Quantum Ciritical Behavior in

Geometrically-Frustrated Systems




Outline

A scope of this study

& localized spin systems
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Quantum Critical Point and
Related Phenomena

@® long-range order is suppressed by
tuning Para—meters’ Ieading to phase diagram of O(N) rotor model
o o . with 2<d<3 and N—
quantum critical point

® classical scaling regime shrinks as T.—0 CONTINUUM
z N QUAI(:JrTUM
® para phase above is governed by the | AITICAL

nature of quantum critical point LowT

MAGNETIC
LONG RANGE
ORDER

Quantum paramagnet

—

novel states? novel universality class?

S. Sachdey, ‘Quantum Phase Transition’

® how to control! - frustration and
competing interactions



Scope of This Study...

3 microscopic theory of the quantum critical behavior

° speuﬁc mlcroscoplc model - cf Feld theory
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Localized Spin Systems




Pyrochlore Antiferromagnets

® classical Heisenberg model with
nearest-neighbor couplings only

H = JZS
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Perturbations to
Classical Spin Liquid State

® further-neighbor exchanges qurtherzgi-g

By magnetlc (dlp_ole) Iong-ran e order
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magnetization process

b=0.24 |

Results at T=0 |

Penc et al., 2004

b=0

= 172} 2
b=0.24
7 half-magnetization ]
AL b L5 plateau
® solutions for 4-sublattice ordering | b0z
with wave vector =0 (Jfurther are 0 2 g 6 8

h/J
implicitly taken into account)

@ for finite biquadratic coupling
b>0: half-magnetization plateau
(blue area in the phase diagram) .

@ 3-up |-down collinear state in
each tetrahedron unit
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Monte Carlo Results
at Finite lemperatures

@® plateau remains robust at
finite temperatures

all the phases show
magnetic (dipole) ordering,
Stabilized b)’ qurther

g P O(Zqurther)

® good agreement with experiments in

Cr spinels, HgCr,0O4 and CdCr,0O4
(H. Ueda et al., 2005, unpublished)
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Question

" energy scale of magnetic (dipole) ordering is

Mok li< PSRt
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‘Spin-liquid’ Plateau

spin-spin correlation

’ qur'ther_bo, bUt ad ﬁnite b | h:_4’ E:O'G

e nearest—nelghbor coupllng
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Spin Collinearity grows...

: : ; : T
@ spin collinearity rapidly S0 02 04 06 08 1o 12

grows at T* and becomes _ collinearity
long range at low T




Spin ‘Pseudogap’ State with
Macroscopic Degeneracy

plateau liquid

® pyrochlore is corner-sharing network
of tetrahedra - loose connection

b term selects TT711 state in each

tetrahedron, but the position of |
may be incoherent: collinear state
without any magnetic order

plateau solid

® macroscopic degeneracy ~1.3N

spin gap persists - ‘pseudogap’




Pseudogap vs Gapped LRO

Plateau ‘Liquid-Solid’ Transition

phase diagram (b=0.6, h=4)

pseudogap state
(plateau liquid)
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Perspectives...

paramagnet

& systematic study of the (h-b-
Jturther-T) phase diagram
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Itinerant Electron Systems
(ongoing projects...)
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Frustrated Hubbard Model
at zero temperature

4 ’
4 ’
B A

® Hubbard model on anisotropic 7| ¢ -
triangular lattices '

’
,/t,/

@ PIRG results: phase transitions between
para-metal and non-magnetic insulator

® discontinuous at t'<t

® (plausibly) continuous at t'~t

@ correlator-projection results: | st-order
transition surface with a finite-T critical
end curve for small t'/t

Onoda and Imada, 2003



Scope...

B quantum critical point ?

B If yes, what is the nature of
quantum critical point ?




Electron Systems Coupled with
Classical Degrees of Freedom

: k

Holstein model H = — Ztij (CICj +H.c.)—g Z N;T; + 5 Z xf electron-phonon

i i i

double-exchange model H = —) t;;(cl,cjo +H.c.)—Ju » &;i-S; | electron-spin
ij,0 i

Falicov-Kimball model H = — Ztij(c;fcj + H.c.) + UZ cle;dld; | electron-charge

ij i

@ rich physics: metal-insulator transition, magnetism, ...

@ advantages:

* no negative-sign problem in Monte Carlo simulation
even in frustrated systems

 order-N method (Furukawa and Motome, 1999, 2000, 2004)



Example: Extended Double-
Exchange Models

H=— Ztij(c;‘:-O.Cjo' . HC) — Jy Z&Z ' »S_;Z

—0—12x12, DIAG
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@ possible phase competitions at
] ; 0.02 0.04 /(%.06 0.08 0.1
quarter filling in unfrustrated cases: ar

) FM VS AFl (ﬂux type) Sen et al., unpublished
® FM vs COl (checkerboard type)

0.10

0.08

0.06

frustration — collapse of the T
commensurate orderings

0.02 -

Is it possible to investigate quantum
critical behavior ?

0.00




Blueprints...

& localized spin systems

® further study of pyrochlore
antiferromagnetic Heisenberg model
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