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Yb,TioOy7: puzzling experimental
features
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What we know

® What spin ice is -- Michel's talk this morning

Blsto ks i g '~ <7 <7 <7 <7
SI A zZz > f ;"L. e .I 3./ 1_;. 1!" .
% N N N "N

two-in-two-out states for one tetrahedron

(,5)

® \What the generic definition of a quantum spin liquid is (and that
it would be very nice to find one in nature) -- Leon's talk
yesterday afternoon

® |ooks trivial: <§> —( *history quantum | &
entanglement

® but non-trivial correlations & fractional excitations!

® Good place to look for QSLs: frustrated magnets




® 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! ¢

Gardner, Gingras, Greedan, RMP 2010, Lago et al. PRL 2010 | &



® 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 | &



® orown rare-earth pyrochlores: Ho,TioO7, Dy, TioOy,
H02Sn207, DyzsnzO7,(EI’2TizO7DYb2TizO7, szTizO7,
EI‘zSI’]zO7, Tb25n207, Pr25n207, Nd25n207,
Gd25n207,

quantum AFM

® 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! ¢

Gardner, Gingras, Greedan, RMP 2010, Lago et al. PRL 2010 | &



® 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



® 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 | &
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Outline

® method
® results
® experimental signatures

® materials

based on Savary and Balents arXiv 1110.2185 - to appear in PRL (Dec. 2011)



http://arxiv.org/abs/1110.2185
http://arxiv.org/abs/1110.2185
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Symmetries of the Hamiltonian

rare-earths : intrinsic strong spin-orbit coupling

» discrete cubic symmetries only

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

A2B,07 AB> X4

"pyrochlore oxides" spinels




General NN exchange Hamiltonian for effective spins 1/2

> | s

(27)

/Zi//ZZA
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s [50SS5 )20 & ] f ‘
J J J‘ ¢ k/{
Tl [%jSZLS;F A5 ’Y;}Sfi_sj_] } e . .:'
ocal axes, specific
local bases

to each material corresponds a set of J's

Curnoe PRB 2008, Ross Savary Gaulin Balents PRX 2011
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General NN exchange Hamiltonian for effective spins 1/2
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local axes, specific
local bases

to each material corresponds a set of /'s

What is the phase diagram ?

Are there any exotic phases there ¢

Curnoe PRB 2008, Ross Savary Gaulin Balents PRX 2011 :
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The Hermele et al. QSL

> | s
(i7)
~ Jx (SFS7 +57S1) |

. Hermele Fisher Balents, PRB 2004 |




J2+/] 774
> | s
(i)

~ Jx (SFS7 +57S1) | heicles

SR

e

perturbation theory in J.//..

Hermele Fisher Balents, PRB 2004
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> quantum electrodynamics H ~ Hqgp ~ E* + B?

e

perturbation theory in J.//..

Hermele Fisher Balents, PRB 2004
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~ Jx (SFS7 +57S1) | heicles
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> quantum electrodynamics H ~ Hqgp ~ E? + B?

e

perturbation theory in J.//..

. photon (gapless and linear)

particle-hole excitations (gapped)

. Hermele Fisher Balents, PRB 2004




St s ol i e s S e b ST Sk S i 0 b b et T

Relation to classical spin ice

.....'..l.; 1ot

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

/Zi//ZZA /Zi//ZZA

Gingras, Introduction to Frustrated Magnetism (2011), Hermele Fisher Balents, PRB 2004




" How do this: mpaabeln lattice
Higgs theory '
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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




How we
lattice Higgs theory

SPIROR Sse—7
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How we do this: Compact abellan
lattice Higgs theory

SPIROR Sse—7
- N (
N fons e S o b
Sr E S o (I)r Sr,r—l—eM(I)I‘—l-eu ) i A
:|: %Si == D=y
I'I'
5 - :
r,r+e, r,r+e, U(1) gauge symmetry
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. compact abelian |

SPIROR Sse—7
dual diamond lattice
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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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our spinons are bosons
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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
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our spinons are bosons = iieyacan condelnse

(D) phase

= 0 conventional

=0 exotic

s T — - } : 2 : T i3 =
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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



OTdss — OTD(s)(s) + (DTD)s(s) + (BTD)(s)s — 2(DTD)(s)(s)




SEGGUGTIE

gauge[\/\ean Fleld Theory (gMFT)

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

_S:Y%FM S ey
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r pFv




SEGGUGTIE

gauge[\/\ean Fleld Theory (gMFT)

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

AP S, S Hle\/fIfFu §r,r—|—eu free (but self-consistent) "spins"

~ MF
H(lI\)/IF R > > |:tMF(I)T(I)I'—|—eM -+ t/ (I)T(I)r—l—eu—ey —+ hC:|
r v
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gauge I\/\ean Fleld Theory (gMFT)

OTdss — OTD(s)(s) + (DTD)s(s) + (BTD)(s)s — 2(DTD)(s)(s)

5 S eff L Sr,r—l—eu free (but self-consistent) "spins"

H(lI\)/IF A > >‘ {tMF(I)T(I)r—I—eM e t/MF(I)Jf(I)r_I_e e il hC]

r pFv

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




...............

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




Now is when you tune
back in for
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Higgs

= gauge symmetry
breaking

= condensed

= conventional phases
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Higgs

= gauge symmetry
breaking

= condensed

= conventional phases
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; ’ = gauge symmetry

0.6 breaking
o5 / = condensed

= conventional phases
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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




(secretly a quantum spin liquid!)

(P)

£ 0

£ 0

=)




(secretly a quantum spin liquid!)

(P)

® magnetized

£ 0

£ 0
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he Coulomb ferromagnet;;

(secretly a quantum spin liquid!)

(®) (S*) | phase
0 =0 | AFM

O ey

<
ST ® e
: spins with non-zero
expectation value = ?é 0 CFM

® magnetized
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he Coulomb ferromagnet;;

(secretly a quantum spin liquid!)

LTI TITy T I B L

(®) (S*) | phase
0 =0 | AFM

O Ty

<
ST ® e
: spins with non-zero
expectation value = ?é 0 CFM

S L

® magnetized




® magnetized

(%) #0
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(secretly a quantum spin liquid!)

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

® supports exotic excitations

spinon
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0.7F]

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

Wgapless photon

"electric" monopole
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Signatures of the deconfined phases <

® inelastic neutron scattering:

e photon

® spinon

® specific heat:

e photon



R TTITTI g R e n L L T e bk SRS 4 e

TeriTey

gt e

Signatures of the deconfined phases <

® inelastic neutron scattering:

HHH HHO HH1
. p h OtO n € (units) € (u_I}its) € (units)
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® spinon

® specific heat:

e photon
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Signatures of the deconfined phases <

® inelastic neutron scattering:

HHH HHO HH1
. p h OtO n € (units) € (u_I}its) € (units)

15} 15} EE;”__ 15}

10+

r;v

C/)
;\_.\
z
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® spinon

® specific heat:

e photon
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Signatures of the deconfined phases

® inelastic neutron scattering:

HHH HHO HH1
. p h OtO n € (units) € (u_I}its) € (units)

15} 15} EE;”__ 15}

10+

r;v

C/)
;\_.\
z
QO

§,

z

8

Qq

?

|

@

E

s 5 %’2 ST '5 5! =i

® spinon

® specific heat:

e photon
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Signatures of th

® inelastic neutron scattering:

L PR TR LT

HHH HHO HH1
. p h Oto n € (units) € (units) € (units)
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® spinon

diffuse scattering

k

® specific heat:

e photon
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Signatures of th fin

® inelastic neutron scattering:

HHH HHO HH1
. p h Oto n € (units) € (units) € (units)

15} 15} Vs it 15}

10} F 10} o, 10}

® spinon

® specific heat:

® photon ngo Gt Bphotonr—r'3 F Bphononr—ry3

ed

phases

k

diffuse scattering
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Signatures of the deconfined

® inelastic neutron scattering:

phases

HHH HHO HH1
. p h Oto n € (units) € (uPits)
15+

€ (units)

15¢
10+

10}

S(k ~ 0,w) ~wolw —vlk]] §

VO30 5 Skl
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® spinon

= eI
X

diffuse scattering

k

® specific heat:

® photon ngo Gt Bphotonr—r'3 F Bphononr—ry3

Bphoton ~ 1000 Bphonon
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diffuse scattering

® specific heat:

Cv a
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® photon Cv Gt BphotonT F BphononT

Bphoton ~ 1000 Bphonon
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high field H = 5T
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Bish field H = 5T

experiment

spin wave theory
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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...
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Possible A-site elements
and B site elements

18/Vill
1 2

H He
1 2 1.008 13/ 14/ 15/V__16/VI_17/Vil | 4.003

3 4 5 B 7 8 9 10

2| Li | Be B C|NJ| O| F | Ne
6.941 | 9.012 10.81 | 12.01 | 14.01 | 16.00 | 19.00 | 20.18

1 12 3 | s [ . | 17 | 18

3| Na | Mg Al | Si | P S | Cl| Ar
22.99 | 2430 | 3 4 5 6 7 8 g 011 12 | 2698|2809 | 30.97 | 32.07 | 35.45 | 39.95

19 20 21 22 23 24 25 26 27 28 29 30 31 n 33 34 35 36
4] K [Cal Se|Ti |V ICr [Mn|Fe |[Co[Ni |CulZn|Ga|Ge | As | Se | Br | Kr

E 39.10 | 40.08 || 44.96 | 47.88 | 50.94 } 52.00 |54.94 | 55.85 | 58.93 | 58.69 | 63.55 | 65.39 | 69.72 | 72.61 | 74.92 | 78.96 | 79.90 | 83.80
o 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
@ s|Rb [ Srf Y | Zr | Nb |Mo | Te |Ru |[|Rh | Pd |[Ag ([Cd | In | Sn |Sb | Te| I | Xe

85.47 | 87.62 91.22 || 92.91 | 9594 J9891 | 101.1 | 1029 [ 1064 |107.9 | 112.4 | 1148} 118.7 ] 1218 | 127.6 | 126.9 | 131.3

55 56 | | 4 72 73 74 75 76 | 77 78 | 79 80 a1 82 83 84 85 86
6| Cs | Ba Hf | Ta | W |Re |Os | Ir | Pt |Au | Hg| Tl | Pb | Bi | Po | At | Rn

1329 | 137.3 | LY [ 4986 180.9 | 183.8 | 185.2 18022 1 192.2 | 195.1 | 197.0 | 200.6 | 204.4 |} 207.2 | 209.0 [210.0 | 210.0 | 222.0
87 8 [ o | 104 [ 105 [ 106 [ 107 | 108 [ 109
7| Fr | Ra L Ung|Unp |Unh |Uns [UnojUne|......
223.0 | 226.0 | -
[ s block [ dblock [ p block |
\

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

Lanthanides | La | Ce { Pr | Nd [Pm |Sm | Eu |Gd | Tb [ Dy | Ho | Er | Tm | Yb | Lu
138.9 | 140.1 | 140.9 | 144.2 | 144.9 | 150.4 | 152.0 | 157.2 | 158.9 | 162.5 | 164.9 | 167.3 | 168.9 | 173.0 | 175.0
Actinides\

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103

Ac | Th | Pa | U |Np |Pu |Am |Cm | Bk | Cf | Es |Fm | Md | No | Lr
227.0 | 232.0 | 231.0 | 238.0 | 237.0 | 239.1 | 243.1 | 247.1 | 247.1 | 252.1 | 252.1 | 257.1 | 256.1 | 259.1 | 260.1

[Fblock ]

Gardner, Gingras, Greedan, RMP 2010
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(Q) Which one is energetically favored ?

(D) [(P. D) (@ D) characteristics

¥ XY magnet ordering on XY § ¢

i 0 no ordering
2 0 = 0 gapped excitation

U(1)-XY* 0 0 £ () ordering on XY
gapless photon

Z--XY* 0 £ 0 20 ordering on XY
gapped excitation




