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Quantum non-locality

EPR V) = —= (1) = 1)

1
7

# ??where is the information?? ¢

A. Einstein B. Podolsky N. Rosen



Schrodinger’s Cat

A A 7

/
( +
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

=5l ‘\\ ' a "quantum liquid” of spins
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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— -

f) = S ld)

K-k,Q -w ol
2 ,‘\
% 400 + #i
heutron E oo % \I
0 s .“." R TR
k’w 2 4 6 8 10 12 14
magnon S=|

Q Line shape in RbaMnF4
K,



Quantum spin liquid

Entanglement -> non-local excitation

AvAYA AVAY AVAVAVA A YA YAVAVAVAY A7 AY \VA
_ Y N Va4 YAy NavaY N AVANAVAY NANAVAVAVAN _|_
— A YAVAVAvAVAVAY, YA YA + A YAVAY NaVavaY NVawsy .o
VAVAAY Y VawgVaVay AVA YaY N N YAVAvAY
AVAVATAY AVAVAVAVA 7 . 17
WY N NaVAY N Vi Yava 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

® 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

AvAYA AVAY AVAVAVA A YAYAvAVAY &Y A AVA
\Ij _ Y N Va4 YaY NavaY N AVANAVAY NANAVAVAVAN _|_
— A YAVAVAVAVAYAY, Vi YA - A YAVAY NaVAVEY NAvA oo
AVAAY N VawgVaVaY N AVA YaY N Vi YaAVawaY N

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”
wo) = T eyl o) P
ke F'S
VA4 2K ESEs MV ARV
2EAENEAR 2ENENE AR’ VANV |1
= C1[y| (AN Ty IV Ve ey 2] V] T
VIVINIY Y VIVIV]VIV v VIiVvIY
ALV VY [ ALV VY[ AINTV Y A




Gutzwiller Construction

® Project out any components with
empty or doubly occupied sites

I/

. “"oartons’
W) = Pg|W) P

«| ||« |>
> ||« |<|>

> ||| |>
||| |
« |||




Gutzwiller Construction

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

I/

. “"oartons’
W) = Pg|W) P

«| ||« |>
> ||« |<|>

> ||| |>
||| |
« |||




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?



A rough guide to
experiments on QSLs




new classics

,/ttz

organics



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



Herbertsmithite

ZnCU3(OH)GC|2
k ' o N <
agome layers of Cu < .‘, (‘)‘/
S=1/2 spins, separated >< y
by non-magnetic Zn

LA
. © ) - g ¢, >/ »

o T
Heisenberg-like T .
with J ~ 200K N AM\
no order down to o R e S e
50mK Temperature (K)

Helton et al, 2007



Theory

\
3
. P g /-\
® \What kind of QSL? <
% + various other
proposals with
. weaker
S. Depenbrock et al, 2012 v Rélaneetcile; 2007 quantitative
R support
gapped, gapless

topological QSL Dirac QSL



DMRG (2016

Y.-C. He et al:
evidence for
Dirac QSL
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Herbertsmithite

[@y =TT

Lots of early evidence

for gaplessness 3
3":%?00 P ) Helton et al, 2010

Temperature (K)

Helton et al, 2007

0 14 28 42 56

Single crystal INS ...

KkQ -0 spinon S=1/2

neutron

k,w
magnon S=|

T

smooth continuum
| (b} 2mev 1.6K 1 K,Q

scattering |
continuum scattering

: | (o e : expected
@ H ...but probably with more
T-H Han et al, 2012 I i ‘ . | structure?



Herbertsmithite

Single
crystal NMR

M. Fu et al, 2015
McMaster

Low energy INS

T-H Han et al, 2015
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15
D @ A (below 4.2K)
X A (below 10K)
N N —— Free parameter
- —-8=1, g=22
10k, N0 T e S=1/2,g=2.2

I8 ,"‘ s

_ZﬁZj = J claim to separate
impurity signal
L "'(‘)-3 below 0.7meV



Organics

~ -

BI-Pd(dmit)z

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

® significant charge fluctuations



Organics

200 70 ! ' T EtMesb
Ve,
Crossover
100 60 |- |
: (1/‘7-1 T)max
(dR/AT) ax sl Eiﬁ“ﬁeéf,b: |
\® _88:12
| »"Q 40 e Me,P FP |
— e
X Mott insulator 8 f ®Me,As o
=10 s 30 _
: Metal EtMe3AS.
(Spin liquid) 79 Tc il 8" T ‘
f A.. . (Fermi liquid) i Me Al 4
'''''' A 10+ AFLO st -
Superconductor EtMe,Sb
1 ! ! ! | ] ] | & e e |
0.6 0.7 0.8 0.9 1.0
2 3 4 5 6 7 t'/t
Pressure (10-1GPa)
K-(ET)2Cu2(CN)3 B’'-Pd(dmit),

K. Kanoda group (2003-) R. Kato group (2008-)



K-(ET),CUIN(CN),]CI

- NMR lineshapes

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

A 1.37K
N\

253K

423 K
6.67K

I\
I\
——/\ / \ 10.35 K|
AN

N\

N

N

A

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

large density of states ™
T 750l
300—— 2 [
150 B N
X 500
- M OT||e x-(dyBEDT-TTF),CulN(CN),JBr v F
195 | Y 1T || x-(BEDT-TTF),CulNEN),ICI ,"_n
® 4T || o g-(BEDT-TTR),IC, 9
= 200+
= 100 = L
g E
T x
= 750 » =
L
§ o".' :E,
w Lol
S sl 2 U 100
25+
1
% 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



Charge tluctuations

U/t

e ———

organics?

e localization

frustration

——



Organics - Theory

5
L we RVB/QSL state:

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

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

® The anomalous thermal conductivity
may be a window into an emergent

fermi surface in an insulator!



new classics

¥
A
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new classics

disorder
P> X =
x 1’ L S~ *\
P L T RN =
oy -
’ it Llarge lattice

conkribution



New direction: strong
anisotropy

pe>4
A AR

Kitaev materials YbMgGaQOy




Kitaev model

M I
Kitaev's honeycomb model ~ H =) K,ol's¥_,
(N
1. The moded Phase dagram
z |2 z z z z z JZ:'I JX:J,=D
S Gapless phase
g (ecpueires e gep ch
a~ a h«.,utcc foedd,
I: J =/
X Go.pped ‘:.S-CS the sence ubdpes!
SPL". 'if" on &ab’) Sbu Abglz.,P:u zwn,s (‘e"ss“ﬂ"&h"f&.&

exact parton construction o; =icicj cicicic; =1

¥k Vyx _ E__
K’ . K,

physical Majoranas Hm = K ) ic;c;
(27)




Non-local excitations

Majorana € Flux e, m

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



Fractionalization

Spin flip produces a free Majorana fermion and two immobile fluxes

0

Because fluxes are created
® Spectral weight is zero below the flux gap 2}

® Correlations vanish beyond NNs 1 i !!
gap

J. Knolle et al, 2014




Fractionalization

® Another process: fluxes recombine into
a second Majorana fermion

® This gives rise to an excitation branch
of power-law Dirac “tans”

3.0F
2.5}
What to look for if we ever x 2.0¢
discover a true Kitaev QSL - < 1.5}

3 10t
0.5t

0.0k . . "
Xueyang Song, Yi-Zhuang You + LB, PRL 2016 M r K M

sharp low energy structure




Kitaev Materials

Jackeli Khaliullin ~ Showed that Kitaev interaction can be 'pz

2007 large in edge-sharing octahedra with ><><
large spin-orbit-coupling >Q<
NazlrO3
(o, B, ¥)-
|_i2|rO3
P.Gegenwart
H. Takagi

Honeycomb and hyper-
honeycomb structures



Kitaev Materials

135 35(T(r

direct evidence for

direction-dependent
anisotropic exchange
from diffuse magnetic

x-ray scattering in
NazlrO3 (BJ Kim group)

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

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

there is pretty strong evidence



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]

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

(syun pazijewuou) Ajisuaju|



Magnetism

® Na,lrO3,LiblrO3, x-RuCls all order

due to additional interactions,

e.g. Heisenberg

(4,9)
a b B qo

+ Y J38;-8;




Suppressing order

With a magnetic field:

A. Banerjee et al, 2017

o @) 8\o.o:-ssa—
8- 20
-
] y
6- ?
| ‘Q\
~ 51 -
= 1 L
" 4__ “\‘ 024 6 81012
3. T(K)
2 -
1 /R/él//// . |o od b .
- S spin liquid or boring
Oo'é'z'l'é"'1'o'1|2'1'4

paramagnet?



With a magnetic field:

Suppressing order

A. Banerjee et al, 2017

T(K)

_ ’q? .
| & o
5
£
\\\\\\ =
-
s
5 =
a
3
90
]
‘\‘ 0 2 4 6 8 1012
T(K)
/////
a-RuCl, //
B || {110}
..............
0 2 4 6 10 12 14

theoretical possibilities

T

A\ el

T




Suppressing order

With a magnetic field:

A. Banerjee et al, 2017

T(K)

9

1 (@

329 o
g T,

&

0.039 —
0.036 —

0.033 4

% (emu/mol Oe)

2 00304

’,”‘

9 0027 42

/////
a-RuCl,
B || {110}

[$)]
o

30

20

Intensity (arb. units)
Intensity (arb. units)

7 Lots of current studies with many
probes...stay tuned!



Suppressing order

With a new material K. Kitagawa et al, unpublished

Intensity (arb. units)

HsLilr,Og




HsLilr,Og

C/T (mJ/K?Ir-mol)

1021

—
=

-
o
o

H3Li|r206

T (K)

intriguing behavior not expected from Kitaev’'s solution



x" (mol Yb*/em®)

1.5} 0\
Y 2%
1.0 1Yb Lu, MgGaO, o4 oo
0.0 05 1.9@“ =
’ ;X 7,35%°9  YbMgGao,
0.5+ ,-'~. @ Yby,Lu,MgGaO,
f :"h . Ybo.1eLuo.84MgGaO4
@ Yb, Lu ,MgGaO,]
A | © Youlu,MgGe0,
0 8 16
T (K)

f ~ 4K/50mK > 80

effective S=1/2 triangular

lattice

0.1 1 10

.... 'r.'
""""""""""""""""""""" J YbMgGaO, Wi bl >
o 0T b P
’ 99301 £
/// /,/ 7/ e 1 T g
ot g @ o 2T >
7/ 7/ o 4T OE
Vg 4 'Y
Kbl °o 6T 10.01
P e 9T ]

C ~ T0.7

Y. Li et al, 2015



E (meV)

YbI\/IgGaO4

Neutron scattering studies

a M

1 +ePE x 1Q,5)

J. Paddison et al, arXiv:1607.3231

Shen et al suggest this is
the structure factor of a
spinon Fermi surtace

Energy (meV)
o —_

W
Vi /
4

.2
0 -0.2

VAVAY! (e
VAR YAV 1 ¥ | u
VLV VA VAV il /] v
/] /]
)

A
4%

AZA | 24
. -04 -0.6 -0.8 -1 -0.8 -0.6 -0.4
(1/2-K/2, K, 0) (r.l.u.) (1, K, 0) (r.l.u.

Y. Shen et al, arXiv:1607.02615

a rare earth version
of organics?



YbI\/IgGaO4

Periodic Table of Elements

- e — = Interesting difference
B f prSHiN) Emmmme J

' - N o . 1 .

. ! N O R O 4..-...£| from organics.

B T i S - arhi
E: -REEEEEEEEEEmEE  STON SPin-orbit

| A8 [ [ [ [ [ - :

) For elements with no stable isotopes, the mass number of the isotope with the longest haif-ife is in parentheses Cou p I I ng

Anisotropic interactions like Kitaev but no
exact solution. What do we do? Can QSLs
compete? Is spinon Fermi surface favored?



SOC triangular

Generic model for “flat” triangular lattice

H = 3" |Ju(SFS7 + S7Sf) + 18285 XXZ
(i)
+ Jxx (5 SF + 9557 57) bond-dependent
+idxz (V59757 = vig SfS{HiHj))} couplings
Y. Li et al, 2015

Tool: variational wavefunctions
Gutzwiller projection of

spin-orbit coupled free
fermions

W) = Pa|Vo)



SOC triangular

Generic model for “flat” triangular lattice

H = 3" |Ju(SFS7 + S7Sf) + 18285 XXZ
(i)
+ Jxx (5 SF + 9557 57) bond-dependent
+idxz (V59757 = vig SfS{HiHj))} couplings

Tool: variational wavefunctions w/ VMC

* classify and compare energetics of all
QSLs with triangular symmetry and their
stability against magnetic order




SOC triangular

Comparing QSLs

4.0

3.0

J:I:z

2.0H
1.0

0.0t

Dirac QSL dominates unless anisotropy is

Rashba SL

Clock SL

b)

1.0

0.8

0.4+

0.2}

0.0k

very strong

Rashba
SL

i Surface
Clock

SL




SOC triangular

=

Allow magnetic
order

1.0f

0.8}

0.4}

0.2}

0.0k

‘ 'uniform IFermi Surfa'ce
Rashba
SL
Dirac SL
2 -1 0

0.5F
0.4r

b]iz 0.3t

0.2+

0.1r //\\
0.0k e N

| stripe

" .1 05 0 05 1

0.5

I 05 0 05 1

|
o> J2

H 1 . 1 !
-1 -05 0 05 1



SOC triangular

QSLs versus magnetic order

classical
1.0
0.8
120° AFM Incommensurate
J3 06 (¢,0)
2 0.4 / Incommensurate
0
0.2 Stripe Order ( ’q)
OO | | | | |
0.0 0.2 0.4 0.6 0.8 1.0

Jo /It

quantum

1.0

0.8 _1200 AFM Incommensurate
—3 0.6f Dirac SL
J2 o4l

Incommensurate
0.2
0.0 1 ! ! |
0.0 0.2 0.4 0.6 0.8 1.0
Jo/ I+

Ordered states outcompete all but the Dirac
QSL according to standard Gutzwiller method



SOC triangular

Any hope for the Fermi surface?

beyond Gutzwiller:

W) = e~ Hex Polihpp) qualitative effects
due to SOC
0.39 J%, FS might
Eurs = —0.4693(1 + J,/4) — , J
o (14 J2/4) Ji +1.42J, compete with
0.21 Jii larger anisotropy,

Epirae = —0.7054(1 + J, /4) —

Ji + 087, and if stripy order

is removed



SOC Fermi surtace

) = e et Pr|ppp) Physical effects!

1. Spin correlations
(™),

(S™)o +(5")o

2. Anomalous thermal Hall effect

field-induced Berry Th3J2,
Ry 5
curvature J




Summary

® Strongly SOC magnets are a new arena for QSLs

e VMC techniques are a systematic way to study
their complex phases and fairly check the
competition between QSLs and ordering

® interesting to apply to Kitaev materials

® New physical effects: anisotropic spin
correlations and thermal Hall effect appear
through SOC's influence.

OOOOOOOOOOOOOO




A tuture history of
magnetism (from 2014)

~500BC: Ferromagnetism
documented in Greece,

India, used in China sinan, ~200BC

1949AD: Antiferromagnetism |

time
< |

. g TR Eniar L
proven experimentally i

~2016AD: Conclusive experiments on
quantum spin liquids?



A tuture history of
magnetism 7

~500BC: Ferromagnetism

documented in Greece, -

India, used in China sinan, ~200BC

1949AD: Antiferromagnetism

time
< |

. g T LIl L
proven experimentally i

~2019AD?: Conclusive experiments on
quantum spin liquids?



Thanks for your attention

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