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Observation of magnetic fragmentation in spin ice
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Fractionalized excitations that emerge from a many-body
system have revealed rich physics and concepts, from com-
posite fermions in two-dimensional electron systems, revealed
through the fractional quantum Hall effect!, to spinons in
antiferromagnetic chains? and, more recently, fractionalization
of Dirac electrons in graphene® and magnetic monopoles in
spin ice®. Even more surprising is the fragmentation of the
degrees of freedom themselves, leading to coexisting and a
priori independent ground states. This puzzling phenomenon
was recently put forward in the context of spin ice, in which the
magnetic moment field can fragment, resulting in a dual ground
state consisting of a fluctuating spin liquid, a so-called Coulomb
phase®, on top of a magnetic monopole crystal®. Here we
show, by means of neutron scattering measurements, that such
fragmentation occurs in the spin ice candidate Nd,Zr,0,. We
observe the spectacular coexistence of an antiferromagnetic
order induced by the monopole crystallization and a fluctuating
state with ferromagnetic correlations. Experimentally, this
fragmentation manifests itself through the superposition of
magnetic Bragg peaks, characteristic of the ordered phase, and
a pinch point pattern, characteristic of the Coulomb phase.
These results highlight the relevance of the fragmentation con-
cept to describe the physics of systems that are simultaneously
ordered and fluctuating.

The physics of spin ice materials is intimately connected with
the pyrochlore lattice, composed of corner-sharing tetrahedra. On
the corners of these tetrahedra reside rare-earth magnetic moments
J;» which, as a consequence of the strong crystal electric field, are
constrained to point along their local trigonal axes z;, and behave
like Ising spins. The magnetic interactions are composed of nearest-
neighbour exchange 7 and dipolar interactions between spins i and
j separated by a distance r; (ref. 7):
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where D = 1, (gus)*/(4mrl ), w, is the permeability of free space,
g is the Landé factor of the magnetic moment, uy is the Bohr
magneton and r,, is the nearest-neighbour distance between rare-
earth ions. The nearest-neighbour spin ice Hamiltonian is obtained
by truncating the Hamiltonian (1), yielding:
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When the effective interaction J.= (—J + 5D)/3 is positive—
that is, when the dipolar term overcomes the antiferromagnetic
exchange—a very unusual magnetic state develops, known as the

spin ice state. The system remains in a highly correlated but
disordered ground state where the local magnetization fulfils the
so-called ‘ice rule’: each tetrahedron has two spins pointing in and
two spins pointing out (see Fig. 1a), in close analogy with the rule
which controls the hydrogen position in water ice®. The extensive
degeneracy of this ground state results in a residual entropy at low
temperature which is well approximated by the Pauling entropy for
water ice’.

Such highly degenerate states, where the organizing principle
is dictated by a local constraint, belong to the class of Coulomb
phases®®!!: the constraint (the ice rule for spin ice) can be
interpreted as a divergence-free condition of an emergent gauge
field. This field has correlations that fall off with distance like the
dipolar interaction'>"*. In reciprocal space, this power-law character
leads to bow-tie singularities, called pinch points, in the magnetic
structure factor. They form a key experimental signature of the
Coulomb phase physics. They have been observed by neutron
diffraction in the spin ice materials Ho,Ti,O, and Dy,Ti,0,, in
excellent agreement with theoretical predictions'".

Classical excitations above the spin ice manifold are defects that
locally violate the ice rule and so the divergence-free condition: by
reversing the orientation of a moment, ‘three in-one out’ and ‘one
in-three out’ configurations are created (see Fig. 1b). Considering
the Ising spins as dumbbells with two opposite magnetic charges
at their extremities, such defects result in a magnetic charge in the
centre of the tetrahedron, called a magnetic monopole, that give rise
to a non-zero divergence of the local magnetization®.

Recently, theoreticians have introduced the concept of magnetic
moment fragmentation®, whereby the local magnetic moment field
fragments into the sum of two parts, a divergence-full and a
divergence-free part (see Fig. 1c): for example, a monopole in the
spin configuration m={1,1,1,—1} on a tetrahedron can be written
m=1/2{1,1,1,1}+1/2{1,1,1,—3}. In this decomposition, the first
term carries the total magnetic charge of the monopole. If the
monopoles organize as a crystal of alternating magnetic charges,
the fragmentation leads to the superposition of an ordered ‘all in—
all out’ configuration (Fig. 1d) and of an emergent Coulomb phase
associated with the divergence-free contribution (Fig. le).

This monopole crystallization occurs when the monopole
density is high enough such that the Coulomb interaction between
monopoles (which originates in the dipolar interaction between
magnetic moments) is minimized through charge ordering, whereas
the remaining fluctuating divergence-free part provides a gain
in entropy.

The necessary conditions for an experimental realization of
this physics are severe: in pyrochlore systems, the fragmentation
is expected in the case of strong Ising anisotropy combined
with effective ferromagnetic interactions, and for a specific ratio
between the dipolar and exchange interactions to form the crystal

TLLB, CEA, CNRS, Université Paris-Saclay, CEA Saclay, 91191 Gif-sur-Yvette, France. 2Institut Néel, CNRS and Université Grenoble Alpes, F-38042
Grenoble, France. 3Department of Physics, University of Warwick, Coventry CV4 7AL, UK. #Institut Laue Langevin, F-38042 Grenoble, France. >INAC, CEA
and Université Grenoble Alpes, CEA Grenoble, F-38054 Grenoble, France. *e-mail: sylvain.petit@cea.fr; elsa.lhotel@neel.cnrs.fr

746

NATURE PHYSICS | VOL 12 | AUGUST 2016 | www.nature.com/naturephysics

© 2016 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nphys3710
mailto:sylvain.petit@cea.fr
mailto:elsa.lhotel@neel.cnrs.fr
www.nature.com/naturephysics

NATURE PHYSICS poi: 10.1038/NPHYS3710 L ETT E RS

N

Figure 1] Spin ice and magnetic fragmentation. a,b, Schematic of
tetrahedra obeying the ice rule. a, The spin state {s1,5,53,54} of a
tetrahedron can be described using the convention: sj=1 for a spin pointing
in and —1for a spin pointing out. The ice rule is simply written as 3 ~;5;=0,
which corresponds to a divergence-free condition. b, A spin-flip generates
two magnetic monopoles. The red (blue) monopole in b can be written
my={1,1,1, =1} (m_={-1,-1,-1,1}), so that >_,;s;==2 on a tetrahedron.
c-¢, In the fragmentation theory, the local magnetic moment field
fragments through a Helmholtz decomposition into two parts, a
divergence-full and a divergence-free part. Each fragment carries
components s; # £1. For instance, for the m_ monopole {1,1,1, =1}, this
leads to: {1,1,1, -1} ={1/2,1/2,1/2,1/2} +{1/2,1/2,1/2,—(3/2)}. ¢, Sketch of
monopole crystallization, with the representation of the fragmented
moments. d, The divergence-full contributions (green arrows)
{1/2,1/2,1/2,1/2} and {—1/2,-1/2,—1/2,—1/2}, form an ‘all in-all out’ state
and carry the magnetic charge (3_;s;j==+2). e, The second contribution is
composed of three components 1/2 (orange arrows) and one component
3/2 (magenta) (for example {1/2,1/2,1/2,—(3/2)}), in such a way that the
>isi=0 constraint is fulfilled. It thus obeys a divergence-free condition,
but is different from the ice rule, and forms a new kind of Coulomb phase.
The same argument can be made for the other magnetic configurations
my={1,1,-1,1},{1,—1,1,1}, or {~1,1,1,1} (and associated m_). The
divergence-full contribution remains identical, whereas the position of the
magenta 3/2 component that emerges in the divergence-free contribution
changes, as a fingerprint of the degeneracy.

of monopoles. If fragmentation occurs, the theory predicts that
the magnetic structure factor should exhibit both Bragg peaks
characteristic of the ‘ll in-all out’ structure and a pinch point
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Figure 2 | Pinch point pattern in Nd;Zr,05. a, Inelastic neutron

scattering intensity averaged in the energy range 45 < E <55ueV measured
at T=60 mK with an incident wavelength 1=6 A. The red spots denote the
antiferromagnetic Bragg peak positions that appear at zero energy transfer.
b, Dynamical structure factor S(Q, E=50ueV) calculated in the RPA
approximation for the pseudospin 1/2 model described by equation (3), with
J’'=1.2Kand K =—-0.55K. The model takes into account a ferromagnetic
exchange J’ along with a transverse interaction C whose physical originis a
coupling between octopoles. Blue arrows indicate the pinch point positions.

pattern typical of a Coulomb phase®. The pyrochlore system
Nd,Zr,0; is a good candidate in the search for such a system.
Previous studies have provided evidence for the strong Ising
character of the Nd** ion, and for ferromagnetic interactions,
inferred from the positive Curie-Weiss temperature 0cy =195 mK
(ref. 16). Moreover, Nd,Zr,0O, orders below Ty =285mK in an
‘all in-all out’ state carrying a reduced ordered magnetic moment
of about one third of the total Nd** magnetic moment p.¢=2.4 up
(ref. 17) (see Supplementary Information).

To demonstrate that the fragmentation occurs in Nd,Zr,0;, it
is essential to observe signatures of the Coulomb phase. To this
end, neutron scattering experiments have been carried out as a
function of temperature and magnetic field on a large single crystal.
As shown in Fig. 2a, the key point here is that the neutron data
at 60 mK do exhibit arm-like features along the (00¢) and (hhh)
directions, with pinch points at the (002) and (111) positions,
expected in the Coulomb phase®. This pinch point pattern is
observed simultaneously with the ‘all in-all out’ Bragg peaks'”'® at
(220) and (113), which we interpret as evidence for fragmentation
and monopole crystallization.

Importantly, this structured neutron scattering signal appears
as a flat mode at finite energy around E, =70 peV (see Figs 3
top and 4ab). In addition, above this flat mode, collective
dispersive excitations stem from the pinch points and not from the
antiferromagnetic ‘all in-all out’ wavevectors (see Fig. 3 top). They
are characterized by a spin gap A~ E, and reach a maximum energy
of about 0.25 meV.
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Figure 3 | Magnetic excitation spectrum. Top: inelastic neutron scattering spectra taken at 60 mK along various high-symmetry directions with an incident
wavelength 1=6 A. Bottom: RPA calculation of the corresponding spectra for the pseudospin 1/2 model described by equation (3), with 7/ =1.2K and

K =—-0.55K. Note that the same dispersion curve is obtained with a ferro octopolar coupling /IC=+1.65 K: the sign of the octopolar coupling does not
affect the physics of the spin model. The factor of three between the antiferro and ferro octopolar coefficients is due to the molecular field amplitude of the
octopolar phase, the ‘all in-all out’ molecular field being three times larger than the ‘two in-two out’ field.

When increasing the temperature, the pinch point pattern
and the collective modes persist up to 600 mK, far above the
antiferromagnetic ordering (Ty = 285mK) (see Supplementary
Information). Whereas the energy gap, and the intensity of these
features, decrease as the temperature increases (see Fig. 4a), the
energy range of the dispersion remains unaffected up to 450 mK.
This temperature dependence suggests a scenario in which the
fragmentation takes place well above Ty: at the temperature
where the ferromagnetic correlations start to develop, a Coulomb
phase arises in coexistence with a liquid of monopoles. The latter
finally crystallizes on cooling in an ‘all in-all out’ phase at Ty,
leaving the Coulomb phase unchanged. The field dependence is
consistent with this scenario (see Fig. 4b,c): at an applied field of
0.15 T, where magnetization measurements show that the ‘all in-
all out’ state is replaced by a field-induced ordered state', the
Coulomb phase characteristics remain, albeit with less intensity.
This observation further confirms the fragmentation scenario in
which the divergence-free and divergence-full parts of the magnetic
moment field behave independently.

This peculiar spin dynamics, and especially the existence of
dispersive modes, are puzzling in an Ising-like system. They call
for the existence of additional transverse terms in the Hamiltonian
given in equation (2). To address this point, the magnetic
moments should not be considered as Ising variables, but as
pseudospin half o; spanning the |1 ) crystalline electric field (CEF)
doublet states.

Considering the very peculiar ‘dipolar-octopolar’ nature of
the Kramers Nd’* doublet'*?', such transverse terms arise
from a coupling between octopolar moments. Indeed, although
(MJI})=0 because of those CEF properties, it can be shown
using the explicit wavefunctions determined in ref. 17 that
the octopole 7 =i(J*JTJ*—]"]J7]J7) is the relevant operator,
because (1]71J)#0. Introducing an octopole-octopole coupling
V=3,,«TT;, where k denotes the strength of the octopolar
coupling, and projecting it onto the pseudospin 1/2 subspace
leads to:

Hl/zzz:J’ofaf—i-lCo,yojy 3)

(i)
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where o7+ are the pseudospin components in the local coordinates,
J' is an effective exchange interaction J' = (g./g)*Jr and
K=4«|(}|T{)*. For Nd,Zr,0;, gg=8/11,g.=g,=0and g, =4.5.

The Hamiltonian parameters 7' and K can be estimated by
fitting the inelastic neutron scattering spectra. From calculations
in the random phase approximation (RPA)** (see Supplementary
Information), it is found that the bandwidth of the collective modes
is related to ' whereas the shift of the pinch point pattern up
to E, is induced by the transverse term K. This is reminiscent of
the role of the antisymmetric Dzyaloshinskii-Moriya interaction
which lifts the ‘weathervane’ flat mode in kagome systems up to
finite energy®. Such transverse terms might also be at the origin
of the inelastic pattern observed in the quantum spin ice candidate
Pr,Zr,0; (ref. 27). The best agreement is obtained for 7'=1.2K
and K =—0.55K (see Figs 2b and 3 bottom). For these values, the
RPA ground state is an ordered octopolar phase. It is worth noting
that, although this RPA calculation accounts for the behaviour of the
divergence-free part of the magnetic moment, it is unable to capture
the fragmentation mechanism.

We have thus shown that the predicted fragmentation process®
exists in the spin ice material Nd,Zr,0;. Below 700 mK, the
magnetic moment field fragments into two parts: a divergence-
full part which crystallizes at Ty =285mK, and a divergence-
free part for which transverse terms induce gapped and dispersive
excitations. Our results highlight that the two fragments behave
independently as a function of field and temperature, which opens
the appealing possibility of manipulating them separately.

Beyond the classical fragmentation theory described in
ref. 6, the importance of transverse terms to describe our
observations emphasizes the need for considering quantum effects
in further theoretical studies. Indeed, in the classical scheme,
the crystallization occurs when the energy required to create the
assembly of fragmented monopoles is balanced by the repulsive
energy among them, and thus depends on the competition between
exchange and dipolar interactions. In the present case, transverse
octopolar couplings might enhance the interactions between
monopoles, thus promoting their crystallization. We thus anticipate
that our experiment will pave the way towards a quantum theory of
fragmentation, involving such transverse terms.
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Figure 4 | Temperature and field dependence of the pinch point pattern.
a,b, Excitation spectra at Q=(0.9,0.9,0.9) at several temperatures for
1=8.5Ain zero field (a), and for =6 A in zero field and in a 0.15 T applied
field in the [1 —1 0] direction at 60 mK (b). Above the strong elastic
incoherent scattering, a flat mode appears at E,, whose structure factor
exhibits the pinch point pattern. Note that owing to the different energy
resolution at 1=6 A, the peak appears broader in b. ¢, Inelastic neutron
scattering map measured at T=60 mK and averaged in the energy range
45 < E<55peV, showing a similar pattern but different intensity between
zero field (top) and 0.15 T (bottom) data.

In a broader context, the fragmentation theory relies on the
Helmholtz decomposition of a charged field, widely used to describe
continuous fluid media in a wide variety of fields, from fluid me-
chanics to robotics®. This decomposition allows one to identify new
relevant degrees of freedom, which could not have been separated
otherwise. Our results in Nd,Zr,0; indicate its applicability to de-
scribe, more generally, localized moment systems where fluctuating
and ordered phases coexist. This might cover the case of the py-
rochlore compound Yb,Ti,0;, a system showing a strongly reduced
ferromagnetic ordering® and a peculiar fluctuation spectrum, and
whose physics is probably governed by competing phases®™. In

NATURE PHYSICS | VOL 12 | AUGUST 2016 | www.nature.com/naturephysics

spin ice, the Helmholtz decomposition is applied at a microscopic
level on the emergent gauge field of the Coulomb phase and on
its charges, the monopoles. Our experimental findings give a con-
crete form to these concepts. The observation of fragmentation in
Nd,Zr, 0, will thus stimulate new conceptual approaches in physical
systems where such emergent fields exist.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods

Single crystals of Nd,Zr,O, were grown by the floating-zone technique using a
four-mirror xenon arc lamp optical image furnace'®*'.

Inelastic neutron scattering experiments were carried out at the Institute Laue
Langevin (ILL, France) on the IN5 disk chopper time-of-flight spectrometer
operated at 1=8.5 A or 1=6 A. The Nd, Zr, 0, single-crystal sample was attached
to the cold finger of a dilution insert and the field was applied along [1 —1 0]. The
data were processed with the Horace software, transforming the recorded time of

flight, sample rotation and scattering angle into energy transfer and Q-wavevectors.

The neutron diffraction data were taken at the D23 single-crystal
diffractometer (CEA-CRG, ILL France) with a copper monochromator and using
1=1.28 A. Here the field was applied along the [111] direction. Refinements were
carried out with the Fullprof software suite® (http://www.ill.eu/sites/fullprof).

The magnetic diffuse scattering was measured on the D7 diffractometer
installed at the ILL, with 1=4.85 A, using a standard polarization analysis
technique with the guiding field along the vertical axis [1 —1 0].

NATURE PHYSICS | www.nature.com/naturephysics

Calculations are carried out on the basis of a mean field treatment of a
Hamiltonian, taking into account the dipolar exchange as well as an octopolar
coupling between the crystalline electric field (CEF) ground doublet states of the
Nd** ion. This Hamiltonian is written in terms of a pseudospin 1/2 spanning these
states. The spin dynamics is then calculated numerically in the random
phase approximation® .

More details are provided in the Supplementary Information.
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