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Scope

Quantum Spin Liquids in Mott insulators
Doped quantum dimer models
Statistical transmutation

Quantum phase transitions



Physical Motivations

eral situation for the QAF on lattices ?

E Mott Insulators T Metals

S Doping

Cooling

e O

\§ J
‘) — High Te
J Z S, - Sj — Anderson (87) Superconductors
0]
‘/\b H . electron, spin up Frustration:

. . H . electron, spin down
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What are the possible scenarios?

Heisenberg Model

| —

SU(2)

U(1), spin rotation along z-axis
+ spatial symmetries: translations, point group

Presence of a magnetic long range order: SU(2) broken

e o ma Gorlieklis = s = =60

® 3D: up to Néel temperature
® 2D: only at T=0K

Low energy excitations: Spin waves



Other scenario: Spin hiquids
No magnetic long range order

Shastry & Sutherland (81)

BT (EA 2 (EA B
<S7L°Sj> =26 3 Even at T=0K e Sl
AC’ AC’
= = - ) SU(2) 1s preserved =B |
A p
: g/a’ - y, )

Ground state made of Spin Singlets ! S=0 states

. |
- How to dope i1t ? . ==
® Removing electrons
= e gf ld h -
- ‘ (spi%mn) ASI —
- ‘ |1> =2k |0> == T\L gl irT |1>
’ = 1> =l \/5 > |




Dimers 1n the nature: SrCu2(BO3)9

: =y

4 tind

SrCu,(B0O;),

——: isolated dimer model [ e st il VAL LA AL UL A Y
. £ T i a [ d
Wlth J=30 K =1 il e ' M"

—@—: experiment

# No magnetic long range order

hu S X(T),:T—l/Ze—AS/T

0 100 200 300 400
T (K)

Shastry & Sutherland (81), Kageyama et al. (2005)

Doping the singlet GS

Increasing H = Triplet

Magnetization Plateau

T=-0.08 K ]
L L ] L | L | L | L DD
0 10 20 30 40 50 860
H(T)

® Static dimer background

® Bose-condensation of triplets

® [Exotic phases: SE SS




Dimers 1n the nature: SrCu2(BO3)9

e Cu S S P T

: =y

4 e T

SrCu,(B0O;),

~
]
I
|

-—-: isolated dimel’ mOdel W’;ﬁmﬂtﬁ[‘trrr“llr‘rul-"unLI\lI‘lnu
with J=30 K | i |

—@—: experiment

# No magnetic long range order

© Sr
J an J\
b)ﬁy T B e

X (x10-3 emu/Cu mol)
n

-

100 200 300 400
T(K)

Shastry & Sutherland (81), Kageyama et al. (2005)

Doping the singlet GS

Increasing H = Triplet

Magnetization Plateau

 T-0.08K

L | L | L | 1 DD
0 10 20 30 40 50 60

H(T)

HOIOH quantum dynamics

® Static dimer background

® Bose-condensation of triplets Statistics of Holons ?

® Exotic phases: SF, SS Connection with High-Tc




Dimers in the nature: ZnCus(OH)sCl:

Most frustrated spin-1/2 system

s A L R T . .HOH=OT 5T
| PoeammmemeniiE, .
~ W= e o
@ uHK T B
e [ [ Bt e ST e g ., ¢ =
= ' . 1.0 % ﬁ”;
-c% 0.8 % t;!
e 06 2 =
S S »
C:'|_ -0.4 3 =
o =
' =
0.1 = e ' '0.'0 ——=
0.01 0.1 1

Helton et al. PRL 2010 “BH/ kg T

® “[deal” spin-1/2 QAF
X(T) ~ H/T1—|—0.66

® Non magnetic order up to 50mK
Mendels et al. PRL 2007

® [Finite susceptibility (Z2 hiquid?)
GS at the proximity of a QCP and/or influenced by disorder



Impurities in the Kagomé Spin-1/2 QAF

O.g’gﬁﬂé

S 4\

Real system: Zinc impurities ranging in 6% to 10%

\ﬂ

. C:3

.\ /
4 /

® Hopping term added in the effective H
Hao & Tcherbyshyov (2010)

® Possible comparison to NMR experiments

hat is the parent insulating GS?

T »._ connected to holons



Doped Quantum Dimer models



Quantum Dimer Models
Effective models derived from microscopic systems

® Heisenberg Rokhsar & Kivelson (88), Moessner & Sondhi (01), AR et al. (11)

® Spin-orbital Vernay, AR, Becca, Mila (06)

Quantum Dimer Model: projection onto the singlet subspace

____________

1 s |
2 Wz ieBne iy
@ (el b
O =l e A I HT, = (B H|Y) ~ Og

Sutherland (88)



Quantum Dimer Models

m dynamics

Rokhsar & Kivelson (88)

H=o(|@HE + 1))@ + I )

® v: Potential term




Quantum Dimer Models

ind quantum dynamics

Rokhsar & Kivelson (88)

H=v(2)BI+ @)/ ()

! + 10 Q)

® v: Potential term

® J: Kinetic term




Quantum Dimer Models

Dimer background quantum dynamics

Rokhsar & Kivelson (88)

H=o(|@HE + 1))@ + I )

® v: Potential term
® J: Kinetic term

® : Holon hopping term -

| Dimers 1n competition

"\/

Doping with holons
t| &Y | =



Quantum Dimer Models

vackground quantum dynamics
Rokhsar & Kivelson (88)

H=o(|@HE + 1))@ + I )

® v: Potential term

® J: Kinetic term >

® : Holon hopping term y
t| &NAT | =




Quantum Dimer Models

vackground quantum dynamics
Rokhsar & Kivelson (88)

H=o(|@HE + 1))@ + I )

® v: Potential term

® J: Kinetic term

® : Holon hopping term

t| &NAT |




Quantum Dimer Models
Dimer background quantum dynamics

Rokhsar & Kivelson (88)

H=o(|@HE + 1))@ + I )

® v: Potential term
® J: Kinetic term ¢
® : Holon hopping term .

t| &NAT |

But what are the holon properties?
H === H'U _I_ HJ _I_ Ht

® Analitycal methods (Jordan-Wigner transformation)

® FExact diagonalizations, Quantum Monte-Carlo

AR ¢t al. PRL(2012), PRB(2013)



= o(|2)(2 + D) 03\ J(1)OI + ISt | T

i)

| Triangular

i) ﬁ
frustrated

Square 5
not frustrated
_C

Kagomé

% : : even more frustrated
* role of the parent 1nsulat1ng state

* importance of the statistics
* eftect of the frustration

- How to properly define the holon statistics?
AR ¢t al. PRL(2012), PRB(2013)




Complex structure of the Hamiltonian

® We start with the unfrustrated case J>0, t>0, bosons H.

et =1
B ===
FHB( H=H,+Hs+ Hs ) F < B
e =i
e el
Four Hamiltonian classes
== - ’
e — e SaIme Spectruim .
Ha™ F o B Har £

Depending the sign of J, bosons transmutes in fermions !!!



2D Jordan-Wigner transtformation
Fradkin (88), Wang (92)

® From fermionic to fractional statistics:

CLT S €’L¢q: CT cic] +cicj =0
Anyons y = 0 =
= & Tt l
a;a; +e~"a;a; = Uiy
—32¢ Z n; arg(z; — 21) /
2
AT B || — ZRe e 2T Z

Semion Boson
—= =

® Anyons are hard-core thanks to the Pauli principle of initial fermions

® Mean-field: a flux tube 0N attached on each electron

—

Aharonov-Bohm phase when 2 anyons are exchanged: o 9 A-dl = ezf 7T



Application to H =H, +H,; + H;

> g 1
® Rewrlte dlmers b::] — ﬁ (C:}]\Cj:¢ — C,j:ic;}r)
® Impose constraint on site [ a] a; + Z b;fj b=l
JEN.M.
® Write down the Hamiltonian ] r

By 7y = —J (b7 b5 bj by + hec.)

: R e e 2= s s
Dimer Potential hi,j,k,l — U(bi,jbi,jbk,lbk,l =+ bj,kbj,kbl’ibl,i)

¢ J

® Perform the Jordan-Wigner a; = == ey

(J) (J) e 7(1+ 1+ 1 1 T e with fixed gauge
hi,j,k,l e hz’,j,k,l — _J(bi,jbk,zbj,kbl,i 5 h-c-) J J BelEe)
(v) (v) _ ~(i+ T It T I+ 7 1tz gy
P ieq = 1 jp g = 0] ;b b5 10k + 07005607 000) U v
e N

e
F B

Equivalence proved




Quantum phase transitions
QL[,:::: 3L£Qj _+_ 3L£L] '+_ gLii;

columnar x v/12 liquid staggered

® Zero doping at J>0, rich phase diagram ?%” y 4 Q - L \ _\ \_
o — — . i >§
VBC 1

® Under doping : generic 1-e superconducting phase

VBC

2e—SF

VBC

SF or Bose—liquid? 2e—SF 4e—SF

/_>_\A
HCL t t Hb

L = 5=

e %d

é 2e—SF Complex -E m- Complex Suitdite|iitl 2e—SF 4e—SF




Quantum phase transitions

Ob%eﬁzsgslfs_’ K (bT .b;. bk 1bra) (a,ia; a;a;) (aiT Si,ja;) sgnp sgnp Flux periodicity
PS <0
VBC >0 LR SR SR 2e
SS >0 LR LR SR 1 0 2e
2e-SF >0 SR LR SR 0 <sgn; <1 0 <sgn, <1 2e
e-SF >0 SR LR (weak) LR 1 0 2e
Bose liquid >0 SR SR SR 1 0 2e
Fermi liquid >0 SR SR SR 0 1 2e
“Complex” phase >0 SR SR SR 0 <sgng <1 0 <sgn, <1 2e

SS 2e—SF |- é SF or Bose—liquid? 2e—SF 4e—SF

VBC

/_:_\A
HCL t t %b

= String
L et B
H to=t %d e-SF phase
é ) 2e—-SF Complex 2e—-SF - Complex Suitdite|iitl 2e—SF 4e—SF







