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* Introduction
Spin ice: emergent magnetic monopoles
Simple quantum effects on monopoles: U(1) QSL
Indication of quantum spin ice in materials
* Generic quantum spin ice model
Nontrivial superexchange interaction between
local doublets of f-electrons for Pr, Yb, (Nd, Er)
* Gauge theory
Analogous QED with gapless “photon”
A novel excitation
* Experiments on Yb,Ti,0O,
A first-order phase transition via the Higgs mechanism
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Spin ice & emergent monopoles

AF Ising model on a pyrochlore lattice

Moessner-Sondhi

S? @ Ising (S=1/2) spin
Energy/Monopole charge




Experiments and numerics

on dig

olar spin ice

Harris, Ramirez, Bramwell, Sakakibara , Hiroi, Maeno, Gingras
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Castelnovo-Moessner-Songhi, Nature 451, 42-45 (2008)

Metamagnetic transition under H // (111)
- liquid-gas phase transition of monopoles

1|2 T T T T T
| “3-in, 1-out”/”1-in, 3{out”
Experment (ref. €)
1 -
e -----------""
R z —Tr T i
08 T 4
E | !
= E | | ||
E e =
o 06 & |
g, '?u- \
= Simulation =21
0.4 12 2]
“2-in, 2-out” 5 |
H 38
0.2 2 [
ﬁ:&:m ) TEE
1 1 1 E 1 IMaunEt-F:ﬁEIdcT}l 1
0 04 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Temperaturs (K)

Exp., Sakakibara et al.,
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Dipolar spin correlations

 O(N) Heisenberg antiferromagnet

S.V. Isakov, K. Gregor, R. Moessner, S. L. Sondhi,
Phys. Rev. Lett. 93, 167204 (2004).

1/N expansion = dipolar spin correlations
N
I Ai s (qaga
L(S,A) = Z IES,. A ST+ ziaf,j(s,. S« —N),

] a—
Cy,
ce- 1| o om
Cxy G5z 1 coxm
€y € Cm |1

Cap = cos(f%ﬁ) and ¢;; = cos(Le71)

cf. pinch-point singularity
Works well for N=1 (Ising) and infinity. ¢ | Henley, Phys. Rev. B 71 014424 (2005)

divergence-free condition of spin-ice rule
® Experiments on dipolar spinice: Morris et al., Fennell et al.
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From classical to guantum spin ice

Assumptions:

(i) A large amplitude of magnetic moments.

T ﬂ 'rh’r ’ ?hr' o q{mr ) ‘ﬂ'T]{‘ﬂ'T ’ ﬁlr’]
=52 3 [T -3

(ii) Spins obey the classical statistics.
ﬁlsing = _DlﬁingZ{ﬂr ,jrfJ}E_ - This is taken to infinity!

r.r'

(iii) Higher-order multipolar interactions are ignored.

Ad-hoc Heisenberg exch. Int.

- L iy ! . = , o <«
Hy =-3J,.. Z Jy - gy ;’J ' Not so simple

ror)
With a smaller moment amplitude and/or a larger D, crystal

field, these assumptions do not hold in general.
p Tb,TM,0,, Pr,TM.0,, Yb,TM,O, (TM=Ti, Zr, Sn, Hf, Ir, ...)
o

RIKEN Spin-flipping interactions: quantum mechanics!



Classical-to-quantum Coulomb-phase physics

* Classical case: particles obeying a Coulombic law

1 + + +
H, o E’—uy v +uytyyty
JC

V-E=g(y'y)« S*=E-z

W+ , |/ . Spinon operators creating and annihilating the gauge charge

——>  Coulomb propagator

 Quantum case: kinetic energy with gauge field
1 1 +( & + + +
Hon = ——(E* +B*) + ——y " (-iAV + gA) y — uy "y +uy "yy 'y
87 2m

E_ + = Abelian Higgs models:
V-E=glyy)«<S =EZ Savary-Balents

B=VxA « §:-r — l//:ideiiA”d’r_d W e (non-interacting spinons)
S.Lee-S5.0.-Balents
®

S [A 4ra Erngrgl=i (interacting spinons)
| =



Weak guantum effects on spin-ice manifold

A simple quantum pseudospin-1/2 Hamiltonian
Hermele-Fisher-Balents, PRB 69, 64404

n.n.
H=7J. . Z [g'626% + g*(6%6% + 676%)]
(rr'y Jzz J+-/2
Fictitious “magnetic” field
1. Assume/,, >0, g' > 0. B=curl 4
2. Start from degenerate spin-ice ground states
3. 3rd-order perturbationin g+
> n-flux (g+ > 0) or O-flux (g+ < 0)
- emergent gauge fields!

p — deconfined bosonic spinons
[

The model is oversimplified for real materials, though...
RIK=N



Fictitious QED

lgnore gapped spinon excitations first!

nAo S KT

(rr') ©

> Hamiltonian for electric field /
Constraints for pseudospin-1/2 (U — o)

curl

CDS(

D ay

' €O

|

/

- Hamiltonian for magnetic field penetrating hexagons

- Deconfined Coulomb phase of 3+1D QED

Linearly dispersive gapless “photons” excitations
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What is “quantum spin ice”?

* Deconfined spinons carrying monopole chagre
— hosted by a frustrated N.N. Ising interaction as in classical spin ice

— “Gapped” dressed quasiparticles, but not exactly classical monopole
defects in spin ice

* Perturbed by weak quantum-mechanical

spin-flip interactions
— spinon hopping, spinon-spinon interaction
— Yb2Ti207 - Higgs transition from a Coulomb
liguid to a ferromagnet
Chang, SO et al., Nature Comm. 3:992 (2012)
— Pr2Zr207 - U(1) spin liquid? [SO, unpublished]

* However, ... spinons are confined by strong Q.M. interaction or

punfrustrated Ising interation = not a QSI
o

— Er2Ti207 (Ross et al), Nd2Zr207 (Aldus et al.)
RIM=EN




Candidate pyrochlore magnets A,B,0-
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Machida, Nakatsuji, SO et al. Nature 463, 210 (2010)

Time-reversal symmetry breaking and spontaneous
Hall effect without magnetic dipole order

Yo Machida'f, Satoru Makatsuji', Shigeki Onoda®, Takashi Tayama'f & Toshiro Sakakibara'

1.2F

~| nsare  spinsare essentially ordered. However, itis usnally difficult to extract
ermal  the scalar spin chirality g reliably unless the spins are long-range-
ation.  ordered”. In metallic magnets, on the other hand, a promising probe
which  isavailable: the anomalous Hall effect (AHE)*", which is the spon-
taneous Hall effect at zero applied magnetic field.
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Nonzero uniform chirality with M~0 at

H=0: classical analysis (Pr)

Machida, Nakatsuji, SO et al. Nature 463, 210 (2010)

T-broken spin liquid at T;<T< 6 (T, ~0.3K, 6 ~ 1.5 K)

d A A 2120 state having M~0 but nonzero
\ S ’\ - \},i\., chirality and thus nonzero AHE
&) & 0 4 . . " .
;\ /\ /\/; _ Chiral submanifold of the spin ice manifold
? e ? e ‘ f Nonvanishing uniform chirality

summed over the hexagon
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Pr2sn207 Zhou etal. \
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Quantum-mechanical superposition
of such classical chiral states. produced P
0.5 -

. . ? A
by dynamical generation of monopoles: Quantum spif fiuctuations




Similar low-T magnetism in Pr,B,0;

B=Ir B=Sn (powder) [nsulating B=Zr
) Zhou et al PRL 101, 227204 ( 08) Matsuhira et a|
Mgtalhc i . z.u! " |@ ,. ). Phys.: Conf. Series ('09)
E [ ® Priro ; 1.5
£ moie-Fr'amu ‘E 'E:'
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Nakatsuji et al. PRL 96, 087204 ('06) n T o 1T ()
c.f. Kondo effect at ~20-40 K O s 10 15 20 25
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No magnetic Bragg peak

Quantum spin fluctuation
O ~0.4 meV
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First-order phase transition in Yb2Ti207

Hodges et al. 2002

Mossbauer and muon spin relaxation spectroscopies:
Local Yb ions = Jz=1/2 doublet

7

o)p = —aal|J, = EU} +

¥ ==

15t-order phase transition @ T~ 0.21 K

Blotte et al. 1969
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Evidence of the 1st—order phase

ferromagnetic transition at ~0.21 K

L.5F

Yasui et al. JPSJ (2003)

| Yb,Ti,O,
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Related anomaly in the specific heat [Blote et al. 1969]

4

Spin excitations
are gapped.

c.f. Sample dependence: the best available sample shows FM, while others does not.
Hodges et al, Thompson et al, Gardner et al, Ross et al



Spin-wave analysis of the high-field state

Ross et al.

g ~-0.6
g" ~-0.6
g ~-1.6
-%-SH?-H-{IL?F.I.U.}FHk;H 1-1L{r.l,u:|}1L - E-ELEE.]I HHO(elu) KK (el f
g 1) () Py . () Qm@ Thompson-...-Gingras
;?;; ng @2;@ @3‘} egﬁ @5@ Applegate-...-Gingras
21C) SO COC O ¢4

—
RIM=N [110] direction



Specific examples:

Derivation of realistic superexchange int.

Anderson’s superexchange int. = Project onto the gr. doublets

(a) £
{ } L e
Pr,TM,0, _ E
non-Kramers doublet AN
cosB=-1/3
(integer-spins) U
SO-Tanaka, ol A -

PRL 105, 047201 (2010),

"""" 5th 1392K—— T,
4th 1218K T,
3rd 104K T,

s
' s
.,

V,

"""" ""“‘*K 2nd 580K—— T,

(c) per <"V S pp
PRB 83, 094411 (2011). ™~ oy >FPEF st 162Kk I
fef P Fe P Gr state OK——— I,
YbZTIVIZO7 |o)=a|M =40)+0B|M =0)—y|M =-20)
Kramers doublet (half-integer spins)
lo)p = —aol|J, = IJ} + 5|J, = lr:r} +yol|d, = —Ecr}
SO, J. Phys.: Conf. Series 320, 012065 (2011) b= 273 2 TR0 TN =Ty
(a) J hf cosf=-1/3 (b) th hpﬂ hf
z 5 x hIﬂ hpl hf hfﬂ hp: h,rl
hi h? h} < hf h,2 hP >4 hd h2hd
@) h R hé h? hf hdh2 hp
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Effective pseudospin-1/2 model

Anisotropic superexchange interaction Vpfr / Vpfo
[SO-Tanaka (2009, 2010), SO (2011)] , % 2 dia
,;’; % "3 - s
PR " R o
HSE = | mnl S [sgn 5".5' -I—.le';_"S; ; ; o ] : sgn(J2%) -
() 0302 m0d T f e 01 42 R o

+AReidr 5H5E 4

r1'I r-rt

Mgt e (“3 o+ S8 )] + h.e.

Magnetic moment

ml = gupdB = pp [gf (82 + S2w:) + 9] ia,,] Ueens

Magnetic dipole interaction
ml {m - Ar)(Ar -mKE)
(Ar)®

’“R__
HD_il.u. [ I[ﬂ'?‘

rrf)

VoralVoro

®
RIK=N

Best fit to

neutron-scattering exp.




Interacting U(1) Higgs model:

QED with charged bosonic spinons

S. Lee, S.0.,, L. Balents

z e = £1[a € A(B)] [PRB, in press
Sq', — nﬂEﬂ;b
S:— — (I)Le‘iAab(I)b b, = E—itpa
a = (d‘i’l}E)a (I)L,(I)a, —1
[Aap, Eap] = 1 Monopolar spinons
(Higgs bosons) W
[Qﬂ” Qﬂ] =@, Increasing/decreasing the charge

c.f. Savary-Balents

. zz j : z : E : - +n
HQE_D —_— Qr J:l: (b['—FT]rE# l'+'l"j'1-E-'|:.-r5r I‘:—T}I-Elusl' riﬁrEp

r pFv

Starting from U(1) spin liquid
with deconfined spinons

RIM=N



Classification of mean-field phases

Let’s study the case of integer spins: non-Kramers doublets (Pr)

(St.rse,) | (Strse,) | (Pr) [(PrPr) | (PiPric,)
Ising order =0 0 0 0 0
(confined)
QSL
U(1) 0 # 0 0 0 0
Lio 0 0 0 =+ 0 0
(charge-2 Higgs)
XY order
U(1) 0 # 0 0 0 # 0
Classical 0 =0 [#0] #0 #0
(confined Higgs)

S. Lee, SO, L. Balents, arXiv:1204.2262
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Mean-field phase diagram in the case
of non-Kramers doublets (Pr)
4 ]i:i:/]zz

FM - XY ' Quadrupole LRO (Pr)

1st-order

U(l) QSL is much
more stable! U(l) QSL AF - XY quadrupole LRO (Pr)

-4.13 spin ice /. Jj:/Jzz

S. Lee, SO, L. Balents
Weakly first-order Higgs transition




Is Pr,Zr,0, a U(1) QSL?

Dipolar spin ice

S.T. Bramwell and M.J.P. Gingras

B . , Science 294, 1495 (2001)
g =——(hhl), MO:gJ,uB(4a +p° =2y ) A : —c.fMuarris et al.
a Diptlanad iy RIS I Cadl
S E S T inell et al.

(1/N) expansion

2F

(0.0.)

For exchange parametef
for Pr,Zr,0, g

=X
O»

oF

1=
Indication of Coulomb li¢ .
-LF Numerigal
down to the ground sta %

imulations

SO, unpublished

(0,0,1)

(h,0)
Pinch point singularity is broadened

by a dynamical violation of the ice rule
RIK=H SB theory: no phase transition down to T=0, in the absence of H, (:h-0)




Higgs transition

e Superconductivity:
— Bose condensation of electrically charged particles

— Described as a Higgs transition
Higgs mechanism:

fixing a U(1) phase = broken U(1) gauge structure

- Nambu-Goldstone mode is absorbed into plasmons
* Bose condensation of magnetically charged particles
— Possible in qguantum spin ice!

— Analogous superconducting transition in magnetic
monopoles

— Higgs mechanism: gapped spin excitations!
p T>0 case: Low Tc = could be described with a Higgs tansition!
®

Smoothly connected to conventional transitions with increasing Tc.
RIK=N



Evidence of first-order ferromagnetic transition

Polarized neutron-scattering intensity -+ [ &8
>‘é /‘- + crystalC |
Neutron-spin flipping ratio ﬁom/;.
showing thermal hysteresis |
h 00 01 02 O,ST((::) 05 06 07
i (111) peakwith 1 K| €
T ar data subtracted _
% ab S 17}
s of ok | E
= Al 4 025K £ ol
g v 04K o o .
5 1 =l Spin flipping ratio:
= _ ?‘ NSF/SF at (111)
0 1Lk u-s . 1 : I : 1 . I
_3 o "'3 0.0 0.2 0.4 0.6 0.8 1.0
Temperature (K)
P Full depolarization of neutron spins below 0.21 K
o - Macroscopic ferromagnetic domain
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Phase diagram and the hypothetical

magnetic structure
ar, T< b

Deconfined monopolar'spinons Mean-field approximation

Magnetic structure

Magnetic Coulomb liquid

Yb,Ti,0; |(Ho/Dy),Ti,0,

0 Ferromagnet |/

5 [
0 o Pseudospin structure
Spinons are confined
apped spin-wave Nearly collinear ferromagnet (~1 degree canting)
O Higgs transition line M//[100]

RIKEN Consistent with the magnetic structure analysis




e Effective quantum pseudospin-1/2 models for (Pr,Yb),TM, 0,

* Anisotropic superexchange interaction
ferromagnetic Ising coupling = start from spin ice
* Magnetic monopole charges (V - M # 0) carried by spinons!
- Emergent gapless U(1) spin liquid (Fictitous QED)
— Higgs transitions to classical gapped ferromagnets
superconductivity of magnetic monopoles
—> Neutron-scattering experiments on high-quality single crystal Yb,Ti,O,
1. deconfined bosonic spinons carrying monopole charge in the
high-temperature phase
2. Confined spinons to form classical ferromagnetism in the low-
temperature phase
- Pr,zr,0.:
U(1) quatum spin ?
Remnants of pinch-point singularity
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Fitting polarized neutron scattering

g

results within the RPA

— :
S0l e a  SFO3K(Experiment) Totsl 0.3 K Experiment
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o000} ne &
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=~ e { p ! Ay
S = 50 = o = =
00 01 02 03 04 05 06 07 S 1- 4 =3 S 1. 81
7(K) . I1 . wy ’ .lo
- < 0 - - <
a remnant of s 2 : =7 p
. . : : 3 6 1 2 3
pinch-point singularity (1,0} rlu] (4,0} r.lu] (1,0} [r-l 1)
] ] b SF 0.3 K (Theory) NSF 0.3 K (Theory) Total 0.3 K (Theory)
c.f. classical dipolar spinice 3 g s 80 3 - T 50 3 i @ 100
3 3 i 3 »
. Laa” 2 40 - 2 - 2 3
Numerigal = = N = N 90
imulations S 1 2 S 1 0 3 40
e = 1w = I 20
= 0 1 2 3 0 1 2 3 0 1 2 3
= {,#,0) [r.1.u] (i, e,0) [l ] (k42,00 [rlu]

: i Anisotropic nature around (111) gt ~-0.8
grows with decreasing T! '

g ~-0.6
g< ~-1.2

Close to results by Ross et al.

Indication of Coulomb phase
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Ferromagnetic ground state is intrinsic!

Dependence on different single crystals

The sample studied for unpolarized (2003) and polarized (2011) neutron scattering

Ferromagnet \
Comparable to the result on powder samples by Blote
400 -/ Yb L -edge \ A
—_ H » crystalA —— crystal A = ﬂ‘vA P‘VAUAV w
< 3000 - « crystalB crys:a: g K V
5 % = crystal C ——— crysta AN |
E i | &Eﬁf)
o, P
< 2000 | < |
=2 t £
= -
1000 |- =Rk
£ |3
%] E 2030 2040 2950 20460 2070
= z Pheton Energy (2V)

00 01 02 03 04 05 06 07
T(K)
A bit sharper distribution of bond length
for single crystals showing sharper anomaly
in the specific heat 0 T 3 3 4 3
RIKEN It turned out that Yb ions are more deficient in B and C.  Radial Distance (4)




