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Abstract: In the Ho2Ti207 and Dy2Ti207 magnetic pyrochlore oxides, the Ho and Dy Ising magnetic moments interact via geometrically frustrated
effective ferromagnetic coupling. These systems possess and extensive zero entropy related to the extensive entropy of ice water -- hence the name
spin ice. The classical ground states of spin ice obey a constraint on each individual tetrahedron of interacting spins -- the so-called & quot;ice
rules& quot;. At large distance, the ice-rules can be described by an effective divergent-free field and, therefore, by an emergent classical gauge
theory. In contrast, while it would appear at first sight to relate to the spin ices, the Th2Ti207 material displays properties that much differ from spin
ices and the behaviour of that system has largely remained unexplained for over ten years. In this talk, | will review the key features of the
(Ho,Dy)2Ti207 spin ice materials, discuss the recent experimental results that support the emergent gauge theory description of spin ices and
discuss how Th2Ti207 is perhaps a "quantum melted" spin ice.

Pirsa: 10050073 Page 1/137



CIfAR Quantum Materials Meeting
Montreal, May 53-8 2010

28 S

Recent Developments in Spin Ice

-

O

Michel Gingras

Department of Physics & Astronomy, University of Waterloo
&

Canadian Institute for Advanced Research/Quantum Materials Program

B YA
















Philosophy

* Since the theoretical work predicting a Coulomb/Maxwell
phase makes use as starting point of the underlying
(classical) Coulomb phase of an extensively degenerate
[sing antiferromagnet on the pyvrochlore lattice
(pvrochlore Ising AF) ...

* Can we seck a candidate material with exotic properties in
the ~“parametric vicimity™” of the materialistic equivalent of
the pvrochlore Ising AF, that 1s the spin ice maternals?
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(111 Ising pyrochlores

Sc|Ti|V CrIMriFe
INbMo|Tc|Ru|Rh
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Frustration in antiferromagnets

oI

J > O: ferromagnetic — nonfrustrated

J < 0: antiferromagnetic — frustrated

b) '?




Frustration in antiferromagnets

PRl

-

J > (: ferromagnetic — nonfrustrated

J < 0 antiferromagnetic — frustrated

b) I?




Frustrated ferromagnetism i pvrochlores
with local Ismg (111) anisotropy

Ho*" ., Dy~ contain Ising moments at
sufficiently low temperature.

» Ising axes comprise the [111]
directions of the cubic unit cell.

* For ferromagnetic interactions.
the system is now frustrated and there
are 6 “2-in/2out” spin configurations

-
-
-
.I
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e J_>0 : ferromagnetic * J_.<0 : antiferromagnetic
* “two-1n/two-out” * “all-in/all-out”
* Frustrated * Not frustrated
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“Two-m/'two-out” 1ce rules




“Two-m/two-out” ice rules
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Proton Position in Ice vs Spin Orientation in Pyrochlore

—

e Tetrahedral proton coordination
» Bernal-Fowler ice rules: “two profons
near/two protonsfar”

—

-

roton displacement: vector at mid-pomt -

/ Magnetic moments on
pyvrochlore lattice

=
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Hamiltonian / Standard
Dipolar Spin Ice Model (s-DSM)

—JZ( £) ofa’ ; of =H, (£ )=—1/3
iDZ. *3:'5 (f-: R -‘:)
] > 1) /% L 'Dﬁgaéw_

4:erm

Aslongas D 1s sufficiently large compared to J, the model gives
“spin ice physics™ and explains semi-quantitatively quite well

equilibrium phenomena and bulk thermodynamic quantities of ........
| ervin 1ce matertale (Rramywell and GGinoras Setence 204 1495172001 1H










Energy Barriers and Loop Moves

Closed loops of spms can bypass the large energy bamers mmvolved with

flipping single spins, hence explore the quasi-degenerate spin ice manifold in
“loop™ Monte Carlo simulations.

P R. G. Melko. B. C. den Hertog. and M. J. P. Gingras, Phys. Rev. Lett. 87, 067203 (2001).
P Ri<Godfelko and M.J.P. Gingras. J. Phys: Condens. Matt. 16. R1277 (2004 ). Page 37/137
FS T Bramwell and M TP Gineras Science 294 1495 (2001)







Energy Barriers and Loop Moves

A lso referred to as
| Dirac strings™ mn
nore recent discussions

Closed loops of spms can bypass the large energy bamers involved with

flipping single spins, hence explore the quasi-degenerate spin ice manifold in
“loop™ Monte Carlo simulations.

PR. G. Melko. B. C. den Hertog, and M. J. P. Gingras. Phys. Rev. Lett. 87, 067203 (2001).
P Ri-GoMdofelko and M.J.P. Gingras. J. Phys: Condens. Matt. 16. R1277 (2004 ). Page 39/137
S T Bramwell and M TP Gineras Science 294 1495 (2001)







3. Coulomb phase physics

e The spin ice rule can be mapped 1n the long length scale
limit to a non-divergent (polarization) ficld that
lives on the ““parent” diamond lattice

VeP =0
* The excitations (spin flip) that break the \g‘ #

ice rule create effective “charges”.

~» The system obeyvs a “magnetic Gauss’ Law” which
relates the density p of defects in the P ficld

VeP < p
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“Two-m/'two-out” 1ce rules




“Two-m/'two-out 1ce rules
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“Two-m/'two-out” 1ce rules
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Topological defects

| Castelnovoet al., Nature 451, 41 (2008). |




Topological defects

| ¢astelnovoet al., Nature 451, 41 (2008). |




Topological defects

| Castelnovo et al., Nature 451, 41 (2008). |




Topological defects
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rarc-eath jons with fower f electrons, the 4f wavefune-
tion = spatially expanded [10! and can then be largely
overlapped with the O 2p orbitals at the Ol site (Fig. 1
(a)) in the pyrochlore lattiee. Besides. for Pr* jons
the magnetic dipelar interaction. which & proportional
to the square of the moment size. is reduced by an or-
der of magnitude to 0.1 K between the nearest-neighbor
sites. in comparison to that for Dv®" jons. Then. the
superexchange interaction due to virtual f-p eleetron
transfers. which provides a source of the quantum na-
ture. is expected to play eroeial roles in Pral MaO- (T M-
transition-metal element ).

Reecent experiments on PraSnaO+ (11], PraZryO- [12],
and PralrsO- [13] have shown that the Pr*" ion provides
the (111) lsing moment deseribed by a non-K ramers mag-
netic doublet. As in the spin jee. any magnetic dipole

PMpeTaL oW B
romagnetic fur r.h(- zirconate |12} and iridate |13]. unlike
the spin ice. The siannate shows a significant level of
low-energy short-range spin dynamies |15], which is ab-
sont in the classical spin ice. Furthermore. the iridate
shows the Hall effeet at zero magnetie ficld without mag-
netic dipole order [14), suggesting an onset of a chiral
spin-hquid phase |3! at a temperature -~ J.

In this Letter, we propose a novel seenario of the quan-
tum melting of the spin ice. which ean explain experimen-
tally observed magnetic properties in Pl Ma0-. We
uncover that a realistic minimal model derived for Pr 4F
magnetic moments on the pyrochlore lattice shows a co-
operative ferroquadrupele order. This B aceompanied by
cryvstal symmetry lowering from cubie 1o tetragonal and
can be categorized into & spin smeetie order |16]. We also
reveal a fristration in the chirality ordering.
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Singular correlations 1n spin ice state

» Because of the ice rule. hence the divergence free-
condition of the field P

* The spmn-spin correlations m real-space decayv as an
etfective dipolar tvpe

r’o, —3rr,
3

(P(F)=P,(F") ~

» Very different than the exponential decay of the spin-
spin correlations m a thermally disordered paramagnet
» As a result. the Fourier transform. hence the neutron
scattering. show singular behaviors, ““pinch points™, at
~wpiecific reciprocal lattice points.




Experiment

Fonnell et al  Science 326 415 (2009)

001
™ N - O oo
2 —2
+&
S”(q},:qt:ql)m %2 = > |
Gt gt oL

Theory\Nearest-neighbor model
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Experiment

e

Sﬂ(qh:qk:g!) oc
‘?1— +Qb +Qk +§
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Fennell etal Science 326 415 (2009)

Theory\Nearest-neighbor model
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Dirac strings soup 1n zero a magnetic field
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Dirac strings™ 1n a magnetic field

Lirlu.)
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Moms et al. Science326 411 (2009)




“Dirac strings™ 1n a magnetic field

Lirlu.)

%

Moms et al. Science326 411 (2009)
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Dirac strings™ 1n a magnetic field

Liriul

Liriu.)

LOEARTR:
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“Dirac strings™ 1n a magnetic field

Lirlu.)

Moms et al. Science326 411 ((2009)
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“Dirac strings™ 1n a magnetic field

Lirlu.)

Moms et al. Science326 411 (2009)
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Dirac strings™ 1n a magnetic field

Lirlu.)
Lirlu.)
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“Dirac

strings™ 1n a magnetic field

Lirlu.)

LOEARTR:
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“Conclusion™ about Monopoles 1 Spin ice

Excitations 1n spim 1ces consists of deconfined
monopole-like topological detfects

These have been recently observed and reported in
2 neutron scattering papers i Science and 1 muon
spin relaxation paper in Nature (Oct. 2009).

There 1s currently efforts m understanding the role

of these objects on the spin dynamics m spm ice.

Jaubert, L. D. C. & Holdsworth, P. C. W. Signature of magnetic monopole and
Dirac string dynamics in spin ice. Nature Phys. 5, 258-261 (2009).

There are bound to be more mteresting effects tied
to monopoles and “Dirac strings™ m spin ice to be
reported over the next couple of vears.
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Neutron scattering: no observable sharp magnetic peak appearing
from 20 K down to 30 mK (that is a factor 400 in temper ature!)

[ hh.0] (rlu)
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Neutron scattering: no observable sharp magnetic peak appearing
from 20 K down to 50 mK (that is a factor 400 in temper ature!)

[ hhO] (rlu)
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Single tetrahedron phase diagram Tb,T1,0-

Doublet Ground State
(“all-m/all-out™)

Exact diag.

siruglet Ground State ' 212"

(entangled " 2-m/2out™)

0.150
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! Effective Hamiltonian Method

V:JE{Z:TI.-];+DR- Z{ |E,_,|3 IRyl5

(3,»7) 3(,*RXR =7, )}

H_. = PVP+PVQOVP +---

P=73 |a)ja Q:Z

peP

BB

E; —E;

H,=-PH_P+PH,P+PH_QOH_P

+(PH _QH, P+ PH, QH_P)+PH,QH,P




! Effective Hamiltonian Method
(J,2J) 3(J,eRXR,e]J, )}

v—J.¥. 3,3, + DR, z{

1.7 i I __F__I3 I I5
Hﬂi J> H{ﬁp ;;‘ Ry Ry
H . =PVP+PVQVP +---
P=73 |a)e| _
aeP Large denominator
compared to the energy
scale of H’

H.=PH_,P+PH,P+RPH_QH_P
+ (P Qs P+ UL QM Py + PH QL P













Effective spin-1/2 (XXZ) model

(i i7 | IR R |

J>i

Hoy =302 (1) S057 + 3 J2 (1) S8,

>] >]
UFVFZ

pseudo spin-1/2 model

But now. on the lattice. not onlv on a single tetrahedron 1
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Simpler phenomenological model — not derived

((J.eT) 3(JeR)R.eJT)
n—J ZJ -J +DRMZ<(‘_. ;)— U Ei.)(:“ f)>
o | R, | R, [
From H_gderived from H_,_ l Htw_mdd not derwed ﬁ'om Hmm
3 meng AN
0.08¢
0.06¢
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.02
a 0.05+
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Simpler phenomenological model
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Simpler phenomenological model

Can hardly reach
that state when cooling
from paramagnetic phase

I ——
Q.7 08

08

Cannot reach that state when ¢ogling
from paramagnetic phase
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Simpler phenomenological model — not derived

S (JeJ) 3(JeR)R. 1)
H':JﬂZJE-JJ+DR; Zﬂ(i_. ;)— U, {-’;)(:"-" f);»
{i.7) 7 | IR{,| |R«r ]-
From H_gderived from A _,_ | H., . o4 Dotderived from H T|
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“Conclusion™ about Tb,T1,0, and Tb,Sn,0

These matenials are very interesting and show perplexing
behaviors.

Tb,T1,0- 18 particularly interesting. being a rare example
of a three-dimensional spin hquid.

Mayvbe a “quantum spin 1ce™

Could deviations from mfimite Ising anisotropyv make
Tb,T1,0- a possible material realizing exotic spin hiquid
properties such as emergent: U(1) gauge theory, emerging
photons and deconfined & fractionalized spinons and
Pirﬁﬁho P 01 es ? Page 125/137




Simpler phenomenological model

Can hardly reach
that state when cooling

from paramagnetic phase

0.8

08 a7

Cannot reach that state when ¢ogling
from paramagnetic phase
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Effective spin-1/2 (XXZ) model

(Jf-?l'j) 3J,eR )R, eT)
OJ D = it L

He =) J;7 (5)S:S7 + 2. 37 () SrS;

>] >]
UFVFZ

pseudo spin-1/2 model

But now. on the lattice. not only on a single tetrahedron |
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} Effective Hamiltonian Method

= = j .T j_.ﬁ__ E__.T_ |

V:‘quj J R_Z{( ) 3(1 y)( ] _;)}
(2.7)

IR, f IR, f
HEI H'ill‘ Rg Ry
H.. = PVP +PVQVP +---
P =3 |a)a _
aeP Large denominator
compared to the energy
scale of H’

H,,=PH_P+PH,P+PH _QH_P
+(PH_QH, P+ PH, OH_P)+PH, QOH,P













} Effective Hamiltonian Method

V:JE{Z:TE-TJ-I-DR- Z{ ”—é,_,lj IRgls

(3,»7) 3(J,*RXR, -J)}

H_. = PVP+PVQOVP +---

P=73 |a)al Q:Z

peP

BB

E; —Eg

H,=PH_P+PH,P+PH_QH_P

+(PH _QH,P+PH, QH_P)+PH,QH,P




! Effective Hamiltonian Method
(j" H Tf) 3(1" B Eﬁxﬁﬁ = Tj)}

-

V=J.2.J.eJ,+DR_ 3§

= § IR |R_P
Hc‘i J> Hdip -;i . Ry Ry
I — PV PVOVE +——
P =3 |a)a _
aeP Large denominator
compared to the energy
scale of H’

Hg,=PH_P+PH P +PH_QH_P
+(LH_ OH, P+ PH, OH P)+PH, OH,P







[ Effective Hamiltonian Method
j o] JeR XR 7.
V:JZ fand. +DR3_Z{( ) 3(; gxg J)}

= IR, [ IR,
Hﬂ_‘i J> th ¥ 2 Ry Ry
H g =PVP+PVQVP +---
P=73 |a)e| _
aecP Large denominator
compared to the energy
scale of H’

Hy =PH_P+PH P +RH_QH_P
+(BH G H P + PHGH P + PH G







