 𝒥$$ indicate that Ce2Sn2O7 is in the octupolar quantum spin ice phase            

(𝒥±/𝒥'' = −𝒥$$/4𝒥'' ≈ −0.015 ). In this regime, we anticipate the excitation spectrum to have the continuous 

character expected for the fractionalized excitations of a quantum spin liquid, which we show is the case in Figure 4. 
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Figure 4 | Magnetic excitations. Left panels show low-energy inelastic neutron scattering data measured at 0.6 K (red) 

and 5 K (blue) using incident energies Ei of 0.82 meV (a, l = 10 Å) and 1.28 meV (d, l = 8 Å), which give energy 

resolutions of 0.011 meV and 0.020 meV at the elastic line, respectively. These spectra as a function of energy transfer 
E are integrated over the entire range of accessible scattering vectors Q shown on the (E,Q) maps (see right panels c 

and f for l = 10 Å and l = 8 Å, respectively). Assuming that the difference scattering 𝑆(𝐸) between 0.6 K and 5 K is 

entirely magnetic, we show in the middle panels (b and e for l = 10 Å and l = 8 Å, respectively) the imaginary part of 

the dynamic spin susceptibility (blue points with error bars corresponding to ±1 standard error) calculated as            

𝜒__(𝐸) = 𝑆(𝐸) × [1 − exp(−𝐸/𝑘f𝑇)], where 𝐸 is the neutron energy transfer and 𝑘f  is the Boltzmann’s constant. We 

model the magnetic scattering using 𝜒__(𝐸) = G𝐸/[(𝐸 − D)S + GS] (red line) – a Lorentzian peak shape where G and D 

characterise the damping and energy centre, respectively, which we use as phenomenological parameters to compare 

with results on Ce2Zr2O7 (ref. 39). The width and energy center determined for l = 10 Å are G = 0.025±0.003 meV and 

D = 0.039±0.003 meV, respectively (G = 0.024±0.001 meV and D = 0.045±0.002 meV for l = 8 Å). Panels c and f show 

difference (E,Q) maps (0.6 − 5 K) summarizing the wavevector dependence of the spin excitations as a function of 

energy. These plots give strong support to the existence of a gapped continuum of fractionalized spin excitations, which 
we attribute to the spinon excitations of the octupolar quantum spin ice8,34 (see main text). The phenomenological form 

employed to fit the spectra in panels b and e happens to capture the features expected from theory for the spinon 
excitations in a quantum spin ice (onset, peak, and extent)4,35-37. 
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Methods  

Sample preparation 

A 28-grams polycrystalline sample of Ce2Sn2O7 was prepared by the solid-state reaction described in Ref. 31. 

CeO2 was added to appropriate amounts of SnO2 and Sn (the Sn4+/Sn0 ratio is imposed in order to reduce all the 

Ce4+ cations to Ce3+). The resulting mixture was carefully mixed in a rotary blender for several hours under air, in 

order to prevent agglomeration of metallic tin. The mixture was then placed into an alumina crucible for several 

heat treatments of 24-hours each until complete reaction. The first heat treatment was at 900 Celsius and the 
following ones at 1000 Celsius, all under flowing argon after long purging of the tube furnace, and using slow 

heating and cooling ramps (1 Celsius per minute). 
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As a non-magnetic reference material, La2Sn2O7 was synthesised from La2O3 calcinated at 800 Celsius for several 

hours and mixed with SnO2 in a rotary blender. The phase-pure lanthanum stannate was obtained by heating 

under air at 1200 Celsius for 72 hours, with intermediate regrinding each 24 hours. 

Our sample of Ce2Sn2O7 was characterized by high-resolution neutron powder diffraction, pair distribution function, 

and thermogravimetric measurements, all indicating the presence of a single phase of formula Ce2Sn2O7.00±0.01 in 

our sample (see Extended data), thus forming a perfect pyrochlore lattice of Ce3+ ions. 

Bulk properties measurements 

Magnetization data were measured in the temperature range from 1.8 to 300 K in an applied magnetic field of 0.01 

Tesla using a Quantum Design MPMS-XL SQUID magnetometer. Additional magnetization, and ac-susceptibility 

(see Extended data), measurements were made as a function of temperature and field, from T = 0.07 to 4.2 K and 

from µ0H = 0 to 8 T, using SQUID magnetometers equipped with a miniature dilution refrigerator developed at the 

Institut Néel, CNRS in Grenoble. The heat capacity of pelletized samples of both Ce2Sn2O7 and La2Sn2O7 was 
measured down to 0.3 K using a Quantum Design PPMS. 

Neutron scattering experiments 

The inelastic high-energy neutron scattering experiment was performed on the MAPS spectrometer32 at the ISIS 

Neutron Facility in Didcot, UK. Data were evaluated using HORACE software suite33. Each of the Ce2Sn2O7 and 

La2Sn2O7 samples were mounted inside aluminium foil pouches, which were then mounted in annular geometry 

inside aluminium cans. The crystal field splitting of Ce3+ was evaluated by comparing Ce2Sn2O7 and La2Sn2O7 

data, which allows to distinguish among contributions from crystal field and phonon excitations. The spectra of 
magnetic neutron scattering intensity as a function of energy transfer presented in Fig. 1a-c were obtained from 

low-angle data from Ce2Sn2O7 with high-angle data from Ce2Sn2O7 subtracted, using a scale factor determined 

from La2Sn2O7 data (Ref. 34). Unlabelled signals in the spectra of Fig. 1a-c are attributed to residual phonon 

scattering from Ce2Sn2O7 or hydrogen-containing contaminants formed through exposure to air. Note that the 

range of scattering vectors Q is not constant as a function of energy transfer in the spectra of Fig. 1a-c, thus peak 

intensities have to be extrapolated to Q = 0 by correction for the magnetic form factor. The SPECTRE program35 

was used to fit the neutron data to the crystal-field Hamiltonian. 

The energy-integrated thermal-neutron scattering experiment was performed on the HRPT diffractometer at SINQ, 
PSI in Villigen, Switzerland36. Measurements were performed with the sample enclosed in a copper can and cooled 

down using a dilution refrigerator. Each pattern was measured during 6 to 12 hours, and the differences were 

made by subtracting data recorded at 5 K with the exact same statistics, resulting in the experimental data shown 

in Fig. 2a-c. A similar experiment was repeated on the D20 diffractometer at the Institut Laue Langevin in Grenoble, 

France37, resulting in the second set of data points shown in Fig.2c. 

The inelastic low-energy neutron scattering experiment was performed on the IN5 spectrometer at Institut Laue 

Langevin in Grenoble, France38. Measurements were performed with the sample enclosed in a copper can and 
cooled down using a dilution refrigerator. 
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Calculations 

For the visualisation of the magnetic degrees of freedom (Fig. 1e and Fig. 2d,f), we represent the magnetization 

by its corresponding magnetic charge distribution defined as 𝜌jklmno#p(𝒓) = −∇ ∙ 𝑚(𝒓). This charge distribution is 

calculated using the spherical Racah tensor operators on the wavefunction of the ground state39, projected on the 

ground multiplet 2F5/2. 

Fits of the bulk magnetic properties are based on calculations carried out on the basis of a mean-field treatment 
of a Hamiltonian, considering the dipolar exchange as well as an octupolar coupling between the crystal-electric 

field ground doublet states of the Ce3+ ion. This Hamiltonian is written in terms of a pseudospin 1/2 spanning these 

states. 

The elastic neutron cross sections of the octupole ice (Fig. 2e) and dipole ice (Fig. 2g) for Ce2Sn2O7 were 

calculated numerically using Monte Carlo simulations performed assuming 100 random realisations of the 

corresponding ice lattices (see Extended data). Each random lattice contained 5488 sites. 

Data availability 

The data that support the plots within this paper and other findings of this study are available from the 
corresponding authors upon reasonable request (R.S. for all of the experimental data, and S.P. for the mean-field 

fits of the bulk properties and Monte Carlo simulations). The datasets for the inelastic neutron scattering 

experiment on MAPS and MERLIN are available from the ISIS Neutron and Muon Source Data Catalogue40-41. 

The datasets for the polarized neutron scattering experiment on D7 (see extended data), the thermal-neutron 

inelastic measurements on IN4 (see extended data) and the diffraction experiment on D20 are available from the 

Institute Laue-Langevin data portal42-45. 
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