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Abstract: Beyond their deceptively featureless ground states, spin liquids are particularly remarkable in the exotic nature of their (fractionalised and
gauge charged) excitations. Quenched disorder can be instrumental in nucleating or localising defects with unusual properties, revealing otherwise
hidden features of these topological many-body states. This talk discusses how to turn the nuisance of disorder into a powerful probe and origin of
new collective behaviour.
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Outline

Disorder in magnetism

» distraction, probe, source of new physics

Disorder and frustration

» history, disorder-free glassiness?

Diluted spin ice
» phenomenology
» effective impurity Hamiltonian
» topological spin glass
Disorder and topology
» fractionalisation made visible

» example: Kitaev spin liquids
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Disorder

Disorder is inevitably present in the solid state
» may be absent in cold atom systems
exists in different forms:

» substitution; random strain: vacancies;

can be useful as a probe

» can be introduced (increased) in some
cases

» nature of the superconducting state

» nature of putative spin liquid states? .
P P G Davis et al.

can yield new phenomena

» glass transition; random singlets
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Disorder in magnets: vacancies

» sublattice magnetisation near vacancy in Neel state scalapino et al.
» Curie contribution to susceptibility (e.g. “orphan spins”, schiffer)

» fractionalised excitations (e.g. S =1/2 d.o.f. at endpoints of
Haldane chain srohoim et al.)

» effective moment formation at quantum criticality sachdev et al.
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=> many-impurity physics?
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Disorder and frustration

DISORDER
sl —

FRUSTRATION
—
ferromagnetism
anti-ferromagnetism

ferrimagnetism geometrical
metamagnetism frustration

random fields spin

percolation glass

Ramirez, 1994
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Frustration and glassiness

Combination is very common  overview: Cepas, Canals PRB 86, 024434 (2012)

» Ising/Heisenberg

» d=2,d=3
» distortion, dilution
Origin?

» intrinsic: disorder-free glassiness
» extrinsic: a little disorder — a little glassiness
» freezing often incomplete

» many possible mechanisms for slow dynamics
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SCGO, the archetypal frustrated magnet oo s

started ‘modern’ frustrated magnetism

100 e ——50

= » frustration ratio f > 117
40 .

3™ | . order by disorder?
£ {20 €
§ | ¢ » kagome: yes
o 1= Chalker et al.,Chandra et al., Berlinsky et al.,

25¢ — - Huse et al. (early 90s)

» pyrochlore+SCGO: no
% T 26 0

300
T®  freezes at low temperature?
e.g. Lee et al. (1996), Limot et al. (2000)

temperature range. The high temperature sus-
ceptibility follow a Curie-Weiss law
c
K====~~  with an effective magnetic moment
T-0
corresponding to spin-only (8=3/2) Cr®* mag-
netic moment and a Curie temperature 9=-492K
which shows that strong antiferromagnetic
interactions do exist among the Cr ions., It is
noteworthy that an antiferromagnetic or spin
glass transition below 4.2K would give a
very high 16{/Tg ratio (1€1/Tg>117). For the

Pirsa: 16050034 Page 8/34



SCGO: frustration and freezing

Freezing without disorder?
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Chandra et al., Shender et al., 1993 ®0 P06 06
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» classical kagome orders cher+rM ®OO®O®O® O
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Disorder level in SCGO underestimated ®©© ©@ ©@

» diluted SCGO does not freeze Renn et al.
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Y,Mo0,0; pyrochlore: bona fide spin glass

Conventional freezing for immeasurably small disorder cingras et al., 1997
» disorder level in YoMo,07 underestimated?  Booth et al., 2000

» bond disorder leads to freezing Belier-Castella, 2001; ..., Andreanov et al., 2010
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Open questions

How well do we estimate disorder?

» important input parameter!
Coexistence of liquidity and glassiness

» “who" freezes?
Features of freezing specific to spin liquids?

» topology + disorder

DISORDER
-——

FRUSTRATION
-

ferromagnetism
anti-ferromagnetism

ferrimagnetism geometrical

metamagnetism frustration

random fields spin
percolation glass
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Spin freezing in spin ice

Many experimental studies
» “how spin ice freezes"  Matsuhira, Schiffer, Bramwell, ..., Petrenko, Gaulin, Pomaranski
» slow dynamics not properly understood

Pristine dipolar spin ice
» (elusive) thermodynamic ordering transition  Melko et al., 2004

» Coulomb phase can persist to T = 0 upon fine-tuning

Isakov et al., 2005
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Diluted spin ice
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Non-monotonic “zero-point entropy” with dilution X ke et al., 2007

» need to consider interactions between defects Lin et al, 2013
» effective impurity Hamiltonian?
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Analytical approach: dumbbell model

Spin = dipole = pair of charges

» || = |qla (a ... premedial lattice
constant) +Q

Transparently accounts for Coulomb phase

Castelnovo et al., 2008
» easily visualised -
» stableto T =0

» monopole excitations
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Genesis of ghost spins

Visualize in d = 2
» tetrahedron = vertex
Satisfied tetrahedron
[
Missing spin
» pair of charged tetrahedra
» with dipole moment

Delete neutral sites e
> left over .
» moment opposite to :
missing spin

» embedded in
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Interactions between ghost spins

Compare free and spin pair 005
» enhanced (entropic) dipolar ool ]
Interactions
& 0.03F -
1o
' . T-;I‘:L
Entropic interaction Vo0t :
. L. L. L ][\)Iunwrics
> as in pristine n.n. spin ice i DSy -
» missing dipoles interact as if ' | | |
0 :

» not missing I ; 3
. isolated versus ghost spin correlations
» not dipoles

Pirsa: 16050034 Page 16/34



Freezing of ghost spins

Low dilution = sparse ghost spins

» simulation with effective H possible

Spin freezing of ghost spins

» dipolar spin glass on pyrochlore

lattice
» scaling collapse of & 80 ———— — ‘
t L=4
» non-linear susceptibility " \* 15
? L=10
- \
T \
» T, =0.95Dx =40 '
= ) i.\
> Tc(X) — Tx/(]. _3Tx/\/§7TD) 20 ‘.,‘ "\"'i
» D~ 1.41K for Dy/Ho spin ice “*-:.':}_
O 605 (LI"’:‘.T).T;“."HOU?Z 028
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Phase diagram

Different regimes and crossovers

» paramagnet — regular spin ice

» bulk — impurity monopoles
Glass phase

» continuous onset of frozen moment

» competition: entropy vs. random frozen fields

topological Coulomb phase paramagnet
topological
spin glass

frozen fluctuating impurity free

bulk monopoles monopoles I

T( ; Tb‘ ® W T
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Input:  DVI - 1920x1080p@ 58, 98Hz
Output: SDI- 1920x 1080I@60Hz

Relation to experiment

Competing instabilities to freezing -1
» may always be present
» low-T instabilities rarely ‘generic’
» no high-T instability
» but I microscopic H exhibiting

» partial freezing , ]
» coexistence topological phase + glass Tz Oy T
Topological phase produces d.o.f. + mediates their interaction

cooper-
ative
para-

magnet

ILIUIS-uou

para-
magnet

» ‘generic’
Slow dynamics can have many origins
» oxygen disorder salaetal., 2014
» kinematic constraints  Ryzhkin 2005, Jaubert + Holdsworth 2009, ...

» cluster formation Biitmo + Henelius, 2012
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Impurity monopoles

Flip “Dirac string” between ghost spins

» monopoles with usual magnetic charge

» cheaper excitation energy o than bulk A
» dominate for xe=%/T > e=2/T
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Disorder in topological physics

Impurities/defects can be (multiply) gauge charged
» interactions (poss. quantum statistical) via bulk
» underpins topological quantum computation

Scientific American

Spin liquids are such topological phases
» impurity physics generally interesting
» diagnosing spin liquids
» access fractional particles

Pirsa: 16050034 Page 21/34



Topological excitations in Kitaev spin liquid

— X X = E ok
H = —Jx Zx-links 9;0k — JY Zy-links i 0k — S Zz-links T; 0

Spins-1/2 on honeycomb lattice

» includes strong “spin-orbit
coupling”

Two spin liquid phases
» one gapped, one gapless

» short-range spin correlations
throughout Baskaran et al.

» model is exactly soluble
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Emergent degrees of freedom: fluxes and fermions

Local conserved quantities: In each flux sector

» plaquette fluxes [Wj, H] = 0 » quadratic Majorana

» emergent Z» gauge field Fermion Hamiltonian

—> soluble honeycomb

W, = oXo} 020} ol o tight-binding model

Signatures???
T/S matrices — dynamics — disorder
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Spontaneous flux attachment

Ground state flux sector o
» No vacancies: flux free Lieb i I
» Each vacancy binds one Z5 flux

= elegant way to see emergent fluxes in
ground state!
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Local moments and their interactions: gapless phase

Vacancy has 'field-dependent local moment’
» divergence of x ~ |log h|

» components of magnetisations sit on
different sites

» qualitatively enhanced from the bulk
Interactions between vacancy moments
» depends on vacancy sublattices

» signature of fluxes!

bulk single vacancy AB pair AA pair
X ~ const  x ~ |logh|  x ~ (large) constant x ~ 1/[h|log h|3/?]

response for AA pair parametrically enhanced
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Susceptibility of vacancy configurations

XA\ AA
V'dc\

bulk
L

h

bulk single vacancy AB pair AA pair
X ~ const  x ~ |logh|  x ~ (large) constant x ~ 1/[h|log h|>/?]
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Susceptibility of vacancy configurations

XA\ AA
V'dc\

bulk
L

h

bulk single vacancy AB pair AA pair
X ~ const  x ~ |logh|  x ~ (large) constant x ~ 1/[h|log h|>/?]
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Local moments and their interactions: gapped phase

Vacancy zero mode: uncompensated
bipartite lattice

» confined to a wedge HoHE R :

» amplitude exponentially L eeee
decaying along wedge LS e

» wavefunction given by Pascal's ':':'
triangle B Y O

........

Vacancy moment given by adjacent .
zero-mode amplitude s ialetat gttt

> ger — 1 for Jyy/Jz = 0 o'y |
Pgeff—)OfOI’Jx-l-Jy—}Jz o-<
Many vacancies: random bipartite
hopping problem __‘ h

> p(E) ~ 1/[E(log E)*']
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Numerical results for d.o.s. of the Kitaev model

In[Ep(E)]
o

-3.5 -4 -2.5 -2
~In[In[1/E))

» divergent density of states near zero energy:
p(E) ~ 1/[E(log E)"]

» divergent correlation length near zero energy
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Disorder as a probe: diagnosing spin liquids

What kind of spin liquid is gapless phase?
» We lack systematic understanding of
gapless spin liquids

= We do not really know
Response to disorder as diagnostic?

» flux attachment

» local moment formation

Davis et al.
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Bond randomness in gapless phase, o = ((§J)?)

Fermionic excitations: massless Dirac particles

» exchange disorder translates into
random vector potential

Power law exponents vary with disorder
Strength T Ludwig et al, 1004

» density of states: p(E) ~ ETre

» specific heat: C ~ T1+2a

No qualitative change to suscepbility

= implications for other spin liquids?
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More disorder

» +J disorder=> can be ‘gauged away'

» Slowly varying, strong disorder - percolating gapless

background

J=1 J.=J,=0
1
4= 4,20 490 [

gapless
gapped

— implications for transport?
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Topological spin glass in diluted spin ice

Dilution leaves Coulomb phase intact t o4
but tes ghost spins IO
» but generates g P _J_J_J_’

Ghost spins interact like normal spins IR
g cup dm

» dipolar interactions R

» entropic interactions
Ghost spins freeze

» glass + topological phase

Coulomb phase acts as substrate for
» emergent ghosts
» entropic interactions
General feature of topological phases !

» cf. topological quantum computing
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Disorder in frustrated magnets

Many roles and types

» useful, interesting, nuisance
Topological glass in spin ice

» dipolar glass of ghost spins
Vacancies in Kitaev QSL

» ground state: flux nucleation

» excitations: local moment formation

» new collective physics

Many other instances

» orphan physics in classical SL

» fractionalised 1/2 or 1/3 moment
» random Coulomb antiferromagnet
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