
Spin-metal phase in Mott insulator with two-
dimensional triangular antiferromagnets 

1. Quantum spin liquid in 2D 
 Recipe. 
 Gapless? Gapped? 

2. Thermal-transport study of EtMe3Sb[Pd(dmit)2]2 

 Finite k/T in the zero-temperature limit 
 M. Y. et al., Science, 328, 1246 (2010) 
 Gapless excitation with long mean free path 

3. Magnetic torque 
 Dc remains finite down to 30 mK, 0.5 T 
→Gapless magnetic excitation 
 

4. Discussion 
Spin-metal phase? 
Quantum critical phase? 
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GCOE symposium “Links among Hierarchies”, February 15, 2012 

Minoru Yamashita, Kyoto Univ.  
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Quantum Liquid 
Conventional material 

 Frozen at the absolute zero 
temperature 

 Ordering in conventional 
way 

e.g. crystallization 

Quantum Liquids 
• No freezing by quantum fluctuation 

Steam Water Ice 

4He 3He 

Difference of quantum statics explicitly emerges 

Zero point oscillation  
>  Interaction 

Bose statics 
BEC, superfluid 4He 

Fermi statics 
Fermi liquid, Cooper pairing  



Quantum Spin Liquid 
A new quantum state of matter 

 1D spin chain 
Strong quantum fluctuation 
No long-range order 
 

Gapless spin liquid (S = 1/2) 
fractionalized excitation 
 spinon (domain wall) 
Gapped spin liquid (S = 1) 
Haldane gap 

Spins (classical/quantum) in 3D 

(exception: spin ice, 3D hyper kagomé) 

Ferromagnetic order 

Long-range order for T < J  
(J: interaction energy) 

Broken rotational 
symmetry 

Valence bond solid 
(spin singlet） 

Broken translational 
symmetry 



Quantum Spin Liquid in Low-dimensions 

How about in 2D？ 
 

Order or not order? 
• geometrical frustration plays important rule 

 
Many theories proposed 
• Resonating-valence-bond liquid 
• Chiral spin liquid 
• Quantum dimer liquid 
• Z2 spin liquid 
• Algebraic spin liquid 
• Spin Bose Metal 
• Etc.,, 

  
Elementary exciation not yet identified 
• Spinon with Fermi surface 
• Vison 
• Majorana fermions 

 

• Recent discoveries of QSL candidates 
• No LRO found down to experimentally 

reachable low temperature 
     → New frontier of condensed-matter 

New quantum 
condensed-state may 

be realized!! 

Quantum Spin Liquid in 2D 
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How can we stabilize QSL in 2D？ 

P.W. Anderson (1973) 

Geometrical frustration 
in AF Ising 
 
“Triangular relation of spins” 
Unsatisfied bond 

Triangular relation of love 



Geometrical frustration: Heisenberg case 

P.W. Anderson (1973) 

Quantum spin liquid state 
Resonating-valence-bond state 

•No long-range order 
•No symmetry breaking 
•Fractionalized excitation (spinon) 
•Long correlation length 

+ ∙ ∙ ∙ 

Heisenberg Spins on 2D triangular lattice 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{eqnarray*}

{/mathcal H} = 

J /sum_{(i,j)} {/bm S}_i /cdot {/bm S}_j

/end{eqnarray*}
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Geometrical frustration: Heisenberg case 

Long-range order!! 
 
Néel order 
3-sublattice 
120°structure 

Bernu-Lhuillier-Pierre, PRL (‘92) 
Capriotti-Trumper-Sorella, PRL (‘99) 

Heisenberg Spins on 2D triangular lattice 

Further quantum fluctuation required 
to stabilize quantum spin liquid. 
1. Further quantum fluctuation 
2. Stronger geometrical frustration 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{eqnarray*}

{/mathcal H} = 

J /sum_{(i,j)} {/bm S}_i /cdot {/bm S}_j

/end{eqnarray*}


Morita-Watanabe-Imada, JPSJ (2002) 

Non-Magnetic Insulating phase  
(Quantum spin liquid)  

Hubbard model 

Yoshioka-Koga-Kawakami, PRL (2010) 

NMI 120⁰ Néel Metal t’/t = 1 

QSL under geometrical frustration 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{eqnarray*}

{/mathcal H} = 

 - /sum_{(i,j),/sigma} t /left( c_{i /sigma}^{/dagger} c_{j /sigma} + {/rm H.C.} /right)

 + U /sum_{i=1}^N n_{i/uparrow} n_{i /downarrow}

/end{eqnarray*}


Hubbard model 

QSL under geometrical frustration 

Ring-exchange model 

Misguich-Bernu-Lhuillier-Waldtmann (PRL `98, PRB `99) 
LiMing-Misguich-Sindzingre-Lhuillier  (PRB `00) 
O.I. Motrunich, PRB (2005) 

Quantum spin liquid for large J4 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{eqnarray*}

{/mathcal H} = 

 - /sum_{(i,j),/sigma} t /left( c_{i /sigma}^{/dagger} c_{j /sigma} + {/rm H.C.} /right)

 + U /sum_{i=1}^N n_{i/uparrow} n_{i /downarrow}

/end{eqnarray*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{eqnarray*}

{/mathcal H} &=& 

 J_2^{eff} /sum P_2

 + J_4 /sum /left( P_4 + P_4^{-1} /right) //

&& - J_5 /sum /left( P_5 + P_5^{-1} /right)

 + J_6 /sum /left( P_6 + P_6^{-1} /right)

/end{eqnarray*}




Hubbard model 

QSL under geometrical frustration 

2D kagomé lattice 

Ring-exchange model 

•Corner-sharing triangular lattice 
•Stronger geometrical frustration 
•Quantum spin liquid 

Yang-Huse-White, Science (2011) 
Nakano-Sakai, JPSJ (2011) 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{eqnarray*}
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 - /sum_{(i,j),/sigma} t /left( c_{i /sigma}^{/dagger} c_{j /sigma} + {/rm H.C.} /right)
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Some of promising candidates of 2D 
quantum spin liquids 
3He absorbed on Graphite 
 

Organic compounds 
k-(BEDT-TTF)2Cu2(CN)3 
EtMe3Sb[Pd(dmit)2]2 

Kagomé  
Herbertsmithite, Volborthite, 
Rb2Cu3SnF12, Na3Ir3O8 



(Cation)[Pd(dmit)2]2 

2D layer of 
Pd(dmit)2 molecule 

Cation layer 
Non-magentic 
X = EtMe3Sb, 
       Et2Me2Sb, 
       etc. 

Dimerization → Half-filled Mott insulator 

SIDE VIEW TOP VIEW 

2D spin system 

Very clean single crystal available 
“Weak” Mott insulator (small U/t) 
Variety of material syntheses available 

Insulator with S = 1/2 
Triangular lattice 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

t_A /sim 0.5 /textrm{ eV} /gg t_B, t_S, t_r /sim 30 /textrm{ mV}

/end{align*}


New spin liquid Material: EtMe3Sb[Pd(dmit)2]2 

Itou et al., PRB 77, 104413 (2008) 

①  c(T)：2D triangular 

Itou et al., J. Phys. Conf. 
Ser. 145, 012039 (2009) 

② No LRO down to 
~J/10,000 

b’-(Cation)[Pd(dmit)2]2 

Quantum spin liquid!! 

J = 220 ~ 250 K 
 ~ J/10,000  at 20 mK 

Frustration 

K. Kanoda and R. Kato 
Annu. Rev. Condens. Matter Phys.  (2011) 

What kind of spin liquid?? 
So many theoretical 

candidates,,, 
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Elementary excitation characterizing QSL 
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Katsumata, et al., (1989) 

Endoh, et al., (1974) 

S = 1/2 1D spin chain: Gapless 
Algebraic spin correlation 
Quantum critical state 

S = 1, 1D spin chain: Haldane gap 
Exponentially decaying spin correlation 

Gapped (Topological spin liquid) 

Gapless (Algebraic spin liquid) 

What is the elementary excitation characterizing QSL? 

Experiment 

Neutron scattering:  
 Not available for organic compound 
Heat capacity, magnetization 
 Impurity problems in low temperature 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/langle S(r)S(0) /rangle /sim r^{-/nu}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/langle S(r)S(0) /rangle /sim e^{-r//xi}

/end{align*}


Thermal-transport  & Magnetic torque 

Magnetic torque measurement 

•Only anisotropic susceptibility 
detected. 
•Isotropic impurity (free spins) 
cancelled. 
•High sensitivity. ONE single crystal 
measurement available. 

kxx Measurement 

Thermal conductivity 

Selectively sensitive to itinerant excitations. 
Not affected by localized impurity (Schottky anomaly). 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/tau = /frac{1}{2}/mu_0 H^2 V /Delta/chi /sin 2 /theta

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/frac{1}{wt}Q = /kappa /frac{/Delta T}{/ell}

/end{align*}
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Thermal conductivity in low temperature 

kphonon 

~ 

k/T vs T2 plot 
  (T < 300 mK) 

~ 

kspin 

Enhancement of k in spin liquid state 
 

Clear residual of k/T ! 

Normally property of metals. 
(comparable to k of Brass 
WF raw → r0 = 13 W∙cm) 
But, this is INSULATOR!! 
 
Evidence for a gapless excitation, 
like electrons in normal metals. 

M. Y., Science (2010) 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/kappa = /bm{/kappa_{spin}} + /kappa_{phonon}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/textcolor[rgb]{1,1,0.4}{/begin{align*}

/bm{/frac{/kappa_{spin}}{T}} /longrightarrow 0.19 /textrm{ W/K$^2$m}/

/end{align*}}


Magnetic torque at High field 

M ∝ H from zero field 

Gapless magnetic excitation 

Magnetic torque under high magnetic field 
 @ LNCMI Grenoble & NIMS 
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T = 30 mK 

Property of magnetically LRO state 
(Goldstone theorem) 

Spin liquid with an algebraic 
correlation 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/Delta /propto 1//xi

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/langle S(r)S(0) /rangle /sim r^{-/nu}

/end{align*}


Magnetic torque at High field 

Gapless magnetic excitation 
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T = 30 mK 

Gapless magnetic excitation in 
Quantum spin liquid !! 

EXACTLY on QCP? Too nice to believe! 
For both pristine and deuterated samples? 

No LRO, No Gap down to ~J/10,000 

Chakravarty-Halperin-Nelson PRB (1989) 
Sachdev & Keimer, Physics Today (2011) 

Algebraic spin liquid 



Quantum Critical Phase? 
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T = 30 mK 

Stable gapless magnetic phase (quantum 
critical phase), rather than on QCP. 



Spin-metal phase in Mott insulator 

Metal Spin-metal phase (spin liquid) 

Mross-Senthil, PRB 84, 041102(R) (2010) 

Both charge and spin can swim. Only charges are frozen . 
 Mott-insulating transition 
Spins can still swim 
 Geometrical frustration 
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Thermal conductivity and magnetic torque measurement of 
EtMe3Sb[Pd(dmit)2]2 

 
 Finite k/T and long mean free path 
 Finite Dc down to 30 mK. 
 DM ∝ H from almost zero field up to high field 

Highly-entangled QSL with 
gapless magnetic excitation 

Spin-metal phase (algebraic spin liquid) 

Quantum critical phase, rather than on QCP? 
Fermionic excitation? (Exotic) bosons? 

Minoru Yamashita et al. 
Science 328, 1246 (2010) 




