
PHYSICAL REVIEW B 66, 045111 ~2002!
Heavy-fermion and spin-liquid behavior in a Kondo lattice with magnetic frustration
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1Département de Recherche Fondamentale sur la Matie`re Condense´e, SPSMS, CEA-Grenoble, 38054 Grenoble Cedex 9, France

2Institut Laue-Langevin, B.P. 156, 38042 Grenoble Cedex 9, France
3CEA-SACLAY, SPCSI, 91191 Gif-sur-Yvette Cedex, France

4CNRS—Laboratoire de Physique The´orique, Ecole Normale Supe´rieure, 24 Rue Lhomond, 75005 Paris, France
~Received 7 February 2002; published 24 July 2002!

We study the competition between the Kondo effect and frustrating exchange interactions in a Kondo-lattice
model within a large-N dynamical mean-field theory. We find aT50 phase transition between a heavy Fermi
liquid and a spin liquid for a critical value of the exchangeJc5TK

0 , the single-impurity Kondo temperature.
Close to the critical point, the Fermi-liquid coherence scaleT! is strongly reduced and the effective mass
strongly enhanced. The regimeT.T! is characterized by spin-liquid magnetic correlations and non-Fermi-
liquid properties. It is suggested that magnetic frustration is a general mechanism which is essential to explain
the large effective mass of some metallic compounds such as LiV2O4.
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I. INTRODUCTION

The interplay between the Kondo effect and RKKY inte
actions is an essential feature of heavy-fermion systems
dilute Kondo systems local magnetic moments are scree
below the single-site Kondo temperatureTK

0 and a local
Fermi-liquid picture applies.1 In dense systems, intersit
magnetic interactions compete with the Kondo effect, le
ing to a quantum phase transition at which the metallic pa
magnetic ground state becomes unstable2 when their strength
attains a critical valueJc . In the vicinity of the quantum
critical point~QCP! the physical properties of a large class
strongly correlated metals differ strikingly from those of no
mal Fermi liquids.3

The origin of non-Fermi-liquid~NFL! behavior in the
quantum critical region of heavy fermion systems is an is
of current theoretical interest.4 Two scenarios have been pro
posed for the case of the antiferromagnetic QCP’s.5 In the
first one, a Kondo screening of the local moments takes p
below a temperatureTK that stays finite throughout the par
magnetic phase~including the QCP!. At a lower coherence
temperatureT!, a heavy Fermi liquid of composite quasipa
ticles forms and the magnetic phase transition atJc is driven
by a spin-density-wave~SDW! instability of the Fermi sur-
face. NFL behavior around the QCP results from the c
pling of the heavy electrons to critical long-wavelength SD
fluctuations.6

In the second scenario, intersite interactions are str
enough to prevent Kondo screening from occurring at
critical coupling. BothTK andT! are expected to vanish a
Jc , leading to the dissociation of the composite heavy q
siparticles into decoupled local moments and conduc
electrons. In this case, NFL behavior is a consequence o
critical properties of the local spin fluctuations that are as
ciated to the process of Kondo screening. In systems w
magnetic frustration, due either to the geometry of
lattice7 or to disorder, conventional magnetic ordering m
give way to spin-glass~SG! freezing, or be suppressed alt
gether, leaving a correlated paramagnet or ‘‘spin-liqu
~SL! state.
0163-1829/2002/66~4!/045111~6!/$20.00 66 0451
In
ed

-
-

e

ce

-

g
e

-
n
he
-

th
e

’’

In this paper we consider a Kondo-lattice model w
frustrated magnetic interactions between the localized sp
We solve this model using a combination of dynamic
mean-field theory and large-N techniques. We find a QCP
between a Fermi liquid~FL! and a SL phase at a critica
coupling Jc5TK

0 , the single-impurity Kondo temperature
We show that near the QCP the coupling of conduction e
trons to local critical spin fluctuations leads to the suppr
sion of both the Kondo scaleTK and of the FL coherence
scaleT!. In addition,TK /T!@1 for J;Jc , and the effective
mass is drastically enhanced by the combined effect of
frustration and the Kondo effect near the QCP. This is re
niscent of the second scenario described above. Howeve
should be emphasized that the strong quantum fluctuat
associated with the~fermionic! large-N limit considered here
prevent any type of magnetic ordering to take place. As
gued in the conclusion of the paper, corrections beyond
limit will reintroduce ~spin-glass! long-range order. At leas
in high enough dimensions, this will usually happen a
smallervalue of the magnetic couplingJ than the one corre-
sponding to the vanishing of the coherence scale. Never
less, the existence of a very small coherence scale and
effective mass near the QCP, as well as that of an inter
diate non-FL crossover regime between forT* ,T,TK are
robust features. BelowT! the low temperature properties o
the system may be described in terms of heavy qu
particles whose massm! diverges at the QCP. In the regim
T!,T,TK , the electrons form an incoherent ‘‘bad’’ meta
They gradually decouple from the localized spins forT
.TK , while the local-spin dynamics remains SL-like forT
,J. In the whole rangeT!,T,J, the spin and transpor
properties are markedly different from those of a FL. Th
type of non-Fermi-liquid regime was previously studied
Ref. 19 in the different context of a doped Mott insulator. A
we shall see below, the physical properties of our mo
share common features with the experimentally observed
havior of LiV2O4, the first compound which displays heav
fermion behavior even though nof electrons are
involved.8–10
©2002 The American Physical Society11-1
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II. MODEL

We study the Kondo-lattice model defined by the Ham
tonian

H52(
i , j ,s

t i j cis
† cjs1JK(

i
SW i•sW i1(

^ i , j &
Ji j SW i•SW j , ~1!

whereSW i andcis
† represent respectively a localized spin an

conduction-electron creation operator at thei th site of the
lattice. The localized spins interact with the conductio
electron spin densitysW i51/2(s,s8cis

† sW ss8cis8 via a local
Kondo couplingJK , andJi j is the magnetic exchange cou
pling between nearest-neighbor pairs of localized spins.
effects of frustration are introduced in the model by an
propriate choice of the couplingsJi j . In a model for geo-
metrically frustrated materials these must be taken a
ferromagnetic on lattices of the Kagome or pyrochlore typ7

In the case of a metallic SG, the couplings can be taken
set of random variables with zero mean and varianceJ/Az ~z
is the coordination of the lattice!. In the following, we focus
on the case of randomJi j . This should be viewed simply a
a way to generate a SL regime with nontrivial spin dynami
and we expect our conclusions to be similar in the case
geometric frustration.

The problem defined by Eq.~1! is tractable in the limit of
large coordinationz→` where dynamical mean-field theor
~DMFT! is applicable,11 and the model can be reduced to
effective single-site theory. Using standard methods to p
form the average over the disorder12 the DMFT action asso-
ciated to Eq.~1! may be written in the form13

A5(
s
E

0

b

dtE
0

b

dt8cs
†~t!@~]t2m!d~t2t8!

2 t2Gc~t2t8!#cs~t8!1JKE
0

b

dtSW ~t!•sW c~t!

2
J2

2 E0

b

dtE
0

b

dt8x~t2t8!SW ~t!•SW ~t8!, ~2!

where sW c5(s,s8s
W

ss8cs
†(t)cs8(t) is the conduction-electron

spin density,m is the chemical potential and the rescalingt
→t/Az was performed in order to obtain finite expressions
the limit z→`. Gc(t) andx(t) are the conduction-electro
Green function and the localized spin autocorrelation fu
tion, respectively. These are determined by the s
consistency conditions11,12 Gc(t)52^cs(t)cs

†(0)&A and

x(t)5^SW (t)•SW (0)&A . The first two terms in Eq.~2! repre-
sent the action of the Kondo-lattice Hamiltonian. The la
term is the action of the quantum SG model recently stud
by several authors.14–16 It was shown that forS51/2 the
ground state has SG order.15 However, SL solutions appea
above the SG transition temperature, especially in the for
limit of small values ofS.14,16 Furthermore, it was recently
suggested17 that the effective action describing the spin d
namics in this regime is also relevant for geometrically fru
trated antiferromagnets. The SL solutions are well descri
in the large-N approach that we discuss next.
04511
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III. LARGE- N SOLUTION

The model defined in Eq.~2! cannot be solved analyti
cally as it stands, but much progress can be made by sol
it in the large-N approach which has been extensively us
in the study of the Kondo lattice,18 and also allows one to
deal with the magnetic exchange term in Eq.~2!.14,16,19 In
this approach the spin symmetry is extended to SU(N) and
the coupling constants are rescaled asJK→JK /N, J
→J/AN. The localized spin is represented in terms of f
mion operators,Sss85 f s

† f s82dss8/2, subject to the local
constraint(s f s

† f s5N/2. The interaction terms in Eq.~2!
now become quartic. These are decoupled introduc
Hubbard-Stratonovich fieldsB(t) ~conjugate to(s f s

†cs)
and P(t,t8) ~conjugate to(s f s

† f s) and the constraint is
enforced through the introduction of a Lagrange multipl
il(t). In the N→` limit the physics is controlled by a
saddle point at which the Bose field condenses^B(t)&A5r ,
and the Lagrange multiplier takes a static valueil(t)5l,
while P(t,t8)5P(t2t8) generates a frequency depende
local self-energy.14,19The saddle point equations can be wr
ten in the compact form

H 2r /JK

1/2

nc/2
J 52

1

pE2`

`

dvnF~v!ImH Gf c~v!

Gf~v!

Gc~v!
J , ~3!

wherenF is the Fermi function andGc , Gf , andGf c are the
full conduction-electron,f-electron, and mixed Green func
tions, respectively, given by

Gc~v!5Gc
0@v1m2r 2Gf~v!#,

Gf~v!5Gf~v!@11r 2Gf~v!Gc~v!#, ~4!

Gf c~v!5rGf~v!Gc~v!.

Here Gc
0(v)5(k1/(v2ek) is the non-interacting elec

tronic local Green function, and we introduced the ‘‘bar
f-electron Green function

Gf~v!5
1

v1l2S loc~v!
, ~5!

where the local self-energy is

S loc~t!52J2Gf
2~t!Gf~2t!. ~6!

A. Kondo temperature

At high temperature or for large values ofJ the only so-
lution of Eqs.~3!–~6! hasr 5l50. This represents a regim
in which the localized spins and the conduction electrons
decoupled. In this regimeGf(v) [ GS(v), which is the
solution of a nonintegral equation first investigated by Sa
dev and Ye14 that reads

GS~ ivn!5@ ivn2SS~ ivn!#21 , ~7!

SS~t!52J2@GS~t!#2GS~2t!. ~8!
1-2
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In the region max(T,v),J the solution of this equation de
scribes a SL with a nontrivial local spin dynamics charact
ized by a slow decay of the local spin autocorrelati
function,14 ^SW (0)•SW (t)&;1/t.

In the large-N theory, the onset of Kondo screening
signaled by a phase transition at a critical temperatureTK at
which a second solution withrÞ0 appears. The equation fo
TK is thus

1

JK
5E

2`

` dv

p
nF~v!Im@Gc

0~m1v!GS~v!#, ~9!

wherem is the chemical potential for free conduction ele
trons with densitync at T5TK . In the limit Jr0(m)!1 this
equation can be cast in the form

1

Jk
52

r0~m!

2 E
2`

`

deS GS8~e!2
1

e D tanhS e

2TK
D

1
1

2E2`

` de

e
r0~m1e!tanhS e

2TK
D[I 11I 2 , ~10!

whereGS8 denotes the real part of thef-electron Green func-
tion and r0 is the conduction-electron density of stat
~d.o.s!.

For J→0, GS(v)5v21 and only the second integral o
the right-hand side of Eq.~10!, I 2, survives. Then we find
that TK5TK

0 , the single-impurity Kondo scale, given in th
weak-coupling limitJKr0(eF)!1 by20

TK
0 5De21/[JKr0(eF)]A12~eF /D !2FK~nc!, ~11!

whereeF is the noninteracting Fermi level and

ln FK~nc!5E
2(D1eF)

D2eF de

ueu
r0~eF1e!2r0~eF!

2r0~eF!
, ~12!

depends on the details of the band structure and the fillin
the conduction band but not on the Kondo coupling.20

For J!TK
0 the intersite coupling is a small perturbatio

and it may be shown thatTK5TK
0 @12O„(J/TK

0 )2
…#. In the

opposite limit,J@TK
0 , the magnetic exchange dominates a

it can be shown that the form of the decay of the spin au
correlation function in the SL phase implies that the Kon
effect cannot take place. As a result, forJ above a critical
value Jc5TK

0 , the conduction electrons remain decoupl
from the localized spins down to zero temperature~Fig. 1!.
This is expected from a comparison of the binding energy
two localized spins in the SL regime (;J) and the energy
gained by forming singlets between the spins and the c
duction electrons which is at most O(TK

0 ).
In order to find the behavior ofTK close to the critical

point, we use the asymptotic form19 of GS(v):
04511
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GS~v!;5
G@1/4#2

2p5/4

v/~2T!2 i

AJT
, uvu,T!J,

S p

4 D 1/4sgn~v!2 i

AJuvu
, T,uvu!J.

~13!

We find that, to leading order inTK /J, the first integral on
the right-hand side of Eq.~10!, I 1, is

I 1;r0~m!@ ln~TK /J!2aATK /J#, ~14!

wherea is a numerical constant of O(1). Combining Eqs.
~10!, ~11!, and~14! we find that, forJ;Jc5TK

0 ,

TK'J ln2S TK
0

J D;TK
0 d2, ~15!

where d5(Jc2J)/Jc measures the distance to the QC
where the Kondo temperature vanishes quadratically.

B. Heavy Fermi-liquid regime

When r is finite, Eqs.~3!–~6! admit FL solutions at low
enough temperatures. We first discuss the caseT50. A cal-
culation analogous to that performed in Ref. 19 yields
value of the self-energy at zero-frequency:

r 2/@S loc~0!2l#5eF
.2m. ~16!

In this expression,eF
. is the noninteracting Fermi level cor

responding to an electron density (nc11)/2 per spin compo-
nent. Equation~16! implies that Luttinger’s theorem is satis
fied, with a ‘‘large’’ Fermi surface containing both
conduction electrons and localized spins. In the we
coupling limit m'eF , the noninteracting Fermi level corre
sponding to a densitync . It can be shown from Eqs.~4!, ~6!,
and ~16! that the f-electron density of states~DOS! at the
Fermi level,r f(0)5O(D/r 2), is finite for rÞ0. Since in the
SL phaser f(v)}1/AJuvu, a crossover between the FL an

FIG. 1. Schematic phase diagram of the model in theJ-T plane.
Kondo temperature~solid line! and coherence temperature~dashed
line! as functions ofJ are shown for fixed values ofJK andnc . The
system is a heavy Fermi liquid belowT!(J). Above the lineTK(J),
the localized spins are essentially free~FS! for J,T, while they
form a highly correlated spin liquid forJ.T. Near Jc the spin
liquid correlations start building up just aboveT!. All the lines
represent crossovers.
1-3
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SL regimes is expected at a scaleT!;(r 2/D)2/J. We note
that, for J50, the coherence scale that controls all physi
quantities at low temperature isr 2/D.20 For JÞ0, this role is
played by the much smaller scaleT!, as detailed below.

We found that, atT50, in the weak-coupling limit, the
full set of Eqs. ~3!–~6! can be solved analytically in th
vicinity of the QCP by using the followingansatzfor the
f-electron DOS:

r f~v!5H ~eF
.2eF!2r0~eF

.!/r 2 for v<T!

~4p3!21/4~ J uvu!21/2 for T!,v,J.
~17!

The first line in the above equation isr f(0) as determined
from Eqs.~4! and ~16!; the second line is the SL density o
states,14 and T! is defined as the energy at which the tw
expressions match, i.e.,

T!}
1

J S r 2

~eF
.2eF!2r0~eF

.!
D 2

. ~18!

This establishes a relationship betweenT! and r that is de-
termined from the equation

1

JK
5E

2`

0 dv

p
Im$Gf~v!Gc

0@v2r 2Gf~v!#%. ~19!

The baref Green functionGf(v) may be computed using
Eqs. ~4!, ~6!, and ~17!, and the integral in Eq.~19! may be
evaluated in the limitJ→Jc . We find

T!;TK
0 d2/~ ln d!2. ~20!

T! and TK thus vanish simultaneously at the critical co
pling, with TK /T!; ln2d@1 asd→0.

The various physical regimes that follow from these co
siderations are depicted schematically in Fig. 1. Above
scaleTK(J), the conduction electrons and the localized sp
are decoupled. This is clearly an unrealistic feature of
large-N limit. For finite N, the phase transition atTK will be
replaced by a gradual decoupling of the electrons and
spins as the temperature is raised. ForTK,T,J, the local-
ized spins remain strongly correlated in the SL state. FoT
,T!, a heavy Fermi liquid with a large Fermi surface
formed. The effective mass of quasiparticles~given by the
inverse of the quasiparticle residueZ) is m* /m51/Z
;D/T!;D/TK

0 (ln d/d)2. This is one of the key results ob
tained in this paper: it demonstrates how the frustrating m
netic exchange leads to a dramatic enhancement of the e
tive mass with respect to the ‘‘bare’’ Kondo scale. T
underlying mechanism is the large entropy of the SL stat
low temperature. The intermediate rangeT!,T,TK corre-
sponds to a crossover regime in which, as the tempera
decreases, the electrons gradually couple to the local
spins, and the spin correlations change from SL-like at h
temperature to FL-like at low temperature.
04511
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IV. PHYSICAL PROPERTIES

The physical properties of the system can be compute
a standard way from the Green functions. We find that,
T!T!, the entropy is dominated by the quasiparticle con
bution S}Tr f(0)(12]S(v)/]vuv50). Each of last the two
factors gives a contribution proportional to (J/T!)1/2. Thus in
the FL regionC}T/T!. In the SL regime, forT!,T!J we
find C}AT/J. The specific heat thus has a peak atT;T!.

In the Fermi-liquid region we find the local spin susce
tibility x loc9 (v)}v/T!. At T;T! there is a crossover to th
SL form Jx loc9 (v)} tanhv/2T.14,19 Hence the NMR spin-
lattice-relaxation rate 1/T1}Tlim

v→0
x loc9 (v)/v obeys Kor-

ringa’s law 1/T1;T/(JT!) below T5T!, but is T indepen-
dent above this temperature, 1/T1;1/J. The static local
susceptibility increases logarithmically with decreasing te
perature forT.T!, x loc(T)}J21ln(J/T), saturating to a con-
stant value}J21ln(J/T!) for T,T!. In analogy with the re-
sult found in the closely related case of the doped M
insulator19 we expect a finite uniform spin susceptibilityx
5O(J21) at low temperature.

Within DMFT,11 the dc resistivity is easily obtained from
one-particle properties since vertex corrections are absen
the Fermi-liquid regimeT,T!, we find rdc(T)}(T/T!)2:
hence the Kadowaki-Woods relation is obeyed as in m
heavy-fermion compounds. In the intermediate regimeT!

,T,TK , the resistivity drops asrdc(T)}(T!/T)1/2. Al-
though reminiscent of the maximum observed in us
heavy-fermion systems the physical origin of this feature
the present case is different. Here the localized spins fo
tightly bound singlet pairs in the SL phase atT!!T!J.
Hence the correlations between the localized spins incre
as T increases fromT!, which results in a decrease of th
scattering cross section of conduction electrons. Howeve
residual scattering of the conduction electrons on the lo
spin fluctuations of the SL is still expected to contribute
the resistivity forTK,T,J. The discussion of this effec
requires going beyond theN→` limit ~while we do not
expect qualitative changes in the FL region from the inc
sion of higher-order corrections!. There is in particular a
second-order correction to the conduction electron s
energy that reads

ImSc~0!}~JK /N!2r0~0!E
0

` dv

sinh~bv!
x loc9 ~v!. ~21!

Sincex loc9 (v)}v/T for v,T and T.T!, this results in a
contribution dr}T to the resistivity. Thus in the physica
caseN52 we expect to see a crossover from a quadratic
a linearT dependence of the resistivity atT'T!.

V. CONCLUSIONS

In summary, we studied a model in which the competiti
between the Kondo effect and frustrating magnetic inter
tions leads to a QCP separating a heavy Fermi-liquid ph
from a spin-liquid phase. The coupling of the conducti
electrons to critical local spin fluctuations near the QCP
sults in a dramatic reduction of both the Kondo temperat
1-4
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HEAVY-FERMION AND SPIN-LIQUID BEHAVIOR IN A . . . PHYSICAL REVIEW B 66, 045111 ~2002!
and the Fermi-liquid coherence scale, and to a critically
hanced effective mass. For temperatures above the FL co
ence scale but below the magnetic exchange, the trans
and spin dynamics show striking deviations from those o
Fermi liquid.

To conclude this paper, we would like to make seve
remarks regarding the possible physical relevance of
model, and of our findings. First, it is worth mentioning th
some of the results derived here are independent of the
cific form of the kernelx(t) but results from the existence o
an unstable fixed point that lies between the Kondo ph
and the spin fluctuation dominated phase, as pointed ou
Ref. 21. Some of our conclusions are therefore expecte
be valid beyond our specific model, as long as the time de
of the local spin correlations is sufficiently slow.

Next we would like to comment on the manner in whi
long-range magnetic order~LRO! can possibly affect our re
sults. In the solution presented in this paper, spin-glass
dering does not appear because it is suppressed by the s
quantum fluctuations associated with the fermionic repres
tation of spins in the large-N limit.16 Taking LRO into ac-
count in the present model thus requires either to cons
bosonic representations16 ~which however makes the Kond
effect more difficult to treat technically! or to go beyond
largeN in the fermionic case. It is clear that spin-glass
dering will show up at first order in the 1/N expansion, in the
mean-field~infinite connectivity! model. One can quantify
this by noting that the criterion for the spin-glass transiti
reads16 Jx loc(T,J)}AN. In our solution,x loc is proportional
to 1/T* , which is given by Eq.~20! near the QCP. Using this
expression, we see that LRO should set in at a valueJ
which is smaller than the critical valueJc at which the co-
herence scale vanishes with (Jc2JLRO)/Jc}N 21/4. Hence
we expect that, in high enough dimensions~where mean-
field theory applies!, the vanishing of the Kondo scale wi
be preemptedby magnetic LRO. Nevertheless, some of t
qualitative features found above may still be important
practice when the coherence scale is small enough at
transition point. The situation in low dimensions, when sp
tial fluctuations are stronger, is quite open. Whether it
possible to reach the ‘‘coherence’’ transition before LRO s
in, as suggested in Ref. 5 is a fascinating question.

We would now like to address the qualitative relevance
some of the findings of this paper for the physics of LiV2O4
and other compounds such as YScMn2 and b-Mn. LiV 2O4
has a structure in which the V ions form a lattice of corn
sharing tetrahedra. This highly frustrated structure is kno
to lead to unconventional spin-liquid ground states,7 and re-
cent NMR studies22 indeed showed evidence of the presen
of SL-like spin correlations in LiV2O4. This system is also
close to a SG instability as it is known that small amounts
Zn doping on the Li sites results in SG freezing23
s
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Local-density-approximation (LDA)1U band-structure
calculations24,25 showed that in the crystal field of LiV2O4
one of the threet2g V d levels splits from the triplet and
forms a highly correlated band. Due to the large Coulo
repulsion on the V site the corresponding Wannier states
singly occupied, thus playing a role similar to that of thef
orbitals in conventional rare-earth-based heavy-fermion s
tems.

In Ref. 24, a Kondo lattice model was thus proposed
describe LiV2O4. Although this model in fact neglected th
important ferromagneticon-site Hund’s coupling betwee
the itinerant and localized orbital,28 we can use it to com-
ment on the proposed estimate of the cohere
temperature.24 The electronic structure calculations yield
single-site Kondo temperatureTK

0 '550 K.24 This is an or-
der of magnitude larger than the measured Fermi liquid
herence temperatureT!'25–40 K.8 Nozières’ ‘‘exhaus-
tion’’ mechanism26 was invoked to explain this hug
reduction ofT! with respect toTK

0 . However, some doubts
were recently cast20,27 on the validity of Nozie`res’ estimate
T!}(TK

0 )2/D (D is the bandwidth!, and it was suggested20

that T!}TK
0 with a prefactor that is small only for very low

values of the conduction-electron density, a situation tha
not realized in LiV2O4. Hence an alternative mechanism
needed in order to explain the observed reduction ofT!. As
shown in this paper, magnetic frustration does provide suc
mechanism in a Kondo lattice model.

Since, as pointed out in Ref. 28, it is crucial to take in
account the Hund’s rule coupling in a realistic modeling
LiV 2O4 and related compounds, the results of the pres
paper cannot be straightforwardly applied to these syste
However, we observe that the strong mass enhancemen
to frustration has a simplequalitative origin: it is due to the
storage of entropy at low-temperature associated with
spin-liquid state characteristic of frustrated systems.
LiV 2O4, theT-independent spin-relaxation rate forT.T! as
well as incoherent metallic transportr}T in this regime pro-
vide, in our opinion, strong experimental evidence that
local spin dynamics characteristic of a frustrated spin liq
is playing a key role in this system. We expect that oth
systems in which electrons are strongly coupled to lo
spins with SL dynamics will also lead to such a mass
hancement and suppression of the coherence scale.
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