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Summary
Focus

The unprecedented recent burst in materials synthesis of quantum and classical kagome networks, 
which has served for long, as the ideal playground for geometrically frustrated antiferromagnets, 
has been rapidly followed, since 2006, by a vast panel of experimental investigations and has 
triggered novel theoretical scenarios and a critical reinvestigation of older ones. Although the 
gap between theories and experiments is presently closing, more than 30 years after the seminal 
ideas of P.W. Anderson, there are still many open issues about the nature of the possible ground 
states and the ways to probe them.

In this context, the focused and timely ESF-HFM workshop aimed at gathering most of the 
actors in the field from inside Europe, ie all ESF-HFM members working in this field, as well 
as from outside Europe, mainly from USA and Japan, and at covering the various facets of the 
recent work from bulk and artificial materials to theory. 

Organization :

The workshop ran over 2.5 days starting on the morning of monday 18th january and ending 
after lunch time on wednesday 20th january 2010. It was co-sponsored by CNRS through its 
special grant supporting the Highly Frustrated Magnetism activity, the RTRA “Triangle de la 
physique” and the French Physical Society, SFP.

A broad diffusion of the workshop was ensured through the mailing list of the ESF-HFM 
network and a website was set-up and updated until the workshop started: http://www.lps.u-
psud.fr/kagome. All potential participants have been reached.

The workshop took place at Laboratoire de Physique des Solides, located on the campus of 
Paris-Sud University, Orsay, approximately 25 km in the south-west of Paris. Participants were 
lodged in two nearby hotels, Hôtel d’Orsay (Orsay) and Resid’Home (Bures/Yvette).

Out of the 54 Delegates, 46 came from institutes within our network (France, UK, Germany, 
Switzerland, Israel, Slovenia) and 8 colleagues from overseas (USA and Japan) were invited. 
Their travel expenses were covered through the supporting grant from “Triangle de la Physique”. 
As many as 19 nationalities were represented! 

24 participants were experimental physicists, 24 were theorists and 6 were materials scientists/
chemists. All participants had accommodations and meals paid for, Israeli participants had 
their travel expenses partly supported. In addition to overseas speakers, there were 5 invited 
contributions from our network. 

The workshop was organized along several topics, novel kagome spin ½ physics: models and 
materials; anisotropic rare earth and cobalt based kagome systems; perturbations to the ideal 
case; new materials. Theory and experimental/materials talks were intermixed and a buffet 
poster session was organized on the first evening in order to favour deep exchanges between 
all participants. This quite focused workshop occurred at the right time where the community 
working in that field needed to sort out and discuss in details experiments and various proposed 
models. The special focus on kagome physics, which represents a particular sub-field of highly 
frustrated magnetism, has been warmly welcome by the participants who were quite prompt and 
numerous to reply to the first call. In general there was much lively discussion and debate about 
pending issues. Covering the state of the art in the field of kagome physics, the opportunity for 
participants to start new collaborations and discussion among various generations of researchers 
worldwide represent the main outcomes. 
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Scientific Committee : 

•	 F. Bert, LPS (Orsay, France)

•	 Ph. Mendels, LPS (Orsay, France)

•	 G. Misguich, IPhT (CEA Saclay, France)

•	 A. S. Wills, University College London (London, UK)

Local organization: 

F. Bert, B. Daly, M.F. Mariotto and P. Mendels

Invited speakers from overseas

• J. Cumings (University of Maryland): artificial lattices

• J. Gardner (NIST and Indiana University): langasites

• J. Helton (NIST, formerly at MIT): herbertsmithite

• M.A. Hermele (Univ. of Colorado): novel models

• Z. Hiroi (Tokyo University): materials synthesis and volborthite

• R.R.P. Singh (Univ. California, Davis): novel models

• O. Tchernyshyov (John Hopkins University): fermionic excitations
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Scientific Content and Discussion 
The physics of frustrated quantum magnetism has recently been boosted on the experimental 
side by the discovery of novel antiferromagnetic kagome materials which offer alternatives to 
the well celebrated Néel ground state. Hence the presentation sorted through most representative 
materials and corresponding models.

Herbertsmithite and Kagome Heisenberg Antiferromagnet (KHAF models)
Overall, ca 40% of the workshop was devoted to the novel structurally perfect kagome spin ½ 
material named Herbertsmithite which opened a new avenue in the kagome and more generally 
novel highly frustrated magnetic states worlds. The session allowed to review the various 
models for the perfect kagome Heisenberg antiferromagnet and to draw the contours of the real 
Hamiltonian. This material was first synthesized at MIT and reproduced by various groups of 
the ESF-HFM network. J. Helton (MIT) opened the workshop discussing his seminal PhD work 
and a more recent attempt to unravel quantum critical behaviour by tentative scalings of the 
dynamical susceptibility and low temperature magnetization measurements. Next, in a review 
spirit, C. Lhuillier (Paris) sketched a state of the art picture of the gap issue and correlations 
in the KHAF. A. Olariu (Orsay and Lausanne) and M.A. de Vries (Edinburgh and Lausanne), 
presented their set of PhD seminal results which initially gave a strong support to the absence 
of a gap and the existence of inter-site mixing which complicates much the ideal Hamiltonian. 
P. Lemmens (Braunschweig) presented his innovative recent Raman scattering results, paving 
the way to a direct probe of models through the Raman response. A. Keren (Haïfa) made a point 
which was heavily discussed about a strong anisotropy in Herbertsmithite obtained through 
magnetization measurements on oriented powders. M. Hermele (U. Colorado) and R.R.P. Singh 
(U. California) proposed respectively algebraic spin liquid and valence bound crystal ground 
states for the KHAF. Through a Quantum Dimer Model approach, D. Poilblanc and M. Mambrini 
(Toulouse), pointed out that the KHAF might be at a quantum critical point between two 36-site 
unit cell Valence Bond Crystal. Turning to the defects, O. Cepas (Grenoble) examined in detail 
the consequence of Dzyaloshinskii-Moriya anisotropy on the theoretical phase diagram, with 
the appearance of a purely quantum critical point and discussed the analysis of ESR lineshapes. 
The effect of spin vacancies evidenced through NMR measurements (see talk by A. Olariu) was 
discussed by F. Mila (Lausanne) using exact diagonalization methods. Finally, O. Tchernyshyov 
(Baltimore) presented his work on exotic elementary spinon excitations for the KHAF.

The Volborthite compound is known as the purest spin 1/2 kagome-based compound but with 
a distorted lattice. Z. Hiroï, in his invited talk, gave an overview of the quite original H-T 
phase diagram recently found out through High Field Magnetization measurements which still 
lacks some theoretical interpretation. The essence of the low-T H=0 phase starts being better 
captured with a short range order which requires two propagation vectors to be described and a 
substantial DM anisotropy as shown by G.J. Nilsen (Edinburgh, Lausanne) in his talk based on 
his neutron scattering PhD work. In this context of a behaviour at odds with Herbertsmithite, 
the theoretical discussion of the Hamiltonian through exact diagonalizations by P. Sindzingre 
(Paris) and ab-initio calculations by O. Janson (Dresden) point at a set of interactions, the 
complexity of which is related to the distorted character of the structure. 
The progress in Novel and artificial materials has attracted a lot of attention. R. Colman London) 
presented his successful synthetic work on a polymorph of Herbertsmithite, kapellasite and Mg 
derived Cu2+kagome lattices. B. Fak (Grenoble) demonstrated that kapellasite has a specific 
spin liquid inelastic response in neutron scattering. J. Cumings was given the opportunity to 
review in his invited talk the recent developments on the growth of artificial spin ice lattices. 
Spin ice represent a solid playground to test the relevance of such a synthetic approach to the 
field of Highly Frustrated Magnetism. Finally, L. Fenner presented her results on the effects of 
frustration on the itinerant ferromagnet Fe3Sn2.
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One session was devoted to kagome lattices decorated with classical spins. In the emerging 
field of easy-axis anisotropic kagome lattices, J. Gardner (NIST) and V. Simonet (Grenoble) 
reviewed their results on rare-earth langasites which point at the major influence of single-ion 
anisotropy on the low-T behaviour. When one refers to the richness of rare-earth pyrochlores, 
this is a vast field which seems to open. A. Sen (Mumbai, Boston) explained theoretically 
why an original semi-classical spin liquid phase should appear. Recent results on Co-based 
kagome lattices were then presented. O. Petrenko (Warwick) attracted our attention on the 
poor description of the magnetic phases under an applied field in the staircase compound 
Co3V2O8. P. Manuel (ISIS) and H. Mutka (Grenoble) presented theoretical and experimental 
neutron work on the mixed valence cobaltate YBa (Ca)Co4O7, a stacking of Co triangular and 
kagome layers. In the Heisenberg case, I. Rousochatzakis (Lausanne) showed through ED and 
symmetry arguments that the excitations can be associated with the spatial degeneracy of the 
semi-classical three sublattice coplanar ground states. 

Finally, some recent theoretical developments on hard dimer models on kagome stripes were 
presented, J. Richter (Magdeburg) within a Hubbard model and A. Läuchli (Dresden) by looking 
at dimer correlations through exact diagonalization studies.
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Assessment of the results and impact of the 
event on the future direction of the field

This workshop met its primary objective: gather the three “kagome” communities to draw 
the state of the art in this field and debate about theories, experimental results and materials 
synthesis in order to generate new ideas and avenues for future research in the field which could 
be coined: “Towards a spin liquid state, but of what kind?”. The research in the field is indeed 
at the crossroads of new fundamental states and new generations of materials. Getting a deep 
overview in this focused field and a better knowledge between the actors in the field appears as 
a very positive step in this context.

Postdocs and PhD students represented 40% of the audience. They presented a set of very high 
level results. This reflects the great renewal of the field not only from the topical aspects which 
was born 20 years ago but also on the generation side!

The focused character of the meeting enabled the participants to have fruitful and unprecedented 
exchanges. Some collaborations between members of the ESF network were initiated, e.g.the 
visit program (Keren-Lemmens) for exploratory Raman measurements on novel systems, 
materials scientists could discuss about better in depth characterization through advanced 
physical techniques and some experimental results, e.g. for kapellasite (Wills-Mendels-Fak) 
attracted the attention of theorists who suggest it to be a model system with a complex non-
planar and short-range spin correlations (Lhuillier). Overall, having theorists explaining in 
depth quite involved concepts to experimentalists proves to be quite rewarding for the future 
directions of the field and vice-versa. A good example is R.R.P Singh, inspired by A. Olariu’s 
talk produced a paper about spinless defects in the VBC scenario soon after the workshop. 

One major concern is about materials synthesis. Only two or three groups at the European scale 
are working to produce new kagome systems, new synthesis routes or reproducing recently 
established synthesis routes. In comparison with the importance of the stake of generating a spin 
liquid on a perfect kagome lattice, this seems too little effort in comparison with the number of 
physicists engaged in the field! This is not specific to the Highly Frustrated Magnetism domain 
but rather signals a general trend of chemists going to more industrial related topics which are 
best funded. 
The success of this workshop should encourage in the future to set-up a new network covering 
most of the field of Highly Frustrated Magnetism which expansion and structuring can certainly 
be granted, wihin Europe to our ESF-HFM network. 
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Budget

The details about expenses can be obtained from Laboratoire de Physique des Solides and 
Institut Néel Grenoble which have been in charge the account of this workshop.

The expenses are sorted along global lines:

•	 Meals, coffee breaks    6483.70 €

•	 Accomodation for all participants  6641.78 €

•	 Travel for overseas invited speakers  4949.79 €

•	 Banquet + RER transport   2423.70 €

•	 Local costs      914.00 €

TOTAL          21412.97 €

Total support:

•	 RTRA Triangle de la Physique  5000.00 €

•	 Société Française de Physique  1672.24 €

•	 GDR « Magnétisme Frustré », CNRS 3546.00 €

•	 ESF      11200.00 €

TOTAL          21418.24 €



Monday, January 18th 

8:30 - 9:00 Welcome 

9:00 - 10:30 
9:00 - 9:40    S. Helton
9:40 - 10:05  C. Lhuillier 
10:05 - 10:30 A. Olariu 

10:30 Coffee break 

11:00 - 12:30 
11:00 - 11:40 M. Hermele
11:40 - 12:05 M.A. de Vries 
12:05 - 12:30 P. Lemmens 

12:30 - 14:15 Lunch 

14:15 - 16:00
14:15 - 14:55 R.R.P. Singh
14:55 - 15:20 A. Keren 
15:20 - 16:00 F. Mila

16:00 Coffee break 

16:30 - 18:00 
16:30 - 16:55 R. Colman 
16:55 - 17:20 B. Fak 
17:20 - 18:00 O. Cépas

18:00 - 20:00 Poster  
Session and Dinner buffet 

Wednesday, January 20th 

9:00 - 10:30 
9:00 - 9:40     Z. Hiroi
9:40 - 10:05   O. Janson 
10:05 - 10:30 G. J. Nilsen 

10:30 Coffee break 

11:00 – 12:55 
11:00 - 11:25 P.Sindzingre
11:25 -11:50  D.Poilblanc 
11:50 - 12:05 M. Mambrini 
12:05 - 12:55 A. Läuchli

Tuesday, January 19th 

9:00 - 10:30 
9:00 - 9:40   J. Cumings
9:40 - 10:20 J.S. Gardner

10:20 Coffee break 

10:50 - 12:20 
10:50 - 11:15  A. Sen 
11:15 - 11:55  V. Simonet
11:55 - 12:20 A. Zorko 

12:20 - 14:15 Lunch 

14:15 - 15:45
14:15 - 14:40 O. A. Petrenko 
14:40 - 15:20 P. Manuel
15:20 - 15:45 H. Mutka 

15:45 Coffee break 

16:15 - 18:10 
16:15 - 16:55 O. Tchernyshyov
16:55 - 17:20  I. Rousochatzakis 
17:20 - 17:45  J. Richter 
17:45 - 18:10  L. Fenner 

20:00 Workshop dinner 

Meeting Programme

The workshop had invited oral contributions (30+10 min.), contributions selected from the 
abstract list (20 + 5 min.) and posters.

Many slots were open for discussions between the various people active in this field.
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Kagomé Network 
Programme

Monday, January 18th 

8:30 – 9:00 Welcome 
9:00 – 10:30 

9:00 - 9:40  Spin dynamics and scaling behavior in the spin - ½ Kagomé Lattice 
antiferromagnet herbertsmithite.
 S. Helton, K. Matan, M. P. Shores, B. M. Bartlet, E. A. Nytko, Y. Qiu, D. G. Nocera, Y. S. Lee 

9:40 - 10:05  The spin - ½ Kagomé antiferromagnet: static and dynamical correlations, 
spin gap or criticality ? 
C. Lhuillier, L. Messio, P. Sindzingre, A. M. Läuchli, O. Cépas 

10:05 - 10:30  Local properties of the quantum Kagomé antiferromagnet Herbertsmithite.
A. Olariu, A. Zorko, F. Bert, P. Mendels, M. A. de Vries, J. C. Trombe 

10:30 Coffee break 

11:00 – 12:30 

11:00 - 11:40  Algebraic spin liquid on the Kagomé lattice.
 M. Hermele

11:40 - 12:05  Static and dynamic correlations in the Kagomé antiferromagnet herbertsmithite 
– direct evidence of a quantum spin liquid ground state.
 M. A. de Vries

12:05 - 12:30 Interplay of thermal and quantum fluctuations in the Kagomé lattice compound 
ZnCu3(OH)6Cl2
P. Lemmens, D. Wulferding, P. Scheib, V. Gnezdilov, P. Mendels, R. Colman, M. A. de Vries 

12:30 – 14:15 Lunch 

14:15 – 16:00  

14:15 - 14:55  Possible valence bound crystal order in the Kagomé lattice antiferromagnet.
R. R. P. Singh

14:55 - 15:20 The symmetry of the spin Hamiltonian for spin - ½ Kagomé lattices 
and its implications.
A. Keren

15:20 - 16:00  Non magnetic impurities in Kagomé antiferromagnets.
F. Mila

16:00 Coffee break 

16:30 - 18:00 

16:30 - 16:55  S = ½ Kagomé systems: synthetic challenges and recent advances.
R. Colman, B. Fak, A. S. Wills 

16:55:17:20  Spin dynamics of classical and quantum Kagomé antiferromagnets studied by 
inelastic neutron scattering.
B. Fak, R. Colman, A. S. Wills, G. Nilsen, A. Harrison, J. Ollivier, D. Vissier, T. Unruh 

17:20 - 18:00 ESR linewidth and lineshape in spin systems.
O. Cépas, S. El Shawish, S. Miyashita 

18:00 - 20:00 Poster Session – Dinner buffet 
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Kagomé Network 
Programme

Tuesday, January 19th 
9:00 – 10:20 

9:00 - 9:40  Developments in Artificial Spin Ice and Artificial Kagome Ice. 
J. Cumings

9:40 - 10:20 Spin  Correlations in Langasite Compounds – from spin liquid to spin solid.
J. S. Gardner

10:20 Coffee break 

10:50 – 12:20 

10:50 - 11:15  Kagomé antiferromagnets with easy - axis anisotropy.
A. Sen

11:15 – 11:55  Cooperative magnetism and magnetocrystalline anisotropy  
in rare - earth langasites.
V. Simonet, E. Lhotel, R. Ballou, J. Robert, K. Marty, P. Bordet, B. Canals, F. Hippert, 
P. Fouquet, J. Ollivier 

11:55 – 12:20  Local - Probe Investigation of Rare - Earth Based Langasites.
A. Zorko, F. Bert, P. Mendels 

12:20 – 14:15  Lunch 

14:15 – 15:45

14:15 – 14:40  Kagomé staircase compound Co3V2O8 in an applied magnetic 
field: single crystal neutron diffraction study.
O. A. Petrenko, N. R. Wilson, G. Balakrishnan, D. McK Paul and G. J. McIntyre 

14:40 - 15:20  Spin correlations in geometrically frustrated RBaCo4O7
P. Manuel, D. D. Khalyavin  L. C. Chapon and J. F. Mitchell 

15:20 - 15:45  Spin fluctuations and freezing in Y0. 5Ca0. 5BaCo4O7
H. Mutka, J. R. Stewart, G. Ehlers, C. Payen, P. Fouquet, R. Lortz 

15:45 Coffee break 

16:15 – 18:10 

16:15 – 16:55  Spin excitations with Fermi statistics in the S = 1=2 Heisenberg 
model on Kagome.
Z. Hao, O. Tchernyshyov

16:55 - 17:20  Symmetry analysis of low - energy spectra of highly frustrated 
AFMs with s > 1=2  
I. Rousochatzakis, A. Läuchli, F. Mila 

17:20 – 17:45  Hard - dimer degrees of freedom for the Hubbard model on Kagomé stripes. 
J. Richter, O. Derzhko, A. Honecker, M. Maksymenko, R. Moessner 

17:45 – 18:10  Frustration in the Itinerant Ferromagnet Fe3Sn2
L. Fenner, A. S. Wills 

20:00 Workshop dinner : La Bastide Odéon, Paris 
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Kagomé Network 
Programme

Wednesday, January 20th 

9:00 – 10:30 
9:00 – 9:40  Novel Phenomena in the Spin - ½ Kagome Compound Volborthite. 
Y. Okamoto, M. Tokunaga, M. Yoshida, M. Takigawa, Z. Hiroi

9:40 – 10:05  Volborthite Cu3V2O7(OH)2_2H2O: Orbital ordering on a distorted Kagomé 
geometry.
O. Janson, J. Richter, P. Sindzingre, H. Rosner 

10:05 - 10:30  Neutron Scattering Studies of the S = ½ Quasi - Kagome System Volborthite.
G. J. Nilsen, F. C. Coomer, J. R. Stewart, P. P. Deen, M. A. DeVries, H. M. Rønnow, and A. Harrison 

10:30 Coffee break 

11:00 – 12:55 

11:00 – 11:25  Which model spin Hamiltonian for Volborthite ?  
P Sindzingre

11:25 – 11:50  The Kagomé Heisenberg Antiferromagnet: at a First - Order Phase Transition 
close to a Quantum Critical Point ?  
D. Poilblanc

11:50 – 12:15  A Generalized Quantum Dimer Model for the singlet sector of the Kagomé 
antiferromagnet. 
M. Mambrini

12:15 – 12:55  Dimerization patterns in Kagome based quantum magnets. 
A. Läuchli



13

a,b a c c c

b,d c a

a

b

c

d

3 6 2

χT 2/3

ω/T

The spin-1/2 kagome antiferromagnet: static and dynamical correlations, spin gap or criticality?

Claire Lhuillier1, Laura Messio1, Philippe Sindzingre1, Andreas M. Läuchli2, Olivier Cépas31

11. Laboratoire de Physique Théorique de la Matière Condensée, UMR 7600 CNRS,
Université Pierre-et-Marie-Curie, Paris 6, 75252 Paris Cedex 05, France

2. Max Planck Institut für Physik komplexer Systeme, Nöthnitzerstr. 38, D-01187 Dresden, Germany
3. Institut Néel, CNRS et Université Joseph Fourier, BP 166, F-38042 Grenoble Cedex 9, France.

Twenty years after the first discussions about the putative ground-state of the spin-1/2 kagome model [1],
and the first ”large scale” computations [2], the understanding of the model has progressed but many questions
remain opened. We present various recent theoretical results on the spin-1/2 kagome antiferromagnet, which
question some aspects of the common doxa on the subject: spin gap, nature of the short range correlations.

[1] V. Elser, Phys. Rev. Lett. 62 2405 (1989)
[2] P.W. Leung and V. Elser, Phys. Rev. B. 47, 5459 (1993)

[3] P. Sindzingre and C. Lhuillier, Eur. Phys. Lett. 88, 27009 (2009),
cond-mat/0907.4164.

[4] A. Laeuchli, C. Lhuillier, arXiv:cond-mat/0901.1065.
[5] L. Messio, O. Cepas, C. Lhuillier submitted.
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Local Properties of the Quantum Kagome Antiferromagnet
Herbertsmithite ZnCu3(OH)6Cl2

A. Olariua, A. Zorkob, E. Kermarrecc, F. Bertc, P. Mendelsc, M.A. de Vriesd,
J.-C. Trombee

aService de Physique de l’État Condensé, DSM, CEA Saclay, 91191 Gif-sur-Yvette, France
bJožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia
cLab. de Physique des Solides, Univ Paris-Sud, UMR CNRS 8502, 91405 Orsay, France
dCSEC and School of Chemistry, The University of Edinburgh, Edinburgh EH9 3JZ, UK
eCentre d’Élaboration des Matériaux et d’Études Structurales, CNRS UPR 8011, 31055
Toulouse, France

The frustration of antiferromagnetic interactions on the loosely connected kagome lattice
associated to the enhancement of quantum fluctuations for S=1/2 spins was acknowledged
long ago as a keypoint to stabilize novel ground states of magnetic matter. Only very
recently, the model compound Herbersmithite, ZnCu3(OH)6Cl2, a structurally perfect
kagome antiferromagnet could be synthesized [1] and allows close comparison to theories.
Muon spin resonance investigation [2] has demonstrated the absence of any spin freezing
at least down to 50 mK, an energy scale 4000 times smaller than the main antiferro-
magnetic interaction (J � 190 K). The kagome plane susceptibility could be accurately
measured from the 17O NMR lineshift. It goes through a broad maximum at T � J/2 at
variance with the monotonic SQUID susceptibility which can be consistently interpreted
as being dominated by a paramagnetic-like defect contribution arising from Zn/Cu in-
tersite mixing [3,4]. At lower temperatures (T � J/100), the kagome susceptibility is
found to saturate to a non zero value in agreement with the absence of a gap in relaxation
measurements[3].

Figure 1 O17 NMR central lines (left) and lineshifts (right) for the two detected O site,
in between two Cu (open) and next to a Zn defect in the kagome plane (full).

References

[1] P. Shores et al, J. Am. Chem. Soc. 127, 13 462 (2005)
[2] P. Mendels et al, Phys. Rev. Lett. 98, 077204 (2007)
[3] A. Olariu et al, Phys. Rev. Lett. , 1 (2008).
[4] F. Bert et al Phys. Rev. B (2007).
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Algebraic Spin Liquid on the Kagome Lattice

Michael Hermele

Department of Physics, University of Colorado at Boulder, Boulder, Colorado 80309, USA

The nature of the ground state of the S = 1/2 kagome Heisenberg antiferromagnet is one of
the most challenging and intriguing open problems of quantum magnetism. Experiments
on herbertsmithite showing the absence of both magnetic order and a spin gap led Ran,
Lee, Wen and myself to propose that the ground state may be an algebraic spin liquid [1,
2]. This state has a host of remarkable properties – perhaps most striking is the presence
of a Dirac-fermion-like spectrum combined with a lack of good quasiparticle excitations,
even at the lowest energies. In this talk, I will review our work, and give an update on
the status of these ideas in light of recent experiments and numerical results.

References

[1] Y. Ran, M. Hermele, P. A. Lee and X.-G. Wen, Phys. Rev. Lett., 98, 117205 (2007)
[2] M. Hermele, Y. Ran, P. A. Lee and X.-G. Wen, Phys. Rev. B 77, 224413 (2008)
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ESF-HFM Kagome-Workshop, Paris, Jan 2010 

Interplay of thermal and quantum fluctuations 
 in the kagomé lattice compound ZnCu3(OH)6Cl2

P.  Lemmens, D. Wulferding, P. Scheib, V. Gnezdilov, P. Mendels, R. Colman, M.A. de 

Vries, and Y. S. Lee  

IPKM, TU BS, D-38106 Braunschweig, Germany; UCL Chemistry, London UK; CSEC and 

SoC, University of Edinburgh, UK; Univ. Paris Sud, Paris, France; MIT Cambridge, USA 

We present a Raman spectroscopic investigation on the Herbertsmithite ZnCu3(OH)6Cl2 and 
Kapellasite, which are realizations of the spin ½ Heisenberg antiferromagnet on a kagomé 
lattice. In our detailed study we have compared crystals form mineral repositories with 
hydrothermally prepared powder materials (different antiside disorder) and single crystals. As 
function of temperature spin correlations evolve in Raman scattering as a quasielastic line of 
thermally induced fluctuations and a broad, feature less continuum at finite energies. These 
two components have markedly different temperature dependence and symmetry selection 
rules. Therefore we attribute them to different physics. Phonon excitations are used to 
evaluate the significance of symmetry selection rules in the light scattering experiments. 
Antiside disorder shows up in the linewidth of certain phonon modes. Our results will be 
compared with recent calculations by O. Cepas, et al, W.H. Ko, et al., and A.M. Läuchli, et al.  
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Static and dynamic correlations in the kagome antiferromagnet
herbertsmithite - direct evidence of a quantum spin liquid

ground state.

M. A. de Vriesa,b,c, D. Wulferdingd, P. Lemmensd, H. M. Rønnowc,
G. N. Nilsenc, J. O. Piatekc, J. R. Stewarte,f , P. P. Deenf , A. Harrisonf ,
A. Olariuc,g, F. Bertg and P. Mendelsg.
aSchool of Physics and Astronomy, University of Leeds, Leeds, LS2 9JT, UK
bSchool of Physics & Astronomy, University of St-Andrews, St Andrews, KY16 9SS, UK
cInstitut de Physique de la Matière Complexe, Ecole Polytechnique Fédérale de Lausanne
(EPFL), Switzerland
dInstitute for Condensed Matter Physics, TU Braunschweig, Mendelssohnsstr. 3, 38106
Braunschweig, Germany
eISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 OQX, UK
fInstitut Laue-Langevin, 6 rue Jules Horowitz, F-38000 Grenoble, France
gLab. de Physique des Solides, Univ Paris-Sud, UMR CNRS 8502, 91405 Orsay, France

Neutron-spectroscopy data on the s = 1/2 kagome antiferromagnet herbertsmithite
(ZnCu3(OH)6Cl2, Fig. 1) reveal a continuum of short-ranged antiferromagnetic dy-
namic correlations at all measured temperatures[1]. The weak temperature and en-
ergy dependence of the inelastic magnetic neutron scattering suggest that dynamic cor-
relations up to THz frequencies persist even as T → 0. In this light the previously
reported[2] and some new µSR results on an extended range of zinc paratacamite com-
pounds (ZnxCu4−x(OH)6Cl2 with 0 ≤ x ≤ 1.2) are discussed, making a case for a highly
degenerate groundstate with fast zero-temperature dynamics caused by quantum fluctua-
tions. These fluctuations are suppressed when neighboring kagome layers become coupled
as x is reduced, leading to glassy behavior for x ∼ 0.5. A comparison is made with
other materials showing strong dynamic correlations, providing an intuitive picture of the
quantum spin liquid state observed in herbertsmithite.

Figure 1. Two kagome layers of O (red) -linked Cu2+ ions (blue) in zinc paratacamite
with x = 1, also known as herbertsmithite. Replacement of the Zn2+ ions (shown in

grey) with Cu2+ creates weak exchange pathways between the kagome layers.

References

[1] M. A. de Vries et al, Phys. Rev. Lett. 103, 237201 (2009)
[2] P. Mendels et al, Phys. Rev. Lett. 98, 077204 (2007)
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The symmetry of the spin Hamiltonian for spin-1
2
kagomé lattices and its

implications

A. Kerena, Oren Ofera, Lital Marcipara Emily A. Nytkob, Daniel G. Nocerab,
Young S. Leeb, Joel S. Heltonb, and Tianheng H. Hanb

aPhysics Department, Technion, Israel Institue of Technology, Haifa 32000, Israel
bDepartment of Chemistry and Physics, Massachusetts Institue of Technology, Cambridge,
MA 02139 USA

We present magnetizationmeasurements on oriented powder and single crystal of ZnCu3(OH)6Cl2,
and single crystals of a new organometallic kagomé lattice Cu(1,3-bdc) along and per-
pendicular to the bc axis. Both systems have perfect spin-1/2 kagomé structure but in
Cu(1,3-bdc) there is no risk of Zn substitution on the kagomé plane. We nd a dramatic
difference in the magnetization between the two directions at high temperatures in both
systems. We show that this difference must emerge from Ising-like exchange anisotropy.
The relevance of these nding to the expected ground state and other experiments will
be discussed. Some of the results are published in Ref. [1].

References

[1] O. Ofer and A. Keren, Phys. Rev. B 79, 134424 (2009)
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Spin dynamics of classical and quantum kagomé antiferromagnets
studied by inelastic neutron scattering

B. Fåka, R. Colmanb, A. S. Willsb, G. Nilsenc, A. Harrisond, J. Ollivierd,
D. Vissere, T. Unruhf

aCommissariat à l’Energie Atomique, INAC, SPSMS, Grenoble, France
bDepartment of Chemistry, University College London, UK
cLQM, IPMC, Ecole Polytechnique Fédérale de Lausanne, Switzerland
dInstitut Laue Langevin, Grenoble, France
eDepartment of Physics, University of Warwick, Coventry, UK
fZWE FRM-II, TU Munich, Garching, Germany

We have used inelastic neutron scattering to probe the dynamic magnetic susceptibility
of the spin-liquid state of two kagomé antiferromagnets, one with classical spin (S=5/2)
and one with quantum spin (S=1/2). Both systems are almost ideal Heisenberg antiferro-
magnets with weak (or absent) Dzyaloshinsky-Moriya (DM) interaction, as indicated by
the absence of long-range magnetic order down to the lowest temperatures. The magnetic
ions, Fe3+ and Cu2+, respectively, form perfect undistorted corner-sharing triangles with
essentially full occupation (>98%) of the resulting kagomé lattice.

Both systems have strong inelastic magnetic scattering whose inelastic structure factor
S(Q) shows correlations characteristic of a spin liquid. In the S=5/2 system, deuteronium
jarosite with chemical formula (D3O)Fe3(SO4)2(OD)6 [1], the measured S(Q) is well re-
produced by Monte-Carlo simulations where the short-range correlations have staggered
vector chirality. In the S=1/2 system, Cu3Zn(OD)6Cl2 alias Kapellasite [2], the measured
S(Q) is very different.

The dynamic magnetic susceptibility is in both cases gapless with typical relaxation be-
havior, but the temperature dependence is different. The measurements on the S=5/2
system have very recently been extended to lower energies and lower temperatures, down
to 0.45 K, using cold neutrons. The temperature dependence of the observed low-energy
spin-liquid response will be compared to the dynamic scaling scenario, in which the char-
acteristic energy scale of the spin fluctuations should vanish in the limit T → 0, as well
as to recent simulations, where rather well-defined excitations are predicted to emerge at
sufficiently low temperatures.
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81, 17006 (2008).
[2] R. Colman, B. Fåk, J. Ollivier, A. Poole, A. S. Wills, in preparation.
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ESR Linewidth and lineshape in spin systems

O.Cépasa, S. El Shawishb, S. Miyashitac

aInstitut Néel, CNRS et Université Joseph Fourier, Grenoble, France
bDepartment of theoretical physics, Jozeph Stefan Institut, Jamova 39, 1000 Ljubljana,
Slovenia.
c Department of Physics, Graduate School of Science, The University of Tokyo, Bunkyo-
Ku, Tokyo, 113033, Japan.

In the kagome antiferromagnet ZnCu3(OH)6Cl3, recent ESR measurements have suggested
that the system has sizeable Dzyaloshinskii-Moriya interactions [1] which possibly places
the compound close to a quantum critical point [2]. However relating the ESR linewidth
to the anisotropy strength is a long standing issue. Experimentalists have been using the
Kubo-Tomita theory [3] for decades. We show by using exact diagonalizations of small
1d spin systems that the Kubo-Tomita theory should underestimate the linewidth by at
least a factor 2 in thermodynamic systems. In addition, in finite-size systems, we find
strong departures from the Lorentzian lineshape, a prediction which could be observed
in molecular magnets, would the mechanism for the relaxation be purely magnetic in
origin.[4]
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[1] A. Zorko, S. Nellutla, J. van Tol, L. C. Brunel, F. Bert, F. Duc, J. C. Trombe, M. A.
de Vries, A. Harrison, and P. Mendels, Phys. Rev. Lett. 101, 026405 (2008).
[2] O. Cépas, C. M. Fong, P.W. Leung, and C. Lhuillier, Phys. Rev. B 78, 140405(R)
(2008).
[3] R. Kubo and K. Tomita, J. Phys. Soc. Jpn. 9 (1954).
[4] S. El Shawish, O. Cépas and S. Miyashita (unpublished).

M
on

da
y 

18
th

 Ja
nu

ra
y 

20
10



23

Developments in Artificial Spin Ice and Artificial Kagome Ice 

John Cumings 

Department of Materials Science and Engineering, University of Maryland, College Park, MD 20742‐2115 
USA 

Recently, a model system has been demonstrated, dubbed artificial spin ice, that allows the frustrated 
magnetic material spin ice to be modeled using rationally‐designed and artificially‐fabricated 
nanomagnetic NiFe lattices[1].  This new approach allows spin interactions to be rationally designed and 
the resulting configurations to be imaged directly in real space.  Unfortunately, its initial embodiment on 
the square lattice did not strictly obey the ice rule for the spins, instead showing only a statistical 
tendency toward the ice rule.  More recently, we have shown that an analogous system can be 
fabricated on the kagome lattice and the resulting kagome ice presents more promise for studying 
frustration in nanomagnetic lattices[2].  The artificial kagome ice show rigorous adherence to the ice 
rule, and even shows a statistical influence of long‐range dipolar forces, which may be expected to 
reduce the frustration, producing a long‐range ordered ground state in spin ice. 

Our studies of artificial ice have been carried out using Lorentz electron microscopy.  This technique 
allows real‐time video rate imaging.  Using this, we can capture the magnetic reversal dynamics of this 
system, including the motion of magnetic monopoles through the lattice.  I will present results that 
show this reversal process in detail and that may lead to a comprehensive understanding of this 
intriguing new frustrated system. 

[1] R. F. Wang et al., Nature 439, 303‐306 (2006). 

[2] Yi Qi, T. Brintlinger, and John Cumings, Phys Rev B, 77(9), 094418 (2008). 
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Spin Correlations in Langasite Compounds – 
from spin liquid to spin solid 

 
Jason S Gardner (Indiana University and the NIST Centre for Neutron Research) 
 
In the 1980’s a concerted effort was made to grow large single crystals of several 
langasite compounds for industrial applications including laser and piezoelectric 
engineering.  This resulted in huge, high quality, crystals for scientific research 
but langasites have only recently been studied by those interested in frustration.   
 
Langasite compounds contain planes of magnetic rare-earth (RE) ions on a 
lattice topologically equivalent to a kagomé net.  Their general formula is 
RE3Ga5SiO14 allows chemists to vary the structural properties considerably 
without destroying the magnetic sublattice of corner sharing triangles.   Neutron 
scattering, NMR, low temperature specific heat and magnetization, and 
photoluminescence have been used to investigate this inherently two-
dimensional structure.   
 
In my talk I will concentrate on recent results from Pr and Nd Langasite.  These 
can have liquid like characteristics to the lowest temperatures but by varying the 
composition, one is able to keep the kagomé net and tuning the magnetic  
interactions allowing one to freeze the spin dynamics.  
 
This work is done in collaboration with the quantum materials group at Florida 
State (C. R. Wiebe et al.) and L. Balicas et al. at the National High Magnetic Field 
Laboratory. 
 

 

 
 

 

Figure 1: The ab‐plane of a RE langasite showing the network of corner sharing 

magnetic ions.  

RE 
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Cooperative magnetism and magnetocrystalline anisotropy  
in rare-earth langasites 

V. Simoneta, E. Lhotela, R. Balloua, J. Roberta,b, K. Martya,c, P. Bordeta, B. Canalsa, F. 
Hippertd, P. Fouquete, J. Olliviere

aInstitut Néel, CNRS/UJF, B.P. 166, 38042 Grenoble Cedex 9, France 
b Laboratoire Léon Brillouin�CEA Saclay, bât.563�91191 Gif-sur-Yvette, Cedex�France 
c Oak Ridge National Laboratory, Oak Ridge, TN, USA 
dLMGP, BP 257, INPGrenoble Minatec, 3 Parvis Louis Néel, 38016 Grenoble, France 
eInstitut Laue-Langevin, BP 156, 38042 Grenoble Cedex 9, France 

The Nd3Ga5SiO14 and Pr3Ga5SiO14 langasites are the first realization of a kagomé lattice of 
highly anisotropic magnetic moment. The compounds crystallize in the P321 space group. 
The rare-earth magnetic cations are at the vertices of a lattice, which is topologically 
equivalent to a kagomé lattice if only nearest-neighbours exchange interactions are relevant 
(see figure) [1]. They experience a strong magnetocrystalline anisotropy, either uniaxial or 
multiaxial, the interplay of which with the geometrical frustration is expected to produce 
unconventional magnetic properties. We have investigated the static and dynamic magnetic 
properties of these compounds by magnetization, specific heat, and neutron scattering, which 
revealed puzzling spin dynamics [2]. As to get more insights, magnetization and dc/ac 
susceptibility measurements down to very low temperature were recently also performed. 
These were extended to compounds where the non magnetic La3+ is substituted for the 
magnetic cations Nd3+ and Pr3+, which helped furthering the understanding of the respective 
effects of exchange interactions and single-ion magnetism. All the experiments were 
quantitatively analyzed, by fully taking account of the crystal electric field effects on the Nd3+

or Pr3+ ions. The results, and in particular the possible onset of cooperative magnetic behavior 
emerging only at very low temperature, will be presented. 
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Kagomé staircase compound Co3V2O8 in an applied magnetic
field: single crystal neutron diffraction study

O. A. Petrenkoa, N.R. Wilsona, G. Balakrishnana, D. McK Paula and

G.J. McIntyreb

aDepartment of Physics, University of Warwick, Coventry, CV4 7AL, UK
bInstitut Laue-Langevin, 6 rue Jules Horowitz, BP 156 - 38042 Grenoble Cedex 9, France

In the M3V2O8 family (M = Co, Ni, Cu, Mn), the magnetically coupled ions form a
network, which is similar in topology to the Kagomé lattice. The bonding between the M2+

ions creates layers buckled into a staircase formation, the Kagomé staircase. Although
the magnetic properties of different family members vary significantly, a unifying feature
of them all is the extreme richness of their magnetic phase diagrams, attributed to a close
proximity in energy of several competing states.
In Co3V2O8 (CVO) a magnetic ordering at 11 K is from a paramagnetic to an AFM
incommensurate state, while the second transition at 6 K is to a FM state [1]. A number
of lock-in transitions associated with incommensurate to commensurate AFM phases have
also been observed at intermediate temperatures [1]. In an applied magnetic field, CVO
demonstrates a highly anisotropic behaviour in terms of the values of susceptibility and the
sequence of field-induced phase transitions [2]. Reports based on different experimental
methods agree in general, but disagree in the detailed description of CVO’s behaviour in
an applied field, particularly in the interpretation of the magnetic phases.
We have performed single crystal neutron diffraction measurements for H ‖ a and H ‖ c.
The measurements have revealed an additional, previously unreported transition for H ‖ a
in the AFM phase (see Fig. 1). They have also allowed us to unequivocally identify and
label all the observed phases for both field directions [3].
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Figure 1. Field dependence of the integrated intensity of several AFM and FM peaks in
Co3V2O8 at T = 7.5 K. Solid/open symbols mark increasing/decreasing magnetic field
ramps. Left panel: H ‖ a, AFM (top) and FM (bottom) peaks. Right panel: H ‖ c.
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Spin fluctuations and freezing in Y0.5Ca0.5BaCo4O7

H. Mutkaa, J. R. Stewarta,b, G. Ehlersc, C. Payend, P. Fouqueta, R. Lortze,f

aInstitut Laue-Langevin, 6 rue Jules Horowitz, BP 156, 38042 Grenoble Cedex 9, France
bISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, OX11 0QX, United King-
dom
cSpallation Neutron Source, Oak Ridge National Laboratory, Bldg. 8600, Oak Ridge, TN
37831-6475, USA
dInstitut des Matériaux Jean Rouxel, 2 rue de la Houssinière, BP 32229, 44322 Nantes
Cedex 3, France
eDepartment of Condensed Matter Physics, University of Geneva, 24 Quai Ernest-Ansermet,
CH-1211 Geneva 4, Switzerland
fDepartment of Physics, The Hong Kong University of Science and Technology, Clear
Water Bay, Kowloon, Hong Kong

The Y0.5Ca0.5BaCo4O7 compound investigated by Valldor [1] was subsequently exam-
ined with polarized neutron diffraction and proposed as a candidate for a model classical
kagomé system by Schweika et al. [2], based on their interpretation relying on low–spin
(S=0) state on the Co sites that are not in the kagomé planes. This motivated our
comprehensive study on the spin dynamics of the compound. We have used SQUID mag-
netometry and specific heat for bulk characterization of our powder sample and neutron
powder diffraction for structural characterization. The temperature dependent diffuse
magnetic scattering cross–section measured with cold neutron diffraction with polariza-
tion analysis (D7 instrument at ILL) is consistent with the results published earlier.
However, best agreement with the experimental data requires that all Co sites carry mo-
ments. This situation and the the dynamic response S(Q, ω, T ) propose a revision of the
basic ingredients for the physics of this compound. We have seen a broad, temperature
dependent quasi–elastic response (IN4 spectrometer at ILL) reaching up to tens of meV
at room temperature and persisting down to T = 1.5 K. This feature was not seen in the
earlier work due to the experimental conditions. In fact the full magnetic response is not
within the kinematic range of cold neutron diffraction leading to a serious shortcoming
for obtaining a quantitavely correct powder averaged static structure factor S(Q, T ) in
such experiments. In addition, in our sample we see a clear indication of spin freezing
at T ≈ 50 K, observed with SQUID measurements and studied in detail using neutron
spin echo spectroscopy and high–resolution backscattering elastic scans (IN11 and IN16
spectrometers at ILL). On cooling, associated with the freezing we have observed a grad-
ual narrowing of the dynamic response (IN4 and IN5 spectrometers at ILL), leading to
a complicated line–shape of the quasi–elastic response. An important conclusion of our
work is that a large fraction of the magnetic moment is rapidly fluctuating even in the
low–T frozen state. We further conclude that comparison of the magnetic response of
Y0.5Ca0.5BaCo4O7 with the ideal models of classical kagomé ground–state [3,4] is not a
valid approach.
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Spin excitations with Fermi statistics in the S = 1/2 Heisenberg
model on kagome

Z. Hao, O. Tchernyshyov
Dept. of Physics and Astronomy, Johns Hopkins University, Baltimore, MD, USA

Spin excitations in a magnet with ordered moments are magnons, quantized spin waves
that behave like particles with integer spin and Bose-Einstein statistics. A magnet lacking
long-range order cannot support spin waves and may have unusual magnetic excitations
with noninteger spin and different statistics. Heisenberg antiferromagnets with spins of
length S = 1/2 on kagome and hyperkagome lattices have emerged as a leading candidate
for novel quantum physics. We have recently shown [1] that magnetic excitations in this
system are spinons, quasiparticles with spin 1/2 and Fermi-Dirac statistics. The ground
state of the system is a quantum liquid or solid of small, heavy S = 0 pairs of spinons
with a large density of nonmagnetic (∆S = 0) excitations at low energies. A magnetic
(∆S = 1) excitation amounts to breaking up a pair into two spinons, a process with a
threshold energy of 0.06 exchange constants. The problem can be mapped onto a compact
U(1) gauge theory on the honeycomb lattice with background “electric” charges, Fig. 1.

−1
+2
+4

(b)(a)

Figure 1. (a) Kagome lattice and the major players: quantum dimers (thick bonds), a
defect triangle containing no dimer (red), and an antikink spinon (blue arrow). (b) The
mapping to a compact U(1) gauge theory on a honeycomb lattice. Electric flux on links
has strength ±1 and is depicted as arrows in the manner of Elser and Zeng [2,3]. The

inset shows the U(1) charges of the lattice sites and quasiparticles.
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Symmetry analysis of low-energy spectra of highly frustrated
AFMs with s > 1/2

I. Rousochatzakisa, A. Läuchlia, F. Milab

aMax Planck Institute for the Physics of Complex Systems, Dresden, Germany
bInstitut de théorie des phénomènes physiques, Ecole polytechnique fédérale de Lausanne,
Switzerland

We explore the low-energy physics of the s > 1/2 Heisenberg antiferromagnetic model
on the kagomé and on related highly frustrated clusters by exploiting the characteristic
symmetry pattern of exact diagonalization (ED) spectra. We find that the low-energy
excitations embody the spatial and spin symmetry properties of the semiclassical three-
sublattice coplanar ground states. The dense excitation features which are manifested in
the whole magnetization range can thus be accounted for by the large spatial degeneracy
of these semiclassical configurations: Each of these states gives rise to a distinct tower of
states and they all appear at low energies albeit split by quantum fluctuations.
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Novel Phenomena in the Spin-1/2 Kagome Compound Volborthite
Y. Okamoto, M. Tokunaga, M. Yoshida, M. Takigawa, Z. Hiroi

Institute for Solid State Physics, Univ. of Tokyo, Kashiwa, Chiba 277-8581, Japan

We report on the properties of two spin-1/2 kagome compounds, volborthite [1,2] and 
vesignieite [3], that possess a slightly distorted and nearly perfect kagome lattices made up 
of Cu2+ ions, respectively.

For volborthite, we found in low magnetic fields below 4 T spin-liquid like behavior with 
no spin gap but with a peculiar transition at 1 K, where V NMR spin-lattice relaxation 
rate 1/T1 exhibits a sharp peak, and specific heat exhibits not a peak but a kink. There 
must be a certain phase transition of spins. However, it is not at all a simple long range 
antiferromagnetic order because of the following facts: both 1/T1 and specific heat are 
proportional to T, and NMR spin-spin relaxation rate 1/T2 is much larger than 1/T1. The 
former evidences a gapless excitation that may be different from spin-wave excitations, and 
the latter indicates a very slow spin dynamics surviving down to the lowest temperature. 
The origin of this 1 K transition is not known. 

On the other hand, at higher magnetic fields, three magnetization steps are observed at 4.3, 
25.5 and 46 T, followed by a plateau or a vicinal slope at a magnetization ~0.42Ms (Ms is 
a saturation magnetization) in higher magnetic fields above 60 T. The large deviation of the 
plateau magnetization from theoretically predicted 1/3Ms is not due to the distortion of the 
kagome lattice in volborthite, because a very similar value has been found also for vesignieite 
having an almost perfect kagome lattice. It seems that the excess magnetization of ~0.1Ms 
from 1/3Ms is successively gained at the three steps with increasing magnetic field. Such 
magnetization steps have not been observed in vesignieite, but it is possibly due to a larger 
amount of impurity spins contained in vesignieite samples thus far obtained, compared with 
the case of volborthite.

References
[1] H. Yoshida et al., J. Phys.
Soc. Jpn. 78, 043704 (2009).
[2] M. Yoshida et al., Phys.
Rev. Lett. 103 (2009) 077207.
[2] Y. Okamoto et al., J.Phys. 
Soc. Jpn. 78, 033701 (2009).

Figure 1. Magnetization of 
volborthite. The lowest curve 
represents the data taken at 1.3 K 
after the subtraction of the initial 
linear component indicated by a 
broken line.
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Neutron Scattering Studies of the S = 1/2 Quasi-Kagome System
Volborthite

G. J. Nilsena,b, F. C. Coomerb,c, J. R. Stewartd, P. P. Deene, M. A. De

Vriesa,b,f , H. M. Rønnowa, and A. Harrisonb,e

aLaboratory for Quantum Magnetism, Ecole Polytechnique Fédérale de Lausanne, CH-
1015 Lausanne, Switzerland
bSchool of Chemistry, University of Edinburgh, EH9 3JJ Edinburgh, UK
cSchool of Chemistry, University of Birmingham, B15 2TT Birmingham, UK
dISIS Facility, Rutherford Appleton Laboratory, OX11 0QX Didcot, UK
eInstitut Laue Langevin, F-38042 Grenoble, Switzerland
fSchool of Physics and Astronomy, University of Leeds, LS2 9JT Leeds, UK

An experimental realisation of the S = 1/2 kagome Heisenberg model remains one of the
holy grails of solid state physics. While structurally distorted, volborthite [Cu3V2O7(OH)2.2H2O]
is one of the cleanest (∼ 99% coverage) known candidate materials, and recent studies
by NMR and µSR have revealed rich low temperature physics [1]. We have performed
inelastic time of flight and polarised diffuse neutron scattering experiments on volborthite,
which show an excitation spectrum resembling that of the classical kagome antiferromag-
net, and short range order (SRO) at low temperatures (< 10 K), respectively. The low
temperature SRO appears to be coplanar and is describable by at least two propagation
vectors. The origin of this behaviour is ascribed to anisotropies in the Hamiltonian, ev-
idence for which furthermore exists in the data. These results stand in stark contrast
with recent measurements on herbertsmithite [2], where the inelastic spectrum cannot
be described semi-classically.
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Figure 1. The powder integrated scattering function S(Q,ω) at 0.05K.
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The Kagome Heisenberg Antiferromagnet: at a First-Order
Phase Transition close to a Quantum Critical Point ?

Didier Poilblanca

aLaboratoire de Physique Théorique, CNRS & Université de Toulouse, France

Using an effective Quantum Dimer Model approach, exact diagonalisations of periodic
clusters with up to 108 sites (3×6×6) reveal that the Quantum Heisenberg Antiferro-
magnet on the Kagome lattice lies at a first-order phase transition between two 36-site
unit cell Valence Bond Crystals (VBC) preserving lattice point group symmetries but
with opposite parities. Evidence for a nearby Quantum Critical Point characterized by
the melting of the even VBC into a Z2 dimer liquid are given. Implications regarding
numerical analysis and experiments are discussed [1].

References

[1] D. Poilblanc, M. Mambrini and D. Schwandt, arXiv:0912.0724
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A Generalized Quantum Dimer Model for the singlet sector of
the kagome antiferromagnet

M. Mambrinia, D. Schwandta, D. Poilblanca
aLaboratoire de Physique Théorique, CNRS & Université de Toulouse, Toulouse, France

Hardcore dimer models are widely used to explore exotic non magnetic ground states
emerging in frustrated bidimensionnal antiferromagnets. However since pionnering work
by Roksar and Kivelson, many issues are still open in understanding the connection be-
tween such models and the parent Heisenberg spin models. We propose an alternative
and systematic route to derive generalized Quantum Dimer Models that are suitable
for a quantitative description of the low energy singlet sector of the corresponding anti-
ferromagnets. After outlining the main characteritics of the method (details available in
D. Schwandt’s poster), we will focus on establishing a Generalized Quantum Dimer Model
for the low energy singlet sector of the kagome antiferromagnet. Large scale numerical
computation (presented by D. Poilblanc) of this model demonstrate its ability to capture
the peculiar physics of the heisenberg hamiltonian.

References

[1] A. Ralko, M. Mambrini, and D. Poilblanc, Phys. Rev. B 80, 184427 (2009)
[2] D. Schwandt, M. Mambrini and D. Poilblanc, ArXiv
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Neutron scattering and µSR investigations of the spin liquid state with quenched
disorder in LuCuGaO4.

S. Calder,1 S. Giblin,2 D. R. Parker,3 P. P. Deen,4 C. Ritter,4 J. R. Stewart,2 and T. Fennell4
1London Centre for Nanotechnology, University College London, 17-19 Gordon Street, London WC1H 0AH, UK

2ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 0QX, UK
3Department of Chemistry, University of Oxford,

Inorganic Chemistry Laboratory, South Parks Road, Oxford, OX1 3QR, UK
4Institut Laue Langevin, BP 156, 6, rue Jules Horowitz, 38042, Grenoble Cedex 9, France

LuCuGaO4 has magnetic Cu2+ and diamagnetic Ga3+ ions distributed on a triangular bilayer.
Susceptibility, µSR and neutron scattering measurements show that at low temperature the spins
form a short range correlated state with a gapless continuum of excitations. The development of
this spin liquid state is strongly reminiscent of that in other two dimensional frustrated magnets,
in particular Herbertsmithite, and we suggest that it is a generic property of such systems, even
surviving in the presence of strong quenched disorder.
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Dimerization patterns in kagome based quantum magnets

Andreas Läuchli
Max-Planck-Institut für Physik komplexer Systeme,
Nöthnitzer Straße 38, D-01187 Dresden, Germany

We present extensive numerical DMRG and ED results focussing on emergent dimer-
ization patterns in two prototypical kagome systems: i) The kagome strip introduced
by Waldtmann et al. has a rich phase diagram including gapless and gapped dimerized
phases with several distinct spatial patterns ii) We uncovered remarkable dimerization
patterns hidden among the low energy singlet states of the 36 sites 2D kagome lattice.
We interpret their structure and dynamics and discuss the implications for dimerization
in the thermodynamic limit.

10

have never been computed in the low-lying states, whose
nature has not been investigated yet.

We report here for the first time DC measurements in
the entire singlet spectrum within the spin gap. It turns out
that some of these singlet states have very large DCs which
are insensitive to the distance and exhibit some periodic
structures.
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FIG. 10: (Color online) Dimer correlations Eq. (8) in the first level
of IRREP [Γ, A1] (ground state, top) are quite weak compared to
those in both the first level of [Γ, B1] and the second level of [M, A2]
(bottom). The black bond is taken as fixed reference bond. The width
of colored bonds is proportional to the strength of the correlation, and
their color indicates the sign of the correlation (blue means positive,
red means negative).

For illustration, Fig. 10 compares the DCs in the ground
state of s36 – i.e. the first level of IRREP [Γ, A1] – (upper
panel) to those in two low-lying excited states, namely the
first level of [Γ, B1] and the second level of [M, A2] (lower
panels). The fixed reference bond is black. Blue and red
bonds denote positive and negative DCs respectively, their
width is proportional to the strength of the correlation. It
is clearly visible that DCs behave differently in the ground
state and in the two excited states: in the ground state, they
are large only in the vicinity of the black reference bond and
become very weak beyond a distance of one lattice spacing
whereas in the excited states, they are insensitive to the
distance. Furthermore, DCs exhibit interesting structures in
the two excited states: they are staggered with a period of
one lattice spacing along every direction in the first level
of [Γ, B1], and with a period of 2 lattice spacings along the
two nonhorizontal directions in the second level of [M, A2].

These two properties (long range dimer order plus structure)
in a correlation pattern typically originate from a VBC.

In order to quantify the importance DCs play in every
state of the spectrum Fig. 3 of s36, we introduce the Mean
Dimer-Dimer Correlation (MDDC) value defined as (“ref. b.”
denotes the reference bond and “prob. b.” the other (probing)
bonds):

MDDC :=

max
ref. b.

∑

prob. b./∈N (ref. b.)

|〈(Si · Sj)i,j∈ref. b.(Sk · Sl)k,l∈prob. b.〉

− 〈Si · Sj〉i,j∈ref. b.〈Sk · Sl〉k,l∈prob. b.|/60 (12)

where the sum runs over all the probing bonds except in
the “neighborhood” N (ref. b.) of the reference bond, where
dimer correlations are large for any state. The sum runs over
60 elements, whence the /60. As explained in Section IV
three directions can be chosen for the reference bond, and
the equivalence or nonequivalence of these depends on the
IRREP we consider. The maxref. b. term in Eq. (12) ensures
the selection of the direction providing a maximal mean
dimer correlation. The “neighborhood” of a reference bond is
pictorially defined in Fig. 11.

ref. b.
∈ N (ref. b.)
/∈ N (ref. b.)

FIG. 11: (Color online) The neighborhood N (ref. b.) of the black
reference bond is depicted in red. Any other type of reference bond
can be mapped onto this one by applying operations of the space
group of the kagomé lattice. Green bonds do not belong to N (ref. b.)
and thus come into play in the sum Eq. (12).

The MDDC value Eq. (12) of every state of the spectrum
Fig. 3 is proportional to the width of the circle representing
it. We therefore ask the reader to refer to that figure to get
an idea of the importance of DCs in every singlet state below
the spin gap. MDDC values range from MDDC = 0.002 for
the fourth level of IRREP [Γ, E2] which has the weakest DCs
up to MDDC = 0.012 for the first level of IRREP [Γ, B1]
which has the largest DCs, the degree of importance of DCs
thus fluctuates a lot from one singlet state to the other. The
12 states with MDDC > 0.0075 are circled in the spectrum
Fig. 3.

For illustration, Fig. 14 of Appendix A displays the DC
pattern in the fourth level of [Γ, E2] (weakest MDDC value)
together with the patterns in all the states that are circled
in the spectrum Fig. 3 (highest MDDC values). The 12
circled states with large MDDC do not exhibit any decrease
in the DCs with distance. Moreover in some of them some
structures are periodic in space, as stressed when commenting
Fig. 10.

Figure 1: Dimer-dimer correlation patterns in low lying eigenstates of the kagome Heisen-
berg model on a 36 sites sample. While the ground state (top panel) has quite weak dimer
correlations, many low-lying levels show very pronounced dimer patterns. Two such states
are shown in the lower panels.

References
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Magnetism and Frustration in Hexagonal RMnO3 with
Triangular Lattice

X. Fabréges1, S. Petit1, I. Mirebeau1

1Lab. Léon Brillouin, CEA Saclay, 91191 Gif-Sur-Yvette, France

We present results from high resolution neutron diffraction and inelastic neutron scattering
experiments in the frustrated multiferroic hexagonal compounds RMnO3 (R=Ho, Yb, Sc,
Y). These results clearly highlight a strong magneto-elastic coupling in the whole family.
We can correlate the atomic positions, the type of magnetic structure and the nature of the
spin waves whatever the R ion and temperature. We show that magnetic frustration is at
play not only in the Mn magnetic planes, but also along the c-axis due to the competition
between two exchange paths. The key parameter to stabilize a given type of magnetic
order is the position of the Mn ions in the unit cell with respect to a critical threshold of
1/3, which determines the sign of the coupling between Mn triangular planes.

A Mn displacement around this 1/3 value tends to release the interplane frustration as
understood by looking at the exchanges paths (cf. Fig. 1). For this specific position a
2D magnetic order could be expected. This situation may be realized in InMnO3 where
coupling between adjacent planes seems to vanish.

Figure 1. Scheme of the exchange paths in hexagonal RMnO3. Effective coupling
between planes is driven by the Mn shift from the frustrated 1/3 position.

References
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Towards the Kasteleyn Transition in Kagomé Ice

A. Harman-Clarkea,b,c S. T. Bramwellb P. C. W. Holdsworthc T. Fennelld

aDepartment of Chemistry, UCL, 20 Gordon Street, London, WC1H 0AJ, England
bLondon Center for Nanotechnology, 17-19 Gordon Street, London, WC1H 0AH, England
cLaboratoire de Physique, CNRS UMR 5672, ENSL, 46 Allée d’Italie, F69007 Lyon,
France
dInstitut Laue-Langevin, 6 rue Jules Horowitz, 38042 Grenoble, France

There has been much interest recently in spin ice materials on account of the discovery
of ‘magnetic monopoles’ [1] and the associated phenomenon, ‘magnetricity’ [2]. Behind
these results there is a deeper and even more fascinating physics: the physics of topological
constraint. Kagomé Ice is a topologically constrained phase formed by the application
of a magnetic field along an easy axis of the spin ice model. It has been shown to map
onto a hardcore dimer model on a hexagonal lattice [3] with the associated implication
that, under the influence of an appropriate perturbation, the critical phase will undergo
a Kasteleyn phase transition [4]; a transition that, until observed in spin ice by members
of this group [5,6], had previously only been seen in biological systems.

We explain the unusual characteristics of this transition in Kagomé Ice and present recent
experimental and theoretical work on this system which clearly shows some of these
signatures.

Figure 1: The effect of a small tilt in the magnetic field away from the [111] direction
on the Kagomé plane unpolarised neutron scattering map. The left figure has no field
component on the Kagomé plane, the right figure has a strong enough component to
have driven the system through the Kasteleyn transition and the central figure shows an
intermediate field value.

References
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[2] S. T. Bramwell et al., Nature, 461(7266) 956 − U211 (2009)

[3] R. Moessner and S. L. Sondhi, Physical Review B, 63 224401 (2001)

[4] P. W. Kasteleyn, Physica, 27 1209 − 1225 (1961)

[5] T. Fennell et al., Nature Physics, 3 566 − 572 (2007)

[6] L. D. C. Jaubert et al., Physical Review Letters, 100 067207 (2008)
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Algebraic Spin Liquid on the Kagome Lattice

Michael Hermele

Department of Physics, University of Colorado at Boulder, Boulder, Colorado 80309, USA

The nature of the ground state of the S = 1/2 kagome Heisenberg antiferromagnet is one of
the most challenging and intriguing open problems of quantum magnetism. Experiments
on herbertsmithite showing the absence of both magnetic order and a spin gap led Ran,
Lee, Wen and myself to propose that the ground state may be an algebraic spin liquid [1,
2]. This state has a host of remarkable properties – perhaps most striking is the presence
of a Dirac-fermion-like spectrum combined with a lack of good quasiparticle excitations,
even at the lowest energies. In this talk, I will review our work, and give an update on
the status of these ideas in light of recent experiments and numerical results.
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Title: Frustrated pentagonal systems 
Anu Jagannathan (LPS, Orsay) and E. Vedmedenko (Hamburg University)

We will present a frustrated spin system based on pentagonal rings that form a loosely connected 
network. This structure is perfectly ordered, being a subtiling of the five-fold symmetric Penrose 
tiling, and is interesting to study, since it may lead to disordered ground states, as the Kagome 
lattice does. In addition, experimental groups in Liverpool have shown that it it may be possible to 
realize such spin systems by adsorption of magnetic atoms on a good quasiperiodic substrate. We 
studied the minimal energy configurations of classical spins on a structure which is based on a finite 
size approximant of the perfect infinite quasiperiodic structure with periodic boundary conditions. 
This  choice  allows  to  eliminate  boundaries  but  instead  introduces  a  small  number  of  defects 
(dangling bonds). The results obtained by a Monte Carlo calculation are shown in the figures below. 
fig.1 represents a snapshot of the spin angles for spins in a small area of the structure. The angles 
between pairs of nearest neighbor spins can be seen to fall into two groups: those corresponding to 

4/5 ( angle that minimizes the bond energies for spins placed around an isolated pentagon) and 
for spins on either side of an unfrustrated bond. This is shown more clearly in fig.2, where the two 
types  of  bonds are  shown by color  coding  the  bonds :  red  for  the  frustrated  and blue  for  the 
unfrustrated bonds. Other novel frustrated pentagonal systems will be briefly discussed.

                                                                                                                                                  

         Fig.1 A low energy spin configuration                                              Fig.2  The bond energies (red: low, blue:high)
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FIELD-INDUCED TRIPLET BEC IN FRUSTRATED BILAYERS
Application to the Han Purple pigment BaCuSi2O6

Nicolas Laflorencie1 and Frédéric Mila2

1Laboratoire de Physique des Solides, CNRS, Université Paris-Sud Orsay, France
2Institute of Theoretical Physics, École Polytechnique Fédérale de Lausanne, Switzerland

Building on recent neutron scatteringa and high-field NMR experimentsb, we investigate the field-induced Bose-
Einstein condensation (BEC) of the triplet excitations observed with an exotic criticalityc in the frustrated spin-1

2

bilayers compound BaCuSi2O6. Using a realistic frustrated model with two types of bilayersd, we are able to solve
several puzzles, and make various predictions. We show that the perfect interlayer frustration leads to a 2D-like
critical exponent φ = 1 for the field-temperature phase boundary Tc ∼ (H − Hc)φ while the BEC phase displays 3D
coherence.

a Ch. Rüegg et al., Phys. Rev. Lett. 98, 017202 (2007).
b S. Krämer et al., Phys. Rev. B 76, 100406(R) (2007).
c S. Sebastian et al., Nature 441, 617 (2006).
d N. Laflorencie and F. Mila, Phys. Rev. Lett. 102, 060602 (2009).

Muon-Spin Spectroscopy of the organometallic spin 1/2 kagomé-lattice
compound Cu(1,3-benzenedicarboxylate

L. Marcipara, O. Ofera, A. Kerena, E. A. Nytkob, D. G. Nocerab, Y. S.
Leeb, J. S. Heltonb and C. Bainesc
aPhysics Department, Technion, Israel Institue of Technology, Haifa 32000, Israel
bDepartment of Chemistry and Physics, Massachusetts Institue of Technology, Cambridge,
MA 02139 USA
cPaul Scherrer Institute, CH 5232 Villigen PSI, Switzerland

Using muon spin resonance we examine the organometallic hybrid compound Cu(1,3-
benzenedicarboxylate) [Cu(1,3-bdc)], which has structurally perfect spin 1/2 copper kagomé
planes separated by pure organic linkers. This compound has antiferromagnetic interac-
tions with Curie-Weiss temperature of −33 K. We found slowing down of spin uctuations
starting at T = 1.8 K, and that the state at T → 0 is quasi-static with no long-range order
and extremely slow spin uctuations at a rate of 3.6 μsec−1. This indicates that Cu(1,3-
bdc) behaves as expected from a kagomé magnet and could serve as a model compound.
More can be found in Ref. [1].
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Schwinger Boson Mean-Field Theory on the Kagomé lattice with
Dzyaloshinskii-Moriya interaction

L. Messioa, O. Cepasa, G. Misguichb, C. Lhuilliera

aLaboratoire de Physique Théorique de la Matière condensée, Université Pierre et Marie
Curie, UMR 7600 CNRS, 75252 Paris, France
bInstitut de Physique Théorique, CNRS URA 2306, CEA, 91191 Gif-sur-Yvette, France

On experimental realisations of spin 1/2 Kagomé antiferromagnets, the Dzyaloshinskii-
Moriya (DM) interaction (

∑
〈ij〉 Dij.(Si × Sj)) is present. This interaction can induce a

transition from a spin liquid to a magnetically ordered phase [1]. The goal of our study
is to find experimental signatures of this interaction. Few theoretical tools are able to
describe strong quantum fluctuations. Among them, the Schwinger boson mean-field
theory (SBMFT) [2] is known to possibly describe topological spin liquids as well as
long-range ordered states. After a presentation of the SBMFT method, we present the
zero temperature phase diagram of the Heisenberg antiferromagnet on the Kagomé lattice
perturbed by a DM interaction (Fig. 1). Different phases labelled both by their fluxes
and by their order (spin liquid or Néel phase) appear in this phase diagram. The influence
of the Schwinger boson density will be analysed. Dynamical structure factors in different
regions of the phase diagram will be presented.

Figure 1. The zero temperature phase diagram of the Kagomé antiferromagnet
(θ = D/2J). Long range ordered phases (LRO) and topological spin liquids (TSL) are

found. Each phase is labelled by the fluxes (ΦHex, ΦRho) around hexagons and rhombus.
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Magnetic order in YbMnO3 studied by Neutron Diffraction and
Mössbauer Spectroscopy

X. Fabrèges1,I. Mirebeau1, P. Bonville2, S. Petit1, A. Forget2

1 Laboratoire Léon Brillouin, CEA-CNRS, CE-Saclay, 91191 Gif-sur-Yvette,France
2 DSM/Service de Physique de l’Etat Condensé, CEA-CNRS, CE-Saclay, 91191 Gif-Sur-
Yvette, France

The magnetic ordering of the hexagonal multiferroic compound YbMnO3 with triangular
Mn lattice has been studied between 100 K and 1.5 K by combining neutron powder
diffraction, 170Yb Mössbauer spectroscopy and magnetization measurements. The Yb
moments of the two crystallographic sites order at two different temperatures, the 4b site
together with the Mn moments (at TN �85 K) and the 2a site well below (at 3.5 K). The
temperature dependences of the Mn and Yb moments are explained within a molecular
field model, showing that the 4b and 2a sites order via Yb-Mn and Yb-Yb interactions
respectively. A simple picture taking into account the local Mn environment of the Rare
earth R (4b) ion is proposed to couple R and Mn orders in hexagonal RMnO3 manganites.
The nature and symmetry of the R-Mn interactions yielding the R order are discussed.

Figure 1. Observed Mn, Yb(4b) and Yb(2a) moments from neutron powder diffraction
and Mössbauer measurements (dots) versus temperature. The solid lines correspond to

the molecular field calculation.
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Motivated by the recent NMR experiments on ZnCu3(OH)6Cl2, we study the effect of
nonmagnetic defects on the antiferromagnetic spin-1/2 kagome lattice [1,2]. We use exact
diagonalization methods to study the effect of two such defects on finite-size systems. Our
results, obtained without adjustable parameters, are in good quantitative agreement with recent
17O NMR data. They provide support for the experimental interpretation of the presence of
defects within the kagome layers due to Zn/Cu substitutions. Our results also show that disorder
effects become relevant at lower temperatures, raising questions about the experimental evidence
for the absence of an intrinsic spin gap in the kagome two-dimensional layers.
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a,b a,b a,b

a

b

[ ]
[ ]

W
ed

ne
sd

ay
 2

0t
h 

Ja
nu

ra
y 

20
10



50

 

Synthesis of atacamites Cu3M(OH)6Cl2 (M = Zn, Mg, Cd) 
 

P. Strobel, J. Lambert, H. Amharrar 

Institut Néel, CNRS, 38042 Grenoble, France 

 

 

The atacamite structural family, of which the herbertsmithite is the most famous member, is a 

series of lamellar hydroxychlorides with a perfect Kagome network of Cu2+ cations with 

generic formula Cu3M(OH)6Cl2 (see Fig.1). The structure can be rhombohedral, space group 

R-3m, orthorhombic Pmcn or monoclinic P21/n depending on composition [1]. 

 

 

       ←  Cu 
 

       ←  M = Cu, Zn, Mg, Cd 

 

 

 

Figure 1. Atacamite structure, showing Kagome planes of Cu2+. 

 

The classical synthesis route of atacamites consists in a hydrothermal treatment of copper 

hydroxycarbonate in water [2]. It seems to be unsuitable to M ≠ Zn. We also investigated a 

procedure first proposed by Feitknecht et al. [3], using metallic copper as a starting reagent 

and a gentle oxidation by air or gaseous oxygen in a solution of MCl2 (M = Cu, Zn, Mg, Cd). 

We will describe in this communication the results of synthesis of various compounds of this 

family. The hydrothermal route allowed us to obtain well-formed crystals of Cu3Zn(OH)6Cl2, 

although the size remains sub-millimetric (Fig.2). The reaction with metallic Cu is well suited 

to the synthesis of pure Cd and Mg atacamites. Main results are summarized in the table: 

 
M method product Symmetry 

Cu Cu + CuCl2 Pure atacamite P21/n,  

Zn hydrothermal Pure atacamite R-3m 

Zn Cu + ZnCl2 (no atacamite 

formed) 

 

Cd hydrothermal (no atacamite 

formed) 

 

Cd Cu + CdCl2 Pure atacamite R-3m 

Mg Cu + MgCl2 Pure atacamite R-3m 

 

 

 
Figure 2. Cu3Zn(OH)6Cl2, crystals 

(full scale 2 mm)
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Raman scattering study of the kagomé lattice compound ZnCu3(OH)6Cl2

D. Wulferding, P. Lemmens 

Institute for Condensed Matter Physics, TU Braunschweig, D-38106 Braunschweig, Germany 

We present a Raman spectroscopic investigation on the Herbertsmithite ZnCu3(OH)6Cl2,
which is a realization of the spin ½ Heisenberg antiferromagnet on a kagomé lattice – a highly 
frustrated compound with no evidence of magnetic order down to 50 mK. 
Our measurements show a strong low energy (“quasi-elastic”) scattering contribution, which 
is depleted algebraically to low temperatures, revealing a weak polarization dependent 
scattering continuum. Our observations give reason to believe that the ground state of this 
system is gapless and of algebraic spin-liquid nature, as already predicted theoretically. 
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