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One of the main motivation of modern research in Condensed Matter is to
understand and control the unconventional properties of magnetic materials. Sometimes, the
interaction between atoms is "frustrated", unable to accommodate all atoms at the same time,
creating a competition at the microscopic level. An increasingly large variety of magnets appear to
be "frustrated”, each of them with their own exotic peculiarities. Our motivation in this project
has been to go beyond the traditional theoretical models of magnetic frustration considering
relevant, more complex, interactions. We have found, among other things, a surprisingIK rich physics

out of equilibrium in a family of rare-earth crystals, and low-temperature magnetic phases where
microscopic local rules lead to extended fractal structures, opening new directions on how to
control topological defects in magnets.
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By preventing traditional ordering,
magnetic frustration has opened a window
for unexplored cooperative and topological
phenomena in Condensed Matter. The
spin-ice model is a canonical example of
frustration with Ising spins, where
topological defects take the form of
magnetic monopoles. While this model is
primarily applied to rare-earth pyrochlores
in three dimensions, many of its properties
are also shared by two-dimensional
kagome systems.

2. WEOEM

Our motivation in this Kakenhi project has
been to explore new directions of research
related to spin ice, such as the search for
new topological phases and the influence
of itinerant electrons and lattice
perturbations.

(A)

One of the remarkable recent discoveries
in frustrated magnetism is the experimental
observation of a “spontaneous” anomalous
Hall effect (AHE) in the compound Pr2lr207
[1]. This phenomenon differs from
traditional AHE in the sense that it has
been measured in absence of any
macroscopic magnetic moment. Because
the apparition of the spontaneous AHE in
Pr2Ir2O7 is a probable consequence of out-
of-equilibrium dynamics after a field
quench in the [111] direction, our initial
motivation has been to study a realistic
minimal model able to support a variety of
out-of-equilibrium phenomena after a
similar field quench, without any persistent
magnetisation. As discussed in the next
“method” section, we introduced a
corresponding spin model, and worked on
this problem.

(B)

What happens when the spin model, which
we have introduced in (A), is constrained
within a plane ? This is what we have
investigated on the kagome lattice [5],
showing that it is also possible to map the
corresponding Ising spin model onto an
equivalent model of topological charges
interacting at the nearest-neighbour level.

(C)

Pyrochlore and kagome antiferromagnets
are archetypical examples of flat-band
systems in frustrated magnetism. While
these systems have been rather
extensively studied, little is known about

their “breathing” counterparts [6]. In
breathing pyrochlores and kagomes, a
broken symmetry of the lattice allows for
the couplings between neighbouring
frustrated units, namely the tetrahedra and
the triangles respectively, to differ.
Breathing lattices thus offer the possibility
to explore a different facet of the rich
physics of these systems, and have
recently been synthesised in a series of
materials on pyrochlores (LiGaCr4QOs,
LilnCrsOs, BasYb2Zns011 ...) and kagomes
(vanadium oxyfluoride ...)
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(A)

The magnetic rare-earth ions of Pralr20O7
reside on the pyrochlore lattice and are to
a first approximation Ising in nature,
making the spin-ice model a good starting
point. The influence of itinerant electrons in
a Kondo lattice is often modelled by further
neighbour interactions between the
localised spins.

Using state-of-the-art Monte Carlo
simulations, we have thus studied the spin-
ice model, adding second J2 and third J3
neighbour interactions [2]. By fixing J2 = J3
= J, our spin model can be recast into a
model of topological defects with nearest-
neighbour coupling and a chemical
potential for creation/annihilation of pairs of
defects. This coupling can be chosen to be
unconventional, or not, i.e. attractive or
repulsive between defects.

(B)

We have adopted the same spin-ice model
as (A), defined on a kagome lattice, and
studied this model, by combining classical
Monte Carlo simulation and analytical
Bethe approximation. In particular, we
implemented a novel worm-algorithm to
accelerate relaxation in the spin liquid
region.

(C)

We have considered nearest-neighbour
classical Heisenberg interactions, both
ferromagnetic and antiferromagnetic, and
studied how the anisotropy of breathing
lattices modifies the mode spectrum of
pyrochlore and kagome systems [7]. This
work was analytical.

4. WFIERR

(A)

For negative J, after a field quench, our
model supports long-lived magnetisation



plateaux due to multi-scale energy barriers
and subsequent dynamical bottlenecks
[see Figure 1]. These magnetisation
plateaux allow for the metastability of a
“fragmented” spin liquid, an unconventional
phase of matter where long-range order
co-exists with a spin liquid, which has lately
attracted the attention of the “frustrated-
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magnetism” community [3,4].

Figure 1: Time evolution of the monopole
density and magnetization after a field
quench. While the total magnetization
ultimately vanishes (green curve), it gives
rise to long-lived magnetization plateaux
on pyrochlore layers perpendicular to the
[111] direction (blue and violet). Noticeably,
the magnetic relaxation occurs at constant
monopole density (red). This long-lived
regime corresponds to the metastable
fragmented spin liquid where partial
magnetic order co-exist with a Coulomb
spin liquid.

For positive J, the attraction between
same-sign charges produces clusters of
these defects at equilibrium. The stability of
these clusters is due to a combination of
energy and topological barriers. These
clusters may take the form of a “jellyfish”
spin texture, centred on a closed ring with
branches of arbitrary length. The ring
carries a clockwise or counterclockwise
circular flow of magnetisation. This
emergent toroidal degrees of freedom
provides a possibility for time-reversal
symmetry breaking in absence of
macroscopic magnetisation. Being
inherently non-local and energetically
stable, this toroidal degree of freedom can
easily remain frozen over long time scale.
Hence, in addition to a variety of out-of-
equilibrium phenomena observed in a
model without any quenched disorder (it is
not a spin glass), and the discovery of
stable extended magnetic textures made of
topological defects, this emergent toroidal

degrees of freedom offers a possible route
of investigation for the spontaneous AHE in
Pralr207.

(B)
Even for unconventional coupling between
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the charges, i.e. where defects bearing the
same charge attract each other, the system
remains strongly constrained by the Gauss’
law. The resulting phase diagram supports
a variety of (dis-)ordered phases, including
what is, to the best of our knowledge, a yet
unexplored classical spin liquid (CSL) [see
Figure 2]. This CSL is made of clusters of
same-sign charges, in a way reminiscent to
the above pyrochlore model, but with the
distinctive difference that the kagome
lattice is entirely paved with such clusters;
each cluster is surrounded by, and in direct
contact with, clusters of opposite charges.
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Figure 2: Phase diagram for attractive
(J<0) and repulsive (J>0) interaction
between charges of opposite sign with
phase transitions (circles) and crossovers
(crosses). There is no long-range order in
the kexamer classical spin liquid (green).

This CSL is stable over an extended region
of the phase diagram, and interestingly
connected to the regime of small further
neighbour coupling J [see Figure 2]. It is
characterised by an extensive residual
entropy of unconventional value, as well as
the formation of hexamer rings of same-
sign topological charges. The emergence
of hexamers is reflected by a “half-moon”
pattern in the magnetic structure factor,
which provides a signature of this new spin
liquid in neutron-scattering experiments.

This work opens the door for exciting new
directions of research in the very active
fields of two-dimensional spin liquids and
interactions between fractionalized charges



in Condensed Matter. Since this CSL
phase is stable over an extended region of
the phase diagram, the addition of
quantum fluctuations would be especially
interesting. As a side benefit, Monte Carlo
simulations of this CSL have required the
development of a worm algorithm which
does not require the usual presence of a
local conservation law, as opposed to
traditional Coulomb spin liquids.

(©)

The nature and degeneracy of the flat
bands are shown to be preserved for any
value of the anisotropy. These flat bands
can coexist with Dirac nodes at the I point
when the model becomes particle-hole
symmetric [see Figure 3].

Figure 3: Apparition of a Dirac cone in the

mode spectrum of the interaction matrix for
breathing kagome when the model
becomes particle-hole symmetric.

We have also derived the nature of the
ground state for the breathing kagome
lattice, both for the Heisenberg and XXZ
Hamiltonians, which bears a spontaneous
chirality when neighbouring triangles are
alternatively ferro- and antiferro-magnetic.

In conclusion, during this Kakenhi project,
we have had the opportunity to study a
palette of phenomena beyond the
traditional frustrated spin-ice model:

(A)

complex out-of-equilibrium dynamics after
a field quench in a system without
quenched disorder, with possible
connection to the AHE of Pralr20O7

(B)

new kinds of spin liquids made of clusters
of topological charges: these clusters are
diluted on pyrochlore, and fully packed on

kagome

(©)

preservation of the flat bands in breathing
lattices despite broken lattice symmetry,
and apparition of Dirac cones in the mode
spectrum of the interaction matrix

These results are very promising, and we
have no doubt will nucleate further work in
the topical fields of spin liquids, topological
phases, flat-band systems, interactions
between fractionalised charges and out-of-
equilibrium dynamics away from traditional
spin glasses.

If we may conclude on a more personal
note, this Kakenhi project also corresponds
to the time where both collaborators have
moved on to Faculty positions: Masafumi
Udagawa is Associate Professor in the
University of Gakushuin since 2015, and
Ludovic Jaubert is CNRS researcher in the
University of Bordeaux in France since
2017

[11 Y. Machida et al., Nature 463, 210
(2010).

[2] M. Udagawa, L.D.C. Jaubert, C.
Castelnovo, R. Moessner, Phys. Rev. B 94,
104416 (2016)

[3] M.E. Brooks-Bartlett et al, Phys. Rev. X
4, 011007 (2014)

[4] S. Petit et al, Nature Phys. 12, 746
(2016)

[6] T. Mizoguchi, L.D.C. Jaubert, M.
Udagawa, arXiv:1702.03794

[6] Y. Okamoto, G.J. Nilsen, J.P. Attfield, Z.
Hiroi, Phys. Rev. Lett. 110, 097203 (2013)
[7] K. Essafi, L.D.C. Jaubert, M. Udagawa,
accepted for publication in J. Phys.: Cond.
Matter

5. ElpRRinCiE
(WFFERFEE . WFE o HE e Qe 2R
=Y

fessamsc)  GBE 11 1)
o1 T. Yoshida and M. Udagawa, Generic
Weyl phase in the vortex state of quasi-
two-dimensional chiral superconductors,
Physical Review B Rapid Communications,
refereed, 94, 2016, 060507 (R)
DOI:10.1103/PhysRevB.94.060507

02 M. Udagawa and E. J. Bergholtz, Field-
Selective Anomaly and Chiral Mode
Reversal in Type-ll Weyl Materials,
Physical Review Letters, refereed, 117,
2016, 086401



DOI:10.1103/PhysRevLett.117.086401

03 M. Udagawa, L.D.C. Jaubert, C.
Castelnovo and R. Moessner, Out-of-
equilibrium dynamics and extended
textures of topological defects in spin ice,
Physical Review B, refereed, 94, 2016,
104416
DOI:10.1103/PhysRevB.94.104416

o4 K. Essafi, L.D.C. Jaubert and M.
Udagawa, Flat bands and Dirac cones in
breathing lattices, accepted for publication
in Journal of Physics: Condensed Matter,
refereed

o5 Y. Tokiwa, T. Yamashita, M. Udagawa,
S. Kittaka, T. Sakakibara, D. Terazawa, Y.
Shimoyama, T. Terashima, Y. Yasui, T.
Shibauchi, Y. Matsuda, Thermal
conductivity of quantum magnetic
monopoles in the frustrated pyrochlore
Yb2Ti207, Nature Communications,
refereed, 7, 2016, 10807
DOI:10.1038/ncomms10807

06 J. Nasu, M. Udagawa and Y. Motome,
Thermal fractionalization of quantum spins
in a Kitaev model: T-linear specific heat
and coherent transport of Majorana
fermions, Physical Review B,

refereed, 92, 2015, 115122
DOI:10.1103/PhysRevB.92.115122

o7 R. Ozawa, M. Udagawa, Y. Akagi and Y.
Motome, Surface and interface effects on a
magnetic Chern insulator, Jounral of
Physics: Conference Series,

refereed, 592, 2015, 012130
DOI:10.1088/1742-6596/592/1/012130

08 J. Nasu, M. Udagawa and Y. Motome,
Low-energy Majorana states in spin liquid
transitions in a three-dimensional Kitaev
model, Jounral of Physics: Conference
Series,

refereed, 592, 2015, 012115
DOI:10.1088/1742-6596/592/1/012115

o9 E. J. Bergholtz, Zhao Liu, M. Trescher,
R. Moessner and M. Udagawa, Topology
and Interactions in a Frustrated Slab:
Tuning from Weyl Semimetals to $C > 1$
Fractional Chern Insulators, Physical
Review Letters,

refereed, 114, 2015, 016806
DOI:10.1103/PhysRevlLett.114.016806

010 M. Udagawa and E. J. Bergholiz,
Correlations and entanglement in flat band

models with variable Chern numbers,
Jounral of Statistical Mechanics,
refereed, 2014, P10012
DOI:10.1088/1742-5468/2014/10/P10012

11 M. Udagawa and Y. Motome,
Entanglement Spectrum in Cluster
Dynamical Mean-Field Theory, Jounral of
Statistical Mechanics,

refereed, 2015, P01016
DOI:10.1088/1742-5468/2015/01/P01016

(%L GE 14 1)
O1 M. Udagawa, Novel routes for
monopole freezing in spin ice, YITP Long-
term workshop: Novel Quantum States in
Condensed Matter,
2014411 H10H, YITP Kyoto

O2 L. Jaubert, Magnetic Crystallography
and “jellyfish” structure of monopoles in
spin ice, 20t International Conference on
Magnetism,

20154£07 H10H, Barcelona, Spain

O8 L. Jaubert, Spin Glass in Spin Ice, New
Frontiers in Non-equilibrium Physics of
Glassy Materials workshop,

2015408 H12H, YITP Kyoto

(invited talk)

O4 L. Jaubert, Magnetic Crystallography in
spin ice, JPS Autumn Meeting,
2015409 H 19 A, Kansai University

O5 L. Jaubert, A phase diagram of
breathing pyrochlores, JPS Autumn
Meeting,

2016409 H 14 H, Kanazawa University

O6 T. Mizoguchi, Effect of interaction
between fractional charges on classical
spin liquid on kagome lattice, Statistical
Mechanics Seminar,

20164:12H 06 H, Tokyo

O7 T. Mizoguchi, Effect of interaction
between fractional charges on classical
spin liquid on kagome lattice, International
School on Topological Science and
Topological Matters,

20174-0213-18 H, Kyoto

O8 T. Mizoguchi, Effect of interaction
between fractional charges on classical
spin liquid on kagome lattice, Topological
Phases and Functionality of Correlated
Electron Systems,

20174202 4 20-22 A, Kashiwa

O9 T. Mizoguchi, Effect of interaction



between fractional charges on classical
spin liquid on kagome lattice, APS March
Meeting,

20174-03 13-17 H, New Orleans, USA

(O10 L. Jaubert, Emergent phenomena in
spin liquids, French GdR Meeticc
2017403 | 28-31 H, Bordeaux, France

O11 L. Jaubert, Emergent phenomena in
classical spin liquids, Cavendish Lab.
20174205/ 04 H, Cambridge, UK
(invited seminar)

(O12 M. Udagawa, Emergent collective
excitations and anomalous dynamics of
spin ice with short-range interaction, ISSP-
MPI PKS joint workshop, 20154203 30
H, ISSP, Kashiwa, Japan

(invited talk)

(O13 M. Udagawa, Recombination of
fractional excitations in frustrated magnets,
EPiQS-TMS Trans-Pacific Conference on
Topological Quantum Materials, 2016 412
HO08H, Gump Station, Tahiti.

(invited talk)

(O14 M. Udagawa, Dynamics of fractional
excitations in quantum spin ice, ISSP
Workshop on Theory of Correlated
Topological Materials, 2017 4203 H02H,
ISSP, Kashiwa, Japan

(invited talk)

(XE) Gt o )

(PE &R PEME]
otk Gt 0 1)

ZFR
T
MR -
FH¥A -

FiSR e
HFEFH B
EINFL DRI

ofiff ki Gt 0 1)

LFE
T
MR -
FH¥A -

FiSR e
BAEFH A
EINFL DRI

(Z D)
R BR— A
Personal webpages with publication list
https://www.loma.cnrs.fr/ludovic-jaubert/
#tabpanel9
https://groups.oist.jp/tgm/publications

All papers were made freely available on
arXiv:

https://arxiv.org/abs/1702.03794
https://arxiv.org/abs/1610.01748

https://arxiv.org/abs/1603.02872
https://arxiv.org/abs/1408.3669

6. IR
(OFFEfR S

Jaubert, Ludovic (Jaubert, Ludovic)

BB R B K - PR =
CHRE

WF7eE &5 + 10727209

3¢ (Udagawa, Masafumi)
o BREEER - HEHR
1 80431790


https://www.loma.cnrs.fr/ludovic-jaubert/#tabpanel9
https://groups.oist.jp/tqm/publications
https://arxiv.org/abs/1702.03794
https://arxiv.org/abs/1610.01748
https://arxiv.org/abs/1603.02872

