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Quantum non-locality

EPR V) = —= (1) = 1)
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# ??where is the information?? ¢

A. Einstein B. Podolsky N. Rosen



Schrodinger’s Cat
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UNSTABLE to decoherence - uncontrolled
entanglement with the environment






Strange Stuff

il “ Phil Anderson, 1973

=5l ‘\\ ' a "quantum liquid” of spins
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Resonating Valence Bond state



Strange Stuff

il “ Phil Anderson, 1973
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Ordinary (local) Matter

We can consistently
assign local properties
(elastic moduli, etc.)
and obtain all large-
scale properties

* Measurements far away do not affect one
another

* From local measurements we can deduce the
global state



Ordinary (local) Matter

Hamiltonian is local

H = Z H(x) H(x) has local support near x

Ground state is “essentially”
a product state

uuu no entanglement
‘ H H \ between blocks

U) = ®al))a




"Essentially” a product state?

e Adiabatic continuity

W) = ®4|Y) 4

OO
OO0

phase space

n.b. This is not true for gapless fermi systems



"Essentially” a product state?

e Entanglement scaling

pa = Trz| W) (¥

X S(A) = —Tra(palnpa)
L\ﬁnﬁ*y'

S(A) ~oL* ! area law

satisfied with exponentially small corrections



Best example: orderea

magnet
: : exchange is short-
Hamiltonian H=> J;S;- 5, ange: local
(27)
ordered state W) ~ ® S, -7, = +5)

block is a single
spin




Quasiparticles
QOO excited states ~ excited

levels of one block

®|ocal excitation can be created ®quantum numbers consistent

with operators in one block with finite system: no
®|ocalized excitation has emergent or fractional
discrete spectrum with non- quantum numbers

zero gap, and plane wave
forms sharp band



Spin wave

w(k) ~ A —2tcoskya— -
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Q Line shape in RbaMnF4
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Quantum spin liquid

Entanglement -> non-local excitation
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"quasiparticle” above a non-zero gap



Fractional quantum number

excitation with AS = 1/2
not possible for any finite

cluster of spins

always created in pairs by any
local operator



No spin waves

® Magnon is not elementary: decays into two
spinons

KkO -0 spinon S=1/2

k-k’, w-w’ .
broad peak with

w=e(k’)+e(k-k")

neutron

k,w

magnon S=1

k,,(L),

K, Q2

® Sharp peaks should be reduced or absent in
the spin structure factor



c.f. One dimension

i

A. Tennant et al, 2001

+ KCuF;

Energy (meV)

K,Q

-1.0 0.5 0 0.5 1.0
Wavevector along chain (rlu)



Anyons

D spinon

\J “mutual semions”



¥ Topological phases

Qe Hmerican Physical Society

OLIVER E. BUCKLEY
SOLID STATE PHYSICS PRIZE

A. Kitaev

Anderson’s RVB state is thus an

example of a “topological phase” - the
best understood sort of QSL

Understood and
classified by anyons é )
and their braiding TR E
il
rules in 2d A8




Stability

b N S S 3

Robustness arises from topology: a QSL is a
stable phase of matter (at T=0)



Quantum spin liquid
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For ~500 spins, there are more amplitudes than
there are atoms in the visible universel!

Different choices of amplitudes can realize
different QSL phases of matter.



Gutzwiller Construction

® Construct QSL state from free fermi gas
with spin, with 1 fermion per site (5=0)

“partons”

’\Ijo> — H C/];TCIJL\L’(» up . 1

L RS spinons
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Gutzwiller Construction

® Project out any components with
empty or doubly occupied sites

“partons”

U) = Pe|Wo) R
spinons
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Gutzwiller Construction

® Can build many QSL states by
choosing different free fermion states

“partons”

U) = Pe|Wo) R
spinons

«| ||« |>
> ||« |<|>

> ||| |>
||| |
« |||




Classes ot QSLs

Topological QSLs

projected
superconductor

I4s projected 3d band
U(1) QSL \\# %’v W insulator

Dirac QSLs projected
graphene
Spinon Fermi surface projected

metal




Classes ot QSLs

Topological QSLs

anyonic
spinons

L4 electric+magnetic
U(1) QSL \% T}'\W W monopoles, photon

strongly

Dirac QSLs

interacting

Dirac fermions

non-Fermi
liquid “spin

metal”

Spinon Fermi surface




Strange stuff
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where do we find it?



Kagomé antiterromagnet

A

a2
Yy H=7S8;8 +.

L \ o

Y

Very large classical

-} ikely to be a QSL

V. Elser, 1989 + many many others

degeneracy



S=1/2 kagomé AF

® Rather definitive evidence for QSL by
DMRG

0.100
© Steve White

I I I @® Series (HVBC)
O DMRG,Cyl, Odd
MERA <{> DMRG,Cyl,Even
DMRG, Torus (Jiang...) ||
% Lanczos, Torus

MK s v et 2010

2
5 0435 DMRG
L Upper Bound J .
_ <Torus | many other studies support
2 P, 5, 8| existence of some QSL phase
L N2 (est) m
~ 1 | 1 | 1 | 1
04005 01 015 02

1/c



Theory

® \\WVhat kind of QSL?
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+ various other
proposals with

gap

triplet

| weaker
inverse circumference Y Ran et al, 2007 o o

S. Depenbrock et al, 2012 F. Becca... quantltatlve
Y.C.He et al, 2016 Support

gapped, gapless
topological QSL Dirac QSL



Triangular lattice w/ ring

exchange
U/t

 —

® Motrunich (2005): ring
exchange stabilizes a

e localization

kagome lattice

spin liquid

—> frustration



Triangular lattice w/ ring

exchange

* Motrunich (2005): ring ~ ®Motrunich, Lee/Lee: spin
exchange stabilizes a iquid state favored by
spin liquid ring exchange is the

“spinon Fermi sea” state



SOC triangular

Heavy elements:
highly localized electrons, strong

spin-orbit coupling

H=)> [Ji (S8 + 8;78]) + J.S;S; ARZ
(i)
+ Tt (ST ST + 7587 S57) bond-dependent
+ide, (V5978 — v Sij+(iHj))} couplings

Y. Li et al, 2015



SOC triangular

QSLs versus magnetic order

classical
1.0
0.8
120° AFM Incommensurate
J3 06 (¢,0)
2 047 Incommensurate

0.21 Stripe Order
0.0 I

quantum

120° AFM

Dirac SL

Jo /It

00 02 04 06

0.4 0.6

Jo/ I+

Some window exists for Dirac QSL

J. laconis, C. Liu, G. Halasz, LB, 2017

Incommensurate

Incommensurate




Kitaev model

. ' _ T,
Kitaev's honeycomb model H = ZK/@: ol
(Y
1. The moded Phase dagram
z 2 2 A A x 4 Jp=l, =70

(acpuites & gap ok
a h«.,utc‘c teedd

KITP, 2003
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: Gopped phases [ Ehe Sume ubirus
SPL". "%- on each site, Abc'z.":u £W% (G&SSasﬂufohcw&

exact parton construction
- spinon is a gapless

Majorana fermion



How to probe QSLs?

Two main characteristics:

*Massive entanglement

- Almost no experiments known to probe
this.

eFractional/non-local excitations

- Probed by most low energy response
measurements. Challenge is to
distinguish the fractional/non-local nature.



A rough guide to
experiments on QSLs




Scatterlng

ZnCu3 OH)G >

Herbertsmithite

o
Heisenberg-like T .
with J ~ 200K N A‘M\
no order down to ST P e e
50mK Temperature (K)

Helton et al, 2007



KKO[rlul]

Scattering

0 14 28 42 56

spinon S=1/2

K-k,Q -w

3~ (a) BmeV 1.6K

_ neutron

k,w

magnon S=|

K.,Q2

B

9k

(b) 2ZmeV 1.6K

} continuum scattering

| expected

...but probably with more
structure?

H

T-H Han et al, 2012

Wavevector along chain (rlu)




Kitaev QSL

Spin flip produces a free Majorana fermion and two immobile fluxes

J. Knolle et al, 2014
Xueyang Song, Yi-Zhuang You + LB, 2016

dynamical spin
correlations in the
Kitaev QSL

CU/JK




scattering
suggested to
be related to
Majorana
spinons
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-H. Do et al,

S

(Asw) @y (suun "qJe) Ausuau|

(syun -que) Ayisuayul

(H, 0, 0)
A. Banerjee et al, 2017




Low energy signatures:
trlangu\ar orgamcs

R4 | ! * P

B'-Pd(dmit),

® Molecular materials which behave as
effective triangular lattice S=1/2
antiferromagnets with J ~ 250K

® significant charge fluctuations



T (K)
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K-(ET)2Cu2(CN)3
K. Kanoda group (2003-)
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K-(ET),CUIN(CN),]CI

- NMR lineshapes

(a) EtMe;Sb[Pd(dmit), ],

A 1.37K
N\

253K
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153K
193K
277K
519K
753K
149 K
22K

Intensity

Intensity (a.u.)

Intensity (arb. units)

. . . . T N R SR R TR SR
- 81.80 81.85 8190 81.95 8175 8180 8185 8190
94.32 94.4 94.5 94.6 94.7 156.6 156.7 156.8 156.9 157 Frequency (MHZ) Frequency (MHz)

Frequency (MHz) Frequency (MHz)
B'-Pd(dmit),

K—(ET)2CU2(CN)3

Y. Shimizu | T. ltou et al, 13Cs NMR
et al, 2003 H NMR 2008,2010

Evidence for lack of static moments: f > 1000!



Specific Heat

® C ~ YT indicates gapless behavior with
constant density of states

00 r
T 750
300—— 2 [
150 B nlu
X 500
| |mOT||e x-(d,:BEDT-TTF),CulN(CN),]Br y T
1951 | Y 1T || * x-(BEDT-TTF),CulN(CN)ICI T X
® 4T|| o g-(BEDT-TTF),ICI, v
— 100~ T 2001
1 o
= E
T v
75k
g £
L L
S 5t Ut 100
25|
0 |
0 1 2 3 4 5 6 0

K-(ET)2Cu2(CN)3 B’'-Pd(dmit);
S. Yamashita et al, 2008



Thermal conductivity

1.0

mean free path [ ~ 1
um =~1000 a !

0.8 D C
® Huge linear thermal 06 |
o . ) 0.8—0'4_ ------ dmlt-131"
conductivity indicates L
the gapless excitations 06 ool et |
. ¢ 00 1 03
are propagating, at 3
0.4}
least in dmit b x-(BEDT-TTF),Cu,(CN),
.... (»2)
0.2 oo% dmlt-221
® Estimate for a metal T e
0.0 b [ | l | |
would COI’I’eSpOﬂd to a 000 002 004 006 008 0.10
T=(K?)

M. Yamashita et al, 2010



Thermal conductivity

1.0 Y
°D C
06— ‘,b"
&
08 o4 g | o dmit-131
o | -
o .
0.2 e -
- .."_"1
T 061 (0 lateceeet™™ |
é 00 T (K) O'f‘,-" -~
EF 04 e
4" 0 x(BEDT-TTF),Cu,(CN),
,"" 8 (X2) m o @ =
0.2 ﬁag:aﬁﬁ— go® Q o dm|t_2-2"1.
0.0 sccssstll 1 1 |
0.00 0.02 0.04 0.06 0.08 0.10
T 2 (K2)

M. Yamashita et al, 2010



Spinon Fermi surface

e How could we firm this up?

® Spinons should be confinedto 2d. Can we
see evidence of this?
® e.g. Kc<<Kgp (c.f. Y. Werman et al, 2017)

e See signs of kg?
equantum oscillations, RKKY

* Possible quantization effects in small systems

* Observe conversion of spinons to electrons in
adjacent metal (c.f. T. Senthil, 2008)
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pinons = Electrons?
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Spin-liqud Mott insulator

Tee

Superconductor

T T T T I T T T L l L]

100 120 140 160 180 200
P (MPa)

T. Furukawa

300 . , ] . , . | . , Y , T J0.30
© sample #1 R
g o sample #3 ]
& sample #4 “_0'25
T | 1 ) IIIIII T LA s
200 N Jo.20
L 01 4
_— < C g
< = 1 Jo.15
< E - . ]
O:E I ] ]
100 < J0.10
001 Ll N NEET) :
100 1000 7
P-P_(MPa) —0.05

1

| |

0 100 200 300 400
P (MPa)

et al, 2017

10.00
500 600 700



Other QSLs in organics?

V-l anyonic

Topological QSLs 2N D, spinons

T4 electric+magnetic
U(1) QSL \\# %ﬂ W monopoles, photon

strongly
Dirac QSLs

interacting
Dirac fermions

non-Fermi
liquid “spin

metal”

Spinon Fermi surface
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