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

Minoru Yamashita, Kyoto Univ.
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EtMe,Sb
(spin liquid)

1. Quantum spin liquid in 2D
O Recipe.
O Gapless? Gapped?
2. Thermal-transport study of EtMe,;Sb[Pd(dmit),],
O Finite /T in the zero-temperature limit
M. Y. et al., Science, 328, 1246 (2010)
— Gapless excitation with long mean free path
3. Magnetic torque
O Ay remains finite down to 30 mK, 0.5 T
—~Gapless magnetic excitation
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4. Discussion
Spin-metal phase?
Quantum critical phase?

GCOE symposium “Links among Hierarchies”, February 15, 2012
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Quantum Liquid

Conventional material

Quantum Liquids
v Frozen at the absolute zero

temperature * No freezing by quantum fluctuation
v Ordering in conventional 4
way
e.g. crystallization

Zero point oscillation
> |Interaction
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Difference of quantum statics explicitly emerges

Bose statics Fermi statics
BEC, superfluid *He  Fermi liquid, Cooper pairing
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Quantum Spin Liquid
A new quantum state of matter

Spins (classical/quantum) in 3D

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

Valence bond solid
Ferromagnetic order  (spin singlet)

Broken rotational  Broken translational
symmetry symmetry

(exception: spin ice, 3D hyper kagomé)

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

OGapless spin liquid (S =1/2)
fractionalized excitation

spinon (domain wall)
OGapped spin liquid (S = 1)
Haldane gap




How aboutin 2D 7?

Order or not order?
* geometrical frustration plays important rule

Many theories proposed

e Resonating-valence-bond liquid
e Chiral spin liquid

* Quantum dimer liquid

* Z,spin liquid

e Algebraic spin liquid

* Spin Bose Metal

* Etc.,,

antum Spin Liquid in Low-dimensions

Quantum Spin Liquid in 2D

C )

Elementary exciation not yet identified
e 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




Geometrical Frustration

How can we stabilize QSL in 2D 7?

Geometrical frustration
in AF Ising

“Triangular relation of spins”
Unsatisfied bond




Geometrical Frustration

How can we stabilize QSL in 2D 7?

Geometrical frustration
in AF Ising

“Triangular relation of spins”
Unsatisfied bond
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Geometrical frustration: Heisenberg case

Heisenberg Spins on 2D triangular lattice
H=JY S8,
(4,5)

= (1)~ )
V2

@ © ¢ ¢

PW. Anderson (1973)

Quantum spin liquid state
Resonating-valence-bond state
*No long-range order

*No symmetry breaking
*Fractionalized excitation (spinon)
*Long correlation length



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*}

Geometrical frustration: Heisenberg case

Heisenberg Spins on 2D triangular lattice
H=JY S8,
(4,5)

= (1)~ )
V &
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PW. Anderson (1973)

Quantum spin liquid state
Resonating-valence-bond state
*No long-range order

*No symmetry breaking
*Fractionalized excitation (spinon)
*Long correlation length



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*}

Geometrical frustration: Heisenberg case

Heisenberg Spins on 2D triangular lattice

Further quantum fluctuation required
to stabilize quantum spin liquid.
1. Further quantum fluctuation

3-8 2. Stronger geometrical frustration

Cap
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{/mathcal H} = 

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

/end{eqnarray*}

QSL under geometrical frustration

Hubbard model

Z t (cwcja + H. C) + UZ”%T”zl

(7’73) i=1

Non-Magnetic Insulating phase
(Quantum spin liquid)

Morita-Watanabe-Imada, JPSJ (2002)
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Yoshioka-Koga-Kawakami, PRL (2010)



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*}

QSL under geometrical frustration

Hubbard model

Z t (cwcja + H. C) + UZ”%T”zl

(4,7),0 i=1

Ring-exchange model
H = By P+n) (P+PY)
—Js Z (Ps + P7Y) + Jg Z (Ps + P 1)

Quantum spin liquid for large J,

Misguich-Bernu-Lhuillier-Waldtmann (PRL "98, PRB "99)
LiMing-Misguich-Sindzingre-Lhuillier (PRB "00)
O.l. Motrunich, PRB (2005)
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{/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*}



QSL under geometrical frustration

Hubbard model

Z t (cwcja + H. C) + UZ”%T”zl

(4,7),0 i=1

Ring-exchange model
H = By P+n) (P+PY)
—Js Z (Ps + P7Y) + Jg Z (Ps + P 1)

2D kagomé lattice

*Corner-sharing triangular lattice

*Stronger geometrical frustration

*Quantum spin liquid
Yang-Huse-White, Science (2011)
Nakano-Sakai, JPSJ (2011)
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 J_2^{eff} /sum P_2
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/end{eqnarray*}



Some of promising candidates of 2D
guantum spin liquids

3He absorbed on Graphite

Organic compounds
EtMe;Sb[Pd(dmit),],

Kagomé
Herbertsmithite, Volborthite,
Rb,Cu,;SnF,, NasIr;Oq




(Cation)[Pd(dmit), ],

SIDE VIEW TOP VIEW

2D layer of
L Pd(dmit), molecule

Cation layer

Non-magentic

X = EtMe,Sb,
Et,Me,Sb,

ta~05eV>tp,tg,t, ~30 mV
Dimerization —> Half-filled Mott insulator

2D spin system Insulator with S =1/2
Triangular lattice

v “Weak” Mott insulator (small U/t)

g v'Very clean single crystal available
v'Variety of material syntheses available


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: spiniliguid Miaterial: EtiVie;SbPd(dmit); 5

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

B’-(Cation)[Pd(dmit),],

@ x(T):2D triangular

250 K
Yot 20 mK

What kind of spin liquid?? 08
So many theoretical
candidates,,,

= liquid!!

200 -150 -100 50 0 50 100 150 200 Itou et al., J. Phys. Conf.
- Shift from 81.830MHz (kHz) Ser. 145, 012039 (2009)
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What is the theory known to describe 2D QSL? Y
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Million-dollars Question .
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RESONATING VALENCE BONDS: A NEW KIND OF INSULATOR ?*

fbf

P. W. Anderson
Bell Laboratories, Murray Hill, New Jersey 07974

and
Cavendish Laboratory, Cambridge, England

T (Received December 5, 1972; Invited**)
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—<What is the theory known to describe 2D QSL?}T
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Million-dollars Question
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VOLUME 59, NUMBER 18§ PHYSICAL REVIEW LETTERS 2 NOVEMBER 1987

Equivalence of the Resonating-Valence-Bond and Fractional Quantum Hall States

V. Kalmeyer
Department of Physics, Stanford University, Stanford, California 94305

Department of Physics, Stanford U
University of California, Lawrence Livern
{Receiv
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Million-dollars Question
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PHYSICAL REVIEW LETTERS 26 FEBRUARY 2001

Resonating Valence Bond Phase in the Triangular Lattice
Quantum Dimer Model

Sondhi
YV, Princeton, New Jersey

cted to

e quantum dimer model on the triangular latti
ond configura
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Million-dollars Question

PHYSICAL REVIEW LETT

T (anaca Thanrv af tha Huhhard Madals Knin T 1id Qtatac
PHYSICAL REVIEW B 7 5 (

ariational study of triangular lattice spin-1/2 model with ring exchanges and spin liquid state

in k-(ET),Cu,(CN);

PRL. 95 PHY L REVIEW LETTERS

n Pairing Instability in the U(1) Spin Liquid State with Fermi Surface and Application
to k-(BEDT-TTF),Cu;(CN);

Center |
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illion-dollars Question
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PHYSICAL REVIEW B, VOLUME 65, 165113
Quantum orders and symmetric spin liquids

Xiao-Gang Wen*
vartment of Physics, Massachusetts Institute o] hino Cambri /

5. e
(Received 3 June 2001; revised manuscript r :d 21 December 2001; published 10 April 20

ar in quantum

es at zero temperature. classes of quantum states (de-

scribed by complex ground-state wave functions) are much richer than classical orders that characterize the
lity classes of finite-temperature cl: ( it

Landau’s theory for orders and phase transitions does not app quantum

' described by broken symmetries and the iated order parameters. We introduced a mathematical ob
projective metry group—ito characterize quantum . With the help of quantum orders and proj

shich

*A: resonating-valence-bond ‘ *B: chiral spin liquid
— wal . g

*C: Quantum dimer liquid *D: QSL with spinon Fermi surface

*E: Algebraic spin liquid




Million-dollars Question

PHYSICAL REVIEW LETTERS

*A: resonating-valence-bond *B: chiral spin liquid
— . —
*C: Quantum dimer liquid - *D: QSL with spinon Fermi surface

*E: Algebraic spin liquid *F: Z, spin liquid




Million-dollars Question

PHYSICAL REVIEW B 79

€

(2D) spin liquid in ¢ : to the me
triangular lattice Heisenbe with a four-spin r

that the projected spinon Fermi sea state has

to as a “spin Bose me
tems: the di

*A: resonating-valence-bond *B: chiral spin liquid
— . —
*C: Quantum dimer liquid - *D: QSL with spinon Fermi surface

*E: Algebraic spin liquid *F: Z, spin liquid

*G: Spin-Bose-Metal phase



Million-dollars Question
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What is the theory known to describe 2D QSL?

. *B: chiral spin liquid

‘ % °D: QSL with spinon Fermi surface
*F: Z, spin liquid

*A: resonating-valence-bond

*C: Quantum dimer liquid

I
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*E: Algebraic spin liquid




I\/Illhbn dollars Questlon
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What is the theory known to describe 2D QSL?

L= | N )

*A: resonating-valence-bond *B: chiral spln liquid

C: Quantum dimer liquid l *D: QSL with spinon Fermi surface
% °E: Algebraic spin liquid °F: Z, spin I|qU|d

*G: Spin-Bose-Metal phase *H: None of the above
i e




Million-dollars Question
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What is the theory known to describe 2D QSL?
: *B: chiral spin liquid
*E: Algebraic spin liquid *F: Z, spin liquid |

*G: Spin-Bose-Metal phase

e
i e

*A: resonating-valence-bond

\____JEWF % | .N
X i =

*H: None of the above




Million-dollars Question

/Sl

Gapped spin liquid

B

/
i

What is the theory known to describe 2D QSL?

*A: resonating-valence-bond m. *B: chiral spin liquid Iy

g | .- 2 —

*C: Quantum dimer liquid l| i *D: QSL with spinon Fermi surface
*F: Z, spin liquid
*G: Spin-Bose-Metal phase *H: None of the above

i =

*E: Algebraic spin liquid




Elementary excitation characterizing QSL

Endoh, et al., (1974)

DES CLOIZEAUX

What is the elementary excitation characterizing QSL? reimon |

RESULT ._ y

ClGapless (Algebraic spin liquid)

S =1/2 1D spin chain: Gapless
Algebraic spin correlation (S(r)S(0)) ~r~"
Quantum critical state

CLASSICAL SPIN
WAVE MODEL

CGapped (Topological spin liquid)
S =1, 1D spin chain: Haldane gap
Exponentially decaying spin correlation

‘ (S(r)S(0)) ~e~"/¢

Experiment

C
RS,
)
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Neutron scattering:
g Not available for organic compound
Heat capacity, magnetization MAGETIC FIELD o)
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

L Thermal conductivity

Selectively sensitive to itinerant excitations.

\Y t
Not affected by localized impurity (Schottky anomaly). N mEn

[0 Magnetic torque measurement

1 :
T = §,uOH2VAX sin 20
*Only anisotropic susceptibility
detected. ' § Piezoresistor
eIsotropic impurity (free spins) Cantilever
cancelled. Single crystal

*High sensitivity. ONE single crystal
measurement available.


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*}

Thermal conductivity in low temperature

/T vs T2 plot

OEnhancement of k in spin liquid state
(T <300 mK)

K = Kspin T Kphonon

- EtMe,;Sb

(spin liquid) S =
o

OClear residual of /T !

KRspin
; » 0.19 W/K?m

IT (WIK*m)
o
N

Normally property of metals.
(comparable to k of Brass
WF raw - py = 13 nQecm)
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

Magnetic torque under high magnetic field
@ LNCMI Grenoble & NIMS

hg-Grenoble

M « H from zero field
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Gapless magnetic excitation

Property of magnetically LRO state
(Goldstone theorem)

1 Ao 1/

Spin liquid with an algebraic
correlation
(S(r)S(0)) ~r™"
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/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 - Grenoble

‘ Algebraic spin liquid
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Gapless magnetic excitation in
Quantum spin liquid !!

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

QCP

:‘gsgf‘rgtr“‘;e Gapped EXACTLY on QCP? Too nice to believe!
ordered state spin liquid For both pristine and deuterated samples?

tuning parameter Chakravarty-Halperin-Nelson PRB (1989)

Sachdev & Keimer, Physics Today (2011)



Quantum Critical Phase?

hg-Grenoble

Temperature

M (ug/dimer)

Magnetic il o
long-range T
ordered state spin liquid

tuning parameter

L
=
_,—
o
4
5
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d,-EtMe,Sb

' h,-EtMe,Sb Stable gapless magnetic phase (quantum
Magnetic Gapless critical phase), rather than on QCP.
long-range (algebraic)
ordered state  °  spin | :




Spin-metal phase in Mott insulator

Metal Spin-metal phase (spin liquid)

Both charge and spin can swim. Only charges are frozen

Mott-insulating transition
Spins can still swim
Geometrical frustration

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



summary | .

Thermal conductivity and magnetic torque measurement of Science 328, 1246 (2010)
EtMe,Sb[Pd(dmit),],

- EtMe,Sb
(spin liquid) . ©

o
o

O Finite x/T and long mean free path
O Finite Ay down to 30 mK.
O AM oc H from almost zero field up to high field
‘ Highly-entangled QSL with
gapless magnetic excitation
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Spin-metal phase (algebraic spin liquid)

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

hqe-Grenoble

M (ug/dimer)

d,-EtMe,Sb
h,-EtMe,Sb

2 S
R -~
S g
8 8
5 5
2 R

Magnetic

Magnetic Gapped .
long-range - pe long-rangs

ordered state spin liquid ordered statt

tuning parameter







