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| analyze the possibilities of the Kondo lattice scenario for the different quantum phases appearing in
strongly correlated systems. | 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 holeg 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 Xooalo
pling and the density of states Bt of the noninteracting systenDg). For small values oD, and sufficient
large values of], the resulting systems are weak antiferromagnetic insulators. For incrdaginglues and
decreasing) couplings, the pattern corresponds to conducting materials which are candidates, in certain
conditions, to be heavy-fermion metals. For determined conditio3-oind J values, there is an interval of
the J parameter {.<J<J,,), 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 coupliff&0163-182608)01441-9

I. INTRODUCTION In this work, | start from a KLM analysis whose detailed
mathematical formalism and calculations are given
The Kondo lattice modelKLM ) is generally regarded as elsewher&’ and | use this formalism for analyzing the physi-
a canonical model for strongly correlated systems when oneal results that are, in author’s opinion, essential for the un-
can consider that the high on-site Coulomb repulsion camlerstanding of the phenomenology of the Kondo lattice sys-
inhibit the charge fluctuations in the correlated orbitaln ~ tems. The main point that | wish to emphasize in this work is
explanation of the phenomenology of these sysfeitsased the evolution of the electronic pattern offered by the spec-
on this model, on the Anderson lattice model in the Kondotrum of the strongly correlated modes for different values of
regime or in any other modelstill remains incomplete and J (Kondo coupling parameteand D (density of states of
controversiaf~® There are paradigmatic debates which havenoninteracting system &). This analysis allows us, on the
implied large experimental and theoretical efforts and remairone hand, to draw three quantum phagesulator, conduc-
without consensus. tor, and a different phase which may correspond to a kind of
Some examples of these debated questions (8r&éhe  superconducting statelepending on the values dD¢, and
nature of the low-energy resonances detected by direct argh the other hand, to incide in the controversial debates cited
inverse photoemissioft; in this point, some authofsare  above, giving coherent physical interpretations in unified
looking for physical models to find coherence between thanodel.
features of these resonances and the experimental results,
since, in their opinion, the explanation of other auttbrs, Il. THEORETICAL MODEL
based on the impurity models, is inconsistdiij. The dis-
cussion about whether the existence of a huge specific heat We consider a KLM consisting of a conduction band
in the heavy fermion state is due to charged particieser ~ coupled to a lattice of=1/2 local moments by an exchange
neutral particles! (i) The mechanism of the energy con- interaction, namely,
densation in the superconductivity of some heavy-fermion
compounds, as UBeg, which remains completely - _ + Q.
unknown?*? (iv) The ex?stence of the Kondo insulatdrs® H=Ho+Hy gy Skckack“+JEi Sei” St @
On the other hand, some agreements seem to be more o .
less generalizeti*® and thesegare(:i) the existence of the Where S?izl/zzayﬁcra"aﬁciﬁ and S;; are the spin of the
so-called coherence temperatdi&, below which the sys- conduction electrons and the<1/2) local spin at site,
tem behaves as a coherent spin liquid and above which tH@spe_ctlvely. The ess_entlal idea of this _fo_r_mallsm is the use
f-electron atoms act as independent magnetic impuriies. of unitary transformations that map the initial operam:;b,
The presence of a certain tendency to antiferromagnetism ifi. @nd Sy (Fourier transformations off, , ¢i,, and Sy)
which the value of the local magnetic moment is quenchednto a physically meaningful set,,=e "c,.e’, cf,
by the fluctuations in the spin liquidiii) The existence of _g-T¢f o7 &, —e TS, The new operatorépa=6pa

.. p . ka
large entropy variations, huge specific heat, and magnetic At correspond to electrons and holes that an-

e o . andhg,=c’
susceptibilities in some K| materialdy) The concomitance — @ q-a ™ . ~t
of superconductivity and large specific heat in some Ce anflinilate theactualinteracting ground stafeb), andey,|®),
U compounds. h$a|<b) represent the best possible approximations to the ac-
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tual charged modes of the system. The generdtan® taken Sk=St[T.5 (4)

as the simplest operators involving fermions that preserve all

the symmetries oH. The simplest operator involving fermi- (the index| of S, can take the values 0, %1, correspond-

ons that satisfies this condition is ing to the operatorSy,, Sy, andS, , respectively.
Substituting expression$2)—(4) in the initial Kondo

S J A ~t oA At oA 2 Hamiltonian, we obtain the expression ldfin t f th
_ v / t At , pression léfin terms of the
T= Nl/zgf, Tk KL(Cky Chry = C Cicr1) Sokr —k transformed operators
At A e t A A . N
* CkTCk,157 1k -k Cklck,TSl'k, -l @ H=C+ Hyinetict Hkondot Hrkxy 6)

where the operational part enclosed in parenthesis is equal to

that of the Kondo Hamiltonian and*(k’,k)=—T(k,k’)  WhereC is a constant, and

from the unitary condition off [for a larger explanation of

the determination and meaning B¢k,k') see Ref. 17. For Hiinetic= 2 E(ep)€0,8pat > E(—e)hl Nge,  (6)
small values ofl the new operators are expected to be slight p.e Q.

deformations of the initial ones, and we can make the ap- R
proximations: whereE(e) is the renormalized energy dispersion whose ex-

f oy ~ ~t pression is given in Ref. 17; thl@lKondo-interacting Hamil-
Cka=Cka [ T:Ckals (3 tonian takes the following form:

R JEp,8h)  mrn apa
_ P &p/ L at t T t
HKondo_z N1/2 [(epTeprT_epleprl)SO’pr_p+epTeprlS_llpr_p'i‘epleprTS]_’pr_p]
pp’

‘J(‘;’P";’l;) At f AT R & NN AT R &
+2 V[(hm a1~ Mg g ) Soqr -~ NgNgr 1 S-10'-q = Ng hgr1S1g -l ()

’

Where,gp:f;(sp), and the renormalized Kondo coupling is liquid, and charged modes corresponding to the excitation of
electrons and holes on the system. Note that while the result-

J(eqy,80)=In%[(e1— )2+ 3?], (8) ing Kondo term is proportional ta), the corresponding
RKKY Hamiltonian is proportional taJ?. For instance, in
and the one-dimensional case, we havérkcy(R=na)
Y a Lo =Jhiky (R=n2) + IR (R=na) =0.2607, —0.200%,
Hrikiy = Hrixy T Hrkxy 0.14)%,—0.09%,0.07%, ... (in bandwidth units for n
1 =+1+2+3,+4,£5,..., respectively, which corresponds
Z Jg-ngY(Ri_ R;) 5 §J to a weak antiferromagnetic ordering. Therefore, taking into
217 account Eqs(8)—(10) the RKKY Hamiltonian can be con-
1 sidered a negligible contribution in the calculation of the
+ 52 J%&KY(Ri— R)S-S, 9) charged spectrum within our KLM f;\naly3|s.

From the optimal operators,,, , S x one can now con-
struct the strongly correlatg®C) modes. The general struc-
ture of an electron strongly correlated with a spin wave, hav-
ing s=s?=1/2 and wave vectok, is given by’

where the termH&), (A&),) comes from the transfor-
mation ofHy(Hg), and

J? cod(q—p)R
J(Rl&KY(RFFf Md d

(ep=eqt 1)’ |SCB12)=N"122 B(P) (&1 Sox-p+ &1 Suk-p)l D)-
J? [ 2co$(q—p)R] (11)
Fy(R)=—F | —————=—dpda, (10 o _
Ep—&qT W The physical image for these SCE states is a many-body

whereT is the volume of the Brillouin zone. Thus, the physi- electron(hole) excitation produced by thej,, operator that

cal picture of the system implied by this formalism is aiS coupled with a cloud oS=1 spin waves produced by
vacuum state consisting of a background of Rudermanapplying theS operators to|®). The variational function
Kittel-Kasuya-Yosida-(RKKY) induced spin correlations, B(p) is an essential feature of the SCE states because it
where two kinds of elementary modes can be excited: softletermines which electrongtheir energy locations are
neutral modes associated with the deformations of the spinoupled with the spin fluctuations of the spin field. The SCE
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energy is a functional oB(p) which should be minimized. =(37J%/64)In(1/27). The second term d&(0), which is the
The condition for the minimization dEgc 1/ B] has a solu-  largest in this expression, arises from the transformation of
tion only for antiferromagnetic couplings)&0). This solu-  the extended band term of Hamiltoniéh) by means of Eq.
tion, with the approximatiorE(e)~ = (E(0)+¢) [the sign  (3). In addition, in a concomitant way, this transformation
+(—) corresponds to states aboffeelow) the Fermi leve]  directly yields the RKKY interaction, i.e.,

leads t0B(p)=Z/[ep+Qypl, Escurm = (E(0)—Q4p), Z
being an arbitrary constant used to normalize the SCE states,
andQ,=e 2"PF/2 [here,D¢ is the density of state®OS)

at Eg in the noninteracting system of E(.)]. For ferromag- ~Hg+Hg.
netic couplings collective states are formed and they should

have the structurdSCE, g;) = N™Y25,D(p)e}; Six—ol®),
which is the general form of a state composed of an electro
and a spin wave having wave vectiorand s=s*=3/2. In

this case, the condition for minimizingsc 34 D] has a so- ~ (1)
lution only for J<0 and it leads taD(p)=Z/[ep+ Qapl, spectrum of the ground state whéand becauseH gixy

B _ 413D arises in the localized spin field due to the unitary transfor-
5121(%%2(_)ri(féggidgéli)hglel_r:/lﬂsgg ipe;;zl'g;::g#dtﬁgtaubmatipn. In addition, as commented in Sec. I, the correction
bard or Anderson lattice Hamiltonians, the ferromagnetid®|Hrkky|®) and the gap in the charged modes of the
Kondo coupling corresponds to negatieenergies, since vacuum state areJ?. One could say tha(0) corresponds
the step from one paradigm to the other is basically realizeto the energy condensation of the new ground state of the
with the changd=t?/U. For couplings of the same strength, charged modes that is utilized in antiferromagnetic correla-
the formation of these states is much more favored in thdions within the noncharged spin field.
antiferromagnetic case();;,>Q4p). If Q) stands for either Obviously, if we consider a different order of truncation
Oy, 0r Qgp, from the expressions @(p) andD(p) it can  of the unitary transformation, this gap(0) will quantita-
be readily seen that the probability of finding in a SCE modetively be different and correlatively the interaction terms of
an electron with wave vectqy such thats<e,<e+de is  the spin-spin exchange within the spin field will also be dif-
P(e)de. For obtainingP(e), we normalize theB function,  ferent (then terms of the typa®$5S, J*5S5SS,,, etc.

—_R2 — 2 H ; (] j )

and thusP(e) =B“(¢)=Q/(e+Q)". This means, for in- ;|| appeay. If J values are small enough, these new spin-
stance, that half of the electrons which constitute thesgpin interactions and new terms of the spectrum gap in Eq.
modes have their energies in the layer&,<, which (g) (which always appeaysare negligible in front of those
implies that only a narrow part of the conduction band par-arising from the first order since their corresponding expo-
ticipates in the formation of the SCE states, since the conpents ofJ" are larger.
duction bandwidttW is much larger thar). The transformation process of the Hamiltonian made here

Another possible point to analyze is the effect that thegng in previous workgRef. 17 infers the existence of a
RKKY Hamiltonian produces in the SCE states. The RKKY t5nsformed vacuum staféhe state|®) of Eq. (11)]. This

correction in these state$§CHHryky|SCE) depends on  yacyum state is such thag,,|®)=0, hy,|®)=0, and

the product of two effective coupling parameteB(p) At ot , N -
which are the couplings between charged particles and spir%"“!q)> and hq“|q)>_ are eigenstates of the. kll’letl(i Hami
fluctuation waves and th@gxcy’s of Eq. (10). A simple  tonian (6). These eigenstates present the cited [g2(0)]

inspection of this correction allows us to neglect it in front of in t_heirsche}lrged spectrkum. Arr: eaﬁy inspection gthe Eamil-
(SCElHkmencH:'KondJSCE) which give the spectrum of tonian(5) allows us to know that the vacuum stéde) is the

¢ 7 . round state of Eq5). We have proved in Ref. 17 that the
these states. This question is different in the ground stat CE modes(11) are the excited states of this transformed

since, in<¢|r';|_RKKY|q)> Lhe coupling pa;ramketea(pl) do n_c;f[ Hamiltonian. Therefore, the spectrum of SCE states depends
appear. In this case, this correction)®, takes only signifi- pn the A inetic and Hgongo- AS a consequence this spectrum
cant values in the localized spin field and yields no importan . f ; )
X ! . contains the analytic term proportional 8 coming from
effect in the charged modes’ wave function. . . .
the kinetic term and another exponential term arising from
the transformed Kondo Hamiltonian. In this scenario the en-
. COMMENTS ABOUT THE THEORETICAL MODEL ergy location of the SCE states governs the conducting and
) ] . magnetic properties of the Kondo lattice materials. There-
The unitary transformation of Ed2) is completely de-  fore, these properties depend directly on two competing ef-
fined when the function3 (k,k’) are determined. The gen- fects: those arising from the RKKY character J?) and
eral form of these functions 6 T(k,k')=1/(ex—ex/ + 1), those that are consequence of the transformed Kondo inter-
where the low-energy regulatoryf avoids divergences in action(exponential term This point, which is variationally
the transformatiodl and to ensure its unitarity. As said in detérmined in this paper, has been suggested previously in

. ~ the literature>*11:1518-23n gecs. 1V, V, and VI, | discuss
Ref. 17, the spgctrum pf the el_gen_state:‘{a(@» of the the conducting and magnetic properties of the KL systems as
transformed noninteracting HamiltonigB) presents a gap

- > a function of the location of the SCE states, and discuss how
between electron and hole statesE(2)~7+3J716  the effects of the two componentd?(and the exponential
—2nlw, where n is obtained from the Eq.(17 »  oné can yield different phases.

TC (1 ~T4 aT(C (2 -7
€ (Hkinetic"_Hg?lzKY)e +e (HKondO"_H(R}zKY)e

Therefore, in a certain sense, we can admit that the exis-
fence of a gap in the kinetic Hamiltonid6) has a RKKY
character, since this gap is opened in the charged particle
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Let me compare our model with other previous Kondoviously suggested? is associated to the existence of spin
analysis. Fazekas and Muller-Hartmann determine, alsfluctuations waves that, on one hand, can be coupled with
variationally, the Kondo lattice ground state considering sevcharged particles and, on the other hand, quench the weak
eral trial wave functions. Their results for the energy perantiferromagnetism yielded by the RKKY interactions. On
particle (,) of ground state in all analyzed cases containthe other hand, | wish to remember that similar types of
several terms. For the case in that the magnetic orderingnsatz (11) have been used in analysis of the one-
coexists with Kondo regimes, contains a termcJ? and  dimensional Kondo lattic&® An interesting result in some of
other logarithmic one. For the case of coherent superpositiofiese analyséss a rigorous proof of that the ground state of
of Kondo singlets,e, is the summation of an exponential & System composed of one extended electron plus the local-
term and another constant. Therefore, there is a certain strutzed one-dimensional spin field is a ferromagnetic state for
tural similarity with the results of the spectrum of SCE an antiferromagnetic Kondo coupling. In low conduction
states. However, the main difference in both analysis is thaglectron densityi.e., away from half filling and for large
the ansatz utilized by the above cited authors is constitutelfondo coupling parameters the ferromagnetic state is main-
by fermion operators Corresponding to extended and |0ca[t.a.ined. This is not SUrpriSing if one considers all terms which
ized electrons, while the SCE states of Erf) is a coupling  compete in this reduced version of the Kondo lattice. In our
of S=1 magnetic bosons with fermionic charged states. Thignodel, Eq.(10) is the general induced RKKY term coming
may be the reason for obtaining the quantitative difference§om the transformatior{Egs. (3) and (4)] of the initial
between the spectrum of SCE states apdeduced by Faze- Hamiltonian (1). This initial Hamiltonian corresponds to a
kas and Muller-Hartmann. system composed dfl-extended band electrons interacting

One of the main results of the Gutzwiller procedugese, ~ With a spin field of arbitrary dimension. Within our model,
for instance, the second paper of Ref.i®the achieving of the results of Eq(10) are strongly dependent on the ex-
two hybridized bands formed biylevels and extended con- tended band structure,, and also on the crystal geometry
duction states which are Sp“t by a hybridization gap of ex_included its dimension. Therefore it is not rare that from Eq
ponential form identified with the Kondo effect gap. In the (10), we obtain an antiferromagnetic RKKY interacti¢as
insulating phase, the DOS arising from these bands has t\,\@xplamed in Sec. }Jlwithin the spin field when this interacts
peaks at both sides @ . In this phase the results for low- Via @ Kondo lattice withN-extended electrons in the one-
energy scales<Ty) can be easily interpreted because thedimensional paramagnetic band. This RKKY interactip@)
Kondo gap split states whose predominant component in theompetes with the spin fluctuations which are coupled with
hybridization can correspond to the localized one. Howeverthe charged particles in the SCE modes and whose properties
in the metallic phase, the physical interpretation is somewhai'€ in coherence with the idea of the spin liquid. In any case,
more difficult. This is so because in this caSe can cut the this latter result cannot be considered contradictory with
lower (or uppey hybridization band in an energy zone where those results of Ref. 1: they are different because the systems
the band states share localized and extended componeni,both cases are different. In fact, the authors of Ref. 1
This is indicative that the hybridization propitiates the for- Fécognize that in similar regimes to those studied in this
mation of a quasiband, and therefore, the possibility of Paper(i.e., half filling or more occupation ratidor the one-
migrations off (quasilocalizefielectrons between different ~dimensional Kondo lattice, a spin liquid with a tendency to
lattice sites. However, the Gutzwiller modfsr obtaining ~ duénched magnetic ordering and even a paramagnetic state
the hybridized bands, normally, do not consider, in the used"® the most probably states. .
Hamiltonian, terms of the typETf,— (i.e., the obtained results In short, our mode! does not present severe contradictions
imply a f hopping in the lattice which is overlooked in the Wlth previous theoretical results and_l think that we can ex-
Hamiltonian that is used for obtaining these resulls our pla!n several features of the conducting phases_ of the Kondo
model, we do not consider two “flavors” of charged par- lattices versus their band parameters, confrontingJthef-

ticles (d extended and localized, since in KL models, thé  [E€CtS versus the exponential ones.
level is deep enough, and therefore, the overlooking in Eg.

(1) of thef charge freedom degrees is justified. As a conse- IV. INSULATING PHASE
guence, for metallic phases where theharged quasiparti- . .
cles lie close tEg, as it is in the case of CeSithe results The pattern obtained from the Hamiltoniinesic for the

of our model are indicative and modest. For this latter casg’@normalized noninteracting system is a Kondo lattice insu-
as | say in Sec. V, other supplementary ingredients should bi@tor with a gap whose value is

added in order to explain all clode- features of its elec- R

tronic structure. A.=2E(0)=0.096)°. (12)

In my opinion, the structure of the ans&iA) can present o . o ) ] )
disadvantages, due to the complexity, with respect to that of @king into account that this gap is given in bandwidth units
the Guztwiller-like trial wave functions but it also has some@nd that our model is valid up = Jio,~0.3 (for values of
advantage. First, Eq11) along with the unitary transforma- J=0.3 the expressios=e'ce” '=c+[T,c] is dubious, |
tion defined by Eqs(2)—(4) are able to directly yield the estimate that the maximum value for this gap will be around
RKKY Hamiltonian (9), while in other workd*18°it is sug- 100 meV.
gested or introduced by hand. In second place, there is a The existence of this gap has been justified and explained
coherence between the pattern obtained from the SCE stat@sSec. Ill. Mathematically, the dependenceqf on J? is a
with some experimental facts of the heavy-fermion phenomeonsequence of the approximation considered in the transfor-
enology of the Kondo lattices. This phenomenology, as premation of fermionc,, operators, since this approximation
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[Egs.(2)—(4)] implies that the transformation is linear with  sults are within the interval of validity of our model and are
and the kinetic Hamiltonian is quadratic wilhAs explained  perfectly plausible and assimilated to realistic electronic

in Ref. 17, the value of, is obtained inE(e,,) when in-  structures.
cluding in this spectrum the Kondo interaction effects corre- The location of the SCE states with respecEtodepends
sponding to states of very different energies, since the renoexponentially on] and D¢ [the density of states in the non-

malized Kondo interaction F(Kondo) is only effective, as interacting systenfnonhatted kinetic Hamiltoniah There-
explained above and in Ref. 17, between states of similafore the evolution of this location with the temperature de-
energiedsee Eq(8)]. pends fundamentally on the variation versus the energy of
Using the ansatA11) the diagonalization of the total the DOS. This DOS arises from delocalized band states, and
Hamiltonian (5) is possible. whose eigenstates are the SCEherefore is quasiconstant versus the energy, with the excep-
states. Obviously, in the calculation of these eigenstates, tH&on of singular points, van Hove singularities, etc. As a con-
whole of the renormalized Kondo interactigwithout the  Sequence, the insulating gap can be quasi-independent of the
RKKY term) is considered. The center of the energy banddemperature, this point being in agreement with experimental
of the SCE stateéX) is analysis of Bucheet al 3 This possible constant value of the
insulating gap with temperature has been used for qualita-
tively explaining the behavior of the optical conductivity
(13) with T in Ce;Bi,Pt; (see Fig. 2 of Ref. 13 According to our
results, the optical conductivity versus frequency, should in-
crease up to frequencies larger than that corresponding to
where the exponential form is a direct consequence of thgap (ideally, it could be zero up to its corresponding fre-

Kondo lattice effects Rl xonq) Whose transformed parameter guency, and for larger values, the conductivity can have
is given in Eq.(8). This exponential form of the variation Modest variations or be constant. This evolution versis,
gap also appears in the one-dimensional Kondo latsee, of course, for low temperatures. For temperatures equivalent
for instance, Ref. 1 to the energy of the gap, the SCE states can be thermally
Obviously, fors=3/2 ands=1/2, we obtain the location occupied even fow=0 and thus the behavior is similar to
of the centers of the SGE and SCE, bands, respectively. any metal(i.e., constant or slight variations versuws above
It must be remembered that for a determined material th&ll for low frequencies . _
SCE bands will bes=3/2 ors=1/2 according to thd sign is On the other hand, the RKKY term in our model is pro-
ferro or antiferromagnetic. For moderate density of state®ortional toaJ®, a being a parameter which depends on the
(Dg) in the initial Hamiltonian[Eq. (1)], and for values o ~ dimension and symmetry of the crystal and in all cases, we
large enough, the Kondo coupling can produce a true gap igStimate that it is Iess_than 1. This RKKY term provides a
the whole Fermi surface. In these casés;0, the SCE will Weak antiferromagnetism whose local moments can be
not be occupied at low temperaturé§ondo temperature quenched because the hatted charged states already have a
range and the charged spectrum will remain essentially thdight coupling to spin fluctuationgsee Ref. 1. Therefore,

. . . . ~ according to our results for thig regime, the evolution of
same as in the renormalized noninteracting césg &) of (average local magnetic moment in the spin fieisl
Egs. (5) and (6), (although the gap is slightly reduced with *eff 9 9 P

. ; . coherent with Fig. 3 of Ref. 13, since it should increase
respect to that of the noninteracting system by the emstencguring the temperature interval which is dominated by the
of the SCE band statgsTherefore, the pattern drawn in this

regime corresponds to clear insulator Kondo systems agveak antiferromagnetism due to the spin correlations. From

those experimentally studied from some vears 3at In a theoretical point of view and within our model, this behav-
these ma?terials twoy different gdpscan beyconsid?aréd' a ior can be justified because for these temperatures the cloud

conducting-particle gapA) and a spin gap AJ). The of spin fluctuations modifies the tendency toward a spin an-
C s/

. . . 3 . _
former is given by the splitting between states above ané'fefmmag"‘e“c ordenn]gz. and thus the macroscopic mag
netization tends to be different to zero and increases. For

below Ep, which are eigenstates of the Hamiltoni&h  jycreasing temperatures, the spin correlations are broken and
+Hginetic, @and that in our model is given by Eq12). It  gradually the SCE states are thermally occupied, and increas-
seems plausible that in our analysls, is identified by the ing with each additional, the coherenc&* is reached and
splitting between the SCE states below and alBye This  as a consequence, the structure of the spin field is lost and
identification is reasonable because of the participation of théhe incoherent impurity Kondo effect is open. Then the para-
spin waves originated by the Kondo coupling in the forma-magnetic phase dominates angs tends to have a constant

2s+ 1)

1
X=0.048)°— —exp( —
|J|De

2

tion of these SCE states. Therefore, we have value coincident with that arising from the Hund’s rule cor-
responding to an independeng¢lectron atom.
In short, in the Kondo insulators there are three character-
2s+1 . .
Ac=A.—exp — ==|. (14)  istic temperatures whose values will depend onJXhelue.
|9|Dk For each of thes&’s, the system can display three different

behaviors which are gradually attained. For the lowest tem-
Considering experimental results of Severaigl. (see Refs.  perature KTy=J?) the weak magnetic ordering is broken;
13 and 14, A;=180 cm ! andA.=300 cm L. Including increasing the temperature the SCE states are occupied and
these data in Eq$12) and(14), we obtain that the resulting the spin liquid is constituted. In thi§ interval the charged
system should havé=0.138,D=2 and a bandwidth of the particles are associated with fluctuations in the spin field via
noninteracting systenW=0.95 eV. These theoretical re- the coupling of conduction electrons with the spin waves.
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This temperature can be defined Ky, =X (X has been therefore they can be detected by photoemission spectros-
defined above The largest temperature is obviously the co-copy (PES at low temperatures. The flat character of the
herence temperatui®, above which there are neither SCE SCE band would yield a very large peak in the DOS detected
states nor Kondo lattice§.e., there are not SCE states be-by PES. However the relatively small number of charged
cause there is not a Kondo lattice, but incoherent Kondgparticles involved in the formation of these SCE modes also
impurities. Experimental resultd?* are clearly in agree- implies a softening of the spectroscopical response derived
ment, at least qualitatively, with the above behaviors defrom these strongly correlated states.

duced via the structure of the SCE states. In Sec. I, | remarked that this work considers a Kondo
lattice Hamiltonian, whose noninteracting system does not
contain terms of localized charged particlgsstates, but
takes into account the spin variables of these states in the
For increasing values d¢ and decreasing, the gap of interacting term. Therefore, the present KLM analysis,

Hkmenc, and the resulting total gap decreases. If one considWhose main result. IS the SCE spectrum, cannot explam- the
ear Er photoemission features of some heavy-fermion

ers an effective bandwidth for the flat band of holes and’ otal® above all whersome of these featuresise from

particles of the SCE states, this gap can disappear and cou] h d ticles localized in thestates. H |
be converted into a pseudogap. Then the metallic phase ¢ e charged particies localized In thetates. However, al-
ough | recognize that the model used in this paper is unable

arise. In our calculation the SCE bandwidths are null, bu o draw the complete pattern of the electronic structure of KL
this is a nonphysical result due to the variational procedur -omp P .
in the metallic phase, the present analysis foresees a conduct-

for obtaining it. However, if the procedure were perturbative. .
some imaginary part in the self-energy would produce 4ng phase foiX values close to zero since then the SCE states

natural width whose effective DOS arising from the corre—f;ire _Ioczitedtm thef rtrs]lddle ?f th‘?c _gat%._ Thﬁ completebelgc-t
sponding spectral function would be narrow Lorentzian ronic structure of the materials in this pnase can be deter-

curves. Therefore the assignation of a certain width to thémne;j by n|1eans Qf other n;%()%dels;hat c;r;&derfth(?arged |
SCE bands is, in my opinion, a physical added result whictpPECtrUm. In previous paperswe have determined severa
is clearly justified. in the case of moderatddvalues and el_ectronlc structures of realistic Ce_ systems and_ obtained
larger D¢ than those of the insulating phase, the Kondo in_mlddle—energy resonances i Wh'ch are occup_led by
teraction cannot open a sufficiently large gap. Thus,Xor charged quasiparticles wiftcharacter lying at energies very

. close to those of the SCE states. In these calculaftong
>0, but() of the order of=(0), thelow-energy electrons are | ,sq gifferent self-energy approximations which are added to

energetically allowed to participate at low temperatures ifpe |ocal-density approximation Hamiltonian. Such self-
the formation of the SCE. In this case, as said above, if 0ngpegies do not take into account the interactions included in
cor15|ders that the narrow SCE bands are located in the 93Re k| M analysis of the present work, hence, the middle-
of Hyinetic, the picture of the system tends to resemble that oknergy resonances corresponding to ftitkarges should be

a conductor. Then, the system will present at low temperaadded to the spectrum of the SCE states in order to have a
tures a very strong renormalization of the electtand hol¢  complete pattern of the direct and inverse PES spectrum.
masses around the Fermi level, since the SCE band is very The Kondo nature obther featuresorresponding to the
flat. The mass renormalization due to the thermal occupatiofbw-energy photoemission spectra located just abByen

of such SCE bands should be added to that arising from thge systems is experimentally cléaFor instance, in Ce$j
dispersion rulee_(sp). The addition of these two renormal- these peaks are softefesthen decreasing the composition
ization effects would actually explain the important enhanceof Si up to CeSjg, suggesting the extended nature of the
ment at the Fermi surface of the masses ofdhargedex-  charged particles that participate in the Kondo peaks.
citations measured by photoemission and de Haas—van Concerning the low-energy resonances of the Ce systems
Alphen experiment$! However, as | have already men- in general and of the CeSin particular, there is a strong
tioned in Sec. Il this electronic mass renormalization occurgontroversy fundamentally between two experimental
in a very narrow part of the charged particle band and theregroups’® The polemic is centered in the validitgr not of

fore it can be neither the main source of the enormous speseveral solutions of the impurity Anderson Hamiltonian. In
cific heat nor of the huge low-temperature entropy measurefef. 8, authors claim for an interpretation of the low energy
in these systents!! The strong entropy increasing can be spectrum in terms of the impurity version of the Kondo
reached with the breakdown of the spin correlations anddamiltonian attributing the possible quantitative failures to
weak antiferromagnetism ordering due to the long-rangdack of resolution, relaxation due to final effects in the pho-
RKKY interaction term that in our model appears to renor-toemission process, and other incontrolled crystal interac-
malize the Kondo Hamiltonian. The two combined effectstions. The result is that the experimental bandwidths are
(the occupation of the SCE states and the subsequent massich larger than those predicted for the impurity models,
renormalization, and the action of the RKKY Hamiltonian and on the other hand the latter theoretical results are two
can be the cause for the large entropy increasBl (n 2) and  orders of magnitude larger than the widths deduced from
the huge specific heat which appear in the heavy-fermiospecific-heat measurements. In Ref. 7, other authors give
(HF) state*'%17-25This interpretation which has been sug- support to a not yet clear solution in which the coherence
gested in the literaturé*!!is directly obtained in our model effects should have a preeminent role. They refute the impu-
from the calculation of the effective Hamiltonian. On the rity interpretation given in Ref. 8 in the sense that the fore-
other hand, the SCE modes consist of charged particles Iseen correlation of the Anderson impurity model between the
cated in extended states that are coupled to spin waves, aittensity and location of the Kondo peaks with the Kondo

V. CONDUCTING PHASE
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temperature is not confirmed by the experimental resultshe insulating gap for any value 8f ConsideringD =2, the
since, different materials with a similar low-energy patternphase transition occurs in theinterval J.=0.21<J<0.30
have very different Kondo temperature®ur model gives a  (always in bandwidth unils and for increasing values of
coherent lattice solution which can conciliate the PES result®( J. decrease#for instance foiD= 3, the corresponding
with those of specific heat once one conveniently includeg.=0.11). In the ferromagnetic case, the phase transition
the f-charged spectrum within the global scheme. In thisoccurs when
sense, the model described in this paper reasonably solves

some of the contradictions between spectroscopical and ther-

mal measurements pointed out in Ref. 7. However, the

Kondo (lattice) nature of some of the low-energy peaks is for

us undubious, and in this point we coincide more with the

interpretation given in Ref. 8 than with that given in Ref. 7. For De=2 the transition is impossibléhe same argument

In this condyctmg phase, two characteristic temperatures .. i the antiferromagnetic case can be yisadd forDg
have a preeminent role: on the one hand, the temperature

. N ; =3 the transition occurs fod.<—0.36. Obviously, for
(defmt_ad byKTy=X~Eg) for which the SCE states can be_ these values od, the approximation of considering the rela-
occupied and can therefore be detected via photoemission, b~ o= .
and on the other hand, the HF state temperaf@ifd (above 10N Cka=Cka™[T.Cy,] is dubious, and therefore, one can
which the HF state disappears. In the cases where both terf@Nclude that the phase transition exists with higher prob-
peratures are very different and are not correlated, the HRPIlity in the antiferromagnetic Kondo coupling, above all
state cannot be explained only by the occupation of the ver{PT 10w values of the density of states at the Fermi level.
flat SCE band. Then, the appearance of the HF titar- .The approximations conIS|dered in this model, whose de-
acterized by the giant enhancement of the electronic specifi@ilS are extensively given in Ref. 17, are fundamentally the
heat and the magnetic susceptibiligan be also justified for consideration of the first order in the_ unitary transformations
this regime K>0) by the breakdown, above a certain tem-[EdS-(2)~(4)] and those approximations performed for ob-
peratureTy, of the magnetic correlations and weak antifer- f2ININg the determl_natlon of the SC.E spectrum cqn5|derlng
romagnetic ordering produced by the induced RKKY Hamil-the trial wave function$Eg. (10)]. I wish to .e_mphaS|ze that
tonian. The collective character of the SCE wave functiondh® néw phase whose appearance conditions are (Efs.
leads to a variation of their occupation probability versus2nd(16) is reached for values af and D¢ within the inter-
temperature that obviously differs from the temperature evoY@!S in which the above cited approximations are valid. In
lution of the Kondo peak arising from the impurity Anderson addition, the_sg vaIues_are compatible with electronic struc-
model (IAM). This issue is the second part of the strongtures of realistic materials. _ o
controversy in the interpretation of the PES datahe sec- Phyggally, the existence of this new state is linked to two
ond conflictive point of the debate is whether the location®OMpetitive causes: the .change of the vacuum stalg (
and intensity of the Kondo peak behaves with the tempera=¢™'|®o)) before including the transformed Kondo term
ture as the 1AM foreseé®r not” Some experimental resufts .4, and the existence of the SCE modes as states of the
(in certain coherence with our analysigive support to the total Hamiltonian(5). These two causes produce two gaps
inexistence of such a correlation in some HF materials, indefined by Eqs(12) and(14), and for determined values of
validating the universality of the IAM explanation for the andD different phases arise. Specifically, for those values

4
2In|J|<1.65—- ——. 16

Kondo spectroscopy detected by PES. that imply A¢<0, the spin-fluctuation waves are spontane-
ously coupled to the charged modes so that the SCE states
VI. NEW PHASE are occupied in the ground state and the new phase appears.

The existence of different phases depending of the band pa-
rameters is a clear fact theoretically establishisdKondo

. = 9 1 CRttices in one dimension. In realistic crystals, there are ma-
IS S“CQ that_ Escs=0.048°— zexq —(2S+1)/[JDe]< terials which present many-body states whose properties at
—0.048°. In this case, a new ground stal@S) appears, |oy temperatures are not yet well explained. However, the
since the charged particles of the top of the conduction bangdyistence of these states associated to the coupling between
spontaneously fall into the SCE modes due to the Kondogpin fiyctuation waves and charged fermions in KL systems,
lattice interaction. Therefore an instability t?ea_t leads to a NnewW,, the form explained in this paper, seems compatible with
quantum phase in the sense of Sonelhal:s™ is produced. he jgeas suggested since some years?&h@he analysis
Strictly, the_ main parameters Wh|9h govern this transition ar&yerformed in this paper is an attempt to systemize the tran-
the J coupling of the Kondo Hamiltonian ande . The new  gjtion hetween the different phases modifying the band pa-
phase corresponds to a conducting material that can becomgmeters) and D, and in this context, the state is a natural

a nonelectric resist_ance phase for _certain cond_itions. Theonsequencéquantum transitionof the evolution ofA  with
new phase occurs in the Kondo antiferromagnetic couplinghase pand parameters.

when

The most interesting and intriguing conclusion drawn
from our analysis occurs when the energy of the SCE mod

2InJ<1.65— i (15) A. Is the phase a heavy-fermion state?

F In this phase the specific heat of the system suffers a large
ForDg=1 the transition is impossible. This is so because forincrease. An evaluation of this specific heat can be obtained
such a small value dd, the Kondo coupling always opens by modeling the SCE DOS by a narrow curve as
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r pation of the SCE state®©n the other hand, the entropy
Nsc&(‘l’)”;m- (17)  variation with T is also very large because of the partial

occupation in the GS of the narrow SCE band. In addition,

Then, the Fermi level in the GEE) can be calculated the occupation of these SCE states is not the only source of

and takes the value mass and entropy enhancement, since the RKKY term also
operates in the phase producing spin correlations and a ten-
dency to a weak antiferromagnetism that can be destroyed at

' (18 low temperatures which can increase yet m@xg. How-

. . ever, the spin correlations produced Mrkky can be

M being half O.f the number of occupied SCE states H”“?e damped in this phase because of the occupation of the SCE

number of unit cells of th? cr_ystal. The evaluation Mfis states in the ground state since the SCE states imply spin

easy. For instance, considering a rectangylar D.OS. Of.thﬁuctuations within the spin field which compete with the

nonAlnteractlng system WhosAe energy band dispersion is g'vegbin-spin correlationéhe damping of the local moments by

by E(ex), M=N/W*||EE|—E(0)|. In this situation, the to-  the spin fluctuations is an old experimental result in materials

tal internal energy of the system is in the heavy-fermion staté-9.

If the HF state can occur when the charged particles fall
into the collective SCE states, the debated question about the
nature of the particlesicharged fermiorf8® or neutral
1 particles?) that are responsible for the HF transition, can be
Zcos 24 sinfA =+ sin*A co2A answered mixing these disjunctive propositions. This is so
2 because the SCE states are, as it is insisted throughout this
” paper, constituted by the coupling of renormalized charged

27mM

* — -
Ef=X Fctg[ N

2ps

?sin% COsA

1
Fsin2A+

T o2
U(T)=Uo+ g K5T

7T3 4

(19 particles(fermiong with collective spin excitationgboson$

4 1
+ 2 HscosA sin5A( COSA— =
originated by the exchange Kondo interaction.

r 2
where

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

a
us=Ef — ﬁ(KﬁT)Zsin 2A, An issue that has caused large expectation is the relation
between the magnetic spin fluctuations and the quenched an-
2M tiferromagnetism with the appearance of a matter state in
=— (200  which the zero-resistance property is one, and not the only,
N surprising manifestatiofi.* A fascinating question opened in
the analysis of this new GS is whether the energy condensa-
Ms A N N . . . . . .
Uozf Ex)N(x)dx+M[Q—E(0)]. tion which produces the instability in the Fermi surface can
— lead to a situation similar to superconductivity or whether it
Therefore. if one considers that<N and that the chemical is a simple manifestation of dressed electrons mixed with
potential is at this temperatures almost invariable with theSpm'denSIty wave_s._How_ever, In any case, the ph_ase sh_ould
temperature, the specific heat is present large variations in the_ conducting behaviors, since
' the charged patrticles trapped in the flat band of SCE states
_WZK%TA 8wK2T[<wM)2 4MS<WM)3} are responsible for the conductivity properties. These par-

Cy= 3 N(us)+ ar N TN ticles present small mobilitiesf due tp'their large effectiye
masses and consequently their velocities are very low, since

4(771-)3[ 224( wM)“ 1792%(7.,,\4)5} 1 ve=ve(CY/Cy), ve(ve) being the velocity of the SCHree

K |1 5N 150 N electron particles, and:V(C?,) the calculatedfree-electron
ga9 specific heat. In the Hilbert space whose basis is consti-
In the limit X=0, M—0 and thenCV=C3, C?, being the tuted by SCE states, the transformed Kondo Hamiltoian

specific heat yielded bij(x) (the first term of former equa- IS approximately diagonal, then, the SCE states should only
tion). When the binding energy|X|) increases, the number interact with the lattice via absor_ptlon and emission of
of occupied SCE states in the GS increases, and then tHonons. However, when the velocity of the particles in the
specific heat quickly increases due to the narrowness of theCE statesy(g) is less than the sound velocity in the mate-
SCE bands[). The expression of thi€,, is a polynomial of ~ fial (vs), the charges located at energies nexEtocannot

the kind y*T+ B*T3+---. Some materialdfor instance interact with the lattice and therefore are unable to produce
UBe,2) present at low temperatures specific heat with poly-electrical resistance. Using the linearized Euler mtdef
nomial expressiongsee Fig. 4 of Ref. 2 and Eq.(21) can ~ motion of two fluids,u<wy if the specific heaCy satisfies
imply a specific heat thousands of times larger than that ofhe following condition:

the normal phases of conventional metals, the reason for this
enhancement being the coupling of electrons with spin
waves as suggested previously in literafiExpressions
(18)—(21) show that the huge specific heat and the magnetic-
susceptibility characteristic of the HF state could be ex-whereM(m) is the mass of the aton{§ree electron of the
plained by this phase with the only mechanism of the occusolid andZ their chargeWith these latter conditions, a zero-

112
: (22)

3M
Cy> CS(E
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resistance transition could appear by the only mechanism oénce in the superconducting transition of the possible exis-
the occupation of the SCE states, without requiring the paitence of a middle-energy resonance band corresponding to
coupling of the charged particles close t@¢ EThe transition the charged particles which, as said above, are excluded in
temperature should be low because it is given by the widththis KLM analysis. In addition, the question of whether the
of the SCE band since the smal} is only ensured within ~Superconducting transition operates by means of two Fermi
this band. In addition, if this zero-resistance transition is onlyliquids (the SCE occupied states and the charfedrticles
caused by the SCE band occupation, the corresponding stz Whether the chargefiparticles also participate in the su-
is gapless, since the gap is associated with the existence Bfrconducting energy condensation should be answered.
pair condensation. In coherence with this point, the specific
heat in this phase does not vary exponentially, but a8 a
polynomial, similar to that of some characteristic gapless su- The analysis presented in this paper can be summarized as
perconductors as UBg follows: we have two subsystems, charged particles in ex-
In this phase, external magnetic field$) can inhibit the tended bands and a spin field in a quasiantiferromagnetic
spin fluctuations via Zeeman effects, thus making possibl@rdering. When both subsystems interact via spin exchange
the breaking of the coupling between charged and spii§oupled particle states can be formed by chargred/2 par-
waves wherH is larger than a critical value. Using a ther- ticles and neutrad=1 ones. These states have 1/2 for the
modynamical reasoning analog to that used for the standa@ntiferromagnetic initial Kondo parametéd), and S=3/2
superconductivity, the critical fielH (T) and transition for the ferromagnetic case. The spectrum of these states con-
temperature can be deduced from the differences between tfigms the conducting and magnetic properties of the KL sys-
free energies of the normal and new phases. Therefore, oriéms. This spectrum contains two terms: one of theds
can consider that and another exponential. The first term arises in these
charged modes because the unitary transformation yields the

VIl. SUMMARY AND CONCLUDING REMARKS

2 - 1(> . 1+e Ax—#) RKKY interaction that acts within the localized spin field.
§M07TroHc(T):_Ef_mN(X)|n 1+ e Ax—ug dx The exponential term arises from the transformed Kondo
Hamiltonian. Varying the coupling strength) both terms of
% B o) the spectrum of the SCE states vary differently and thus the
+ B _xNSCE(x)In[lJre #e]dx, guantum phases appear. For ladgend the small density of

states of the noninteracting systemg), the Kondo lattice
(23)  interaction yields a GS that corresponds to a small-gap

where r, is the interparticle spacingy and ug are the Kondo insulator. Decreasing and increasindd¢ the gap

chemical potentials of the noninteracting system and the ne I_SO dhecreasr?s an(lj the_conductflngl phase is thekr; poss&ble.cljn
phase, respectively. Following the superconducting analogy 'S Phase, thermal excitation of electrons can be produce

the transition temperatufg, can be obtained in a function of and_ then spin-flip gffects in the. weak antiferrome}gnetic or-
system parameters considering in £28) H. equal to zero. dering generate spin waves which are coupled with sane

| wish to emphasize that, in this phase the possible a small number of these electrons. This fact increases the ef-
P P b pfectlve mass of the conduction electrons. In this phase other

pearance of superconductivity is concomitant with the nar- .
rowness of the active SCE bands and the subsequent lar parent mass enhancement can be associated to the entropy
crease due to the thermal breakdown of the spin correla-

specific heat which is provided to the systétmis concomi- . . . . o
tance was suggested from experimental point of view by Fisklons induced by the RKKY mtera_ctlon. For a critical value
of J, spontaneous spin waves ariseTat0 K, and thus a

et al®). A candidate to present this kind giseudo? super- . ) .
) P o Psup true phase is produced since the coupled states are occupied

conductivity could be UBg, since it is experimentally . . ; !
knowr? that this material presents a heavy-fermion specifidn the GS. The effective mass of electrons in an energy in-

heat varying a3 and it is clearly a gapless superconductorterv‘?1| aro_undEF IS then very large and the T”Ob""y_ of the
of very low transition temperatu%é“'g'm(zl K) particles in such an interval is so small that it can hinder the

On the other hand, it is necessary to note some differencdgteraction \.N'th _the lattice. Ther_1 the zero-resistance state
8nd|t|on arises in the Kondo lattice system. In other words,

between the phase described in this section and the standz{%e occupation of the SCE states in the GS implies the spon-

superconducting state caused by the electron pai(inghe faneous coupling of the electrons with the spin waves gener
h i h E h fermi [ z SR ) ; L . )
charge carriers are the SCE states that are fermions, in co ted by their interaction with the spin field. This fact can be

tradiction with the standard paired superconductors Whera fficient mechanism for the eneray condensation of a spe
they are electron paii$alse bosons (ii) In the GS described - sutticl IS gy co sail spe-
ial (super? conducting state, although it does not exclude

here, there is not superconducting coherence as with the sta . , 7
ng concomitance with other mechanisms.

dard superconductors, since it is caused because the m . . . ;
center of the charged particles are in the same wave func- Note added in proofEquation(19) is obtained from Som-

tions, logically, in contradiction with the fact that in this GS merfeld’s method. Obviously, other methods will yield dif-

all charges are fermion state@ii) Possibly, the scattering ferent functions folJ(T). The important point of Eq19) is

i 3 T5
with the crystal impurities should present differences thafhal the terms ir, T, T,'l"' cgnnoﬁsbe neglected because
they are proportional td"~*, I' "=, I'>,..., respectively.

will have to be determined.

It is clear that for obtaining an incipient description of this
possible superconducting state, a quantitative analysis of its
conducting and superconducting properties must be carried This work has been financed by DGICY(Project No.
out. A particular point that should be considered is the influPB93-1249 and DGES(Project No. PB96-1143
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