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local z-axes

® spin ice (cf. Michel's talk)

in local bases
7

HSI == Jzz Z SZS; S HSI ~ Jzz
(2,4)
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N,

local z-axes

® spin ice (cf. Michel's talk)

in local bases

=5 s WYY YY
(4,7)

two-in-two-out states for one tetrahedron

extensive degeneracy —— classical spin liquid with monopole excitations



® orown rare-earth pyrochlores: Ho,TioO7, Dy, TiOy,
H02Sn207, Dy25n207, El’zTizO7, szTizO7, szTizO7,
EI‘zSI’]zO7, Tb25n207, Pr25n207, Nd25n207,
Gd25n207,

® orown rare-earth B-site spinels: CdEr,Ss, CdEr:Ses,
CdszS4, CdszSe4, Mng254, Mng254, Man254,
ManzSe4, FeszS4, CdTsz4, CdHOzS4, FeLUQSA,,
MnLu2Ss, MnLu»Sey, ...

lots of room for diverse behaviors! C

Gardner, Gingras, Greedan, RMP 2010, Lago et al. PRL 2010, Savary et al. 2012



® orown rare-earth pyrochlores(HozTizO7, DszizO7,)
(HozSnan Dy25n207, El’zTizO7, szTizO7, szTizO7,
EI‘zSﬂzO7, Tb25n207, Pr25n207, Nd25n207,
Wclsn 07, .. spin ices

® orown rare-earth B-site spinels: CdEr,Ss, CdEr:Ses,
CdszS4, CdszSe4, Mng254, Mng284, ManQS4,
ManZSe4, FeszS4, CdTsz4, CdHOzSA,, FeLUQSA,,
MnLu2Ss, MnLu»Sey, ...

lots of room for diverse behaviors! ¢

Gardner, Gingras, Greedan, RMP 2010, Lago et al. PRL 2010, Savary et al. 2012 =



® orown rare-earth pyrochlores: Ho,TioO7, Dy, TioOy,
H025n207, DyzsnzO7,(EI’2TizO7DYb2TizO7, szTizO7,
EI‘zSﬂzO7, Tb25n207, Pr25n207, Nd25n207,

Gd25n207, quantum AFM/
order by disorder

® orown rare-earth B-site spinels: CdEr,Ss, CdEr:Ses,
CdszS4, CdszSe4, Mng254, Mng284, ManQS4,
ManZSe4, FeszS4, CdTsz4, CdHOzSA,, FeLUQSA,,
MnLu2Ss, MnLu»Sey, ...

lots of room for diverse behaviors! ¢

Gardner, Gingras, Greedan, RMP 2010, Lago et al. PRL 2010, Savary et al. 2012



® orown rare-earth pyrochlores: Ho,TioO7, Dy, Ti>Oy,
H025n207, Dy25n207, ErzTizO7(Yb2TizO7, szTizO7,)
EI‘zSﬂzO7, Tb25n207, Pr25n207, Nd25n207,
Gd25n207,

quantum spin liquids ¢

® orown rare-earth B-site spinels: CdEr,Ss, CdEr:Ses,
CdszS4, CdszSe4, Mng254, Mng284, ManQS4,
ManZSe4, FeszS4, CdTsz4, CdHOzSA,, FeLUQSA,,
MnLu2Ss, MnLu»Sey, ...

lots of room for diverse behaviors! ¢

Gardner, Gingras, Greedan, RMP 2010, Lago et al. PRL 2010, Savary et al. 2012



® orown rare-earth pyrochlores: Ho,TioO7, Dy, TiOy,
H02Sn207, Dy25n207, El’zTizO7, szTizO7, szTizO7,
EI‘zSI’]zO7, Tb25n207, Pr25n207, Nd25n207,
Gd25n207,

spin ice ¢

® grown rare-earth B-site spinels:( CdEr,S4,)CdErsSes,
CdszS4, CdszSe4, Mng254, Mng254, Man254,
ManZSe4, FeszS4, CdTsz4, CdHOzS4, FeLUQSA,,
MnLu2Ss, MnLu»Sey, ...

lots of room for diverse behaviors! ¢

Gardner, Gingras, Greedan, RMP 2010, Lago et al. PRL 2010, Savary et al. 2012
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(QSL)?

- ® history: (S ) =0 - too restrictive

® |ong-range entangled: a state which cannot be written or
approximated as a product of any finite blocks

A YAVAvAVAY A
A"'AVAVA'A'AVA'AVA
A YAVAY NVaVavaY AVavANERERRE

® consequence: exotic properties,
e.g. fractional particles




Liquid?

e first prediction: Anderson 1973
e would be really nice to find one in nature!

® oood place to look: frustrated magnets

® organics (triangular lattice), /1-/> models, pyrochlores...




Outline

method
results
experimental signatures

materials

based on Savary and Balents PRL 108, 037202 (2012)


http://prl.aps.org/abstract/PRL/v108/i3/e037202
http://prl.aps.org/abstract/PRL/v108/i3/e037202

______ L K 8 8 g gt s s e L LT = R s e e o LTI I m e |y = . g e m b LF " ot e . Ly P e = HLLE B
x A = THi b L e e T T e PR L e

Symmetries of the Hamiltonian

rare-earths : intrinsic strong spin-orbit coupling

» discrete cubic symmetries only

space group: Fd-3m, i.e. #227 :

strong crystal fields

A2B,07

"pyrochlore oxides" spinels
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+Jex [73STST + 7557571

to each material corresponds a set of J's

/ Zi/ / 77 A
/ e
g /)

Curnoe PRB 2008, Ross Savary Gaulin Balents PRX 2011
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General NN exchange Hamiltonian for effective spins 1/2 |§

3 Z[ ] spin ice *

= S a6 ) ? * _’i ?
i [SAGEr 2GS 0 ) ? * R ? ?

S 6 S 8 ]] ? ? _)i *

[ to each material corresponds a set of /'s ] i
Jz4/)2z

>

What is the phase diagram ?
Are there any exotic phases there ? 15

Curnoe PRB 2008, Ross Savary Gaulin Balents PRX 2011




/Zi//ZZ

>

> | s
(i)

~ Jx (SFS7 +57S1) | heicles

e e

> quantum electrodynamics H ~ Hqgp ~ E? + B?

e

perturbation theory in J.//..

. photon (gapless and linear)

particle-hole excitations (gapped)

. Hermele Fisher Balents, PRB 2004
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Relation to classical spm ice

classical spin ice U(1) quantum spin liquid

thermal spin liquid quantum spin liquid

extensively many one entangled ground state
degenerate ground (= vacuum)

states

spInons
"electric" monopoles
gapless photon

magnetic monopoles
= SpINONS

q
/Zi//ZZ A /Zi//ZZ A | SK&bK@ K » o

.....
1

. Gingras, Introduction to Frustrated Magnetism (2011), Hermele Fisher Balents, PRB 2004
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How we do this: Compact abelian lattice

Higgs theory
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How we do this: Compact abellan””
lattice Higgs theory

dual diamond lattice




How we do this: Compact abellan””
lattice Higgs theory

Spinon, Sa—|5 )

dual diamond lattice
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. compact abelian |

SPIROR Sse—7
dual diamond lattice

r p

S KR T - f — 12 Xr

B = PrSirie, Prie, < <I>ir — @ie %
\Srr, S Srrfe Z(Xr/_xr)

2 —

r,r+e, r,r+e, U(1) gauge symmetry
. Y

the slave particles have a simple interpretation
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How we do this: Compact abellan
Higgs U(1) lattice gauge theory

4 )
+ it o=
b 05 0.0 B, =1 S =B

o — tL
b e, rrke, 3 L

our spinons are bosons > they can condense

(D) phase

= 0 conventional

==3() exotic
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How we do this: Compact abelian
Higgs U(1) lattice gauge theory

A R Ullu'"m‘lﬂqﬁ",l

R G

~N
+ e 2
SI‘ r—|—eM @ I‘ r—|—eM (I)r—l—eu |¢r‘ = ]- Srr’ T EI‘I"

= < SICRE :tiArr’ e
Sz S Qr === Z Sr,r:l:eu Srr’ i =
1 i e S Sr,r—l—eu 0

\_ J

our spinons are bosons = iieyacan condelnse

(D) phase

= 0 conventional

=0 exotic

s T — - } : 2 : T i3 =
J:t {Z Z (I)r—i—e'uq)r—ke,,sr,r—l—eusr,r—key —I_ @r—eu¢r—eysr,r_e'usr,r_ey

rel, Il rcl p,v#u rell u,v#u T
_J e Z Z (fy/uby@r I'—|-eys LB ) S+ r+e, - hC) — Z Z (/Y,ZV@I‘—GV q)rsi,r—eusj-:r_ey i hC) > e _1|_
rel p,v#u rell p,v#pu ] -

N a— () _




How we do this: Compact abelian

Higgs U(1) lattice gauge theory |

s ot N st e
Sr o, (I)r rrte, (I)I‘—I—eu |(I)r‘ — 1 S — Err/ -
s Z Faen :|:’LA Tl
S = g~ Qr == Z 3r,rte, Ry Al
1 A S 4 el <199 U
- J
our spinons are bosons > they can condense
(D) phase
# 0 | conventional s
—0 exotic

vacuum: quantum superposition of two-in-two-out states

H = hopping Hamiltonian for spinons in fluctuating background
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gauge I\/\ean Fleld Theory (gMFT)

TP ss — DTR(s)(s) + (2T P)s(s) + (2T2)(s)s — 2(DT)(s)(s)

j 5 eff,u §r,r+eu free (but self-consistent) "spins"

i
[

HclI\>/IF AR > >‘ {tMF(I)T(I)r—I—eM B t/MF(I)T(I)r_I_e e i hC]

r pFv

hopping Hamiltonian for spinons in
fixed (but self-consistent) background

Solve the consistency equations
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Coulomb FM

QOSL

e Y
]i/JZZ

0.3

04




Pl

Sl

(T3 Tol s

ase diagram

i

deconfined
= uncondensed
= exotic

(®) = 0

e

=0
Ji/JZZ

S0

04

Higgs

= gauge symmetry
breaking

= condensed
= conventional phases

(B 5=

(D) (SE) phase
S AFM
# 0 #+ 0 FM

— - QSL
- 20 | cem




into the exotic phases

Insight

® superposition of states
1)) ~ equal-weight quantum superposition of 2-in-2-out states

® inelastic structure factor S(k,w)=3" [8, — (©u(k)] 3= (mt(—k, —w)mi (k,w))

sV a,b

(S*S*) contribution «—— photon mode

(STS™) contribution «~— spinon mode

S#|y) = |1 photon + vacuum)

ST|¢) = |2 spinons + vacuum)

T 1 i e o s e ey = LIS Pt st L b B e e P e e S e S R R o e (R R ST T




® magnetized

(%) #0

S

o s ;

he _ u

o

omb ferromagnet;

(secretly a quantum spin liquid!)

@ =0 =0 @SIs
spins with non-zero
expectation value = ?é 0 CFM

® supports exotic excitations

spinon

Rt pch e By Hha e T et 1= i

0.7F]

(D) (56 phase
20 [ =0 [ ARM
=20 # 0 FM

Wgapless photon
: i/ ;

" 'electric" monopole
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Signatures of t

® inelastic neutron scattering:

SERE s SHInTHinHerarate

e salian

he decon

fined
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HHH HHO
. p h OtO n € (units) €

1
HH1
(units) € (units) -[
15} 15f W 15}
10 ==E_E== E=EEE= 10+ 10t

® spinon

= eI
X

diffuse scattering

® specific heat:

Cv a
T=~0 3 3 photon
® photon Cv Gt BphotonT F BphononT

Bphoton ~ 1000 Bphonon

phonon

e



YbyTinO7 T,

Bish field H = 5T

experiment

spin wave theory

05 1.0 15 05 10 15 05 10 15
H,H,H [HH,H] H,H,H]

02 S e i
05005115 -2 0 2
HHH 1L

1. classical high-field ground state
2. Holstein-Primakoff bosons in the spirit of large s

3. calculation of the inelastic structure factor

Ross, Savary, Gaulin, Balents PRX 2011
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Bish field H = 5T

experiment

spin wave theory

0
05005115
HHH 1L

I Ohleemas e (R [h e feate S () Sl i s (R 5 eV

Ross, Savary, Gaulin, Balents PRX 2011

i e R SR R S R Rl R R R B s e R B R R B R




Jo =017, Jp =005 Jo=-014, Jii =605 meV

‘ (]
Yb2T1207

o |/ 2z

some
uncertainties
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follow-up work: Ross et al. (2011), Chang et al. (2011), Applegate et al. (2012)




Jo =017, Jp =005 Jo=-014, Jii =605 meV
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Yb2T1207

o |/ 2z

some
uncertainties

e QA I e e Y
S J+/J 2

G szTizO7 ¢ ErzTizO7 4 CdEr204 Gsir
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spin ice
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0.8
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Tbh,Ti,O ?

.

202
Ji/JZZ

D () 1

«— |Ern 11Oy

SungBin Lee

many other materials under investigation (cf. HFM 2012)




Model and phase diagram which should apply to a wide spectrum of materials
Realization of the U(1) QSL in a phase diagram for real materials

Existence of a new phase of matter: the Coulomb FM

Need numerics

Need exchange constants of more materials

Need more low temperature specific heat data

Effects of disorder

Effects of temperature

Longer range interactions...




Thank you for your attention



