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Analysis realized by means of unitary transformations of the Kondo Hamiltonian
of the different phases in the Kondo lattices

F. López-Aguilar
Departamento de Fı´sica, Universidad Auto´noma, Bellaterra, E-08193 Barcelona, Spain

~Received 13 November 1997; revised manuscript received 22 May 1998!

I analyze the possibilities of the Kondo lattice scenario for the different quantum phases appearing in
strongly correlated systems. I use in this analysis a formulation of the Kondo Hamiltonian in terms of a
renormalized set of canonical operators and the construction of strongly correlated modes involving soft
electrons~or holes! and a kind of spin wave. These strongly correlated modes approximately diagonalize the
resulting transformed Hamiltonian. The quantum phases arise, in this model, only varying the KondoJ cou-
pling and the density of states atEF of the noninteracting system (DF). For small values ofDF and sufficient
large values ofJ, the resulting systems are weak antiferromagnetic insulators. For increasingDF values and
decreasingJ couplings, the pattern corresponds to conducting materials which are candidates, in certain
conditions, to be heavy-fermion metals. For determined conditions ofDF andJ values, there is an interval of
theJ parameter (Jc<J<Jtop), in which an intriguing ground state appears. The properties of this ground state
are close to a gapless and low-temperature zero-resistance system whose energy condensation does not require
the existence of electronic pair coupling.@S0163-1829~98!01441-6#
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I. INTRODUCTION

The Kondo lattice model~KLM ! is generally regarded a
a canonical model for strongly correlated systems when
can consider that the high on-site Coulomb repulsion
inhibit the charge fluctuations in the correlated orbitals.1 An
explanation of the phenomenology of these systems2–5 based
on this model, on the Anderson lattice model in the Kon
regime or in any other model,5 still remains incomplete and
controversial.2–8 There are paradigmatic debates which ha
implied large experimental and theoretical efforts and rem
without consensus.

Some examples of these debated questions are:~i! The
nature of the low-energy resonances detected by direct
inverse photoemission;7,8 in this point, some authors7 are
looking for physical models to find coherence between
features of these resonances and the experimental re
since, in their opinion, the explanation of other author8

based on the impurity models, is inconsistent.~ii ! The dis-
cussion about whether the existence of a huge specific
in the heavy fermion state is due to charged particles9,10 or
neutral particles.11 ~iii ! The mechanism of the energy co
densation in the superconductivity of some heavy-ferm
compounds, as UBe13, which remains completely
unknown.2,12 ~iv! The existence of the Kondo insulators.13–15

On the other hand, some agreements seem to be mo
less generalized,3,4,16 and these are:~i! the existence of the
so-called coherence temperatureT* , below which the sys-
tem behaves as a coherent spin liquid and above which
f-electron atoms act as independent magnetic impurities.~ii !
The presence of a certain tendency to antiferromagnetism
which the value of the local magnetic moment is quench
by the fluctuations in the spin liquid.~iii ! The existence of
large entropy variations, huge specific heat, and magn
susceptibilities in some Kl materials.~iv! The concomitance
of superconductivity and large specific heat in some Ce
U compounds.
PRB 580163-1829/98/58~18!/12100~10!/$15.00
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In this work, I start from a KLM analysis whose detaile
mathematical formalism and calculations are giv
elsewhere17 and I use this formalism for analyzing the phys
cal results that are, in author’s opinion, essential for the
derstanding of the phenomenology of the Kondo lattice s
tems. The main point that I wish to emphasize in this work
the evolution of the electronic pattern offered by the sp
trum of the strongly correlated modes for different values
J ~Kondo coupling parameter! and DF ~density of states of
noninteracting system atEF). This analysis allows us, on th
one hand, to draw three quantum phases~insulator, conduc-
tor, and a different phase which may correspond to a kind
superconducting state! depending on the values ofJDF , and
on the other hand, to incide in the controversial debates c
above, giving coherent physical interpretations in unifi
model.

II. THEORETICAL MODEL

We consider a KLM consisting of a conduction ban
coupled to a lattice ofs51/2 local moments by an exchang
interaction, namely,

H5H01HK5(
k,a

«kcka
† cka1J(

i
Sei•Sf i , ~1!

where Sei51/2(a,bcia
† sabcib and Sf i are the spin of the

conduction electrons and the (s51/2) local spin at sitei,
respectively. The essential idea of this formalism is the
of unitary transformations that map the initial operatorscka

† ,
cka and Sf k ~Fourier transformations ofcia

† , cia , and Sf i)

into a physically meaningful setĉka5e2TckaeT, ĉka
†

5e2Tcka
† eT, Ŝf k5e2TSf ke

T. The new operatorsêpa5 ĉpa

and ĥqa5 ĉ2q2a
† correspond to electrons and holes that a

nihilate theactual interacting ground stateuF&, andêpa
† uF&,

ĥqa
† uF& represent the best possible approximations to the
12 100 ©1998 The American Physical Society
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tual charged modes of the system. The generatorsT̂ are taken
as the simplest operators involving fermions that preserve
the symmetries ofH. The simplest operator involving fermi
ons that satisfies this condition is

T̂5
J

N1/2(
kk8

T̂~k,k8!@~ ĉk↑
† ĉk8↑2 ĉk↓

† ĉk8↓!Ŝ0,k82k

1 ĉk↑
† ĉk8↓Ŝ21,k82k1 ĉk↓

† ĉk8↑Ŝ1,k82k#, ~2!

where the operational part enclosed in parenthesis is equ
that of the Kondo Hamiltonian andT̂!(k8,k)52T̂(k,k8)
from the unitary condition ofT̂ @for a larger explanation o
the determination and meaning ofT̂(k,k8) see Ref. 17#. For
small values ofJ the new operators are expected to be sli
deformations of the initial ones, and we can make the
proximations:

cka
† 5 ĉka

† 1@ T̂,ĉka
† #, ~3!
is

-

i-
a

an
,
so
sp
ll

to

t
-

Sl ,k5Ŝl ,k1@ T̂,Ŝl ,k# ~4!

~the indexl of Sl ,k can take the values 0, 1,21, correspond-
ing to the operatorsSk

z , Sk
1 , andSk

2 , respectively!.
Substituting expressions~2!–~4! in the initial Kondo

Hamiltonian, we obtain the expression ofH in terms of the
transformed operators

H5Ĉ1Ĥkinetic1ĤKondo1ĤRKKY ~5!

whereĈ is a constant, and

Ĥkinetic5(
p,a

Ê~«p!êpa
† êpa1(

q,a
Ê~2«q!ĥqa

† ĥqa , ~6!

whereÊ(«) is the renormalized energy dispersion whose
pression is given in Ref. 17; theĤKondo-interacting Hamil-
tonian takes the following form:
ĤKondo5(
pp8

J~ «̂p ,«̂p8!

N1/2
@~ êp↑

† êp8↑2êp↓
† êp8↓!Ŝ0,p82p1êp↑

† êp8↓Ŝ21,p82p1êp↓
† êp8↑Ŝ1,p82p#

1(
pp8

J~ «̂p ,«̂p8!

N1/2
@~ ĥq↑

† ĥq8↑2ĥq↓
† ĥq8↓!Ŝ0,q82q2ĥq↑

† ĥq8↓Ŝ21,q82q2ĥq↓
† ĥq8↑Ŝ1,q82q#, ~7!
of
ult-

s
nto
-
he

-
av-

ody

y

e it

E

where,«̂p5Ê(«p), and the renormalized Kondo coupling

J~«1 ,«2!5Jĥ2/@~«12«2!21ĥ2#, ~8!

and

ĤRKKY5ĤRKKY
~1! 1ĤRKKY

~2!

5
1

2 (
iÞ j

JRKKY
~1! ~Ri2Rj !Ŝi•Ŝj

1
1

2 (
iÞ j

JRKKY
~2! ~Ri2Rj !Ŝi•Ŝj , ~9!

where the termĤRKKY
(1) (ĤRKKY

(2) ) comes from the transfor
mation ofH0(HK), and

JRKKY
~1! ~R!5

J2

G E «pcos@~q2p!R#

~«p2«q1ĥ !2
dp dq,

JRKKY
~2! ~R!52

J2

G E 2cos@~q2p!R#

«p2«q1ĥ
dp dq, ~10!

whereG is the volume of the Brillouin zone. Thus, the phys
cal picture of the system implied by this formalism is
vacuum state consisting of a background of Ruderm
Kittel-Kasuya-Yosida-~RKKY ! induced spin correlations
where two kinds of elementary modes can be excited:
neutral modes associated with the deformations of the
-

ft
in

liquid, and charged modes corresponding to the excitation
electrons and holes on the system. Note that while the res
ing Kondo term is proportional toJ, the corresponding
RKKY Hamiltonian is proportional toJ2. For instance, in
the one-dimensional case, we haveJRKKY(R5na)
5JRKKY

(1) (R5na)1JRKKY
(2) (R5na)50.26J2, 20.20J2,

0.14J2,20.09J2,0.07J2, . . . ~in bandwidth units! for n
561,62,63,64,65, . . . , respectively, which correspond
to a weak antiferromagnetic ordering. Therefore, taking i
account Eqs.~8!–~10! the RKKY Hamiltonian can be con
sidered a negligible contribution in the calculation of t
charged spectrum within our KLM analysis.

From the optimal operatorsĉka , Ŝl ,k one can now con-
struct the strongly correlated~SC! modes. The general struc
ture of an electron strongly correlated with a spin wave, h
ing s5sz51/2 and wave vectork, is given by17

uSCEk,1/2&5N21/2(
p

B~p!~ êp↑
† Ŝ0,k2p1êp↓

† Ŝ1,k2p!uF&.

~11!

The physical image for these SCE states is a many-b
electron~hole! excitation produced by theĉps

† operator that
is coupled with a cloud ofS51 spin waves produced b
applying theŜ operators touF&. The variational function
B(p) is an essential feature of the SCE states becaus
determines which electrons~their energy locations! are
coupled with the spin fluctuations of the spin field. The SC
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energy is a functional ofB(p) which should be minimized
The condition for the minimization ofESC,1/2@B# has a solu-
tion only for antiferromagnetic couplings (J.0). This solu-
tion, with the approximationÊ(«);6„Ê(0)1«… @the sign
1(2) corresponds to states above~below! the Fermi level#
leads toB(p)5Z/@«p1V1/2#, ESC,1/256(Ê(0)2V1/2), Z
being an arbitrary constant used to normalize the SCE sta
andV1/25e22/JDF/2 @here,DF is the density of states~DOS!
at EF in the noninteracting system of Eq.~1!#. For ferromag-
netic couplings collective states are formed and they sho
have the structureuSCEk,3/2&5N21/2(pD(p)êp↑

† Ŝ1,k2puF&,
which is the general form of a state composed of an elec
and a spin wave having wave vectork and s5sz53/2. In
this case, the condition for minimizingESC,3/2@D# has a so-
lution only for J,0 and it leads toD(p)5Z/@«p1V3/2#,
ESC,3/256(Ê(0)2V3/2) whereV3/25e4/JDF/2. I should note
that if one considers the KLM as a special case of the H
bard or Anderson lattice Hamiltonians, the ferromagne
Kondo coupling corresponds to negativeU energies, since
the step from one paradigm to the other is basically reali
with the changeJ}t2/U. For couplings of the same strengt
the formation of these states is much more favored in
antiferromagnetic case (V1/2@V3/2). If V stands for either
V1/2 or V3/2, from the expressions ofB(p) andD(p) it can
be readily seen that the probability of finding in a SCE mo
an electron with wave vectorp such that«<«p<«1d« is
P(«)d«. For obtainingP(«), we normalize theB function,
and thusP(«)5B2(«)5V/(«1V)2. This means, for in-
stance, that half of the electrons which constitute th
modes have their energies in the layer 0<«p<V, which
implies that only a narrow part of the conduction band p
ticipates in the formation of the SCE states, since the c
duction bandwidthW is much larger thanV.

Another possible point to analyze is the effect that
RKKY Hamiltonian produces in the SCE states. The RKK
correction in these states (^SCEuĤRKKYuSCE&) depends on
the product of two effective coupling parameters,B(p)
which are the couplings between charged particles and s
fluctuation waves and theJRKKY’s of Eq. ~10!. A simple
inspection of this correction allows us to neglect it in front

^SCEuĤkinetic1ĤKondouSCE& which give the spectrum o
these states. This question is different in the ground st
since, in^FuĤRKKYuF& the coupling parametersB(p) do not
appear. In this case, this correction,}J2, takes only signifi-
cant values in the localized spin field and yields no import
effect in the charged modes’ wave function.

III. COMMENTS ABOUT THE THEORETICAL MODEL

The unitary transformation of Eq.~2! is completely de-
fined when the functionsT̂(k,k8) are determined. The gen
eral form of these functions is17 T̂(k,k8)51/(«k2«k81h),
where the low-energy regulator (h) avoids divergences in
the transformationT̂ and to ensure its unitarity. As said i
Ref. 17, the spectrum of the eigenstates (ĉka

† uF&) of the
transformed noninteracting Hamiltonian~6! presents a gap
between electron and hole states: 2Ê(0)'h13J2/16
22ĥ/p, where ĥ is obtained from the Eq.~17! ĥ
es,
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5(3pJ2/64)ln(1/2ĥ). The second term ofÊ(0), which is the
largest in this expression, arises from the transformation
the extended band term of Hamiltonian~1! by means of Eq.
~3!. In addition, in a concomitant way, this transformatio
directly yields the RKKY interaction, i.e.,

eT̂~Ĥkinetic1ĤRKKY
~1! !e2T̂1eT̂~ĤKondo1ĤRKKY

~2! !e2T̂

'H01HK .

Therefore, in a certain sense, we can admit that the e
tence of a gap in the kinetic Hamiltonian~6! has a RKKY
character, since this gap is opened in the charged par
spectrum of the ground state when~and because! ĤRKKY

(1)

arises in the localized spin field due to the unitary transf
mation. In addition, as commented in Sec. II, the correct

^FuĤRKKYuf& and the gap in the charged modes of t
vacuum state are}J2. One could say thatÊ(0) corresponds
to the energy condensation of the new ground state of
charged modes that is utilized in antiferromagnetic corre
tions within the noncharged spin field.

Obviously, if we consider a different order of truncatio
of the unitary transformation, this gapÊ(0) will quantita-
tively be different and correlatively the interaction terms
the spin-spin exchange within the spin field will also be d
ferent ~then terms of the typeJ3Ŝi Ŝj Ŝl , J4Ŝi Ŝj Ŝl Ŝm , etc.
will appear!. If J values are small enough, these new sp
spin interactions and new terms of the spectrum gap in
~6! ~which always appears!, are negligible in front of those
arising from the first order since their corresponding exp
nents ofJn are larger.

The transformation process of the Hamiltonian made h
and in previous works~Ref. 17! infers the existence of a
transformed vacuum state@the stateuF& of Eq. ~11!#. This
vacuum state is such that:êpauF&50, ĥqauF&50, and
êpa

† uF& and ĥqa
† uF& are eigenstates of the kinetic Hami

tonian ~6!. These eigenstates present the cited gap@2Ê(0)#
in their charged spectrum. An easy inspection of the Ham
tonian~5! allows us to know that the vacuum stateuF& is the
ground state of Eq.~5!. We have proved in Ref. 17 that th
SCE modes~11! are the excited states of this transform
Hamiltonian. Therefore, the spectrum of SCE states depe
on theĤkinetic and ĤKondo. As a consequence this spectru
contains the analytic term proportional toJ2 coming from
the kinetic term and another exponential term arising fr
the transformed Kondo Hamiltonian. In this scenario the
ergy location of the SCE states governs the conducting
magnetic properties of the Kondo lattice materials. The
fore, these properties depend directly on two competing
fects: those arising from the RKKY character (}J2) and
those that are consequence of the transformed Kondo in
action ~exponential term!. This point, which is variationally
determined in this paper, has been suggested previous
the literature.3,4,11,15,18–22In Secs. IV, V, and VI, I discuss
the conducting and magnetic properties of the KL system
a function of the location of the SCE states, and discuss h
the effects of the two components (J2 and the exponentia
one! can yield different phases.
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Let me compare our model with other previous Kon
analysis. Fazekas and Muller-Hartmann determine, a
variationally, the Kondo lattice ground state considering s
eral trial wave functions. Their results for the energy p
particle («p) of ground state in all analyzed cases cont
several terms. For the case in that the magnetic orde
coexists with Kondo regime,«p contains a term}J2 and
other logarithmic one. For the case of coherent superpos
of Kondo singlets,«p is the summation of an exponenti
term and another constant. Therefore, there is a certain s
tural similarity with the results of the spectrum of SC
states. However, the main difference in both analysis is
the ansatz utilized by the above cited authors is constitu
by fermion operators corresponding to extended and lo
ized electrons, while the SCE states of Eq.~11! is a coupling
of S51 magnetic bosons with fermionic charged states. T
may be the reason for obtaining the quantitative differen
between the spectrum of SCE states and«p deduced by Faze
kas and Muller-Hartmann.

One of the main results of the Gutzwiller procedures~see,
for instance, the second paper of Ref. 9! is the achieving of
two hybridized bands formed byf levels and extended con
duction states which are split by a hybridization gap of e
ponential form identified with the Kondo effect gap. In th
insulating phase, the DOS arising from these bands has
peaks at both sides ofEF . In this phase the results for low
energy scales (;TK) can be easily interpreted because t
Kondo gap split states whose predominant component in
hybridization can correspond to the localized one. Howev
in the metallic phase, the physical interpretation is somew
more difficult. This is so because in this caseEF can cut the
lower ~or upper! hybridization band in an energy zone whe
the band states share localized and extended compon
This is indicative that the hybridization propitiates the fo
mation of a quasibandf, and therefore, the possibility o
migrations off ~quasilocalized! electrons between differentf
lattice sites. However, the Gutzwiller models9 for obtaining
the hybridized bands, normally, do not consider, in the u
Hamiltonian, terms of the typef i

†f j ~i.e., the obtained result
imply a f hopping in the lattice which is overlooked in th
Hamiltonian that is used for obtaining these results!. In our
model, we do not consider two ‘‘flavors’’ of charged pa
ticles ~d extended andf localized!, since in KL models, thef
level is deep enough, and therefore, the overlooking in
~1! of the f charge freedom degrees is justified. As a con
quence, for metallic phases where thef-charged quasiparti
cles lie close toEF , as it is in the case of CeSi2 , the results
of our model are indicative and modest. For this latter ca
as I say in Sec. V, other supplementary ingredients shoul
added in order to explain all closeEF features of its elec-
tronic structure.

In my opinion, the structure of the ansatz~11! can present
disadvantages, due to the complexity, with respect to tha
the Guztwiller-like trial wave functions but it also has som
advantage. First, Eq.~11! along with the unitary transforma
tion defined by Eqs.~2!–~4! are able to directly yield the
RKKY Hamiltonian ~9!, while in other works3,4,18,9it is sug-
gested or introduced by hand. In second place, there
coherence between the pattern obtained from the SCE s
with some experimental facts of the heavy-fermion pheno
enology of the Kondo lattices. This phenomenology, as p
o
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viously suggested,3,4 is associated to the existence of sp
fluctuations waves that, on one hand, can be coupled w
charged particles and, on the other hand, quench the w
antiferromagnetism yielded by the RKKY interactions. O
the other hand, I wish to remember that similar types
ansatz ~11! have been used in analysis of the on
dimensional Kondo lattice.1,6 An interesting result in some o
these analyses1 is a rigorous proof of that the ground state
a system composed of one extended electron plus the lo
ized one-dimensional spin field is a ferromagnetic state
an antiferromagnetic Kondo coupling. In low conductio
electron density~i.e., away from half filling! and for large
Kondo coupling parameters the ferromagnetic state is m
tained. This is not surprising if one considers all terms wh
compete in this reduced version of the Kondo lattice. In o
model, Eq.~10! is the general induced RKKY term comin
from the transformation@Eqs. ~3! and ~4!# of the initial
Hamiltonian ~1!. This initial Hamiltonian corresponds to
system composed ofN-extended band electrons interactin
with a spin field of arbitrary dimension. Within our mode
the results of Eq.~10! are strongly dependent on the e
tended band structure«ka and also on the crystal geometr
included its dimension. Therefore it is not rare that from E
~10!, we obtain an antiferromagnetic RKKY interaction~as
explained in Sec. II! within the spin field when this interact
via a Kondo lattice withN-extended electrons in the one
dimensional paramagnetic band. This RKKY interaction~10!
competes with the spin fluctuations which are coupled w
the charged particles in the SCE modes and whose prope
are in coherence with the idea of the spin liquid. In any ca
this latter result cannot be considered contradictory w
those results of Ref. 1: they are different because the syst
in both cases are different. In fact, the authors of Ref
recognize that in similar regimes to those studied in t
paper~i.e., half filling or more occupation ratio! for the one-
dimensional Kondo lattice, a spin liquid with a tendency
quenched magnetic ordering and even a paramagnetic
are the most probably states.

In short, our model does not present severe contradict
with previous theoretical results and I think that we can e
plain several features of the conducting phases of the Ko
lattices versus their band parameters, confronting theJ2 ef-
fects versus the exponential ones.

IV. INSULATING PHASE

The pattern obtained from the HamiltonianĤkinetic for the
renormalized noninteracting system is a Kondo lattice in
lator with a gap whose value is

Dc52Ê~0!50.096J2. ~12!

Taking into account that this gap is given in bandwidth un
and that our model is valid up toJ5Jtop'0.3 ~for values of
J>0.3 the expressionc5eT̂ĉe2T̂5 ĉ1@ T̂,ĉ# is dubious!, I
estimate that the maximum value for this gap will be arou
100 meV.

The existence of this gap has been justified and explai
in Sec. III. Mathematically, the dependence ofDc on J2 is a
consequence of the approximation considered in the trans
mation of fermioncka operators, since this approximatio
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@Eqs.~2!–~4!# implies that the transformation is linear withJ
and the kinetic Hamiltonian is quadratic withJ. As explained
in Ref. 17, the value ofDc is obtained inÊ(«ka) when in-
cluding in this spectrum the Kondo interaction effects cor
sponding to states of very different energies, since the re
malized Kondo interaction (ĤKondo) is only effective, as
explained above and in Ref. 17, between states of sim
energies@see Eq.~8!#.

Using the ansatz~11! the diagonalization of the tota
Hamiltonian~5! is possible. whose eigenstates are the S
states. Obviously, in the calculation of these eigenstates
whole of the renormalized Kondo interaction~without the
RKKY term! is considered. The center of the energy ban
of the SCE states~X! is

X50.048J22
1

2
expS 2

2s11

uJuDF
D , ~13!

where the exponential form is a direct consequence of
Kondo lattice effects (ĤKondo) whose transformed paramet
is given in Eq.~8!. This exponential form of the variation
gap also appears in the one-dimensional Kondo lattice~see,
for instance, Ref. 1!.

Obviously, fors53/2 ands51/2, we obtain the location
of the centers of the SCE3/2 and SCE1/2 bands, respectively
It must be remembered that for a determined material
SCE bands will bes53/2 ors51/2 according to theJ sign is
ferro or antiferromagnetic. For moderate density of sta
(DF) in the initial Hamiltonian@Eq. ~1!#, and for values ofJ
large enough, the Kondo coupling can produce a true ga
the whole Fermi surface. In these cases,X.0, the SCE will
not be occupied at low temperatures~Kondo temperature
range! and the charged spectrum will remain essentially
same as in the renormalized noninteracting case (Ĥkinetic) of
Eqs. ~5! and ~6!, ~although the gap is slightly reduced wit
respect to that of the noninteracting system by the existe
of the SCE band states!. Therefore, the pattern drawn in thi
regime corresponds to clear insulator Kondo systems
those experimentally studied from some years ago.13–15 In
these materials two different gaps13 can be considered:
conducting-particle gap (Dc) and a spin gap (Ds). The
former is given by the splitting between states above
below EF , which are eigenstates of the HamiltonianĈ
1Ĥkinetic, and that in our model is given by Eq.~12!. It
seems plausible that in our analysis,Ds is identified by the
splitting between the SCE states below and aboveEF

0 . This
identification is reasonable because of the participation of
spin waves originated by the Kondo coupling in the form
tion of these SCE states. Therefore, we have

Ds5Dc2expS 2
2s11

uJuDF
D . ~14!

Considering experimental results of Severinget al. ~see Refs.
13 and 14!, Ds.180 cm21 and Dc.300 cm21. Including
these data in Eqs.~12! and~14!, we obtain that the resulting
system should haveJ50.138,DF52 and a bandwidth of the
noninteracting systemW50.95 eV. These theoretical re
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sults are within the interval of validity of our model and a
perfectly plausible and assimilated to realistic electro
structures.

The location of the SCE states with respect toEF depends
exponentially onJ andDF @the density of states in the non
interacting system~nonhatted kinetic Hamiltonian!#. There-
fore the evolution of this location with the temperature d
pends fundamentally on the variation versus the energy
the DOS. This DOS arises from delocalized band states,
therefore is quasiconstant versus the energy, with the ex
tion of singular points, van Hove singularities, etc. As a co
sequence, the insulating gap can be quasi-independent o
temperature, this point being in agreement with experime
analysis of Bucheret al.13 This possible constant value of th
insulating gap with temperature has been used for qua
tively explaining the behavior of the optical conductivi
with T in Ce3Bi4Pt3 ~see Fig. 2 of Ref. 13!. According to our
results, the optical conductivity versus frequency, should
crease up to frequencies larger than that correspondin
gap ~ideally, it could be zero up to its corresponding fr
quency!, and for larger values, the conductivity can ha
modest variations or be constant. This evolution versusv is,
of course, for low temperatures. For temperatures equiva
to the energy of the gap, the SCE states can be therm
occupied even forv50 and thus the behavior is similar t
any metal~i.e., constant or slight variations versusv, above
all for low frequencies!.

On the other hand, the RKKY term in our model is pr
portional toaJ2, a being a parameter which depends on t
dimension and symmetry of the crystal and in all cases,
estimate that it is less than 1. This RKKY term provides
weak antiferromagnetism whose local moments can
quenched because the hatted charged states already h
light coupling to spin fluctuations~see Ref. 17!. Therefore,
according to our results for thisJ regime, the evolution of
meff ~average local magnetic moment in the spin field! is
coherent with Fig. 3 of Ref. 13, since it should increa
during the temperature interval which is dominated by
weak antiferromagnetism due to the spin correlations. Fr
a theoretical point of view and within our model, this beha
ior can be justified because for these temperatures the c
of spin fluctuations modifies the tendency toward a spin
tiferromagnetic ordering1,23 and thus the macroscopic mag
netization tends to be different to zero and increases.
increasing temperatures, the spin correlations are broken
gradually the SCE states are thermally occupied, and incr
ing with each additionalT, the coherenceT* is reached and
as a consequence, the structure of the spin field is lost
the incoherent impurity Kondo effect is open. Then the pa
magnetic phase dominates andmeff tends to have a constan
value coincident with that arising from the Hund’s rule co
responding to an independentf electron atom.

In short, in the Kondo insulators there are three charac
istic temperatures whose values will depend on theJ value.
For each of theseT’s, the system can display three differe
behaviors which are gradually attained. For the lowest te
perature (KTN.J2) the weak magnetic ordering is broke
increasing the temperature the SCE states are occupied
the spin liquid is constituted. In thisT interval the charged
particles are associated with fluctuations in the spin field
the coupling of conduction electrons with the spin wav
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This temperature can be defined byKTM.X ~X has been
defined above!. The largest temperature is obviously the c
herence temperatureT* , above which there are neither SC
states nor Kondo lattices~i.e., there are not SCE states b
cause there is not a Kondo lattice, but incoherent Kon
impurities!. Experimental results13,24 are clearly in agree-
ment, at least qualitatively, with the above behaviors
duced via the structure of the SCE states.

V. CONDUCTING PHASE

For increasing values ofDF and decreasingJ, the gap of
Ĥkinetic, and the resulting total gap decreases. If one con
ers an effective bandwidth for the flat band of holes a
particles of the SCE states, this gap can disappear and c
be converted into a pseudogap. Then the metallic phase
arise. In our calculation the SCE bandwidths are null,
this is a nonphysical result due to the variational proced
for obtaining it. However, if the procedure were perturbat
some imaginary part in the self-energy would produce
natural width whose effective DOS arising from the cor
sponding spectral function would be narrow Lorentzi
curves. Therefore the assignation of a certain width to
SCE bands is, in my opinion, a physical added result wh
is clearly justified. In the case of moderatedJ values and
largerDF than those of the insulating phase, the Kondo
teraction cannot open a sufficiently large gap. Thus, foX

.0, butV of the order ofÊ(0), thelow-energy electrons are
energetically allowed to participate at low temperatures
the formation of the SCE. In this case, as said above, if
considers that the narrow SCE bands are located in the
of Ĥkinetic, the picture of the system tends to resemble tha
a conductor. Then, the system will present at low tempe
tures a very strong renormalization of the electron~and hole!
masses around the Fermi level, since the SCE band is
flat. The mass renormalization due to the thermal occupa
of such SCE bands should be added to that arising from
dispersion ruleÊ(«p). The addition of these two renorma
ization effects would actually explain the important enhan
ment at the Fermi surface of the masses of thechargedex-
citations measured by photoemission and de Haas–
Alphen experiments.11 However, as I have already men
tioned in Sec. II, this electronic mass renormalization occ
in a very narrow part of the charged particle band and the
fore it can be neither the main source of the enormous s
cific heat nor of the huge low-temperature entropy measu
in these systems.4,11 The strong entropy increasing can b
reached with the breakdown of the spin correlations a
weak antiferromagnetism ordering due to the long-ran
RKKY interaction term that in our model appears to ren
malize the Kondo Hamiltonian. The two combined effec
~the occupation of the SCE states and the subsequent
renormalization, and the action of the RKKY Hamiltonia!
can be the cause for the large entropy increase ('N ln 2) and
the huge specific heat which appear in the heavy-ferm
~HF! state.4,11,17,25This interpretation which has been su
gested in the literature,3,4,11 is directly obtained in our mode
from the calculation of the effective Hamiltonian. On th
other hand, the SCE modes consist of charged particles
cated in extended states that are coupled to spin waves
-
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therefore they can be detected by photoemission spec
copy ~PES! at low temperatures. The flat character of t
SCE band would yield a very large peak in the DOS detec
by PES. However the relatively small number of charg
particles involved in the formation of these SCE modes a
implies a softening of the spectroscopical response der
from these strongly correlated states.

In Sec. II, I remarked that this work considers a Kon
lattice Hamiltonian, whose noninteracting system does
contain terms of localized charged particles~f states!, but
takes into account the spin variables of these states in
interacting term. Therefore, the present KLM analys
whose main result is the SCE spectrum, cannot explain
near EF photoemission features of some heavy-fermi
metals7,8 above all whensome of these featuresarise from
the charged particles localized in thef states. However, al-
though I recognize that the model used in this paper is una
to draw the complete pattern of the electronic structure of
in the metallic phase, the present analysis foresees a con
ing phase forX values close to zero since then the SCE sta
are located in the middle of theDc gap. The complete elec
tronic structure of the materials in this phase can be de
mined by means of other models that consider thef-charged
spectrum. In previous papers,25 we have determined severa
electronic structures of realistic Ce systems and obtai
middle-energy resonances nearEF which are occupied by
charged quasiparticles withf character lying at energies ver
close to those of the SCE states. In these calculations,25 we
use different self-energy approximations which are added
the local-density approximation Hamiltonian. Such se
energies do not take into account the interactions include
the KLM analysis of the present work, hence, the midd
energy resonances corresponding to thef charges should be
added to the spectrum of the SCE states in order to ha
complete pattern of the direct and inverse PES spectrum

The Kondo nature ofother featurescorresponding to the
low-energy photoemission spectra located just aboveEF in
Ce systems is experimentally clear.8 For instance, in CeSi2 ,
these peaks are softened8 when decreasing the compositio
of Si up to CeSi1.6, suggesting the extended nature of t
charged particles that participate in the Kondo peaks.

Concerning the low-energy resonances of the Ce syst
in general and of the CeSi2 in particular, there is a strong
controversy fundamentally between two experimen
groups.7,8 The polemic is centered in the validity~or not! of
several solutions of the impurity Anderson Hamiltonian.
Ref. 8, authors claim for an interpretation of the low ener
spectrum in terms of the impurity version of the Kond
Hamiltonian attributing the possible quantitative failures
lack of resolution, relaxation due to final effects in the ph
toemission process, and other incontrolled crystal inter
tions. The result is that the experimental bandwidths
much larger than those predicted for the impurity mode
and on the other hand the latter theoretical results are
orders of magnitude larger than the widths deduced fr
specific-heat measurements. In Ref. 7, other authors
support to a not yet clear solution in which the coheren
effects should have a preeminent role. They refute the im
rity interpretation given in Ref. 8 in the sense that the fo
seen correlation of the Anderson impurity model between
intensity and location of the Kondo peaks with the Kon
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temperature is not confirmed by the experimental resu
since, different materials with a similar low-energy patte
have very different Kondo temperatures.7 Our model gives a
coherent lattice solution which can conciliate the PES res
with those of specific heat once one conveniently inclu
the f-charged spectrum within the global scheme. In t
sense, the model described in this paper reasonably so
some of the contradictions between spectroscopical and
mal measurements pointed out in Ref. 7. However,
Kondo~lattice! nature of some of the low-energy peaks is f
us undubious, and in this point we coincide more with t
interpretation given in Ref. 8 than with that given in Ref.

In this conducting phase, two characteristic temperatu
have a preeminent role: on the one hand, the tempera
~defined byKTK.X2EF) for which the SCE states can b
occupied and can therefore be detected via photoemiss
and on the other hand, the HF state temperature (TH), above
which the HF state disappears. In the cases where both
peratures are very different and are not correlated, the
state cannot be explained only by the occupation of the v
flat SCE band. Then, the appearance of the HF state~char-
acterized by the giant enhancement of the electronic spe
heat and the magnetic susceptibility! can be also justified for
this regime (X.0) by the breakdown, above a certain tem
peratureTH , of the magnetic correlations and weak antife
romagnetic ordering produced by the induced RKKY Ham
tonian. The collective character of the SCE wave functio
leads to a variation of their occupation probability vers
temperature that obviously differs from the temperature e
lution of the Kondo peak arising from the impurity Anderso
model ~IAM !. This issue is the second part of the stro
controversy in the interpretation of the PES data.7,8 The sec-
ond conflictive point of the debate is whether the locat
and intensity of the Kondo peak behaves with the tempe
ture as the IAM foresees8 or not.7 Some experimental results7

~in certain coherence with our analysis! give support to the
inexistence of such a correlation in some HF materials,
validating the universality of the IAM explanation for th
Kondo spectroscopy detected by PES.

VI. NEW PHASE

The most interesting and intriguing conclusion draw
from our analysis occurs when the energy of the SCE mo
is such that ESC,S50.048J22 1

2 exp@2(2S11)/uJuDF#,
20.048J2. In this case, a new ground state~GS! appears,
since the charged particles of the top of the conduction b
spontaneously fall into the SCE modes due to the Kon
lattice interaction. Therefore an instability that leads to a n
quantum phase in the sense of Sondhiet al.’s26 is produced.
Strictly, the main parameters which govern this transition
the J coupling of the Kondo Hamiltonian andDF . The new
phase corresponds to a conducting material that can bec
a nonelectric resistance phase for certain conditions.
new phase occurs in the Kondo antiferromagnetic coup
when

2lnJ<1.652
2

JDF
. ~15!

For DF51 the transition is impossible. This is so because
such a small value ofDF , the Kondo coupling always open
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the insulating gap for any value ofJ. ConsideringDF52, the
phase transition occurs in theJ interval Jc50.21<J<0.30
~always in bandwidth units!, and for increasing values o
DF Jc decreases~for instance forDF53, the corresponding
Jc50.11). In the ferromagnetic case, the phase transi
occurs when

2ln uJu<1.652
4

uJuDF
. ~16!

For DF52 the transition is impossible~the same argumen
that in the antiferromagnetic case can be used!, and forDF
53 the transition occurs forJc<20.36. Obviously, for
these values ofJ, the approximation of considering the rela
tion cka

† 5 c̃ka
† 1@ T̃,c̃ka

† # is dubious, and therefore, one ca
conclude that the phase transition exists with higher pr
ability in the antiferromagnetic Kondo coupling, above a
for low values of the density of states at the Fermi level.

The approximations considered in this model, whose
tails are extensively given in Ref. 17, are fundamentally
consideration of the first order in the unitary transformatio
@Eqs. ~2!–~4!# and those approximations performed for o
taining the determination of the SCE spectrum consider
the trial wave functions@Eq. ~10!#. I wish to emphasize tha
the new phase whose appearance conditions are Eqs.~15!
and ~16! is reached for values ofJ andDF within the inter-
vals in which the above cited approximations are valid.
addition, these values are compatible with electronic str
tures of realistic materials.

Physically, the existence of this new state is linked to t
competitive causes: the change of the vacuum state (uF&
5e2T̂uF0&) before including the transformed Kondo ter
ĤKondo and the existence of the SCE modes as states of
total Hamiltonian~5!. These two causes produce two ga
defined by Eqs.~12! and~14!, and for determined values ofJ
andDF different phases arise. Specifically, for those valu
that imply Ds,0, the spin-fluctuation waves are spontan
ously coupled to the charged modes so that the SCE s
are occupied in the ground state and the new phase app
The existence of different phases depending of the band
rameters is a clear fact theoretically established1 in Kondo
lattices in one dimension. In realistic crystals, there are m
terials which present many-body states whose propertie
low temperatures are not yet well explained. However,
existence of these states associated to the coupling betw
spin-fluctuation waves and charged fermions in KL system
in the form explained in this paper, seems compatible w
the ideas suggested since some years ago.2–4 The analysis
performed in this paper is an attempt to systemize the tr
sition between the different phases modifying the band
rametersJ andDF , and in this context, the state is a natur
consequence~quantum transition! of the evolution ofDs with
these band parameters.

A. Is the phase a heavy-fermion state?

In this phase the specific heat of the system suffers a la
increase. An evaluation of this specific heat can be obtai
by modeling the SCE DOS by a narrow curve as
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NSCE~v!'
2

p

G

~v2X!21G2 . ~17!

Then, the Fermi level in the GS (EF* ) can be calculated
and takes the value

EF* 5X2GctgF2pM

N G , ~18!

M being half of the number of occupied SCE states andN the
number of unit cells of the crystal. The evaluation ofM is
easy. For instance, considering a rectangular DOS of
noninteracting system whose energy band dispersion is g
by Ê(«k), M5N/W* zuEF* u2Ê(0)z. In this situation, the to-
tal internal energy of the system is

U~T!5U01
p

3
Kb

2T2F 1

G
sin2A1

2ms

G2 sin3A cosAG
1

7p3

15G3 ~KbT!4F1

2
cos 2A sin4A1sin4A cos2A

1
4ms

G
cosA sin5AS cos2A2

1

2D G , ~19!

where

ms5EF* 2
p3

3G
~KbT!2sin 2A,

A5
2pM

N
, ~20!

U0.E
2`

ms
Ê~x!N̂~x!dx1M @V2Ê~0!#.

Therefore, if one considers thatM,N and that the chemica
potential is at this temperatures almost invariable with
temperature, the specific heat is

CV5
p2Kb

2T

3
N̂~ms!1

8pKb
2T

3G F S pM

N D 2

1
4ms

G S pM

N D 3G
1Kb

4 S pT

G D 3F224

5 S pM

N D 4

1
1792ms

15G S pM

N D 5G . ~21!

In the limit X50, M→0 and thenCV5CV
0 , CV

0 being the

specific heat yielded byN̂(x) ~the first term of former equa
tion!. When the binding energy (uXu) increases, the numbe
of occupied SCE states in the GS increases, and then
specific heat quickly increases due to the narrowness of
SCE bands (G). The expression of thisCV is a polynomial of
the kind g* T1b* T31•••. Some materials~for instance
UBe13) present at low temperatures specific heat with po
nomial expressions~see Fig. 4 of Ref. 2!, and Eq.~21! can
imply a specific heat thousands of times larger than tha
the normal phases of conventional metals, the reason for
enhancement being the coupling of electrons with s
waves as suggested previously in literature.2–4Expressions
(18)–(21) show that the huge specific heat and the magne
susceptibility characteristic of the HF state could be e
plained by this phase with the only mechanism of the oc
e
en

e
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he
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pation of the SCE states.On the other hand, the entrop
variation with T is also very large because of the part
occupation in the GS of the narrow SCE band. In additi
the occupation of these SCE states is not the only sourc
mass and entropy enhancement, since the RKKY term
operates in the phase producing spin correlations and a
dency to a weak antiferromagnetism that can be destroye
low temperatures which can increase yet moreCV . How-
ever, the spin correlations produced byĤRKKY can be
damped in this phase because of the occupation of the
states in the ground state since the SCE states imply
fluctuations within the spin field which compete with th
spin-spin correlations~the damping of the local moments b
the spin fluctuations is an old experimental result in mater
in the heavy-fermion state3,4,16!.

If the HF state can occur when the charged particles
into the collective SCE states, the debated question abou
nature of the particles~charged fermions10,9 or neutral
particles11! that are responsible for the HF transition, can
answered mixing these disjunctive propositions. This is
because the SCE states are, as it is insisted throughout
paper, constituted by the coupling of renormalized charg
particles~fermions! with collective spin excitations~bosons!
originated by the exchange Kondo interaction.

B. Is this phase a superconducting heavy-fermion state?

An issue that has caused large expectation is the rela
between the magnetic spin fluctuations and the quenched
tiferromagnetism with the appearance of a matter state
which the zero-resistance property is one, and not the o
surprising manifestation.2–4 A fascinating question opened i
the analysis of this new GS is whether the energy conde
tion which produces the instability in the Fermi surface c
lead to a situation similar to superconductivity or whethe
is a simple manifestation of dressed electrons mixed w
spin-density waves. However, in any case, the phase sh
present large variations in the conducting behaviors, si
the charged particles trapped in the flat band of SCE st
are responsible for the conductivity properties. These p
ticles present small mobilities due to their large effecti
masses and consequently their velocities are very low, s
vF.ve(CV

0/CV), vF(ve) being the velocity of the SCE~free
electron! particles, andCV(CV

0) the calculated~free-electron
gas! specific heat. In the Hilbert space whose basis is con
tuted by SCE states, the transformed Kondo Hamiltonian~5!
is approximately diagonal, then, the SCE states should o
interact with the lattice via absorption and emission
phonons. However, when the velocity of the particles in
SCE states (vF) is less than the sound velocity in the mat
rial (vs), the charges located at energies next toEF cannot
interact with the lattice and therefore are unable to prod
electrical resistance. Using the linearized Euler model27 of
motion of two fluids,vF,vs if the specific heatCV satisfies
the following condition:

CV.CV
0 S 3M

ZmD 1/2

, ~22!

whereM (m) is the mass of the atoms~free electron! of the
solid andZ their charge.With these latter conditions, a zero
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resistance transition could appear by the only mechanism
the occupation of the SCE states, without requiring the p
coupling of the charged particles close to EF. The transition
temperature should be low because it is given by the wid
of the SCE band since the smallvF is only ensured within
this band. In addition, if this zero-resistance transition is o
caused by the SCE band occupation, the corresponding
is gapless, since the gap is associated with the existenc
pair condensation. In coherence with this point, the spec
heat in this phase does not vary exponentially, but as aT3

polynomial, similar to that of some characteristic gapless
perconductors as UBe13.

In this phase, external magnetic fields~H! can inhibit the
spin fluctuations via Zeeman effects, thus making poss
the breaking of the coupling between charged and s
waves whenH is larger than a critical value. Using a the
modynamical reasoning analog to that used for the stan
superconductivity, the critical fieldHc(T) and transition
temperature can be deduced from the differences betwee
free energies of the normal and new phases. Therefore,
can consider that

2

3
m0pr 0

3Hc
2~T!52

1

bE2`

`

N̂~x!lnF 11e2b~x2m!

11e2b~x2ms!Gdx

1
1

bE2`

`

NSCE~x!ln@11e2b~x2ms!#dx,

~23!

where r 0 is the interparticle spacing;m and ms are the
chemical potentials of the noninteracting system and the
phase, respectively. Following the superconducting analo
the transition temperatureTc can be obtained in a function o
system parameters considering in Eq.~23! Hc equal to zero.

I wish to emphasize that, in this phase the possible
pearance of superconductivity is concomitant with the n
rowness of the active SCE bands and the subsequent
specific heat which is provided to the system~this concomi-
tance was suggested from experimental point of view by F
et al.3!. A candidate to present this kind of~pseudo?! super-
conductivity could be UBe13, since it is experimentally
known3 that this material presents a heavy-fermion spec
heat varying asT3 and it is clearly a gapless superconduc
of very low transition temperature2–4,9,16(.1 K).

On the other hand, it is necessary to note some differen
between the phase described in this section and the stan
superconducting state caused by the electron pairing:~i! The
charge carriers are the SCE states that are fermions, in
tradiction with the standard paired superconductors wh
they are electron pairs~false bosons!. ~ii ! In the GS described
here, there is not superconducting coherence as with the
dard superconductors, since it is caused because the
center of the charged particles are in the same wave fu
tions, logically, in contradiction with the fact that in this G
all charges are fermion states.~iii ! Possibly, the scattering
with the crystal impurities should present differences t
will have to be determined.

It is clear that for obtaining an incipient description of th
possible superconducting state, a quantitative analysis o
conducting and superconducting properties must be car
out. A particular point that should be considered is the infl
of
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ence in the superconducting transition of the possible e
tence of a middle-energy resonance band correspondin
the chargedf particles which, as said above, are excluded
this KLM analysis. In addition, the question of whether t
superconducting transition operates by means of two Fe
liquids ~the SCE occupied states and the chargedf particles!
or whether the chargedf particles also participate in the su
perconducting energy condensation should be answered

VII. SUMMARY AND CONCLUDING REMARKS

The analysis presented in this paper can be summarize
follows: we have two subsystems, charged particles in
tended bands and a spin field in a quasiantiferromagn
ordering. When both subsystems interact via spin excha
coupled particle states can be formed by chargeds51/2 par-
ticles and neutrals51 ones. These states haveS51/2 for the
antiferromagnetic initial Kondo parameter~J!, and S53/2
for the ferromagnetic case. The spectrum of these states
firms the conducting and magnetic properties of the KL s
tems. This spectrum contains two terms: one of them}J2

and another exponential. The first term arises in th
charged modes because the unitary transformation yields
RKKY interaction that acts within the localized spin field
The exponential term arises from the transformed Kon
Hamiltonian. Varying the coupling strength~J! both terms of
the spectrum of the SCE states vary differently and thus
quantum phases appear. For largeJ and the small density o
states of the noninteracting system (DF), the Kondo lattice
interaction yields a GS that corresponds to a small-g
Kondo insulator. DecreasingJ and increasingDF the gap
also decreases and the conducting phase is then possib
this phase, thermal excitation of electrons can be produ
and then spin-flip effects in the weak antiferromagnetic
dering generate spin waves which are coupled with som~a
small number! of these electrons. This fact increases the
fective mass of the conduction electrons. In this phase o
apparent mass enhancement can be associated to the en
increase due to the thermal breakdown of the spin corr
tions induced by the RKKY interaction. For a critical valu
of J, spontaneous spin waves arise atT50 K, and thus a
true phase is produced since the coupled states are occu
in the GS. The effective mass of electrons in an energy
terval aroundEF is then very large and the mobility of th
particles in such an interval is so small that it can hinder
interaction with the lattice. Then the zero-resistance s
condition arises in the Kondo lattice system. In other wor
the occupation of the SCE states in the GS implies the sp
taneous coupling of the electrons with the spin waves ge
ated by their interaction with the spin field. This fact can
a sufficient mechanism for the energy condensation of a s
cial ~super?! conducting state, although it does not exclu
the concomitance with other mechanisms.

Note added in proof. Equation~19! is obtained from Som-
merfeld’s method. Obviously, other methods will yield di
ferent functions forU(T). The important point of Eq.~19! is
that the terms inT, T3, T5,... cannot be neglected becau
they are proportional toG21, G23, G25,..., respectively.
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