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Quantum non-locality
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¢ ??where is the information?? ¢

A. Einstein B. Podolsky N. Rosen



Schrodinger’s Cat

© Megan Balents



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






Strange Stuft
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Resonating Valence Bond state
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Strange Stuft
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Two features: 1. Spin-zero pairs
2. Massive superposition



When do we expect
RVB?

® Compare singlet energy to ordered energy:

Singlets
A YAvAYA AVAY AVAVAVA
A A NVaVA &Y NavaeY A
A YAVAVAVAVAVAY, Vi YA Versus
JAVAwAY N VawgVaVyy
caveats:

Neglects superposition Neglects zero point fluctuations



When do we expect
RVB?

® Compare singlet energy to ordered energy:

58 =5 (8, -5 -8)



When do we expect
RVB?

® Compare singlet energy to ordered energy:
> o _ L@ 32 a2
Si - Sj = 9 (Stot — 5; _Sj)
—)- . —). — 2 _). . _). T
<SZ SJ>AF =T <SZ S]>singlet S(S + 1)

EAF/bOIld — —521’ Esinglet/bond — _S(S + 1)fsingletbonds
1
angularfa{o'r — _;S(S + 1)

™~ Coordination number
® Favorable for small S, small z, small x (frustration)



To understand what is strange about spin liquids, we should understand

) Matter

Ordinary (loca

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?—[(az) H(x) has local support near x

Ground state is “essentially”
a product state

uuu no entanglement
‘ H ” \ between blocks

W) = ®alh)a




"Essentially” a product state?

e Adiabatic continuity

V) =

phase space

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



"Essentially” a product state?

e Entanglement scaling

e )
- -

pa = Trz|¥)(¥|

S(A) = —Tra (palnpa)

@ ()
908000000

S(A) ~ cL% ! area law

satisfied with exponentially small corrections



Best example: ordered

magnet
: : exchange is short-
Hamiltonian H=Y Jj;Si-8; ange: local
(25)
ordered state W) ~ (X) 1S - i = +5)

block is a single
spin




Quasiparticles

OO excited states ~ excited
90000000 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 —2tcoskza — - --

f) = Sy 1)

K-k,Q -w o

Intensity

400 - %L
neutron |

o

k,UJ 2 4 é 81‘01214
magnon S=|
Line shape in RbaMnF4

K,Q



Quantum spin liquic

Entanglement -> non-local excitation

”spinon”

"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

® |n a quantum spin liquid, the elementary spin
excitations are fractional, S=1/2 spinons

KkQ - 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

TTY ™

W

A. Tennant et al, 2001

KCu F3

Energy (meV)

. K.Q
-1.0 0.5 0 0.5 1.0
Wavevector along chain (rlu)
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Anyons

D spinon

\ “mutual semions”



Topological phases

@h@ G]i'll, erican ﬁhﬁ@l Sm@

OLIVER E. BUCKLEY
SOLID STATE PHYSICS PRIZE

X.-G. Wen A. Kitaev

Anderson’s RVB state is thus an
example of a “topological phase” - the
best understood sort of QSL

Understood and e
classified by anyons & “l
and their braiding w o
rules in 2d A i




Stability

S G -

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



Many kinds of QSLs
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For ~500 spins, there are more amplitudes than
there are atoms in the visible universe!

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 (S=0)

"partons”

‘\Ijo>: H C/JLTCIZ¢|O> up . 7,

Le RS spinons
R 2E3E) R 2ENESE: MV A ALY
2R 2R AENENEAR VAN |2

= C || AN T2 it 0LV Tes [L]v Al W]+
VIVIN|Y Y VIiVIV[V[Y v vivId
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Gutzwiller Construction

® Project out any components with
empty or doubly occupied sites

“partons”

U) = Pe|Wo) Mt
spinons

|||« (>
I I S

> | |||
<« |« |7 |> |
€« |||




Gutzwiller Construction

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

“partons”

U) = Pe|Wo) Mt
spinons

|||« (>
I I S

> | |||
<« |« |7 |> |
€« |||




Gutzwiller Construction

® Partons/spinons as quasiparticles

A T Two spinons but independent
V') = P (cfacys¥0))

(before projection)

4.0 101
3 3.5
P 3.0 109
. 2.5
; 2. 10!
1.5
1.0 1072
' 0.5
0.0 10-

I Y K M VY

/J

Apphed to tnangular lattice
to compute S(q,w),
F. Ferrari + F. Becca, 2019




Classes of QSLs

® Topological QSLs

projected
superconductor

If projected 3d band
® U(1) QSL \\# %ﬁ W insulator

. jected

® Dirac QSLs projecte
graphene

® Spinon Fermi surface orojected

metal




Classes of QSLs

® Topological QSLs

anyonic
spinons

I4 electric+magnetic
® U(1) QSL % %ﬁ AM monopoles, photon

strong|
® Dirac QSLs o

Interacting
Dirac fermions

® Spinon Fermi surface non-Fermi
liquid “spin

metal”




Classes of QSLs

® Topological QSLs
e U(1) QSL

® Dirac QSLs

® Spinon Fermi surface

These spin liquids are all different phases of matter, and
are rather different from one another. Like the
corresponding unprojected states, their phenomenology
can be quite distinct. Too naive to look for a single
identifying feature for all QSLs.



Strange stuff

where do we find it?



Ramirez Plot

X

Spin solid (ordered)——  Spin liquid
Spin gas (paramagnet)

Ocw Tn Ocw| T

® | ocal moments: Curie-Weiss law at high T
A

T —Ocw

X ~Y
® Frustration parameter: = Ocwl/Tn

® |argerf>>1is better. t= o fortrue QSL



Materials criteria

S=1/2 spins
Geometrical or exchange frustration
Significant charge fluctuations

Exotic interactions (c.f. Spin-orbit
coupling)



Where to look?

U/t

 —

e- localization

frustration

———



Top experimental
olatforms

o 1tz
Kitaev materials organics



A rough guide to
experiments on QSLs




Top experimental
olatforms

Quantum spin ice

P> & =
PP
2L 53X
z2ltsz

Kitaev materials organics




Kagomé antiterromagnet

A

W

(O SRR A
ij

Y

Very large classical degeneracy .
Small z=4, x=1/2 » ikely to be a QSL

V. Elser, 1989 + many many others



S=1/2 kagomé AF

® Rather definitive evidence for QSL by
DMRG

© Steve White

I ! I @® Series (HVBC)
O DMRG,Cyl,0dd
MERA ¢ DMRG, Cyl, Even
DMRG, Torus (Jiang...) ||
% Lanczos, Torus

S
sl LMRG Cylinder +L 1 S.Yan et al, 2010
o J«Torus : many other studies support

3 22 A @ existence of some QSL phase

- \2D (est.) ]

044 1 | 1 | 1 | 1
0 0 0.05 0.1 0.15 0.2

1/c

E/site




Herbertsmithite

ZnCU3(OH)6C|2
’ p x
kagome. layers of Cu S \, / 7
S=1/2 spins, separated e

by non-magneticZn o5 %, Y

. .0 ¢ \
A /

400 ———

1(c)

: : 300 - H(T)
Heisenberg-like < e L

. L 200 - %1.0- —T;320mmK'
with J ~ 200K g Q/u
No Order dOWﬂ to T e 260 T a0 400

Temperature (K)
S0mMK

Helton et al, 2007



Theory

® \What kind of QSL?

;\

ey
\) /

(7 2 E
@@

/.
. 4
.\’-\ ‘ 3 //
<[ >

S

+ various other
proposals with

gap

weaker
S. Depenbrock et al, 2012 Y. Ran et al, 2007 quant|tat|ve
F. Becca...
support
gapped, gapless

topological QSL Dirac QSL



DMRG (2016

Heisenberg Free fermion
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Herbertsmithite

* T !
: 05T « foTT % ; haa am N (b)
4
v * 14 T«‘i‘«?’ ¥ B reH/KT ’\
% 0 5 E 1

Lots of early evidence

T
—
. %)
= =
x c
5 5 140 1 2 3 4 5 5
3 % §ﬂf// 08 5 &
f | N " Y
8 - T=18K —
Oor gaplessness E e e
F 4 3K 7K o2
= 4K 10K =
0.1 4y ; 00
0.01 0.1 1

4 ] uH/KT

Helton et al, 2010

C (J/mol K)
o
S

0

.0 T T T T T
000 025 050 075 100 125
Temperature (K)

Helton et al, 2007

[ e : I
o o . 14‘ 28I d? 56
S I I I g | e Crysta | | N S 31~ (@) 6meV 1.6K 1 K k Q spinon S=1/2
K, =

neutron

k,w
magnon S=1

smooth continuum

e —

(b) 2meV 1.6K

scattering |

K,Q

continuum scattering

KKO[rlu]

I expected
(c) 0.75me

R 75 M

[ . ...but probably with more
T-H Han et al, 2012 , 7 5

ol . : ‘ | structure:




Herbertsmithite

Single
crystal NMR

M. Fu et al, 2015
McMaster

200 A

151

7@ (54

100 150 200 250 300

50

Low energy INS

T-H Han et al, 2015
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estimate gap ~
10K

claim to separate
impurity signal
below 0.7meV



Top experimental
olatforms

Kitaev materials organics




Kitaev model

Kitaev's honeycomb model H=Y Kol

c.f. Kitaev, Annals of Physics, 2006 i,

1. The meode! Phese diagram
_ ' Jp=l, =0
Gapless Phege
(acpuires a gap ‘h
a meghetic field)

KITP, 2003

A
3.z
)

Gapped phases

the sece whipys!

Spun 3"— on each Site Abelioh ampons (*SSM\‘#&HLM

exact parton construction o; =icic; cicicic; =1

physical Majoranas Hy, = K ) icic;
(27)

No S=0 singlets, but highly entangled.



Non-local excitations

Majorana € Flux e, m

In Kitaev's model:
* Majorana’s dispersion ~ K and Dirac-like
* Fluxes are localized and gapped



Non-Abelian Phase

® |n an applied magnetic field, the
Majoranas acquire a gap

He =+ 5 Aucson, field induces a fermion mass
4 i,k I
A=27(-—)+ (=), very similar to the Haldane
hahyh. -
K~ = model (except Majorana)

v dx nO.m

=
||

4
chiral Majorana edge mode J
\ <




Quantum Hall Effect?

® No charge. Have to study heat

transport!
T
2
I—/ —v 2qf (vq) Cgf T* central charge c=1/2

c.f. c=1 for both IQHE and FQHE abelian states

implies the existence of bulk non-abelian
excitations (the fluxes, bound to MZMs)



Quantum Hall Effect?

® No charge. Have to study heat
transport!

T1 crk?
I="p -T2

cwk%T
6h

Y
Y

(Th — Tz)



Quantum Hall Effect?

® No charge. Have to study heat
transport!

T4

]:c s I{HATy

R EEEEEEEE——————.
T a universal prediction for chiral
2 ch%T P

K = “Ising anyon” phase: agnostic to

6h

microscopic spin interactions



Kitaev Materials

Jackeli, Khaliulin -~ Showed that Kitaev interaction can be

2007 large in edge-sharing octahedra with ><><
large spin-orbit-coupling >Q<
NazlrOs
(o, B.Y)-
Li2|I’O3 Y.-J. Kim

Honeycomb and hyper-
honeycomb structures



Kitaev Materials

35 35royr
c

30

10

30} 3

E (meV)
&

direct evidence for o
direction-dependent |
anisotropic exchange
from diffuse magnetic

X-ray scattering in

NazlrO3 (BJ Kim group)

E (meV)

Observation of gapped
continuum mode persisting
above Ty in &-RuCl3
of substantial Kitaev exchange consistent with Majoranas

there is pretty strong evidence

in quite a few materials (A. Banerjee et al)



Kitaev Materials

direct evidence for
direction-dependent
anisotropic exchange
from diffuse magnetic
X-ray scattering in
NazlrO3 (BJ Kim group)

there is pretty strong evidence
of substantial Kitaev exchange
in quite a few materials

—
o
=

[K.-K]

[H.H]

single-crystal datain &-RuCl;
compared to Kitaev's soluble
model (A. Banerjee et al)

(syiun pazijewuou) Ayjisuajul



Magnetism

® But...they all order so far

due to additional interactions, o — Z KS?SZQ‘_'_Q + JZ S_'; : gj

e.g. Heisenberg — i
; (¥

has been observed in
Na>lrOs; and a-RuCls ;

' incommensurate order
stripy @ in LiolrO3




Magnetism

® But...they all order so far

e.g. Heisenberg

due to additional interactions, o — Z KS?S&_@ + J Z S_'; : gj
1,00 (27)




O(—RUC‘3

Huge effort to understand field-induced paramagnetic state

h (WP>
— : 1.0
141b bg | A Xn
\0) ’ s %
15, - ® N
|| O McE 4 Y (0501 N o
| x :a?)c g fo, o, |
|4 NS g2 "o i
0 ¢ - Y ., o,
| P D, o1
g0 0 0.8 4§
e | zz2 ¢ 6 8 A lo
g L, Magnetic Field (T) *
é 1 .OC”c. 0.6 1™ n...
g ' ?
= 5t " QSL )
. partially 0.4 0.0
zz1 o\e ° field
x¢ 2 © polarized 0.2 -0.2
gae 0
0 - £ 4
0o 2 4 6 8 10 12 14 -08 -06 -04 -02 0.0 I/K
Magnetic Field (T)

C. Balz et al, 2019 J. Gordon et al, 2019
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Thermal Hall Effect

Y. Kasahara et al, Nature 2018
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Thermal Hall Effect

Y. Kasahara et al, Nature 2018
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Top experimental
olatforms
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Kitaev materials organic

.



Spin ice

® Spins in HoyTi,O7, Dy2TioO7 have dominant
NN Ising coupling J,; enforcing classical
2in-2out “ice rules” for T<1K

b

thermal fluctuations
through many
degenerate states



Spin ice

® Spins in HoyTi,O7, Dy2TioO7 have dominant
NN Ising coupling J,; enforcing classical
2in-2out “ice rules” for T<1K

Uy
.
>

<
>
|
o

artificial magnetostatics: spins map to field lines



0,0,1

. ' '
WO NN - O

W N 2O N ®

- N W

Classical s

T. Fennell et al, 2009
0 2

4 6

éxpt

pinch

points

—

V -

—

b

|
-

pin liquid

Castelnovo
et al, 2008

Jaubert and
Holdsworth

magnetic monopoles
behave like diffusing
ions in a polyelectrolyte



M. Hermele, MPA Fisher, L.B., 2004
A. Banerjee et al, 2008

Quantum spin ice

H=Hecsr+Ji Y (5757 +he)
(i7)

quantum dynamics creates
superposition state

QSL which “simulates”
quantum
electrodynamics -
vacuum fluctuations



M. Hermele, MPA Fisher, L.B., 2004

Mapping to E+M

1. Degenerate perturbation theory

Hy =

JZZ
2

> (Z s;>2 Hy=Jy Z (S;7S; +h.c.)

1€t

t

(ig)




Mapping to E+M

1. Degenerate perturbation theory

Hy =

JZZ
2

> (Z s;>2 Hy=Jy Z (S;7S; +h.c.)

1€t

t

(ig)

Excited tetrahedron

1. Act once with Hjy

Excited tetrahedron



Mapping to E+M

1. Degenerate perturbation theory

J

Hy =2

> (Z s;>2 Hy=Jy Z (S;7S; +h.c.)

1€t

t

(ig)

Excited tetrahedron

1. Act once with Hjy
2. Act twice with Hj

Excited tetrahedron



Mapping to E+M

1. Degenerate perturbation theory

S~ 7. 2
Ce (i)
<
Sj
J:3|: +o— o+t o— o+ o—
T Z(Sl Sy S35, 55 56 -I—h.c.)

zZZ h

1. Act once with H;
2. Act twice with Hj
3. Act thrice with H;

“ring exchange”




Ring exchange

> (8785858, 5585 +he.)

zZZ h

Tunneling reconnects field lines



Mapping to E+M

2. Introduce gauge fields

" lattice compact U(1) gauge theory

(means Agp is a 2z periodic phase)



Mapping to E+M

3. Decontined phase

Heg=U) (Egb - i) — K cos(V x A) B2
(ab) h
v
< 2 1) K 2
NU%(EOL,) 4)+ 5 > (V x A)

h

Based on extensive study of lattice gauge theory,
numerics, this is a qualitatively good approximation
(gauge fields are the “right” choice of variables)

The rest is textbook E+M



Excitations

e fully coherent propagating monopoles %

= "spinons” (charges in gauge theory)
NI

® dual monopoles (dual charges) Es

® artificial photon: a gapless protected AAA -
collective excitation which is not a
Goldstone mode



Artificial photon

® gapless, linear, non-Goldstone mode

Mapping to EM: 57 ~ E -7,
Quantization of SHO: =& ~—ZM (0™ = a7 o h)

—

e Linearly dispersion mode at Bragg point but vanishing weight at low energy
* Completely robust to anisotropy, magnetlc field, etc: does not arise from
breaking any physical symmetry

<Sl§Sik> ~ ‘k‘(S(w — ’U‘k’) K.Ross et al, 2011

Not yet observed -

challenge is narrow
bandwidth due to small
exchange in candidate
materials

Plot from O. Benton et al, 2012 .



Quantum spm

Realistic theory for
quantum rare earth
pyrochlores

L. Savary + LB, 2012
S.B. Lee, S. Onoda + LB, 2012

+ Many subsequent numerical
and analytical works

Possible application to
szTizO7, PrZZrzO7,
others...

o ,
Yb2T1207

J. /J
0.8k
: noncoplanar F
0.6 b Q
\N > PreZr0r e
04 e

\ L
0.2 AFQ
0.0 ‘ ‘ ‘

0.1 0.2 0.3 04
Ji/JZZ



Quantum versus classical

E,

monopoles
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Quantum spin ice
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Quantum spin ice
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Organics

B'-Pd(dmit)z

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

® significant charge fluctuations



Organics
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k-(ET),Cu,(CN),

NMR lineshapes

(a) EtMe;Sb[Pd(dmit),],
A 137K
A 253K
423K
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;; 2 JL 1035K %
: % JL 1s3k|  §
“ £ A 193K %
) J\ 277K|  E
A 519K
/\ 753K
/\ 149 K.
/\ 212K
s STS0 TS5 SO0 §T95  sos  ms0  mes  mis0
94.32 94.4 94.5 94.6 94.7 156.6 156.7 156.8 156.9 157 Frequency (MHz) D s
Frequency (MHz) Frequency (MHz)

K-(ET)2Cu2(CN)3 B’-Pd(dmit),
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et al, 2003 2008,2010

Evidence for lack of static moments: f > 1000!



Specitic Heat

® C ~ YT indicates gapless behavior with

large density of states

300 ———
150 i
- |mOT|| e x-(d,BEDT-TTF),Cu[N(CN),JBr M
1951 | Y1 T|| x-(BEDT-TTH),CulN(CN),IC!
® 4T/ o g-(BEDT-TTF),ICI,
I aT I
= 200+
f 100 _g L
o
E N
' X
2 - 2
T S T
~ -5 ~
y - . U 100

CpT‘1 (mJ K-2 mol-")

T2(K?)

K—(ET)2CUZ(CN)3
S. Yamashita et al, 2008

B'-Pd(dmit),




Charge fluctuations
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Organics - Theory

e RVB/QSL state:

® Motrunich, Lee+Lee: (2005) “uniform
RVB”

® |tis described by a “Fermi sea” of
spinons coupled to a U(1) gauge field

) = Hﬁz(g — ;) H CLTCIZH(D e The most gapless/highly entangled QSL state
i k<kp e Like a “metal” of neutral fermions w/ a U(1)
gauge field

* Prototype “non-Fermi liquid” state of great
theoretical interest




Spinon Fermi surface

Calculations based on eftective field theory “unitorm RVB”

® Fermions w/ U(1) gauge field

/eeman term

Sy = /d?’x T (aT — 1 — %(Vr —iA)? — wBa3)¢.

Kinetic energy ~ Emergent gauge field

d*q 1
Sa = /(27;;3 5 (Vlwnl/a+ xa°) 1A(9)?, Landau damping

Su = /d‘gfwﬂ%ﬂ%- Short-range repulsion (from ag)

loffe,Larkin 1989  Nagaosa 1999

Sachdev, Metlitski, Senthil, McGreevy...
Kim, Furusaki, Lee, Wen 1994



Spinon Fermi surface

Ba3Ni5b209




Thermal conductivity

. B Y. D C
® Huge linear thermal sl
conductivity indicates the ~ ®®[ o4 7 | = i
(. 0.2 prrr®
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04—
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® Consistent with spinon & (2)
O.2’¢‘ o H it-
Fermi surface? O
st o | | |
U
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® Estimate for a metal T2(K?)
would correspond to a
mean free path | ~ 1 um M. Yamashita et al, 2010

~1000 a |



9 years later...

PHYSICAL REVIEW X 9, 041051 (2019) PHYSICAL REVIEW LETTERS 123, 247204 (2019)

Editors' Suggestion

Thermal Conductivity of the Quantum Spin Liquid Candidate EtMe;Sb[Pd(dmit),],: Absence of Magnetic Thermal Conductivity in the Quantum Spin
No Evidence of Mobile Gapless Excitations Liquid Candidate EtMe;Sb[Pd(dmit),],
P. Bourgeois«Hopez,1 F Lalibzené,1 E. E.cfran(;ois%1 G. Gﬁssonna‘nﬂle,l S. René de Cotret,' R4l ]Gordon,l J.M. Ni,! B.L. Pan,' B. Q. Song,l YY. Huang,' 1Y Zeng,l Y.J. Yu,'E.J. Cheng,l LS. Wang,l
- Kitou,” H. .~ H. Cui,” R. ,” L. Tai N. Doiron-Li do il 2 ie!*
S K‘lfoui H— Sawa H" Cm R Ke.nom L. Talllﬂef“er”m “aI.ld .| ?ll;(?n ‘eyr‘au ‘ D.Z. Dai,' R. Kato®,? and S. Y. Li
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This just scratches the surface. many
more materials being studied
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Frontiers

Fundamental problems |

New phases e QSLs with strongly coupled
¢ Fractons matter-gauge theory
* Quenched disorder * QCPs to/from QSL phases

* Out of equilibrium |
* Doping - QSL induced SCivity? $|

Reality

* New Materials! Maybe QSLs in VAW crystals?

* Definitive experimental signatures
* Thermal Hall? Non-linear spectroscopy?

e Computational methods: less bias, reliability of
variational methods, beyond ground states



Thanks for your attention

References here: https://spinsandelectrons.com/pedagogy/
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