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Quantum Liquid

Classical Liquids

v Frozen at the absolute zero
temperature

v Ordering in conventional
way i

e.g. crystallization

Pressure

Quantum Liquids

* No freezing by quantum fluctuation

Zero point oscillation
> Interaction

Quantum Spin Liquids

Steam Water

— P o

Ice

A state of matter where strong quantum
fluctuations melt the long-range magnetic
order even at absolute zero temperature.
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Introduction

A spin pair of S=1/2 spins coupled by the Heisenberg interaction

JS1-S5 J >0 Antiferromagnetic interaction
S1:S2= 5111382:1: + Slys2y + Sle2z :
= 2(51452- +51-So1) + 51,8, 5

Classical spin
T l < 51,59, > En = _%J

Quantum spin (no classical analogue)
s >= %U TL>=[11>) singlet

< S1259: >, < SlySQy >, < 51252, >

Esy = Esy = Es, = —1J Quantum fluctuation

ES:—%J < En


http://maru.bonyari.jp/texclip/texclip.php?s=$J${/boldmath$S_1$}$/cdot${/boldmath$S_2$}



http://maru.bonyari.jp/texclip/texclip.php?s={/boldmath$S_1$}$/cdot${/boldmath$S_2$}$=S_{1x}S_{2x}+S_{1y}S_{2y}+S_{1z}S_{2z}$



http://maru.bonyari.jp/texclip/texclip.php?s={/boldmath$S_1$}$/cdot${/boldmath$S_2$}$=S_{1x}S_{2x}+S_{1y}S_{2y}+S_{1z}S_{2z}$

~~~~~~~~$=/frac{1}{2}(S_{1+}S_{2-}+S_{1-}S_{2+})+S_{1z}S_{2z}$

http://maru.bonyari.jp/texclip/texclip.php?s=$J>0$

http://maru.bonyari.jp/texclip/texclip.php?s=$E_{N}=-/frac{1}{4}J$
http://maru.bonyari.jp/texclip/texclip.php?s=$|s>=/frac{1}{/sqrt 2}(|/uparrow /downarrow>-|/downarrow/uparrow>)$
http://maru.bonyari.jp/texclip/texclip.php?s=
$E_s=-/frac{3}{4}J$
http://maru.bonyari.jp/texclip/texclip.php?s=$<S_{1x}S_{2x}>, <S_{1y}S_{2y}>, <S_{1z}S_{2z}>$
http://maru.bonyari.jp/texclip/texclip.php?s=$E_{sx}=E_{sy}=E_{sz}=-/frac{1}{4}J$
http://maru.bonyari.jp/texclip/texclip.php?s=$<E_N$
http://maru.bonyari.jp/texclip/texclip.php?s=$<S_{1z}S_{2z}>$

1D spin-1/2 Heisenberg antiferromagnet

N
H — JZS;,-S;,- Ground state S=0

i<j
(1) Classical Neel state
Lt ENeet = —3JN = —0.25JN
Spin rotational symmetry: Broken
Long range order Translational symmetry: Broken
(2) Dimer state (Valence Bond Soild State)
1 41' l T‘l’ Esinglet — _%JN = —0.375JN

Spin singlet |s >= %(I Tl> —] lT>) Spin rotational symmetry: Unbroken

Long range order of singlet pairs Translational symmetry: Broken

(3) Exact solution (Quantum Spin Liquid State)

Eo=—(In2—1/4)JN = —0.4431JN
Spin rotational symmetry: Unbroken
Translational symmetry: Unbroken

No long range order

Spin Liquids states do not break any simple symmetry:
neither spin-rotational symmetry nor lattice symmetry.


http://maru.bonyari.jp/texclip/texclip.php?s={/boldmath$S_1$}$/cdot${/boldmath$S_2$}$=S_{1x}S_{2x}+S_{1y}S_{2y}+S_{1z}S_{2z}$



http://maru.bonyari.jp/texclip/texclip.php?s=/begin{document}
/[/mathcal{H}=J/sum_{i<j}^{N}}
 /]
/end{document}
${/boldmath S}$
http://maru.bonyari.jp/texclip/texclip.php?s={/boldmath $S_i$}$/cdot${/boldmath $S_j$}
http://maru.bonyari.jp/texclip/texclip.php?s=$E_{Neel}=-/frac{1}{4}JN=-0.25JN$
http://maru.bonyari.jp/texclip/texclip.php?s=$|s>=/frac{1}{/sqrt 2}(|/uparrow /downarrow>-|/downarrow/uparrow>)$
http://maru.bonyari.jp/texclip/texclip.php?s=$E_{singlet}=-/frac{3}{8}JN=-0.375JN$
http://maru.bonyari.jp/texclip/texclip.php?s=$E_{0}=-(/ln2-1/4)JN=-0.4431JN$

1D spin-1/2 Heisenberg antiferromagnet

Quantum spin liquid ( No long range order)

Spin-spin correlation function | <S;-S;> | ~ |i — j| ™" ~ 7!

Algebraic spin correlation (critical phase)

Excitation CuCl,*2N(C¢Dy)
Gapless _ Tl L Spinon excitation (S= 1/2 e=0)
(magnetic) o | NNMMMMMOM
1des Clojzeaux  aarff 1 AR RERERT VAT R}
At a\ § ML ALY
AF1(q) = §J|sinqal S=1/2

0

AN \:) ML AP AL

No energy cost in moving the spinons far apart.

Notion of QSL is firmly established in 1D. How about in higher dimensions?


http://maru.bonyari.jp/texclip/texclip.php?s=$|<${/boldmath $S_i$$/cdot${/boldmath $S_j$}$>|/sim {|i-j|}^{-1} /sim r^{-1}$
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
{/mathscr H} = J /sum_{(i,j)} 
/left(
/mbox{/boldmath $S$}_i^x /cdot /mbox{/boldmath $S$}_j^x
+ /mbox{/boldmath $S$}_i^y /cdot /mbox{/boldmath $S$}_j^y
+ /Delta /mbox{/boldmath $S$}_i^z /cdot /mbox{/boldmath $S$}_j^z
/right)
/end{align*}
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=$/Delta E_{1}(q)=/frac{/pi}{2}J|/sin qa|$

QSLs in two and three dimensions
Geometrical frustrations are required
Classical A significant ground-state degeneracy

Quantum  Quantum fluctuation lifts the degeneracy. It may lead
to a QSL ground state.

Kagome lattice Pyrochlore lattice
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Quantum spin liquid state in 2D triangular lattice

A triangle of AF interacting Ising spins, all
2D triangular lattice spins cannot be antiparallel.

P.W. Anderson (1973)

Triangle relation




What Is the ground state of 2D triangular lattice ?

Néel order ? Valence Bond Solid ? Spin Liquid ?

‘-,}
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- L—= -
\Singlet spin pair
1
(T - %)
Broken spin-rotational symmetry Unbroken spin-rotational Unbroken spin-rotational
Broken translational symmetry Broken translational Unbroken translational
3-sublattice Néel order Long range order of singlet No simple symmetry breaking

(120° structure)



Quantum spin liquid state in 2D triangular lattice

H=J) Si-S; Heisenberg model with nearest-neighbor interaction
(L))=A4A

Resonating Valelnce Bond (RVB) Liquid % (@_@)
= (11> —| 11>)
e © © ©
® ¢ ©
e ¢ e 0
©c © ¢

Superposition of different configurations

Resonance between highly degenerated spin
configurations leads to a liquid-like wavefunction.

P. Fazekas and P.W. Anderson, Philos. Mag. (74)


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*}
http://maru.bonyari.jp/texclip/texclip.php?s=$=/frac{1}{/sqrt2}(|/uparrow /downarrow>-|/downarrow /uparrow>)$

Quantum spin liquid state in 2D triangular lattice

fluctuations, such

as higher order

ring exchanges,
are required to
realize a QS

Superposition of different configurations 3-sublattice Néel order

Resonance between highly degenerated spin (12()° structure)

configurations leads to a liquid-like wavefunction. Caprioti, A. E.E. Trumper and S. Sorella, PRL (08

P. Fazekas and P.W. Anderson, Philos. Mag. (74) B. Bernu, C. Lhuillier and L. Pierre, PRL (92)


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*}
http://maru.bonyari.jp/texclip/texclip.php?s=$=/frac{1}{/sqrt2}(|/uparrow /downarrow>-|/downarrow /uparrow>)$

Quantum spin liquids in two and three dimensions

Order or not order?
« geometrical frustration plays important rule

Many theories proposed
« Resonating-valence-bond liquid
« Chiral spin liquid

* Quantum dimer liquid
« Z, spin liquid
 Algebraic spin liquid
* Spin Bose Metal

- Etc.,,

New quantum
condensed-state may
be realized!!

Elementary excitaion not yet identified
« Spinon with Fermi surface

* Vison

 Majorana fermions




Quantum spin liquid on a 2D triangular lattice

Only a few candidate materials exist.

Triangular lattice

—

3He on graphite

~

monolayer*He —» @ @

3He, *He, HDHD - O O O

graphite —

Magnetization (arb. units)
=

0.01

No magnetic ordering

J~3mK |

Curie-Weiss ft
(8 =-9.0mK)

®  Demagnetization (5 mT)

{2 Thermal equilibrivm {5 mT)

¢ 54 nm'zflg'.l mT, Ikegami et al.)

1 | 1 1

107

0.0001 0.001 0.01 0.1

Temperature (K)

R. Masutomi et al., PRL 92, 025301 (04)

Specific heat

K. Ishida et al. PRL 79, 3451 (97)



Quantum spin liquid on a 2D triangular lattice

Only a few candidate materials exist.

Triangular lattice —
k-[bis(ethylenedithio)tetrathiafulvalene],-Cu,-(CN),

C,H:[CH;];Sb[Pd(1,3-dithiole-2-thione-4,5-

. |
He on graphite dithiolate),],

Organic compounds—<

catechol-fused ethylenedithiotetrathiafulvalene

N—




Quantum spin liquid on a 2D triangular lattice

Only a few candidate materials exist.

Triangular lattice —
k-(BEDT-TTF),Cu,(CN),

EtMe,Sb[Pd(dmit),],
3He on graphite
Organic compounds—<

e~y
QQ' * '-E'_*‘..
. %,

k-H,(Cat-EDT-TTF),

N—



Quantum spin liquid on a 2D triangular lattice

Only a few candidate materials exist.

Triangular lattice —
k-(BEDT-TTF),Cu,(CN)s,

k-ET
EtMe,Sb[Pd(dmit),],
3He on graphite
Organlc compounds-< dmit

k-H,(Cat-EDT-TTF),
cat

~—




EtMe,Sb[Pd(dmit),],

2D spin system S =Y, Triangular lattice
TOP VIEW

SIDE VIEW
A A 2D layer of

, ; _
£ L F Pd(dmit), molecule
/& & & S- ,S\ /S_ -8
FPATFY <o
ok o Oy g, ¥
J *f“/ :f):: 4’}73 - Cation layer
¥ L WA j p, ﬁ/,’ y Non-magnetic

Y 4X L L F | X=EtMe.Sb,
/ﬂy /& AF N Et,Me,Sh,

X 7 H )4
ya
}117 L rﬁf;f etc. A~ 0.5 eV >tp. byt
L2 Sl P NS N tp ~ 55 meV, ty; =~ t, ~ 45 meV
N . . e —
Dimerization — Half-filled Mott insulator

g v'Very clean single crystals are available SN N ST > T =T
v'"Many material variants can be prepared. ’ Pal



http://maru.bonyari.jp/texclip/texclip.php?s=$J'/J/approx 0.83$

http://maru.bonyari.jp/texclip/texclip.php?s=$t_A/sim0.5$~eV~$/gg t_B,t_s,t_r$ 
http://maru.bonyari.jp/texclip/texclip.php?s=$t_B/sim55$~meV, $t_s /approx t_r/sim45$~meV
http://maru.bonyari.jp/texclip/approx J'
http://maru.bonyari.jp/texclip/texclip.php?s=$J'/J/approx 0.83$


A new QSL system EtMe,;Sb[Pd(dmit),],
No magnetic order down to ~J/10,000

B’-(Cation)[Pd(dmit),],

70 T T T T
Et,Me,Sb
60 | 8
Et,Me,Sb:
50 EtMe,Sb ®
=88:12
2 40[, Mep FP i
: e Me, As
30 | -
EtMe,As o
20t Et,Me,P Me,Sb (
3 .
Et,Me,As CO
10+ AFLO QSL '
EYMe,Sb |
06 07 08 OQ_NO
t/t

Frustration >

K. Kanoda and R. Kato
Annu. Rev. Condens. Matter Phys.

(2011)

Intensity (arb. units)

=) J=220K
£
% 4 {. Triangular Lattice,
z J=250K
% ,
;:% 0 L ! I
0 100 200 300
Temperature (K)
No internal magnetic field
13C NMR
/\ 19.4 mK g'
_//\¥ 50.1 mK g
_//\\ 95.6 mK g
_//\¥ 247 mK ?
_//\¥ 475 mK 30
_//\¥ 809 mK o
A\ T &
__//\\__ 953 mK 8
/NN ok
A\ T
___//\k 11K
4/ ¥ 175K
ISW.‘TS‘ ‘ ‘sw.lso‘ - |81.‘85‘ - ‘81.‘90‘ -
Freq y (MHz)

v(T):2D triangular
J =220~ 250K

—

'Ln
T T T T T

NO muon spin rotation

T T T T T T T

- ZFuSR

Time / us

Y. Ishii et al.

T. Itou et al., Nature Phys. (10)



What kind of QSL state in EtMe,;Sb[Pd(dmit),], ?

Two key questions

Elementary excitations
Gapped or gapless?

Magnetic or nonmagnetic?

Phase diagram

How the nature of the QSL varies when tuned by
non-thermal parameters, such as degree of
frustration?

- .




Elementary excitations in EtMe,;Sb[Pd(dmit),],

Specific heat

< spin 1/2 S. Yamashita et al. Nature Commun. (11)
L 2 XN f p G 800 [
~ F 7 @) . :
‘Q\,‘y ,""'{ - NE i '2750
¥ Sl .\ o 4 o ]
2% 3 X 2 - w0 |
Iz/ f j: Z : 2007 ;250 i
Spin liquid ~ & 0 '
© 3 0 10 20 30

. - CPT']- = 4 + ,HT T2(K?)
m < m < (¥~ 20 mJIK-2mol?)
I I II' I Gapless excitation

LR > Et,Me,Sb
b M 3 m spin 0 3 21 5 p
Charge order T2(K?)

Contaminated by large Schottky contribution at low temperatures



Elementary excitations in EtMe,;Sb[Pd(dmit),],

Thermal conductivity

Can probe elementary excitations at low

temperature very reliably.

Not affected by localized impurities -
Not contaminated by Schottky contribution

EtMe;Sb[Pd(dmit),];  spin liquid
zxx]
S
22 I XN
zltZ
Et,Me,Sb[Pd(dmit),], Charge order
ol
e
LR
P RS |

spin 1/2

spin O

LA 9§ _ AT
- momst - ¢
t'.
0.8 -
06—
081 041 & SR dmlt-131“
0.2 pe® .
g 06 — 00 ..l.--!mﬁ““*' | :
£ A N (SER
= :'-Ji.‘%::‘ﬁ.. “
S04 ™ K= Kspin™ Kphonon
v _ .?*“: -
ﬁ T K= Kshonon
0" | Residual «/T P '
O mmmnes dmit-221
at T-0 K . -)‘)—-.q--(-.-‘.-""<"'"'>
-@@%@nqaﬁua-{r-' Ak
0.0 beeees sanunn® f (s | | | |
0.00 0.02 0.04 0.06 0.08 0.10
T2 (K?)

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



Elementary excitations in EtMe,;Sb[Pd(dmit),],

Thermal conductivity

Clear residual of /T
K,/T (T—0) =0.19 W/K?m

Evidence for a gapless excitation.

Kypy = CvUgl

Estimation of mean free path
C/T ~20mJ/ K*mol

—> {=0.5 ym> a ~1 nm

More than 500 times longer than
the interspin distance!!

ltinerant excitation

Homogeneous
Extremely long correlation length

14
t’.
1.0
0.8 -
06 — I..,'Eé“‘;.
081~ 0.4 — ‘gi&""' @ enens dmlt-131“
02 ......-.--*;1'1-‘ ) e :‘-l“?, *
— \“Kwﬁ%
e Spln liquidl
“g 0.0 T (K 03 -;‘_?'7'.'
% (K) .-~£¥3“2;’T”“\ oL 2 ‘1: f
T :,.;_.1':,'45."?5' b K
041 e b P o
< 23‘5 N
ﬁ’%pln f 1
O.érh" Re3|dual k/T o dm” 221
at T-0K S
-@@a@-grnw“‘”'{' oo
0.0 busseme 7 | | | |
0.00 0.02 0.04 0.06 0.08 0.10
T2 (K?)

M. Yamashita et al. Science 328, 1246 (10)


http://maru.bonyari.jp/texclip/texclip.php?s=$/ell$=0.5~$/mu$m$/gg a /sim$1~nm
http://maru.bonyari.jp/texclip/texclip.php?s=$/kappa_{xx}=Cv_s/ell$

Elementary excitations in EtMe,;Sb[Pd(dmit),],

Thermal conductivity AN _ AT
Quantum spin liquid conducts f
heat very well, as good as brass. 10
0.8 @RETTTE dmit-131 ‘
Brass (CUO.7+Zn0.3)  _ ¥ = 7]
Shail _ ==~ "~ spin liquig
s = R Rz
/@ — @ gg,i‘_:?;é?l J & rﬁ FL%% %
< ™ PE.5 X
0.2 ,_‘ zltz
00 ..... - L | | | |
0.00 0.02 0.04 0.06 0.08 0.10
Brass T2 (K?)

M. Yamashita et al. Science 328, 1246 (10)



Elementary excitations in EtMe,Sb[Pd(dmit),],
Elementary excitations contain a gapless component

Next important question: Are they magnetic?

Triplets
E (magnetic)

Singlets
(non-magnetic)

0 =———
Type-l gapless Typejll gapless
spin liquid spin liquid

A,=0, A>0 As=0, A=0

(S(r)S(0)) ~ e~/ (S(r)S(0)) ~ 77"
Exponential Power law (algebraic)

—~


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/langle S(r)S(0) /rangle /sim e^{-r//xi}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/langle S(r)S(0) /rangle /sim r^{-/nu}
/end{align*}

Elementary excitations in EtMe,Sb[Pd(dmit),],
Elementary excitations contain a gapless component
Next important question: Are they magnetic?

Uniform susceptibility and magnetization at low temperatures
SQUID (Only down to ~4 K due to large Curie contribution)
Magnetic torque+ESR (down to 30 mK up to 32 T)

2.10

© Oep

2.05

S T T ; 1 HAN A, sin 26

Terb ]
\// e 03 K\ 195
1 I 1 1 I 1 1

arb. unit)

(

Torque

o 18K

11 I 1 1 I 1 1 I 1‘90
45 0 45 90 135 180 225

0 (deg)

1

*Torque picks up only anisotropic components

|sotropic contribution from impurities is cancelled.
*High sensitivity.

Measurements on a tiny single crystal are possible.



Elementary excitations in EtMe,;Sb[Pd(dmit),],

1

%, (10 emu/mol)

Susceptibility ¥ | pjane

Magnetization M | ;e

0 IIIII IIIII IIIII 0025
°
@
D @ - - @ __
Sglillolgg lglﬁolow:imfﬁ’@i@ll _ 0020
R .
6} - & 0015}
Xsauip =
z
m
_/ =
4l - < ootof
wH=7T
© hg-dmit (A)
2F © hg-dmit(B) — 0.005 |-
0 IIII IIII IIIII OOOOJI} 1 1 1
0.01 0.1 1 10 0

T(K)

T-independent and remains finite at T->0K

i—> Gapless excitations are magnetic (absence of spin gap)

Aocf_1

>

0.000 AARTRTIRRERARNRT!
0.0 1.0 2.0
TN T TN T NN TN TN TN TN A WO M Y |
5 10 15 20
HoH (T)

Increases linearly with H

( & magnetic correlation length, A: spin gap )

Divergence of &, i.e. QSL s in a critical state

(S*(r)S*(0))ocr™”

Algebraic



How the QSL changes when the degree of frustration varies?

Next important question: Phase diagram of the QSL

. A
Deuteration ;;/;;/ 757 NS
4 / /Pf /f;‘ Cation layer X = EtMe;Sb, \ ,x\ /‘\ /
52 AF 3y Three Me groups are deuterated NN N
YIS Psi
YN N A
7 / .
7 ‘v/,ﬂy"/ 4 hg-dmit: pristine SN NN

dy-dmit :deuterated PANTAS

B hy-EtMe,Sb (0 T) J'/J ~ 0.83 (pristine)
¢ ho-EtMesSb (2 T)
% dg-EtMe3Sb (0 T)
® dy-EtMe; Sb (2 T)

hg-dmit: C,/T(T — 0 K)~ 20 mJ/K*mol
dy-dmit : C,/T(T — 0 K)~ 40 mJ/K?*mol

T~" (mJK2mol™)
N
o
(]

Deuteration changes the low temperature
specific heat. Presumably it reduces J7/J.

Cp
—
(e
(e}

dg-dmit; ——>
hg-dmltﬁo III|III|III|IIIIIIII

o 2 4 6 8 10 S. Yamashita et al. Nature Commun. (11)
T2 (K?)



http://maru.bonyari.jp/texclip/texclip.php?s=$J'/J/approx 0.83$

http://maru.bonyari.jp/texclip/texclip.php?s=$C_p/T(T/rightarrow 0$~K)$/sim20$~mJ/K$^2$mol
http://maru.bonyari.jp/texclip/texclip.php?s=$C_p/T(T/rightarrow 0$~K)$/sim40$~mJ/K$^2$mol

How the QSL changes when the degree of frustration varies?

Susceptibility ¥ | pjane Magnetization M ,,ne
10 IIIII 1 1 IIIIIII 1 1 IIIIIII 0025
(o]
o]
_ e
sl Ce 0 6 CeemeN . 0.020 |-
° @
g 6| - % 0015}
= Xsauip £
E ke
[ / &
b =
2 z
< 4 - < 0010
xR wH=7T
© hg-dmit (A)
2F  © hg-dmit(B) — 0.005 |-
0.000 AITTRTINRERAREET)
0.0 1.0 2.0
0 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII OOOO'fI} 1 1 L I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.01 0.1 1 10 0 5 10 15 20
T (K) HoH (T)

Deuteration changes the degrees of geometrical frustration,



How the QSL changes when the degree of frustration varies?

Susceptibility % 1 piane Magnetization M jjane
10 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 0025
(]
: ° o
9o o 4 Opg Py e
| 8o “VRPERAp & _
8 R T wgﬁb& 0.020
@
o © o OM
g 6| - & 0015
E “sauip £
& k)
5 A =
- =
T 4+ - < o.010
WH=7T
O hg-dmit (A)
2 © hg-dmit (B) — 0.005
& dg-dmit
0 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 0000 1 1 L L 1 1 1 1
0.01 0.1 1 10 0 5 10 15 20
T (K) uoH (T)

Deuteration changes the degrees of geometrical frustration,

Both hy- and dg-dmit systems exhibit essentially the same
paramagnetic behavior with gapless magnetic excitations.

Both systems are in the critical state down to k;T~J/10,000



Temperature

Phase diagram of the QSL

Case-| Case-ll
; A A
|
kT ~J \ € | kT~
: E
| 3 ‘é dg-dmit
\ q .
| ol S hg-dmit
| =
\ @)
_ Gapless k= \
Magnetic pin liquid Magnetic Gapless
long-range | Gapped % long-range (algebraic)
order | spin liquid _ order spin liquid
Quantum Frustratio Quantum Frustration
critical point

critical ‘phase’

different degrees of frustration exhibit essentially the same
paramagnetic behavior with gapless magnetic excitations.

An extended quantum critical phase, rather than a QCP.



Are the excitations in the QSL fermionic or bosonic?
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Gapless Nambu-Goldstone boson Appearance of another gapless
bosonic excitations seems unlikely

Fermionic excitations appear to be more likely



Are the excitations in the QSL fermionic or bosonic?
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A simple thermodynamic test assuming 2D Fermion with Fermi surface

Pauli susceptibility > Specific heat coefficient C/T
1 1 1 4y _
N 1gg*,u,r_?'BD(.s:F) v = gﬂ-zszD(EF) = gﬂzlséﬁ ~ 56 mJ/K* mol
Vi = 8.0(5) x 107* emu,/mol v~20mJ/K? mol (experimental value)
Fermi temperaturcge ,
D(ep) = n/zF Ty =cp/kp = gc'*;;B ~ 480K J/kp ~ 250 K (exp. value)
T\ VR

Wilson ratio Rw = x. /v = 2.83(1.41) for pristine (deuterated) sample

Elementary excitations behave like Fermi liquid


http://maru.bonyari.jp/texclip/texclip.php?s=$R_W=/chi_{/perp}//gamma=2.83 (1.41)$

A new phase in a Mott insulator
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Quantum spin metal phase
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Spin excitations behave as in Pauli paramagnetic metals with Fermi
surface, even though the charge degrees of freedom are frozen.

D.F. Mross and T. Senthil,
PRB (11)




A new phase in a Mott insulator

Hubbard model N

AAtA AU a H = — Z t (C;rgcj‘g + H.C.) + Uzn??Tnil
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Non-Magnetic Insulating phase near M-I transition
(Quantum spin liquid)
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Energy resolutions of these calculations are not enough to discuss
low energy excitations (E~J/100)


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*}
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What is the theory known to describe 2D QSL? ~
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Question

/ \ / \/\ /\ RESONATING VALENCE BONDS: A NEW KIND OF INSULATOR ?*

P. W. Anderson
Bell Laboratories, Murray Hill, New Jersey 07974
and
Cavendish Laboratory, Cambridge, England

(Received December 5, 1972; Invited**)
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PHYSICAL REVIEW LETTERS

/ \ / \ / \ / \ VOLUME 59, NUMBER 18 2 NOVEMBER 1987

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

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

and

R. B. Laughlin
Department of Physics, Stanford Unit un Stanford, California 94305, and
University of California, Lawrence Liver

oratory, Livermore, California 94550
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VOLUME 86, NUMBER 9 PHYSICAL REVIEW LETTERS 26 FEBRUARY 2001

Resonating Valence Bond Phase in the Triangular Lattice
Quantum Dimer Model

Department of Physics,

y the quantum dimer model on the triangular latti
of frustrated Heisenberg models i
find, in contrast to tln square lattice, that ther
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PHYSICAL REVIEW LETTERS

T 1) lanaa Thanrv af tha Hinhhawd Mardals Snin T
PHY L REVIEW B 7

Variational study of triangular lattice spin-1/2
in k-(ET),Cu,(CN);

PHYSICAL REVIEW LETTERS
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A concept—quantum order—is introduced to describe a new kind of orders nerally appear in quantum
ste at zero temperature. Quantum orders that characterize the universality ¢ s of quantum states (de-
seri nle ~vave functions) are icher than c | orders that characterize the
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U(1), or Z, gauge

*A: resonating-valence-bond " B: chiral spin liquid
— ol < ‘ =

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

E: Algebraic spin liquid




'- Question

PRL 102, 176401 (2009) PHYSICAL REVIEW LETTERS
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*C: Quantum dimer liquid *D: QSL with spinon Fermi surface

E: Algebraic spin liquid *F: Z, spin liquid
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*A: resonating-valence-bond " B: chiral spin liquid
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*C: Quantum dimer liquid *D: QSL with spinon Fermi surface

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

*G: Spin-Bose-Metal phase
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What kind of spin liquid is realized in EtMe,;Sb[Pd(dmit),],?

pless Spin Liquid

Resonating-Valence-Bond theory

P. W. Anderson
Bell Laboratories, Murray Hill, New Jersey 07974
and
Cavendish Laboratory, Cambridge, England

(Received December 5, 1972; Invited**)

Spin Bose Metal

PHYSICAL REVIEW B 79, 205112 (2009)
wn
»

Spin Bose-metal phase in a spin-% model with ring exchange on a two-leg triangular strip

D. N. Sheng,! Olexei I. Motrunich,” and Matthew P. A. Fisher®
' Department of Physics and Astronomy, California State University, Northridge, California 91330, USA
2Department of Physics, California Institute of Technology, Pasadena, California 91125, USA
*Microsoft Research, Station Q, University of California, Santa Barbara, California 93106, USA
(Received 4 March 2009; published 20 May 2009)

Recent experiments on triangular lattice organic Mott insulators have found evidence for a two-dimensional
(2D) spin liquid in close proximity to the metal-insulator transition. A Gutzwiller wave function study of the
triangular lattice Heisenberg model with a four-spin ring exchange term appropriate in this regime has found
that the projected spinon Fermi sea state has a low variational energy. This wave function, together with a slave
particle-gauge theory analysis, suggests that this putative spin liquid posse: spin correlations that are
singular along surfaces in momentum space, i.c., “Bosc surfaces.” Signaturcs of this state, which we will refer
to as a “spin Bose metal” (SBM), are expected to manifest in quasi-one-dimensional (quasi-1D) ladder sys-
tems: the discrete transverse momenta cut through the 2D Bose surface leading to a distinct pattern of 1D
gapless modes. Here, we search for a quasi-1D descendant of the triangular lattice SBM state by exploring the

PHYSICAL REVIEW B, VOLUME 65, 165113
Quantum orders and symmetric spin liquids

Xiao-Gang Wen*
Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 3 June 2001; revised manuscript received 21 December 2001; published 10 April 2002)

A concept—quantum order—is introduced to describe a new kind of orders that gencrally appear in quantum
states at zero temperature. Quantum orders that characterize the universality classes of quantum states (de-
scribed by complex ground-state wave functions) are much richer than classical orders that characterize the
universality classes of finite-temperature classical states (described by posifive probability distribution func-
tions). Landau’s theory for orders and phasc transitions does not apply to quantum orders since they cannot be
described by broken symmetries and the associated order parameters. We introduced a mathematical object—
projective symmetry group—to characterize quantum orders. With the help of quantum orders and projective
symmetry groups, we construct hundreds of symmetric spin liquids, which have SU(2), U(1), or Z, gauge

T k endi
PRL 95, 036403 (2005) PHYSICAL REVIEW LETTERS 15 TULY 2005

U(1) Gauge Theory of the Hubbard Model: Spin Liquid States
and Possible Application to k-(BEDT-TTF),Cu,(CN);

Sung-Sik Lee and Patrick A. Lee

Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
(Received 10 February 2005: published 15 July 2005)

‘We formulate a U(1) gauge theory of the Hubbard model in the slave-rotor representation. From this
formalism it is argued that spin liquid phases may exist near the Mott transition in the Hubbard model on
triangular and honeycomb lattices at half filling. The organic compound x-(BEDT-TTF),Cu,(CN); is a
good candidate for the spin liquid state on a triangular lattice. We predict a highly unusual temperature
dependence for the thermal conductivity of this material.

PHYSICAL REVIEW B 81, 245121 (2010)

Weak Mott insulators on the triangular lattice: Possibility of a gapless nematic quantum
spin liquid

Tarun Grover,! N. Trivedi,2 T. Senthil." and Patrick A. Lee!
'Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
2Department of Physics, Ohio State University, Columbus, Ohio 43210, USA
(Received 7 March 2010; revised manuscript received 18 May 2010; published 18 June 2010)

We study the energetics of Gutzwiller projected BCS states of various symmetries for the triangular lattice
antiferromagnet with a four-particle ring exchange using variational Monte Carlo methods. In a range of
parameters the energetically favored state is found to be a projected d,2_,» paired state which breaks lattice
rotational symmetry. We show that the properties of this nematic or orientationally ordered paired spin-liquid
state as a function of temperature and pressure can account for many of the experiments on organic materials.
We also study the ring-exchange model with ferromagnetic Heisenberg exchange and find that among the
studied ansiitze. a proiected f-wave state is the most favorable.

Gapless Spin Liquids: Stability and Possible Experimental Relevance

Maissam Barkeshli,! Hong Yao,2! and Steven A. Kivelson!

" Department of Physics, Stanford University, Stanford, California 94305, USA
?Institute for Advanced Study, Tsinghua University, Beijing, 100084, China
(Dated: September 3, 2012)

For certain crystalline systems, most notably the organic compound EtMeszSb[Pd(dmit)z]2, ex-
perimental evidence has accumulated of an insulating state with a high density of gapless neutral
excitations that produce Fermi-liquid-like power laws in thermodynamic quantities and thermal
transport. This has been taken as evidence of a fractionalized spin liquid state. In this paper, we
argue that if the experiments are taken at face value, the most promising spin liquid candidates a
a 74 spin liquid with a pseudo-Fermi surface and no broken symmetries, or a Zs spin-liquid gs#
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Remaining questions

Thermal Hall effect Quantum oscillation

H. Katsura, N. Nagaosa and P.A. Lee, PRL (10) O.1.Mitrunich, PRB (06)
1.Mitrunich,

30mKupto35T

-3 woH (T)
(’”10 ) 50 25 16.7 12.5 10
T T 1

he-dmit (C) N
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-1
0.00 0.02 0.04 0.06 0.08 0.10

-1
1/(uoH) (T )
D. Watanabe et al. Nature Commu.(2012)

o

M, (ug/dimer)

o 2 4 HG(T) 8 10 12 No discernible oscillation
H
M? Yamashita et al. Science (10)

No discernible thermal Hall effect
The coupling between the magnetic field and the gauge flux may be weak.



Elementary excitations and phase diagram of the QSL in
EtMe,Sb[Pd(dmit),]

1. Presence of gapless magnetic excitations.
2. Quantum critical phase, rather than a quantum critical point
3. Character of the excitations: likely to be fermionic

Spin excitations behave as in Pauli paramagnetic metals with Fermi

surface, even though the charge degrees of freedom are frozen.

,\ g

k. T~J . .
? A novel Pauli paramagnetic

phase in the Mott insulator

Temperature

M.Yamashita et al., Nature Phys. 5, 44 (09).

gf;e'if:ic) M. Yamashita et al., Science 328, 1246 (10).
D. Watanabe et al., Nature Commun. 3, 1090 (12)
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