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Geometrically Frustrated Lattice
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| nter actions between magnetic degree of freedomin a lattice
are incompatible with the underling crystal geometry ------ Frustration
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Frustration leads to degeneracy

Degeneracies can persist.

When they do:

1. spin fluctuations are enhanced.
2. magnetic ordering is suppressed
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The history of “frustration”

‘Frustration is the name of the game. ” Anderson P. W,, Aspen 1976

RESONATING VALENCE BONDS: A NEW KIND OF INSULATOR ?*
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The possibility of a new kind of electronic state is pointed out,
corresponding roughly to Pauling's idea of "'resonating valence
bonds" in metals. As observed by Pauling, a pure state of this
type would be insulating; it would represent an alternative state
to the Néel antiferromagnetic state for S = 1/2. An estimate of
its energy is made in one case.
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Geometrically Frustrated” on Web of Science
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Beyond physics

“Let no one destitute of geometry enter my doors. ”
Plato (c. 427 - 347 B.C.E.)

Islamic tiling pattern



Why GFM

Magnetism and Magnetic materials in every day life

New physics

1. Exotic ground states with no magnetic ordering
show residual entropy and abnormal thermodynamics
spin iceandquantum spin liquid

2. Suppressed long range ordered state provide miahphenomena
multiferrocity, quantum phase transitipgpin lattice coupling




Spin Ice

VoLUME 79, NUMBER 13

PHYSICAL REVIEW LETTERS 29 SEPTEMBER 1997

Geometrical Frustration in the Ferromagnetic Pyrochlore Ho,Ti> 05

M. J. Harris.! S. T. Bramwell,2 D.F. McMorrow.? T. Zeiske.* and K. W. Godfrey’

Ho,Ti,O,, 8.y~ 1.9 K, no ordering down to 50 mK.

Pyrochlore
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Jaubert & Holdsworth, JPCM (2011)




Pauling’s water ice entropy
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Dipolar Spin Ice Model (DSM)
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Magnetic monopole

“A magnetic monopoleis an isolated particle that acts as a
source of a magnetic field “Paul Dirac , 1931

Dumbbell model

Table 4. Mapping from the dipolar spin ice to the dumbbell model.
Dipolar spin ice Dumbbell/monopoles
2 in—2 out ground state Vacuum 2 U
3 in—1 out defects (Jocal excitations) Quasi-particles (monopoles) Q =—
Dipolar interactions Coulomb interactions Iy
between magnetic dipoles between magnetic monopoles .
Pyrochlore lattice Diamond lattice
yroch | 3 K, create monopole dimers
Canonical ensemble Grand canonical ensemble

Jaubert & Holdsworth, JPCM (2011)




“Popular” monopole

Not fundamental particles batnergent quasi-particles or excitations

Have many characteristics of isolated magneticgdsar

Relaxation ratg,lsr, Neutron #1 sitcom”“The big bang theory
Episode‘Monopole expedition

Castelnovo et al., Nature (2008)

Brawell et al., Nature (2009)

Jaubert & Holdsworth, Nature Phys. (2009)
Fennell et al., Science (2009)

Morris et al., Science (2009)

Giblin et al., Nature Phys. (2011)




Pr,Sn,0O- : dynamic spin ice

Zhou et al., PRL (2008)
Change J/D,,,
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Evidence for dipolar spin ice
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Elastic diffuse scattering:
typical dipolar spin ice form

D, =0.13K
Toeac= 1.25 K

J /D, ~10.9

Spin ice with Weak [, and FM |,
different from HgQTi,0O,, Dy, Ti,0O,
with AFM Jnn

AT Tl

H02T|207 \Jnn/Dnn -~ '0.27
Dy2T|207 \Jnn/Dnn -~ '0.49

0.5

1.0 15 20

0l (A




Evidence for dynamic ground state
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Exploration for new spin ices

Change J?
J IS sensitive to lattice parameter changes
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nin ices: HeGe, O, Dy,Ge,0
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Chemical pressure effects on spin ice

a fcw Don Tpeak -]nn/{Dnn

3L A K K
‘2 HooSnaO7 10.37 1.8 2,17 1.65 -0.26
2 HooTi2O7 10.10 1.9 235 1.75 -0.27
= 2} HooGeO7 990 006 250 1.70 -0.35v
_g Dy2Sn20Or 10,40 1.7 2.15 1.20 -0.46
- Dy2Ti207 10.10 0.5 235 1.25 -0.49
s | - —mu—Ho,Ge,0, Dy2GeaO7 990 00 250 0.828 -0.73vy
o —+—HoTi0,
—4a—Ho,Sn,0, ~ —
0 — HCW Jeff ‘]nn+ Dnn
< ° 10’
_5‘
-~
2 5
s 2
—
gl Q "~ DyzGelo*r
o 110 Dy,Ti,0,
o B~ Spin lce A DySn0O
® HoGeO,
0 ® HoTiO,
A Ho Sn 0,




Dense monopole dimers in Dye,0O,

Debye-Huckel theory describes how charged ions move in a solutionrdteE)t
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Magnetic charges move in the lattice Charged ions move in the solution
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Quantum Spin Liquid (QSL)

H
¥
Quantum fluctuations destabilize the ordered state < h 5

Resonating valence bond (RVB) state _
Anderson Mater. Res. Bull. (1973) L2

S=1/2 S=1

Quantum
fluctuation

Valence bond solid

Exotic excitation: spinon
Valence bond liquid (RVB) Balents, Nature (2010)




QSL candidates

Neel states always win!

120° order

“An endtothedroughtof QSL ™ k-(BEDT-TTF),Cu,(CN),  ZnCuy(OH).Cl,
Patrick A. Lee Science (2008)

Table 1| Some experimental materials studied in the search for QSLs

Material Lattice 5 Ocw (K) R* Status or explanation
x-(BEDT-TTF),Cu,(CN), Triangulart Y -375% 1.8 Possible QSL
EtMe,Sb[Pd(dmit),], Triangulart % —(375-325)% ? Possible QSL
Cu;V,0,(0H),*2H,0 (volborthite) Kagomét ¥ -115 6 Magnetic
ZnCu;(OH)Cl, (herbertsmithite) Kagomé % -241 ? Possible QSL
BaCu;V,04(0OH), (vesignieite) Kagomét ¥ —7 4 Possible QSL

Na,Ir;04 Hyperkagomé ¥ -650 70 Possible QSL
Cs,CuCl, Triangulart ¥ -4 0 Dimensional reduction
FeSc,S, Diamond 2 -45 230 Quantum criticality

Balents Nature (2010)




Fermionic-like excitations in insulating QSL

Excitations at low temperatures in
iInsulating QSL.:
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Motrunich, PRB (2005) CJ/T=y+[pT?

LeeS S & LeeP A, PRL (2005) v= 12 mJ/molR

Ran et al., PRL (2007) R=18

LeeS S etal., PRL (2007) -4

Lawler et al., PRL (2008) Yamashita et al., Nature Phys. (2008)

Zhou Yi & LeeP. A., PRL (2011)




Triangular lattice in Ba ;MSh,Oq

No inorganic QSL with triangular lattice
Organic, H, Ir: bad for neutron

6H-A P6;/mmc
Ba;,CoShO, T\ = 3.5K
Ba;NiSb,O4 T, = 13 K

Doi et al., JPCM. (2004)

6H-B P6;mc
Ba,CuShO,?
Ba;NiSb,O4 HP phase ?




Large frustration in Ba ;CuSh,0O, Zhou et al., PRL (2011)
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Fermionic-like excitations in BaCuSh,Oq
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Fermionic-like excitations in BaNiSb,Ogwith S=1

Cheng, H. D. Zhou et al., PRL (2011)
QSLS=1? 3GPa 600C 6H-B phase BiiSb,0O,

0.016 . =
- gy 10} f s
0012} 5 _ =
—_ \ __Elm. ;4 L 4
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0.000 . : L ' . . g R
0 50 100 150 200 250 300 1 VA (K) 10
T 6H-B
6H-A No ordering down to 0.35 K
Ty=13K Ocy = -76 K, f> 217
Ocw=-117K,1=9 Xo= 0.013 emu/mol
Cu ~ T°, 3D AFM Cy ~ YT, y = 168 mJ/molK

R=5.6




Theories for BaNiSb,Oq
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_10l - — FIG. 1: a, The spin liquid we are considering contains a
quadratic band touching at k = 0 (hexagon), and Dirac points
FIG. 2. The phase boundary between SL GS’s with p+ip and (squares) at the corners of the Brillouin zone. b, with a
d + id pairing. (a) The spin susceptibility Yz» in the d + id nonzero and small nematic order Ny > 0, the quadratic band
phase as a function of D/.J for K/J = 0.55. The susceptibility touching is split into two Dirac points, and the locations of
is normalized by the average density of states, v = (vy+1.)/2, the other Dirac points are shifted.

where v, is calculated without the gap. (b) Gapped (dashed

) e (o ) ool Xt al, arXiv: 1103328 (2011) PRL
Serbyn et al., PRB (2011) accepted . o
Gapless fermionic spinon excitations

Gapless excitation witd + id wit quadratic band touching

topological pairing




Summary & Outlook

#* Pr,Sn,O,: dynamic spin ice with weak )

# Chemical pressure drives the spin ice towards thd pARase boundary

* Dy,G&,0; with v = -3.35 K is the most strongly correlated spinsodar

* New QSLs, BsCuShO, (S= 1/2) & BaNISh,Oq4 (S=1) with triangular
lattice, show fermionic-like thermodynamics

H. D. Zhou et al., PRL 101, 227204 (2007)

H. D. Zhou et al., Nature Commun. 2:478 (2011)
H. D. Zhou et al., PRL 106, 147204 (2011)
Cheng, H. D. Zhou et al., PRL 107, 197204 (2011)

% Single crystals
s Lower temperatures ~ 20 mK
3% Perturbations (high pressure, high magnetic field)




Physics & Materials

Geometrically frustrated magnets
Exotic ground state: spin glass,
spin liquid, spin ice, frustrated odering

Multiferroics
Strong correlation between
magnetism and ferroelectricity

Spin/orbital/ lattice coupling systems
Orbital odering, structural distortion,
metal-insulator transition

Low demisinonal magnets:

Topological insulator
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Crystal field in Ho,Ti,0,
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Spin dynamics
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Spinel structure

Fig. 1. (Color online) (a) Crystal structure of spnel AB,O4. The blue
(grey) polygon represents BOg octahedron (AOy4 tetrahedron). The
neighboring BOg octahedra share an edge. (b) The B ions form the
three-dimensional network of corner-sharing tetrahedra.




Spin

ice with weak D,
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Diffuse scattering for spin ice
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High pressure synthesis

- Octahedron Pyrophyllite

B Gouphic ] wBN

- Steel nng Gold/Platinum foil
B Mo foil e Sample

FIG. 1. (Color online) The assembly for high-pressure synthesis
in a Walker multianvil press.

Cheng et al., PRB (2010)




Dy.Ge,O-:approaching the strongly correlated monopole region

v: the chemical potential for monopole pair creation

10—1."2 HO‘_.TI‘_Oﬁ . —
. Weakly correlated DszI 207 v=-435K
o Dy, Ti;0O,
% / Dy,Ge,O, DyzG%O7V — '335 K
qé. < Vmin - ‘3 K
D
©
8 -
=
8
= Strongly correlated

107 1072
Monopole density, x

T" =4k, Tal u,Q°




Heat capacity analysis

u= MX Dimer correction
u: energy
aWor V) /keT Vg = 2V| - 1,Q% I(4rB)  x: # of monopoles per latt.
X = 1+ gVon Mk l;: Bjerrum length
V |: Debye length
X, = 2exp—L) D .
v | B (k V4. volume per diamond latt.
DH T BT d . . .
- V4. dimer chemical potential
kiT I, +a Y | d . .
DH —_ T Xg: # of pairs per diamond
keT |, +2a
I — II'IOQ2
T 87Kk, T

U =|Vy|xg +|v|x




Spionon excitations: gap or gapless?
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Specific heat for BaCuSh,0,4
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Specific heat for BaNiSh,Oq
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QSL with S=17
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