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& Introduction
* heavy d electrons: Kondo or correlation + frustration”?

¢ Model and Method

¢ Results
* energy hierarchy among charge, spin, and chirality
* heavy-mass behavior due to the degeneracy associated with chirality

€ Summary



Heavy mass: Conventional Kondo physics

[1 heavy-fermion f-electron systems:

nylorid of conduction electrons and O
localized moments '

] large mass renormalization due to

screening of localized spins by conduction
electrons at Kondo temperature 7~ Tk
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= reclease of the spin entropy below Tk

= specific-heat coefficient:
v~ log2/Tk
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eavy mass in transition metal oxides:
Jnconventional mass enhancement”?

[] several examples of heavy d electrons
LiV2Os, (Y1xScx)Mn2, B-Mn, ...

[ typical: spinel oxide LiV2O4
© frustrated pyrochlore lattice of V

© no clear sign of phase transition S
_ . g z P (c) single
© characteristic temperature 7*~20-30K: S poly
heavy mass behavior at lower T g 4 T,
x 0 )
1 controversial on the mechanism of heavy <0 “
mass behavior: no obvious entropy reservoir 22
& 0
Kondo 7 V. I. Anisimov et al., 1999 2 = o0 50 500

T (K)

electron correlation + frustration ? J. Kondo et al.. 1999

V. Eyert et al., 1999; H. Tsunetsugu, 2002; Y. Yamashita and K. Ueda, 2003, etc. C. Urano et al., 2000



—lectron correlation + Frustration: A “folklore”

[1 Mott criticality (Brinkman-Rice, Gutzwiller, dynamical mean-field, ...)

T/D }

0.08| -

0.06)

antiferro

0.04( META

insulator

_ 4 Kondo-like

A ' : :
4 _
vel ° Ue2 U/D quasi-particle peak

0.02{

P11} ———_a |

v critical mass enhancement in the paramagnetic so

A. Georges et al., 1993, 1996
M. J. Rozenberg et al., 1994

specific heat peak
due to spin entropy

ution

v local spin fluctuation under strong correlation = entropy reservoir
v Usually, all of these are masked by the symmetry breaking

[ “Folklore™: Frustration suppresses the symmetry breaking and rejuvenates
the mass enhancement hidden in the ‘bare’ paramagnetic state.



Caveat...

1 Even in the paramagnetic solution, 1 On the other hand,

the quasi-particle peak is fragile in the frustrated case...

against spatial correlations. |
3-site CDMFT for

kagome Hubbard model

1-site CDMFT
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What is the ‘true’ role

Y. Z. Zhang and M. Imada, 2007 of frustration”?



Objectives

[ to clarify the role of frustration in correlated metals

® secondary role, just to suppress the spatial correlations ?
= |f yes, mass enhancement occurs in the energy scale of spin ~ J

@ The answer is NO | (as we will see later)

= mass enhancement occurs at much smaller energy scale

e What determines the smaller new energy scale 7

= cmergent degree of freedom under frustration + correlation

[] to explore the new mechanism of quasi-particle mass enhancement



Model and Method

0 Hubbard model on the kagome lattice at half filling /\ /\
H=—t Z (czacja +h.c.)+ U Z ni1 M| ,/'/ >< N
<’L]>0' ) (\\ /,>

® a minimal model including both electron >< KA ><
correlation and frustration (Y. Imai et al., 2003; "
N. Bulut et al., 2005; T. Ohashi et al., 2006; >< AN X
B. H. Bernhard et al., 2007) LN\

® Mott transition at Us~8.3t (T. Ohashi et al., 2006) \/ ‘)

/ \

[ cluster extension of the dynamical mean-field theory 4N X
® mapping to cluster impurity models (3 or 9 sites) A N« \

® Impurity problem solver: continuous-time V \/
quantum Monte Carlo method (E. Gulletal., 20080 7




Result: Heavy-fermion behavior

(present work)

schematic phase diagram at half filling U/t=6.0
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at low T and large U

O To identify the relevant degree of freedom, we calculate
density matrix = prob. distribution of quantum mechanical states

pu = 7 Tr|U)(W]e~ T



Result: Spin chirality degree of freedom

density matrix of 3-site triangle
(3-electron sector)

0.5 P/ r————r 3-site chiral state (4 fold)
o 3 site U/t=6.0
Tghiral x 9 site T +(D T
' w = exp(izm)
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Result: Crossover temperatures

chirality
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O energy hierarchy among charge, spin, and chirality

Tcharge ~U—-W*> Tspin ~ o > Tchiral

© quasi-particle peak in DOS develops below Tchiral

= chirality-driven heavy fermion state



Result: Specific heat and entropy
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O charge-spin-chirality separation
- broad hump in Cy at T~Tcharge
- entropy~log8 at T~Tspin
- sharp peak in Cy and entropy~log4
at T~ T chirality
O chirality-driven mass enhancement

- specific-heat coefficient:

V= % 1Og 4/Tchiral

spin polarized
(4 fold)

N ) 3-site chiral state
® to (4 fold)



DISCUSSION

[ “Folklore” scenario
Frustration just suppresses magnetic LRO

= heavy mass due to spin entropy Tspin Tenarge
] Present mechanism
Frustration brings about an emergent degree of freedom, chirality
= heavy Mass due to spin chirality Tchiral  Tspin Tcharge
1 % Y% V2

O heavy-mass behavior:
crossover from highly-symmetric local state to renormalized Fermi liquid

emergent composite objects Q\ o |
with high local symmetry /\ chirality, multipole, etc.
T




Summar
y M. Udagawa and YM, Phys. Rev. Lett. 102, 106409 (2010)

€ cellular DMFT study of correlated metallic

Tchiral Tspin Tcharge

0.15 ey r
region in the kagome Hubbard model
v continuous-time QMC '% .
v cluster-size dependence £
>
o - D
€ Emergent degree of freedom, chirality, § 00
plays a decisive role at low T.
v energy hierarchy s
v sharp peak in the specific heat e 041 _
v mass enhancement 2 sl
o
€ Our results uncover an intensive role of .32{ 021
geometrical frustration in correlated metal D o1k
(not secondary just to suppress LRO).
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