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ABSTRACT : A
The possibility of a new kind of electronic state is pointed out,

corresponding roughly to Pauling's idea of ""resonating valence

bonds' in metals. As observed by Pauling, a pure state of this
type would be insulating; it would represent an alternative state
to the Néel antiferromagnetic state for S = 1/2. An estimate of

its energy is made in one case.
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magnetic interactions
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Geometrical Frustration .
Quantum fluctuations S=1/2




Corner sharing: classical kagomé lattice

Macroscopic degeneracy

Soft modes



Corner sharing: classicalvs quantum kagomé lattice

Classical soft modes Triangular # Kagome
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Néel state Dimer state
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Fully polarized state " M. Mourigal et al., Nat. Phys. 2013
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Quantum kagome antiferromagnet:
ideal playground for spin liquid physics

* Low spin 5=1/2
- High geomeftrical frustration: corner-sharing geometry

* Lattice with low coordination number (z=4)







Quantum states
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quantum spin liquid:
A state without any spontaneous symmetry breaking
Review L. Balents, Nature 2010



On the theoretical front: Large size numerical study (DMRG)

The ground-state of QKHA would be
a gapped spin-liquid (short-range RVB)
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Quantum Kagome ground state? The lowest energy!!

Two prototypes of quantum spin liquid

Z, QSL Algebraic/Critical/Dirac/U(1) QSL
Gapped magnetic excitations (S=1/2) o
. . Gapless excitations
Gapped non-magnetic excitations 5
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Short range RVB Long range RVB

Yan et al, science 2011 Hastings, PRB 63, 2000
S. Depenbrock et al, PRL 109, 2012 Ran et al, PRL 98, 2007

A =0.13(1)T-> 0.05 (2) J Ryu et al, PRB 75, 2007




Outline

v Herbertsmithite Cu,;Zn(OH)Cl,
gapless spin liquid

relevance of perturbations

v" Vanadium based kagome [NH,],[C,H,N][V;O4F ]
Magnetic model - « trimerized kagome »
Gapless excitation spectrum (heat capacity)
gapped magnetic excitations (NMR)

v Hyperkagome Na,Ir;Oq4
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Herbertsmithite:
ZnCus;(OH)Cl,

Cu?+, 5=1/2

J=180 K (AF)




Muon spin relaxation (USR)
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No order or frozen disorder down to 20 mK (J/8000) !

P. Mendels et al, PRL 98, 077204 (2007)
PSI : Amato, C. Baines - ISIS: A.D. Hillier, J. Lord



70O NMR :
Local susceptibility of the kagome planes
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70 NMR :

Local susceptibility of the kagome planes
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7O NMR :
Local susceptibility of the kagome planes

.......

T
référence

\ 0.47 K

1.3K

5K

10 K

5K
20 K

30K

40 K

50 K

60 K

85K

175K

65 66 67 68 69 7.0

H (Tesla)

\ 129 3

_of :
S B
= £
:.E jjjﬁ Hpg m q—u
e | W 110 g
= 1 | * ] e
O ;
| =

Ok ) . ) . ) . O
0 100 200 300

T (K)

-Enhancement of short range AF
correlations at ~J/3

Olariu et al, PRL 100, 087202 (2008)



7O NMR :
Local susceptibility of the kagome planes
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Low T Spin Dynamics
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1
- No spin gap behavior

- power law dependence, criticality?



hw (meV)
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Neutrons on single crystals
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- Gapless: A< 017
- Continuum of excitations
- No n.n. dimer correlation

Han et al, Nature 492, 406 (2012)



Very Low T Spin Dynamics: field induced freezing
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Very Small frozen moment
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A Quantum Critical Point ?
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Comparison to theories
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Comparison to theories

\/ A A A
P N T N
A VAVAY NaVavAeY AVavp

A YAVAvAVA

AVA YAY &Y Vi YAVAvAY N
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Yan et al, Science (2011)

Gapped magnetic excitations (S=1/2)
Gapped non-magnetic excitations
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Need to restore
ground state susceptibility
and some criticality...



ESR Signal (a.u.)

Dzyaloshinskii-Moriya interactions

HDN\:D'(Si/\Sj)

Broad room T ESR line <- magnetic
anisotropy from DM

|D,|=0.087, |D,|~0.01T

A. Zor'ko et al, PRL 101 026405 (2008)
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H(T) S. El Shawish et al, PRB 81, 224421 (2010)

DM interaction mixes singlet and triplet and could restore a
susceptibility at T=0
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Miyahara et al. PRB 75, 184407 (2007)
Tovar et al, PRB 79, 024405 (2009)
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URT . O. Cepas et al, PRB 78, 140405 (R) (2008)
quantum criticality sustained by DM . huh et al PRE 81, 144432 (2010)

L. Messio et al, PRB 81 , 064428 (2010)
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URT . O. Cepas et al, PRB 78, 140405 (R) (2008)
quantum criticality sustained by DM . huh et al PRE 81, 144432 (2010)

L. Messio et al, PRB 81 , 064428 (2010)
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Energy scales (J = 180 K)
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Conclusion (1)

The spin liquid state is quite elusive experimentally

-> « perturb to reveal » strategy
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Collaborations
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Low T/ High field magnetization
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Materials are mostly existing minerals
all made of Cu® 5=1/2

Volborthite

Z. Hiroi et al, JPSJ
2001

T Kapellasite .
Haydeeite Vesignieite
R. Colman et al, Chem. Mater. 2008
R. Colman et al, Chem. Mater. 2010 Y. Okamoto et al, JPSJ 2009



Gapped or gapless spin liquids...

Herbertsmithite kapellasite
2.0 Neutron scattering intensity S(Q,E)
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Olariu et al, PRL 100, 087202 (2008) B. Fak et al, PRL 109, 037208 (2012)

Tmai, PRL 100, 077208 (2008)

DMRG : gapped excitation spectrum

S. Yan et al, Science 332 (2011)
S. Depenbrock et al, PRL 109, 067201 (2012) : A =0.13(1)J

Role of perturbations in real compounds?
Need for other and different examples...



Spin liquid state in the vanadium based kagome
compound [NH,],[C;H;4,N][V;O.F ;5]

L. Clark, J.-C. Orain, F. Bert et al, PRL 110, 207208 (2013)



nature INaiteiay [NH,1L[C,H 4NI[V,0.F 5]
Chemlstry PUBLISHED ONLINE: 28 AUGUST 201 | DOI: 10.1038/NCHEM.1129
- DQVOF

An ionothermally prepared S =1/2 vanadium
oxyfluoride kagome lattice

Farida H. Aidoudi', David W. Aldous’, Richard J. Goff', Alexandra M. Z. Slawin', J. Paul Attfield? e ~6 O K
Russell E. Morris' and Philip Lightfoot'* A F
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V3+ (3d?) s=1
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c: o »
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Figure 2 | Polyhedra views of the structure of [NH,1,[C;H,,NI[V;04F;g].



Magnetic model for DQVOF

Role of spins S=17?

Relevance of the quantum kagome antiferromagnet model ?



Magnetic model for DQVOF

Xy ¥xze Pyz

d,2

— dxz-yz O ©
clx21 dyz

ll

Xy

No hybridation:
J.~0 ->interplane V3*are decoupled from kagome planes
’ -> kagome planes are decoupled from each others



Magnetic model for DQVOF

147°

Curie Weiss 0=(J+J,)/2~60 K
J~ cos? 6 ->J,/J,=0.64

T,~47 K
J,-73 K

DFT (O. Janson et al S10107) :
J/J,=0.75



Magnetic model for DQVOF

Curie Weiss 0=(J+J,)/2~60 K
J~ cos? 6 ->J,/J,=0.64

T,~47 K
J,-73 K

DFT (O. Janson et al S10107) :

VAN A/\ ________ _ /\ « Trimerized kagome

J& lattice »

M. Mambrini et al 00

\ A /\ /\ M. Zhitomirsky 05




Susceptibility
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AF interactions, no sign of transition down to 2K -> frustration
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Muon spin relaxation (uLSR)

P(r)

DQ ([NH,][C7H14N])

1 (ps)

No fast relaxation, no '1/3rd tail' at low T

-> no spin freezing down to 40mK
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Heat capacity
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Heat capacity
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Heat capacity
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+

V3+ (S=1) Schottky

+

H/F nuclear Schottky

+
kagome ?

Field dependence
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Heat capacity

Field dependence q
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Heat capacity
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The full excitation spectrum is not gapped (A<0.3K~J/200)

Gapless fermionic spinon excitations, y=0.2 J /K?/mol V#*

Gapless continuum of non-magnetic excitations?



F NMR

Fluorine nuclear magnetic resonance (I=1/2)

-> F participate in superexchange
-> good local probe of magnetism

Sample : powder "
(powder distribution-> broad spectra)

100% oriented powder (%
c//B
e a,b random

200 um



F NMR - local susceptibility
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F NMR - local susceptibility
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F NMR - local susceptibility
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F NMR - local susceptibility

NMR Intensity (AU)
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F NMR - local susceptibility
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F NMR - spin dynamics
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F NMR - spin dynamics
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At low field, low T, V3* S=1 fluctuations dominate



F NMR - spin dynamics
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At low field, low T, V3* S=1 fluctuations dominate

At large field, low T, fast drop of 1/T;
- Saturation of S=1 spins (brillouin) : probably no



F NMR - spin dynamics
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At low field, low T, V3* S=1 fluctuations

At large field, low T, fast drop of 1/T;
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- Saturation of S=1 spins (brillouin) : probably no
: probably no

- Field induced transition



F NMR - spin dynamics
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At low field, low T, V3* S=1 fluctuations dominate
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F NMR - spin dynamics
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Conclusion (2)

DQVOF is a new highly frustrated quantum material based on vanadium

Gapless excitation spectrum / gapped magnetic excitation

complex structure but eventually rather simple and unique realization
of trimerized kagome

Relevant to the issue of the proliferation of singlets in the SRRVB
picture
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Hyperkagome: a 3D S=1/2 frustrated lattice

week endin
PRL 99, 137207 (2007) PHYSICAL REVIEW LETTERS 28 SEPTEMBER. 2007

Spin-Liquid State in the § = 1/2 Hyperkagome Antiferromagnet Na Ir;0g

Yoshihiko Okamoto,"* Minoru Nohara,> Hiroko Aruga-Katori,' and Hidenori Takagi'"

'RIKEN (The Institute of Physical and Chemical Research), 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

*Department of Advanced Materials, University of Tokyo and CREST-JST, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8561, Japan
(Received 19 May 2007; revised manuscript received 24 July 2007; published 27 September 2007)

A spinel related oxide, NaylIr;Og, was found to have a three dimensional network of corner shared I
(rzf] triangles. This gives rise to an antiferromagnetically coupled § = 1/2 spin system formed on a
geometrically frustrated hyperkagome lattice. Magnetization M and magnetic specific heat C,, data



Hyperkagome structure: corner sharing

Effective spin
Ir+ J=1/2 (t3,°)

Two chiralities
Y. Okamoto et al, PRL 98, 2007



Hyperkagome structure: corner sharing

Ir* only




Thermodynamic measurements: gapless spin liquid
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R. Singh, J.Oitmaa, PRB 2012



Doping is possible -> even more excitement
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Balodhi et al. ArXiv 2014
See also Takayama et al, Nature (2014)



Low-T specific heat: extension to low-T
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Models (spin liquid)

v' Fermionic approach: spinon Fermi Surface
Max C/T: crossover from Z2to U(1) SL

Paired spinons with line nodes in the gap

Susceptibility Pauli-like: mixing singlet and triplet state

v Mottness

Proximity to a metal-insulator transition

Quantum criticality

Susceptibility and specific heat: right trend

Wilson ratio: little variation of specific heat, large variation of
susceptibility

v' Valence Bond Crystal: 72 sites

Gap of the order of J
Y. Zhou et al. PRL (2008)

D. Podolsky et al., PRL (2009); PRB (2011)
E. Bergholtz et al. PRL (2010)



Degradation of sample with timell
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LSR: freezing CDFO

CDFO = conflgur'a’rlonnaly degenem‘r(e phases with fluctuating order
SR ’ a)

Quasistatic magnhetic
field distribution
dressed with slow
fluctuations

Polarization

R. Dally et al, PRL 113, 2014



pSR: freezing: order parameter and relaxation
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Our study: 1O and 23Na NMR

Université Paris-Sud
F. Bert
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No degradation

1.6 O March 2014
14L A May 2014
v September 2014
192 € Degraded
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» (x10° emu/mol)

7 Balodhi et al,
Arxiv 2014

0 50 100 150 200 250 300

Temperature (K)



Typical degradation from 23Na NMR

3 Our pure sample
3 Our degraded sample
O H. Takagi's sample
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70 and 23Na NMR: site assignment
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70(1) NMR: shift
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70 NMR: shift
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Low temperatures: 170 NMR
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Low temperatures: width independent of field
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Low temperatures
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Low temperatures: NMR vs ySR
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Relaxation
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Back to models (spin liquid)

v' Fermionic approach: spinon Fermi Surface
Max C/T: crossover from Z2to U(1) SL

Paired spinons with line nodes in the gap: contradiction with T,?
Susceptibility Pauli-like: mixing singlet and triplet state
~Korringa law T,;TK? ~ cte

v Mottness

Proximity to a metal-insulator transition

Quantum criticality

Susceptibility and specific heat: right trend

Wilson ratio: little variation of specific heat, large variation of
susceptibility

T, could be a test for models

v' Valence Bond &rystel-Glass

Downward shift of the transition?
C typical of a valence bond glass?



Summary (hyperkagome)

v Low-T state dominated by disorder: static
C/T ~y+b T4 (not a spinglass)
1/T1 ~T4

Valence bond crystal -> valence bond glass?
Downward shift of the transition J > T,

v Intermediate T-region

If crossover region, not fowards a gapped regime
Or

Broad critical regime (disorder)

v 2T,=J/20<T<J/37? :infrinsic spin liq

properties
Max of C/T~ 3T;
T1 ~T1.7
v constante




v/ Spin 3 ® Corner sharing geometry ® frustration
v' Equilateral triangles are a must!

v More work: track the deviations to the
Heisenberg Hamiltonian ~ J/20 - J/10

v'Disorder plays a role at low T (only)

v’ Avenues:
 control of defects: perturb to reveal
« Tridates: spin orbit interaction







