PHYSICAL REVIEW B 66, 045111 (2002

Heavy-fermion and spin-liquid behavior in a Kondo lattice with magnetic frustration
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We study the competition between the Kondo effect and frustrating exchange interactions in a Kondo-lattice
model within a large\ dynamical mean-field theory. We findTa=0 phase transition between a heavy Fermi
liquid and a spin liquid for a critical value of the exchanfie=TY, the single-impurity Kondo temperature.
Close to the critical point, the Fermi-liquid coherence scBleis strongly reduced and the effective mass
strongly enhanced. The reginfe>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 agl,iV
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[. INTRODUCTION In this paper we consider a Kondo-lattice model with
frustrated magnetic interactions between the localized spins.
The interplay between the Kondo effect and RKKY inter- We solve this model using a combination of dynamical
actions is an essential feature of heavy-fermion systems. Imean-field theory and largs-techniques. We find a QCP
dilute Kondo systems local magnetic moments are screenasetween a Fermi liquidFL) and a SL phase at a critical
below the single-site Kondo temperatufg and a local  coupling J.=T%, the single-impurity Kondo temperature.
Fermi-liquid picture applie.In dense systems, intersite \we show that near the QCP the coupling of conduction elec-
magnetic interactions compete with the Kondo effect, leadyons to local critical spin fluctuations leads to the suppres-

ing to a quantum phase transition at which the metallic paragjon of hoth the Kondo scal, and of the FL coherence
magnetic ground state becomes unstanleen their strength scaleT*. In addition, Ty /T*>1 for J~J,, and the effective

at_t?m.T a _czl(ncga-\jlgv?r:ue]%. l.n tlhe V'C'nt'.ty Off thle quarlltum fmass is drastically enhanced by the combined effect of the

eritical point(Q € physical properties ot a large class Ol ¢ iration and the Kondo effect near the QCP. This is remi-

strongly correlated metals differ strikingly from those of nor- _. . . .
niscent of the second scenario described above. However, it

mal Fermi liquids? should be emphasized that the strong quantum fluctuations

The origin of non-Fermi-liquid(NFL) behavior in the _ . . 2 )
quantum critical region of heavy fermion systems is an issu@SSociated with théiermionic large-N limit considered here

of current theoretical intere&fTwo scenarios have been pro- Prevent any type of magnetic ordering to take place. As ar-
posed for the case of the antiferromagnetic QCRis.the gugd in thg conclusion pf the paper, corrections beyond that
first one, a Kondo screening of the local moments takes placémit will reintroduce (spin-glasg long-range order. At least
below a temperatur& that stays finite throughout the para- in high enough dimensions, this will usually happen at a
magnetic phaséincluding the QCP At a lower coherence smallervalue of the magnetic couplingthan the one corre-
temperaturd*, a heavy Fermi liquid of composite quasipar- sponding to the vanishing of the coherence scale. Neverthe-
ticles forms and the magnetic phase transitiod gt driven  less, the existence of a very small coherence scale and large
by a spin-density-wavéSDW) instability of the Fermi sur- effective mass near the QCP, as well as that of an interme-
face. NFL behavior around the QCP results from the coudiate non-FL crossover regime between T6r<T<Ty are
pling of the heavy electrons to critical long-wavelength SDWrobust features. Below™ the low temperature properties of
fluctuations the system may be described in terms of heavy quasi-
In the second scenario, intersite interactions are stronparticles whose mass* diverges at the QCP. In the regime
enough to prevent Kondo screening from occurring at thel*<T<Ty, the electrons form an incoherent “bad” metal.
critical coupling. BothTx andT* are expected to vanish at They gradually decouple from the localized spins fbr
J., leading to the dissociation of the composite heavy qua=>Ty, while the local-spin dynamics remains SL-like for
siparticles into decoupled local moments and conduction<J. In the whole rangel*<T<J, the spin and transport
electrons. In this case, NFL behavior is a consequence of tharoperties are markedly different from those of a FL. This
critical properties of the local spin fluctuations that are assotype of non-Fermi-liquid regime was previously studied in
ciated to the process of Kondo screening. In systems witliRef. 19 in the different context of a doped Mott insulator. As
magnetic frustration, due either to the geometry of thewe shall see below, the physical properties of our model
lattice’ or to disorder, conventional magnetic ordering mayshare common features with the experimentally observed be-
give way to spin-glas$SG) freezing, or be suppressed alto- havior of LiV,0,, the first compound which displays heavy-
gether, leaving a correlated paramagnet or “spin-liquid”fermion behavior even though nd electrons are
(SL) state. involved®—10
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Il. MODEL ll. LARGE- A/ SOLUTION

We study the Kondo-lattice model defined by the Hamil- The model defined in Eq.2) cannot be solved analyti-
tonian cally as it stands, but much progress can be made by solving
it in the large// approach Whicgeghas been extensively used
_ + 2 2 2 2 in the study of the Kondo lattic€, and also allows one to
H= i;s t”CiSCjSJrJKZ S.Si—i_(izj) NiSS D Geal with the magnetic exchange term in E8L.14'%|n
. this approach the spin symmetry is extended to /8)JJénd
whereS, andciTS represent respectively a localized spin and athe coupling constants are rescaled as—Jg /N, J

conduction-electron creation operator at iltle site of the  _, 3/\/\. The localized spin is represented in terms of fer-
lattice. The localized spins interact with the conduction- . operatorsS” =f'f_,— 8,12, subject to the local

electron spin denSitygi=1/_2Zs,s'C;rs(;ss'Ci_s' via a local  constraints, f1f,=A72. The interaction terms in Eq2)
Kondo couplingJy, andJ; is the magnetic exchange cou- now become quartic. These are decoupled introducing
pling between nearest-neighbor pairs of localized spins. They,pbard-Stratonovich field8(r) (conjugate tozgfzcg)
effects of frustration are introduced in the model by an ap— 4 P(r,7') (conjugate to3,f'f,) and the constraint is

prop_riate choice of the cou_plingsj . In a model for geo- .enforced through the introduction of a Lagrange multiplier
metrically frustrated materials these must be taken anun\(T) In the A= limit the physics is controlled by a

ferromagnetic on lattices of the Kagome or pyrochlore type. saddle point at which the Bose field conden&@6r)) 4=r
In the case of a metallic SG, the couplings can be taken as d the Lagrange multiplier takes a static valmeér)Ale
set of random variables with zero mean and varialie& (z while P(7,7')=P(7— ') generates a frequency depen’dent

is the coordination of the lattigeln the following, we focus | self-energy*°The saddle point equations can be writ-
on the case of rando®); . This should be viewed simply as ten in the compéct form

a way to generate a SL regime with nontrivial spin dynamics,

and we expect our conclusions to be similar in the case of —rlJg Gie( )
geometric frustration. 12 b _ 1~ G

The problem defined by Eql) is tractable in the limit of = ;j_wd“’nl:(“’)lm o), @3
large coordinatiorz— o where dynamical mean-field theory n./2 G (w)

(DMFT) is applicablet! and the model can be reduced to an . . .
effective single-site theory. Using standard methods to per}ﬁrl}eéﬁ2(Fjl:sctﬁgi_E?;Q;Jﬁggﬁf;%?}m%gfrﬁiiggcgfeaerﬁ ;Bﬁc_
form the average over the disorffethe DMFT action asso- '

ciated to Eq(1) may be written in the forf? tions, respectively, given by
Ge(®)=Gglw+u—1’Gw)],

A= jﬁdrfﬁdr’cl(r)[(a; w)(r—7")
s Jo 0 Gi(@)=Gi(@)[1+12Gi(w)G(w)], (4

—t2G (17— T')]cs(r')quﬁdTé(T)-&C(T) Gic(w)=rGi(w)G¢(w).
0

) Here Gg(w)=2k1/(w—ek) is the non-interacting elec-
_ J_fﬁdeBdT/X(T_ T’)§(r)«§(r’), ) tronic local Green fun'ction, and we introduced the “bare”
2Jo 0 f-electron Green function

where (;'C:ES,S/(;'SS/Cl(T)CSr(T) is the conduction-electron

spin density,u is the chemical potential and the rescaling Gi(w)= wtA—Z 5 (w)’ ®
—t/\z was performed in order to obtain finite expressions in .

the limit z—o. G.(7) and x(7) are the conduction-electron Where the local self-energy is

Green function and the localized spin autocorrelation func-
tion, respectively. These are deﬁermined by the self- Zjoe(7)= =~ GGy~ 7). ©)
consistency conditiod$*? G.(7)=—(cs(7)cl(0)), and

x(1)=(S(7)-$(0)) 4. The first two terms in Eq(2) repre- A. Kondo temperature

sent the action of the Kondo-lattice Hamiltonian. The last At high temperature or for large values dthe only so-
term is the action of the quantum SG model recently studieqution of Egs.(3)—(6) hasr =\ =0. This represents a regime
by several author¥™'® It was shown that forS=1/2 the  in which the localized spins and the conduction electrons are
ground state has SG ordérHowever, SL solutions appear decoupled. In this regimg;(w) = Gg(w), which is the
above the SG transition temperature, especially in the formadolution of a nonintegral equation first investigated by Sach-
limit of small values ofS'*® Furthermore, it was recently dev and Y&* that reads

suggestel! that the effective action describing the spin dy-

namics in this regime is also relevant for geometrically frus- Gyliwp) =[iw,—Sg(iow)] 1, (7
trated antiferromagnets. The SL solutions are well described
in the largeA approach that we discuss next. So(1)=—JGg(1)]*Gg(— 7). (8)
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In the region max{,w)<J the solution of this equation de-
scribes a SL with a nontrivial local spin dynamics character-
ized by a slow decay of the local spin autocorrelation
function* (S(0)- S(t) )~ 1#.

In the largeA/ theory, the onset of Kondo screening is
signaled by a phase transition at a critical temperafyrat
which a second solution with# 0 appears. The equation for
Tk is thus

1 » d _go
== S ne@micdut wesw, @ L

FIG. 1. Schematic phase diagram of the model ind¥eplane.
. . . . Kondo temperaturésolid line) and coherence temperatudashed
where u is the chemical potential for free conduction elec—“ne) as functions ofl are shown for fixed values o andn, . The

trons with densityn; at T=Ty . In the limit Jpo(un) <1 this  gystem is a heavy Fermi liquid beloW (J). Above the lineT(J),

equation can be cast in the form the localized spins are essentially fréeS) for J<T, while they
form a highly correlated spin liquid fod>T. Near J. the spin
1 () (= 1 liquid correlations start building up just abovie. All the lines
= __Po# f de| G4(e)— = |tanH =— represent crossovers.
Ji 2 ) S € 2Tk
2 .
1 (= de € ' 1/4]° w/(2T)—i o]
- _ = , w|<T<],
+ 2f_w . polp+ E)tam’( ZTK)—|1+|2, (10 oo 05/ T
stw)~ .
| Msgrlo) - T<|w|<J
whereGg denotes the real part of tHeelectron Green func- 4 \/m ' ||<J.
tion and py is the conduction-electron density of states (13)

d.o.s.
( F(?rJ—>O Gs(w)=w"! and only the second integral on We find that, to leading order i /J, the first integral on

the right-hand side of Eq(10), |,, survives. Then we find the right-hand side of Eq10), I, is

thatTKzTﬂ, the single-impurity Kondo scale, given in the _ N

weak-coupling limitdypo(er) <1 by L1~ po()LIN(T /) ~av T /J], (14
wherea is a numerical constant of (@). Combining Egs.

10), (12), and(14) we find that, forJ~J.=T% ,
T&:Defl/[JKPo(EF)] 1— (& /D)2F((ny), (11) (10), (11 (14 c= Ik

TO
~ 2| K| 102
whereeg is the noninteracting Fermi level and Tk=Jin ( J ) Tk 9
where 6=(J;—J)/J. measures the distance to the QCP
D-er  de po(ex+e€)—polep) where the Kondo temperature vanishes quadratically.
InFr(ng) = — > , (12
~(+ep) €l pol€r)

B. Heavy Fermi-liquid regime

depends on the details of the band structure and the filling of Whenr is finite, Egs.(3)-(6) admit FL solutions at low
the conduction band but not on the Kondo coupfifig. enough temperatures. We first discuss the das@. A cal-

For J<T¢ the intersite coupling is a small perturbation culation analogous to that performed in Ref. 19 yields the
and it may be shown thé[K=Tﬁ[1—O((J/Tﬂ)2)]. In the Value of the self-energy at zero-frequency:
opposite limit,J>T? , the magnetic exchange dominates and 2 T >
it can be shown that the form of the decay of the spin auto- M2 10c(0) A ]= €8 — . (16)
correlation function in the SL phase implies that the Kondoln this expressione; is the noninteracting Fermi level cor-
effect cannot take place. As a result, fbabove a critical responding to an electron density.(+1)/2 per spin compo-
value J.=T2, the conduction electrons remain decouplednent. Equatior{16) implies that Luttinger’s theorem is satis-
from the localized spins down to zero temperat(Fy. 1). fied, with a “large” Fermi surface containing both
This is expected from a comparison of the binding energy otonduction electrons and localized spins. In the weak-
two localized spins in the SL regime-(J) and the energy coupling limit w~ eg, the noninteracting Fermi level corre-
gained by forming singlets between the spins and the comsponding to a densitgy. . It can be shown from Eq$4), (6),

duction electrons which is at most Iﬂ). and (16) that thef-electron density of statedOS) at the
In order to find the behavior 6F close to the critical ~Fermi level,p;(0)=0(D/r?), is finite forr +0. Since in the
point, we use the asymptotic fottof Gg(w): SL phasep;(w)«1/yJ|w|, a crossover between the FL and
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SL regimes is expected at a scdlé~(r?/D)?/J. We note IV. PHYSICAL PROPERTIES
that, forJ=0, the coherence scale that controls all physical
quantities at low temperatureié/D.2° For J#0, this role is
played by the much smaller scalé, as detailed below.

We found that, aff=0, in the weak-coupling limit, the
full set of Egs.(3)—(6) can be solved analytically in the
vicinity of the QCP by using the followin@nsatzfor the
f-electron DOS:

The physical properties of the system can be computed in
a standard way from the Green functions. We find that, for
T<T~, the entropy is dominated by the quasiparticle contri-
bution S Tp¢(0)(1— 92 (w)/dw|,—o). Each of last the two
factors gives a contribution proportional t&/T*)*2. Thus in
the FL regionCe«T/T*. In the SL regime, folT*<T<J we
find Co\/T/J. The specific heat thus has a peakratT*.
- 5 - . In the Fermi-liquid region we find the local spin suscep-
(€r — €p)“polep)Ir for w<T tibility x|o.(w)*w/T*. At T~T* there is a crossover to the
(473 Y4 T |w|) "2 for T*<w<J. SL form Jx|y.( ) tanhw/2T.**! Hence the NMR spin-
(17)  lattice-relaxation rate Th=Tlim__ xj,c(w)/w obeys Kor-

ringa’s law 1mM,~T/(JT*) below T=T*, but isT indepen-
dent above this temperature, T1/~1/J. The static local
susceptibility increases logarithmically with decreasing tem-
perature fofT>T*, x,0.(T)>J ™ 1In(J/T), saturating to a con-
stant valuexJ~1In(J/T*) for T<T*. In analogy with the re-

) sult found in the closely related case of the doped Mott
1 r2 insulator® we expect a finite uniform spin susceptibilify
Tree— . (18) — J_l t] t t

J (€7 — €r)2pol€r) O(_ _) at low temperature. _ _

Within DMFT, the dc resistivity is easily obtained from
one-particle properties since vertex corrections are absent. In
the Fermi-liquid regimeT<T*, we find pgo(T)o<(T/T*)%:
hence the Kadowaki-Woods relation is obeyed as in most
heavy-fermion compounds. In the intermediate regifife
<T<T, the resistivity drops apgc(T)<(T*/T)Y% Al-
though reminiscent of the maximum observed in usual
heavy-fermion systems the physical origin of this feature in

Egs.(4), (6), and(17), and the integral in Eq(19) may be tightly bound singlet pairs in the SL phase Bt<T<J.
evaluated in the limit—J.. We find Hence the correlations between the localized spins increase

as T increases fronT™, which results in a decrease of the
scattering cross section of conduction electrons. However, a
residual scattering of the conduction electrons on the local
. ) . N spin fluctuations of the SL is still expected to contribute to
T" and Ty thus vanlzsh simultaneously at the critical cou- the resistivity for Ty <T<J. The discussion of this effect
pling, with T /T*~In“6>1 as6—0. requires going beyond th&/— limit (while we do not

_ The various physical regimes that follow from these con-gxpect qualitative changes in the FL region from the inclu-
siderations are depicted schematically in Fig. 1. Above thegjon of higher-order correctionsThere is in particular a

scaleTk(J), the conduction electrons and the localized spinssecond-order correction to the conduction electron self-
are decoupled. This is clearly an unrealistic feature of th%nergy that reads

larges\ limit. For finite AV, the phase transition &t will be

replaced by a gradual decoupling of the electrons and the »  de

spins as the temperature is raised. FRK. T<J, the local- ImX¢(0) (I /N)?po(0) JO WXIHOC(@)- (21)
ized spins remain strongly correlated in the SL state. For

<T*, a heavy Fermi liquid with a large Fermi surface is Since x| (w)xw/T for o<T and T>T*, this results in a
formed. The effective mass of quasiparticlgsven by the  contribution 5pT to the resistivity. Thus in the physical
inverse of the quasiparticle residug) is m*/m=1/Z  case\'=2 we expect to see a crossover from a quadratic to
~DIT*~DIT(In 88 This is one of the key results ob- a linearT dependence of the resistivity &t=T*.

tained in this paper: it demonstrates how the frustrating mag-
netic exchange leads to a dramatic enhancement of the effec-
tive mass with respect to the “bare” Kondo scale. The
underlying mechanism is the large entropy of the SL state at In summary, we studied a model in which the competition
low temperature. The intermediate ranfe<T<Ty corre- between the Kondo effect and frustrating magnetic interac-
sponds to a crossover regime in which, as the temperatut®ns leads to a QCP separating a heavy Fermi-liquid phase
decreases, the electrons gradually couple to the localizeflom a spin-liquid phase. The coupling of the conduction
spins, and the spin correlations change from SL-like at higlelectrons to critical local spin fluctuations near the QCP re-
temperature to FL-like at low temperature. sults in a dramatic reduction of both the Kondo temperature

Pf(w):[

The first line in the above equation j5(0) as determined
from Eqs.(4) and (16); the second line is the SL density of
states:* and T* is defined as the energy at which the two
expressions match, i.e.,

This establishes a relationship betweEnandr that is de-
termined from the equation

1 0 dw
—= f —Im{Gi(@)Glw—r?Gi(w)]}. (19

—o0

T ~T26%(In 6)2. (20)

V. CONCLUSIONS
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and the Fermi-liquid coherence scale, and to a critically entocal-density-approximation (LDA}U  band-structure
hanced effective mass. For temperatures above the FL cohegalculationé*?® showed that in the crystal field of LD,
ence scale but below the magnetic exchange, the transpaste of the thred,, V d levels splits from the triplet and
and spin dynamics show striking deviations from those of &dorms a highly correlated band. Due to the large Coulomb
Fermi liquid. repulsion on the V site the corresponding Wannier states are
To conclude this paper, we would like to make severalsingly occupied, thus playing a role similar to that of the
remarks regarding the possible physical relevance of thisrbitals in conventional rare-earth-based heavy-fermion sys-
model, and of our findings. First, it is worth mentioning that tems.
some of the results derived here are independent of the spe- In Ref. 24, a Kondo lattice model was thus proposed to
cific form of the kernely(7) but results from the existence of describe Li\,O,. Although this model in fact neglected the
an unstable fixed point that lies between the Kondo phasenportant ferromagneticon-site Hund’s coupling between
and the spin fluctuation dominated phase, as pointed out ithe itinerant and localized orbit&df,we can use it to com-
Ref. 21. Some of our conclusions are therefore expected tment on the proposed estimate of the coherence
be valid beyond our specific model, as long as the time decagemperaturé? The electronic structure calculations yield a
of the local spin correlations is sufficiently slow. single-site Kondo temperatufEy~550 K24 This is an or-
Next we would like to comment on the manner in which der of magnitude larger than the measured Fermi liquid co-
long-range magnetic ordéLRO) can possibly affect our re- herence temperatur@*~25-40 K& Noziges' “exhaus-
sults. In the solution presented in this paper, spin-glass okion” mechanism® was invoked to explain this huge
dering does not appear because it is suppressed by the stroRgjuction of T* with respect toT . However, some doubts
quantum fluctuations associated with the fermionic represenyere recently cadt?” on the validity of Noziees’ estimate
tation of spins in the largg limit. 1 Taking LRO into ac- T*«(T9)%D (D is the bandwidth and it was suggest&l
count in the present mode[ thus requires either to Cons'd%atT*ocTﬁ with a prefactor that is small only for very low
bosonic representatiotfswhich however makes the Kondo e of the conduction-electron density, a situation that is
effect more difficult to treat technicallyor to go beyond not realized in Li\bO,. Hence an alternative mechanism is

large NV in the fermionic case. It is clear that spin-glass Or- heeded in order to explain the observed reductiof ofAs

dering \.Ni" S.hO.W. up at first o_rqler in the.17expansion, in the shown in this paper, magnetic frustration does provide such a
mean-field (infinite connectivity model. One can quantify mechanism in a Kondo lattice model.

this by noting that the criterion for the spin-glass transition Since, as pointed out in Ref. 28, it is crucial to take into
reads® JXIO?(T’_J)“_\/N' In our solution, o is proportional  5ccount the Hund's rule coupling in a realistic modeling of
to 1/T*, which is given by Eq(20) near the QCP. Using this | j/,0, and related compounds, the results of the present
expression, we see that LRO should set in at a valug of haner cannot be straightforwardly applied to these systems.
which is smallerthan the critical valugl, at which the co-  yoyever, we observe that the strong mass enhancement due
herence scale vanishes wittio( Jiro)/Jo= N~ Hence 5 frystration has a simplgualitative origin it is due to the

we expect that, in high enough dimensiofiehere mean- giorage of entropy at low-temperature associated with the
field theory applies the vanishing of the Kondo scale will gpinjiquid state characteristic of frustrated systems. In
be preemptedoy magnetic LRO. Nevertheless, some of the ,0,, the T-independent spin-relaxation rate 6 T* as
qualit_ative features found above may still be important inya|i as incoherent metallic transpor T in this regime pro-
practice when the coherence scale is small enough at thgqe in our opinion, strong experimental evidence that the
transition point. The situation in low dimensions, when spascq| spin dynamics characteristic of a frustrated spin liquid
tial fluctuations are stronger, is quite open. Whether it isiq playing a key role in this system. We expect that other
possible to reach the “coherence” transition before LRO Set%ystems in which electrons are strongly coupled to local

in, as suggested in Ref. 5 is a fascinating question. spins with SL dynamics will also lead to such a mass en-
We would now like to address the qualitative relevance of,5ncement and suppression of the coherence scale.

some of the findings of this paper for the physics of $®4
and other compounds such as YSchvand 8-Mn. LiV,0,
has a structure in which the V ions form a lattice of corner-
sharing tetrahedra. This highly frustrated structure is known We thank C. Lacroix for useful comments and discus-
to lead to unconventional spin-liquid ground statesid re-  sions, and N. Buettgen for making Ref. 22 available to us
cent NMR studie¥ indeed showed evidence of the presenceprior to publication. A.G acknowledges early discussions
of SL-like spin correlations in LiyO,. This system is also with A. Sengupta and O. Parcollet on closely related sub-
close to a SG instability as it is known that small amounts ofiects, as well as useful discussions with H. Takagi, V. Anisi-
Zn doping on the Li sites results in SG freeziffg. mov, and M. Katsnelson for discussions on LV,
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