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Interplay between dynamic screenedf -f interaction and sk–sf interaction in Ce systems

F. López-Aguilar, J. Costa-Quintana, and M. M. Sa´nchez-López
Grup d’Electromagnetisme, Departament de Fı´sica, Edifici Cn, Universitat Auto`noma de Barcelona,

E-08193 Bellaterra, Barcelona, Spain
~Received 19 March 1997!

Two complementary analyses for the electronic structure of Ce systems are given. The first is performed
from the renormalized density of states~DOS! deduced from the interacting Green’s functions. These Green’s
functions are obtained from a self-energy calculated from a multiband Hubbard Hamiltonian and using the
random phase approximation to account for the dynamicalf -f screened interactions. The resulting DOS
presents agreements and discrepancies with the spectral data yielded by direct and inverse photoemission. The
theoretical and experimentalf widths next to the Fermi level implyf -electron masses that are in strong
contradiction with those obtained from the heavy-fermion specific heat. We have carried out a second analysis
that complements the first one, since it considers the spin-exchange between extended states and a spin-field
that is completely excluded from the first calculation. By the marriage of the results obtained in the first
calculation with those of the second analysis, we can relate the photoemission spectra and de Haas–van Alphen
masses with the measurements of the contribution of the low-energy quasiparticles to the specific heat and the
magnetic susceptibility.@S0163-1829~97!08328-8#
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I. INTRODUCTION

The phenomenology of strongly correlated systems can
explained by considering the interplay between the dyna
cal screening of thef -f interactions that arises from th
charge fluctuations and the magnetic interactions gover
by the spin fluctuations plus spin correlations, which can
analyzed from the Kondo lattice model~KLM !.1–3 An inter-
esting fact originated by this interplay is that there are
perimental results that seem to be in better agreement
the charge-fluctuation phenomenology whereas other exp
ments seem to give support to the magnetic behavio3

While the direct and inverse photoemission spectroscopy
be partially justified from the dynamic screening comi
from the f -charge fluctuations,2–4 the specific heat (CV) of
these materials implies electronic masses two or three or
of magnitude larger than those expected from the spect
copy measurements.3,5 This seems to suggest that the ma
netic behavior plays an important role in the arising of t
large electronic mass of the heavy-fermion~HF! state. On the
other hand, the de Haas–van Alphen~dHvA! oscillation of
the susceptibility implies similar electronic masses to th
deduced from photoemission.3 The strong variation ofCV
with temperatureT leads to excluding the renormalizatio
self-energy effects as the cause for this mass enhanceme3,5

since these effects become practically insensitive to thT
variation. On the contrary, it seems to be related to eithe
change in entropy that takes place above a characteristic
perature when a decrease of magnetic order is produce
the loss of magnetic correlations or the existence of col
tive states, or even the addition of the two effects.3

The Ce systems have an electron located in thef band1,5,6

and this condition allows one to consider some of these c
pounds as paradigmatic examples of strongly correlated
tems in which the contradictory interplay between cha
and spin fluctuations is remarked upon. This is so beca
the f electrons may form a quasiparticle band7–9 that crosses
560163-1829/97/56~3!/1335~10!/$10.00
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the Fermi level (EF), and thus the charge and spin fluctu
tions in the f -electron atoms can be large. These mater
present, within63 eV aroundEF , an almost universal elec
tronic structure, dominated by two energy scales, which d
plays three characteristic structures.5,6,10,11 The first one is
located at.22.5 eV below the Fermi level and it is exper
mentally detected by direct photoemission.5,6 Its origin is
unambiguously assigned to the 4f 0 final state of the photo-
electron emission~i.e., 4f 1 initial state!, and the correspond
ing peak in the density of states~DOS! can be assimilated to
the lower Hubbard band~LHB!. The second structure, lo
cated at.4 eV aboveEF , corresponds to the 4f

2 final state.
It is detected by the inverse photoemission process10,11and it
can be identified with the upper Hubbard band~UHB!. This
band is physically interpreted as theE(k) dispersion of the
4 f 2 configuration that propagates through the crystal w
quasimomentumk. Finally, the most intriguing 4f resonance
is located in the energy region nearEF ~Refs. 5, 6, 10–13,
and 21! and is split in several features. This middle-ener
structure is generally constituted by two peaks belowEF

~Refs. 5, 6, 10 and 11! that are detected, therefore, by dire
photoemission~at .2300 and.230 meV! and another
peak located just aboveEF that is displayed in the bremss
tralung spectroscopy. This triple structure is out of t
simple LHB/UHB scheme and its origin has presented stro
controversy. Since it is located between the LHB and UH
it corresponds to 4f resonances that can be called midd
energy Hubbard bands~MHB!. These resonances may b
linked to an intermediatenf occupation arising from the
charge fluctuations due to the transferences of 4f electrons
between Ce atoms. The existence of this intermediate s
can be justified by the band character of the 4f states and
therefore it would be related to the indetermination of t
nf occupation per 4f atom in the band model.7–9 In any case,
the middle-energy structure is consistent with a transfere
of spectral weight between the upper and lower Hubb
1335 © 1997 The American Physical Society
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1336 56F. LÓPEZ-AGUILAR et al.
bands.12 Obviously, this interpretation enters in competitio
with the idea that these near-EF peaks are related with th
Kondo effect resonance described by the impurity Ander
model6 ~IAM !. The IAM can provide a good description i
the cases of completely localized 4f states and conductio
electrons interacting via hybridization with the magnetic i
purities ~that do not interact themselves!. It is an important
model for performing a heuristic analysis that describes g
erally the strongly correlated systems, but the realistic ca
that present 4f band states should be treated via the latt
Anderson Hamiltonian, whose solution is not so simple
that of the IAM.

However, a detailed analysis of the low-energy proper
that arise from the thermodynamical, spectroscopic,
dHvA measurements induce one to think that the consid
ation of only charge fluctuation effects arising from the d
namical screening are unable to reconcile the experime
data. We believe that even a good understanding of the M
requires the combination of thef -charge and spin fluctuatio
effects. But above all, we wish to emphasize that the effe
of both fluctuations should be complementarily taken in
account to conciliate the direct and inverse photoemiss
data and the dHvA determination of the Fermi surface w
the thermodynamical masses of the low-energy quasip
cles and the magnetic susceptibility characteristic of the
state of some Ce systems.

From a theoretical point of view, Anderson14 suggested
some years ago that for large values of the energyU in the
Hubbard or Anderson-lattice Hamiltonian, the dynamics
the f -charge fluctuations and the spin exchange are es
tially independent. Thus, for experimental and theoreti
reasons, our strategy will consist in studying both contrib
tions separately. Therefore, we analyze in this paper the e
tronic structure of a characteristic HF compound within tw
complementary models in order to discriminate the differ
sources of the two antagonistic properties: on the one h
the spectroscopic features~basically justified via dynamica
screening, although the KLM analysis is needed for co
pleteness!, and on the other hand, the enhancement of
electronic mass and the magnetic susceptibility~whose ori-
gin is closer to the magnetic properties coming from
KLM !. The superposition of the results obtained from t
two models allows us to find certain theoretical cohere
between them and agreement with the experimental resu

II. CHARGE FLUCTUATION EFFECTS

In this section we calculate the one-body electronic str
ture of the characteristic HF compound CeSi2. We have cho-
sen this material because there is extensive literature5,6,11

about its photoemission spectroscopy and a strong con
versy in the interpretation of these results, which is cente
exactly in the title of this work~i.e., in the interplay between
the charged screening and magnetic exchange!. Therefore,
this compound is a perfect challenge for testing our dou
analysis. The electronic structure of CeSi2 is calculated us-
ing a method appropriate for determining the one-body sp
trum of any transition-metal, rare-earth, and actinide-ba
compound, as well as others that constitute the group
strongly correlated electronic systems~SCS!. This method is
valid for any approximation to the self-energy, and it c
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also deal with different crystal potentials for each sp
orbital symmetry, thus allowing one to reproduce both t
Hund’s rule and the Hubbard splitting. The self-energy a
proach considered for CeSi2 is obtained from the multiband
Hubbard Hamiltonian and takes into account the exten
random phase approximation to the effective interaction. T
calculation of the electronic structure is performed by diag
nalizing the inverse of the Green’s function15 (G̃), which can
be expressed as:

G̃5G̃01G̃0 M̃G̃, ~1!

where the matrixM̃ stands for the self-energy andG̃0 is the
noninteracting system’s Green function. Theab matrix ele-
ment ofG̃ is given by

Gab
21~k,v!5~v2«ka

0 6 iu1!dab2Mab~k,v!, ~2!

whereMab(k,v) is the matrix element of the self-energ
calculated between two eigenstatesuka& and ukb& of the
noninteracting system’s Hamiltonian~HLDA) of eigenvalues
«ka
0 and«kb

0 , respectively (a andb are band indexes!. The
interacting Hamiltonian of the SCS has nonzero terms o
between electrons located in strongly correlated orbitals
longing to f atoms. Therefore, the self-energy affects on
the strongly correlated component of the band states.4 The
matrix of Eq.~2! can then be written as

Gab
21~k,v!5~v2«ka

0 6 iu1!dab

2 (
mm8

(
nn8

^kaumn&Mmm8
nn8 ~v!^m8n8ukb&,

~3!

where ^kaumn& is the projection of a certainHLDA eigen-
stateuka& on a strongly correlated componentm centered in
then atom of the primitive cell. We have performed a LD
band-structure calculation within a standard symmetriz
augmented plane wave method and we have determ
«ka
0 and ^mnuka&, whose expression is

^mnuka&5
i4pg

np
(
i

(
R

v~k i ,«ka
0 !@G11

a ~R!#*

3exp~ iRk i•r n!
j l~Rk i ,Sn!

ul~Sn ,«ka
0 !
Yp~u i ,w i !

3AE r 2 dr zul~ ur2r nu;«ka
0 !z2. ~4!

The former equation follows the standard notation.4 The
coefficientsv(k i ,«ka

0 ) define theuka& state and are obtaine
in this first LDA calculation.

The matrix of Eq.~3! must be constructed and diagona
ized for each pointk of the irreducible Brillouin zone. The

self-energyMmm8
nn8 (v) usually depends on the frequency b

cause it accounts for the dynamical screening between
states, thus it affects differently states of different energ
Therefore, the matrix that must be diagonalized is a funct
of v and obviously ofk, and its eigenvalues are also a fun
tion of v and k. According to the usual notation in ban
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56 1337INTERPLAY BETWEEN DYNAMIC SCREENEDf -f . . .
theory, we write these eigenvalues asEka(v), where the
subindexka indicates now an eigenstate of the interacti
system instead of aHLDA eigenstate. Looking at Eq.~3!, it is
straightforward thatG̃ is a complex non-Hermitian matrix
for any complex self-energy and its diagonalization will gi
complex eigenvalues of the form

Eka~v!5«ka~v!1 igka~v!. ~5!

Then,G̃ can be written in the diagonalized form

Gka~v!5@v2«ka~v!2 igka~v!#21. ~6!

The spectrum of the interacting system is given by the po
(v0) of the Green function. Thus, the intersections of t
straight liney5v with the functiony5Eka(v) must be cal-
culated. The real part of the pole@«ka(v0)# is the spectrum
of the quasiparticle stateuka& while its imaginary part
@gka(v0)# is inversely proportional to the quasiparticle life
time.

The renormalized DOS is calculated from the spec
functions Aka(v)52(1/p)ImGka

R (v). Developing the
functionv2«ka(v) of Eq. ~6! in a Taylor series around th
solutionv05«ka(v0), the spectral function takes the form

Aka~v!5
1

p

Zka
2 ~v0!ugka~v0!u

@v2«ka~v0!#
21@Zka~v0!gka~v0!#

2 , ~7!

where the renormalization factorZka(v0) that corresponds
to the quasiparticle state of energy«ka(v0) is given by

Zka
21~v0!512

]«ka

]v U
v5v0

. ~8!

A. Self-energy used in the calculation

We consider a self-energy operator that takes into acco
the dynamical screening of thef -f interactions produced by
the charge fluctuations. The simplest perturbative series
yields the basic features of the electronic structure of
strongly correlated systems is the random ph
approximation16,4 ~RPA! obtained from the multiband Hub
bard Hamiltonian. Then, we will calculate the electron
structure considering only the dynamic screening of thef -f
interaction and excluding the Kondo effect. The purpose
including in this first part of the work the charge fluctuatio
effects in the self-energy while excluding the spin fluctu
tions is to discern the role of the charge dynamic screenin
the MHB 4f resonance independently of other causes
could also influence its appearance. Starting from a mu
band Hubbard Hamiltonian and going beyond mean-fi
theory, we calculate the self-energy operator in the RP
Only the exchange diagram for the self-energy~the so-called
‘‘open oyster’’ diagram! is considered and the noninteractin
DOS of every SCm orbital is modeled by a double Loren
zian curve.4 The self-energy that affects eachm orbital then
has the following expression:
s
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Mmm8
nn8 ~v!5dmm8dnn8Um

n ~ 1
22nm

n !1dmm8dnn8Um
n

Vmn
2 2Ymn

2

2Vmn

3S E
2`

EF Nm
n ~x!dx

v1Vmn2x2 iu1

1E
EF

` Nm
n ~x!dx

v2Vmn2x1 iu1D . ~9!

Vmn andYmn depend on the band parameters that desc
the noninteracting DOS, as well as on the occupationnm

n and
on-site Coulomb correlationUm

n of the m orbital of the n
atom, through the equations~see Ref. 4!

Vmn
2 5~gm

n 2 iGm
n !214Um

n nm
n ~12nm

n !~gm
n 2 iGm

n !, ~10!

Ymn
2 5~gm

n 2 iGm
n !2, ~11!

wheregm
n is the separation between peaks in the input D

and Gm
n is the sum of their half-widths. The parameternm

n

concerns the average occupation number of spin ba
whose maximun value is 1, therefore a nonmagnetic orde
material with a 4f 1 configuration can have twonm

n 50.5. The
screening of the on-site correlation yields thev-dependent
terms of the self-energy in Eq.~9! and correct the
Um

n (1/22nm
n ) term that corresponds to the first-order di

gram. By inspecting Eqs.~9!–~11! we see that the energy
dependent terms of the self-energy tend to zero when
bandwidths of the noninteracting system increase and/or
m orbital is either completely occupied or unoccupied~since
thenVmn

2 5Ymn
2 ). When this is not the case, the self-ener

of Eq. ~9! has two maxima at energies next tov56Vmn .
Because of this peaked shape of the self-energy, there ca
several cuts~at least three! between its real part ReMm(v)
and the straight liney5v2«m

0 («m
0 is an LDA eigenvalue!,

i.e., there can be several poles of the Green function for e
energy of the noninteracting system. Therefore the inter
ing DOS can show the characteristic multipeak structure
the Ce systems. This behavior of the RPA self-energy is a
shown by other approximations that are more sophistica
such as the one deduced from the three-body Fadeev e
tions by Calandra and Manghi17 ~see Ref. 18 for a more
detailed comparison with other approximations to the s
energy!.

B. Results

As stated above, CeSi2 is an ideal material for testing ou
approach since there exists a large number of direct and
verse photoemission studies on this compound, and a r
tively recent strong controversy not solved yet.5,6,11CeSi2 is
a nonmagnetic material whose susceptibility does not sh
any magnetic order between 70 and 0.1 K, and whose lin
coefficient of the specific heat is.100 mJ/K2mole,5,6,11 im-
plying bandwidths of around 10 meV only possible with
the f systems. The core of the controversy lies in the int
pretation of the spectroscopic data. Joyceet al.5 maintain
that the direct photoemission results cannot be explai
through the light of the IAM because the low-energy stru
ture predicted by this model is too narrow when compared
spectroscopic results. On the other hand, the predicted
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1338 56F. LÓPEZ-AGUILAR et al.
energy peak is at least 10 times wider than what would c
respond to the large specific heat of this compound.5,6 In
addition, and according to this group, the temperature ev
tion is simply due to the phonon broadening and the Fe
function. Besides, they assert that the correlation predic
by the IAM of the location and intensity of the Kondo pea
with its width, as well as its temperature dependence, d
not agree with the experimental results, since the low-ene
pattern of the spectrum belowEF is quantitatively similar for
several materials with very different Kondo temperature5

On the contrary, Malterreet al.6,10,11support the idea that th
IAM provides a basic description of the experimental resu
of the direct and inverse photoemission spectroscopies.6,10,11

According to their opinion, the low-energy peaks are due
the impurity Kondo effect, and the evolution of the expe
mental photoemission data with the temperature can be
derstood within the IAM. The quantitative discrepancies
attributed, by this group, to crystal, spin-orbit, and final-st
effects as well as to the insufficient resolution of the expe
ments.

The spectroscopic MHB of CeSi2 presents the multipea
4f structure5,6,11 described above. The width of the MHB
around.0.4 eV below and aboveEF , i.e.,.0.8 eV, which
is very large for a standard HF system as CeSi2.

5,6,10,11In our
results of Fig. 1~b! the three peak structures are displaye
the ones located at;23 and;4 eV that correspond, re
spectively to the 4f 0 and 4f 2 final states in the photoemis
sion process, along with the MHB structure. This last str
ture is shown in detail in Fig. 1~d!. It displays three
substructures: one of them just belowEF at.230 meV, the
second one at.2110 meV, and a shoulder just aboveEF at
.30 meV. The total width is around two orders of magn
tude larger than the results expected from the thermodyna
cal measurement of the specific heat.5,6,11On the other hand
we have performed a calculation considering the tempera
dependence of the self-energy. These results are not sh
in the figure because the differences with those atT50 are
negligible since the only source of temperature effects in
type of calculation arises from the Fermi function.

The calculatedf -DOS @Figs. 1~a!, 1~b!, and 1~d!# presents
agreements and discrepancies with the experimental da
Ref. 5 and Refs. 6 and 11. The agreements are as follows~i!
the appearance of three structures nearEF . To our knowl-
edge, this is a new theoretical result with respect to th
obtained within the mean-field approximation to the Hubb
Hamiltonian, which do not yield any kind of MHB. Accord
ing to our interpretation, the central features arise from
transference of spectral weight between the LHB and UH
which is experimentally detected in several strongly cor
lated materials, both in HF systems12 and high Tc
superconductors,20 ~ii ! the width of each feature and the
total bandwidths agree with the experimental data, and~iii !
the location of the two features just below and aboveEF ~at
.230 and.30 meV! agrees with that obtained in Ref.
and Refs. 6 and 11. The discrepancies are as follows:~i! the
inner feature is experimentally located at.2300 meV while
in our results it is at.2110 meV. This discrepancy can b
explained because we have obtained the energy splittin
the two structures belowEF by means of a quasiparticl
band-structure calculation in which the self-energy effe
are added to the crystal effects and the hybridization w
r-
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other extended states, but without considering the spin-o
correction. This correction is estimated to be around 2
meV, and this is indeed the difference between the exp
mental data and our results.~ii ! The shoulder located a
.30 meV in our results is a true peak in the CeSi2 experi-
mental results.11 However, this peak is softened when me
sured in CeSi1.6,

11 which means that it contains contribu
tions from 3p states of Si, and therefore, the tendency is
polish the discrepancy with our results when only thef
contribution is considered~we will justify this 3p contribu-
tion in the second part of this work, devoted to the Kon
lattice effects!. ~iii ! The first peak below and closer toEF in
Fig. 1~d! is shorter than the inner peak located at2110 meV,
while photoemission experimental results show the oppos

From the results of this section, which are summarized
Fig. 1, we conclude that the mass renormalization produ
by the combination of the self-energy effects plus thef -p
hybridization is unable to give masses of around 100–1
times the free-electron mass.3,5 Although the results concern
a particular Ce system, the arguments presented in this
tion hold also for other Ce-based HF materials, since
pattern of their electronic structure is almost universal. It

FIG. 1. ~a! Total DOS of CeSi2 obtained with a RPA self-
energy with U50.42 Ry; ~b! corresponding partialf DOS of
CeSi2; ~c! direct and inverse photoemission spectrum~arbitrary
units! of CeSi2 from Ref. 11;~d! detail of the middle Hubbard band
of ~b! ~see main text!; ~e! near-EF CeSi2 photoemission spectrum
~arbitrary units! from Ref. 6.
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56 1339INTERPLAY BETWEEN DYNAMIC SCREENEDf -f . . .
very difficult to foresee whether other self-energy appro
mations, in line with that used in this calculation, will b
valid for obtaining the required mass enhancement, since
concomitance of the magnetic properties~such as certain an
tiferromagnetic couplings! indicate other causes for the H
state. In other cases, as in the U-related compounds U3,
UPt3, and UAu3 the consideration of a second-order se
energy for obtaining the mass-enhancement fact21

@12(]Re S (2)(v)/]v)#21 seems to be sufficient to concil
ate the dHvA measurements with the specific heat. Howe
we notice that these materials present important differen
with the Ce HF compounds and in particular with CeS2,
since theU value for these U compounds is around 2 eV21

while for the Ce systems it is around 7 eV. Moreover, t
delocalization of the 5f band states is larger than that of th
4 f band states. These points are crucial in the appearan
the characteristic structures of both the MHB and the LH
UHB. In addition, the existence of a controversy betwe
different experimental groups has provided highly refin
experimental results in CeSi2, which require one to improve
the theoretical explanation for the spectroscopical and o
experimental data. Therefore, in the case of Ce alloys,
necessary to think of other reasons~as the Kondo lattice
effects! for conciliating the giant specific heat with the fe
tures of the electronic structure.

III. KONDO-LATTICE ANALYSIS

The KLM is generally regarded as a canonical model
Ce-based HF compounds.1,22–25The KL model assumes tha
the high on-site Coulomb repulsion can inhibit thef -charge
fluctuations, allowing the spin to fluctuate freely. This ana
sis considers a system with noninteracting extended b
states and an exchange interaction between the spin of t
conduction states with a localized spin field arising from
f levels. These levels should be sufficiently deep to prev
the contribution of the corresponding charged particles in
low-energy physics. Therefore, this model is complement
to the band model considered in the former section. T
results of the former section fix a ground state (4f 1 initial
state in the photoemisions process! with an electron in the
f level is located at. 2.5 eV and an energyU. 6 eV. Both
data imply initial good conditions for considering the KLM
analysis since we have a deep 4f 1 level and an energyU,
which in principle forbids the double 4f occupation and
therefore the spin in each Ce site iss51/2. Despite many
years of investigations22,23 a theoretical explanation of th
HF state1,24,25based on this model or on the Anderson latt
still remains incomplete and controversial. The clear
ample of this situation is the present debate on whether
very high values of the low-temperature specific heat a
magnetic susceptibility are due to charged26,27 or neutral3

heavy fermions.
In this section, we present a treatment of the KLM th

leads to results that, coupled with those of the first calcu
tion, can explain in a better way the essential HF pheno
enology. The technical and detailed exposition of the ma
ematical formalism of the KLM analysis is quite extensi
and it has been published elsewhere.28 Here, we will briefly
describe the essential ideas underlying this formalism w
the aim of showing how it leads to a remarkable physi
-
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result, namely, the location of strongly correlated charg
modes, their location with respect toEF , and their influence
in the appearance of the HF state.

We consider a KLM consisting of a conduction band th
in Ce systems such as CeSi2 can correspond to the non-f
electrons~for instance the 3p states arising from Si and/o
5d/6s from Ce!, coupled to a lattice ofs51/2 local moments
by an exchange interaction, namely,

H5(
k,a

«kcka
† cka1J(

i
Sei•Sf i . ~12!

Sei51/2(a,bcia
† sabcib is the spin of the conduction elec

trons andSf i is the (s51/2) local spin at sitei corresponding
to the localizedf states. For simplicity, we consider a co
stant density of statesD and a half-filled conduction band
Energy units are taken to normalize the bandwidth, wh
implies thatD51 and21/2<«k<1/2. The algebra of loca
spins is described by the following operator
s61,i[A2(Sf i

x 6 iSf i
y ) ands0,i[2Sf i

z . They satisfy the multi-
plication properties (s0,is1,i5s1,i , s0,is21,i52s21,i ,
s1,is21,i511s0,i , etc.! in such a way that the product of spi
operators is maintained at the same lattice site.

When J50, the two subsystems are noninteracting a
the ground stateuF0& consists of a degenerate spin latti
plus a Fermi sea with electrons and holes as elemen
charged excitations. Ifq (p) denotes a wave vector locate
below ~above! the Fermi surface («q,0, «p.0), the annihi-
lation operators corresponding to electrons and holes
given byepa5cpa andhqa5c2q,2a

† , respectively. The ex-
pression of the Hamiltonian~12! in terms of the operators
epa , hqa , andsl ,k (sl ,k5N21/2( ie

iRiksl ,i) contains the en-
ergy of uF0& (EF0

5(q2«q) plus four parts with the struc

turese†h†s, hes, e†es, andh†hs, respectively. Thee†h†s
part, for example, is given by (J/4N1/2)@(ep↑

† hq↓
†

2ep↓
† hq↑

† )s0,2q2p1A2ep↑
† hq↑

† s21,2q2p1A2ep↓
† hq↓

† s1,2q2p].
This term of the Hamiltonian implies thatuF0& is not the
ground state~because it is not an eigenstate! of H when
JÞ0.

A. Unitary transformations

One of the most important steps in the analysis of t
section is to determine a unitary transformation that modi
the ground state and the Kondo Hamiltonian and theref
maps the basic operatorscka , sl ,k into a new set
c̃ ka5e2 T̃ckae

T̃, s̃ l ,k5e2 T̃sl ,ke
T̃ ( T̃ †52 T̃), such that

ẽpa and h̃qa annihilate theactual interacting ground state
uF&. We demand thatT̃ should preserve the charge, lattic
translational, and spin rotational symmetries ofH since in
the ground stateuF& no symmetry is broken. The simples
operator involving fermions that satisfies this condition is

T̃5
J

4N1/2T̃~k,k8!@~ c̃ k↑
† c̃ k8↑2 c̃ k↓

† c̃ k8↓! s̃0,k82k

1A2 c̃ k↑
† c̃ k8↓ s̃21,k82k1A2 c̃ k↓

† c̃ k8↑ s̃1,k82k#,

~13!

where T̃* (k8,k)52 T̃(k,k8) in order to satisfyT̃ †52 T̃
and, as in all the equations throughout this section, repe
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indexes imply sum over them. This sum can be divided i
four parts in terms of electrons and holes.

For small values ofJ, the new operators are expected
be slight deformations of the initial ones, and we can ma
the approximations

cka
† 5 c̃ ka

† 1@ T̃, c̃ ka
† #, sl ,k5 s̃ l ,k1@ T̃, s̃ l ,k#. ~14!

Substituting these expressions into the Hamiltonian, we
tain the expression ofH in terms of the transformed opera
tors ẽpa , h̃qa , and s̃ l ,i .

Obviously, the terms ofT̃ proportional toT̃(p,p8) and
T̃(q,q8) do not contribute to changing the vacuum state
the leading order, therefore, we should consider t
T̃(p,p8)5 T̃(q,q8)50. T̃(p,q) and T̃(q,p) are determined
by requiring that the terms of the Hamiltonian of the for
ẽ †h̃ † s̃ should be canceled inH, since their presence woul
imply that uF& is not an eigenstate ofH and, hence, not the
ground state. This condition implies tha
T̃(p,q)52 T̃(q,p)51/(«p2«q1h̃), where h̃ is given by
h̃5(3J2/8) ln 1/2h̃ . The introduction of the infrared regula
tor h̃ is necessary to achieve the cancellation of
ẽ †h̃ † s̃ terms ofH in the low-energy region where highe
order terms give important contributions, and to ensure
unitarity of the transformation~14! to leading order inJ.28

Using the above expression ofT̃(k,k8), we can readily
calculateH in terms of ẽpa , h̃qa , and s̃ l ,i . From the many
terms that are generated in this change of coordinates
select only those that are dominant for smallJ. A careful
analysis shows that, in this regime, the Hamiltonian is ess
tially given by28

H5C̃1H̃kinetic1H̃Kondo1H̃RKKY , ~15!

where

C̃52(
q
2Ẽ~2«q!5EF0

2
3J2

8
N ln 2,

H̃kinetic5(
p,a

Ẽ~«p! ẽ pa
† ẽpa1(

q,a
Ẽ~2«q! h̃qa

† h̃qa ,

Ẽ~«!5«1
3J2

16 F S 12
3J2

16

1

«1h̃
D ln

«11/2

«1h̃
1

h̃

«1h̃
G

~«.0!, ~16!
o

e

b-

t

e

e

e

n-

H̃Kondo5
J

4N1/2@~ ẽ p↑
† ẽp8↑2 ẽ p↓

† ẽp8↓! s̃0,p82p

1A2 ẽ p↑
† ẽp8↓ s̃21,p82p1A2 ẽ p↓

† ẽp8↑ s̃1,p82p#

1
J

4N1/2@~ h̃ q↑
† h̃q8↑2 h̃ q↓

† h̃q8↓! s̃0,q82q

2A2 h̃ q↑
† h̃q8↓ s̃21,q82q2A2 h̃ q↓

† h̃q8↑ s̃1,q82q#,

H̃RKKY5
1

2(iÞ j
JRKKY~Ri2Rj !S̃i•S̃j ,

JRKKY~R!5
J2

V2E dp dqS «p

«p2«q1h̃
22D cos@~q2p!•R#

«p2«q1h̃
.

~17!

V in this last equation stands for the volume of the fi
Brillouin zone.

B. Comments on the RKKY term

The RKKY interaction is directly drawn from the KLM
This is a success of our analysis since, to our knowledge
the literature the RKKY interaction has always been add
artificially to the Hamiltonian. Since all the terms in Eq.~15!
containing fermionic operators with tildes annihilateuF&, the
RKKY interaction is the only one responsible for the sp
dynamics atT50 provided thatuF& is stable with respect to
the electronic part~we shall see that this is only the case f
J smaller than a critical value!. Thus, we can conclude tha
the magnetic nature of the ground state~quasiparticle spin-
liquid, weak antiferromagnetism, magnetic fluctuations, e!
must not be necessarily attributed to the competition betw
the Kondo interactions and the RKKY term.29,30 We think
that the magnetic behavior of this ground state arises fr
the very long-range character of the RKKY interaction~17!,
which leads to strong frustration and to spin fluctuations t
tend to favor the formation of a quasiparticle spin liquid.28

Kagan and collaborators3 are persuaded that the Kond
lattice can explain the HF state and that the huge spe
heat at low temperature of this state may arise from the la
increase of entropy associated with the thermal breakdow
the magnetic order induced by the RKKY interaction. W
consider that this argument may be speculative but plaus
In any case, we are in agreement with these authors in
the renormalization effects on the charged spectrum
themselves can hardly account for the huge effective ma
associated to the HF state and they cannot justify the e
tence of the enormous entropy at the Kondo lattice temp
ture ~that is of the orderN ln 2).

The physical pattern of the system yielded by the KL
formalism is a vacuum state consisting of RKKY-induc
spin correlations, and two kinds of elementary modes: s
neutral modes associated with deformations of the spin
uid, which lead to very large low-temperature values of t
heat capacity and magnetic susceptibility, and char
modes corresponding to the excitation of electrons and h
in the system. A study of the spin correlations requires
quantum solution of the long-range-interaction Heisenb
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model ~17! which is beyond the aim of this initial study
Nevertheless, we notice that while the Kondo term is prop
tional toJ, the corresponding RKKY term varies proportio
ally to J2. For instance, in one dimension, and considering
energy band dispersion as«k5auku/p21/2 wherea is the
real lattice constant, Eq.~17! takes the form

JRKKY~R!5 J2E
0

1/2

dxE
0

1/2

dyS y

1/21y2x1h̃
22D

3
cos@~1/21y!pR/a#cos~xpR/a!

1/21y2x1h
. ~18!

Carrying out this integral, we find that for the on
dimensional case, JRKKY(R5na)50.26J2, 20.20J2,
0.14J2, 20.09J2, 0.07J2, . . . , for n561,62,
63,64,65, . . . , respectively, which corresponds to a we
antiferromagnetic term that can be neglected for small va
of J as compared to the Kondo term. Thus, we will conce
trate on the charged excitations, neglecting in its calcula
the effect of the spin correlations. It should be pointed
here that, if the spin correlations were taken into acco
~considering always thenormalstate, where there is no mag
netic order!, we should also have to consider the terms in E
~15! containing two fermionic and two spin operators b
cause, in this case, they give contributions to the disper
relation of the charged modes that are of the same orde
the spin correlations.

C. Ansatz formed by charged particles and neutral particles

In this subsection, we intend to give a solution of t
Schrödinger equation whose Hamiltonian is given by Eq
~15!–~17!. This is performed via a variational procedure
means of a trial function. This function is constituted by
ansatz constructed by charged excitations coupled to
fluctuation quasiparticles. Due to the electron-hole and s
rotational symmetries, we only need to consider, for
stance, the negatively charged modes and the state in
spin multiplet with the highestsz value. From Eq.~16! we
see that the band structure of the statesẽ pa

† uF& and

h̃ qa
† uF& contains a gap of magnitude 2Ẽ(0)5h̃13J2/16.

These states, however, arenotenergy eigenstates. To find th
true eigenstates, we build up the ansatz that is formed
modes that are small deformations of the statesẽ pa

† uF& for
small values ofJ and with the conditions5sz51/2 they can
have the structure28 uUEp↑&5a(p)@ ẽ p↑

† 2(J/4N1/2)bp(p8)

( ẽ p8↑
† s̃0,p2p81A2 ẽ p8↓

† s̃1,p2p8)] uF&, wherea(p) is a nor-
malization factor andbp(p8) is a variational function that is
determined as an extreme of the energy. This ansatz be
strong parallel with that used to study the charged mode
the one-electron Kondo lattice32 or the renormalization of the
f states in the Anderson lattice model.2 A simple
calculation28 shows that the energy decrease at the Fe
level of the slightly correlated modes~we call them uncorre-
lated modes! uUEpa& with respect toẽ p Fermia

† uF& closes

the gap in the dispersion relation ofH̃kinetic, as is physically
expected.

It can be seen that, to suitably account for the high-ene
tail of the Kondo coupling, these modes should be c
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structed from optimal operatorsĉka ,ŝl ,k such that the state
êpa
† uF& are the best possible approximations for the act
uncorrelated electronic modes (uUEp↑&). These operators ar
obtained by means of a second transformationT̂, which must
have the general structure~13! in order to preserve all sym
metries. In addition, this second transformation must le
uF& invariant, and therefore,T̂(p,q)50. As we have com-
mented regarding the statesuUEp↑&, the effect of the Kondo
interaction in the low-energy region of the electronic spe
trum is to lower the energy. Therefore, in order to determ
T̂(p,p8), we will demand that the energy ofêpFermiauF& be

minimized. This leads to the result28 T̂(p,p8)5(«p2«p8)/

@(«p2«p8)
21ĥ2#, where ĥ is given by ĥ

5(3pJ2/64) ln 1/2ĥ @a completely analogous expression
obtained forT̂(q,q8)#.

Following the same steps as we did with the first tra
formation, we now find that the expression ofH in terms of
the operators with carets is essentially given
H5C̃1Ĥkinetic1ĤKondo1ĤRKKY , where the Hamiltonians
with carets have the same general structure as the co
sponding ones with tildes@see Eqs.~17!# but with two im-
portant differences: first, the gap in the dispersion relat
Ê(«) is strongly reduced with respect to that inẼ(«), and
has the estimated value 2Ê(0) ~Ref. 28! where
Ê(0)5(3J2/16)(lnp/411/2)50.048J2, Second, instead o
the couplingJ, ĤKondo contains a Kondo coupling28 of the
type Ĵ(«1 ,«2), which is effective only between electrons~or
between holes! of very similar energies:
Ĵ(«1 ,«2)5Jĥ2/@(«12«2)

21ĥ2#. From the optimal opera-
tors ĉka ,ŝl ,k we can now construct the SC modes. The ge
eral structure of an electron strongly correlated with a s
wave ~such a state will be called henceforth SCE state!, of
s5sz51/2 and wave vectork, is given by

uSCEk,1/2&5N21/2AB~p!~ êp↑
† ŝ0,k2p1A2êp↓† ŝ1,k2p!uF&,

~19!

whereA is a normalization factor andB(p) a variational
function that should minimize the energy~measured with
respect to the energy ofuF&):

ESC,1/2@B#5A2F 3VE dpÊ~«p!B* ~p!B~p!

2
3

2V2E dpdp8B* ~p8!Ĵ~«p8 ,«p!B~p!G .
We find28 that the condition for the minimization ofESC,1/2
has a solutiononly for antiferromagnetic couplings (J.0).
This solution„with the approximationÊ(«);6@Ê(0)1«#,
the sign 1 ~2! is for particles ~holes!… leads to
B(p)5Z/@«p1V1/2# andESC,1/256@Ê(0)2V1/2#, whereZ
is an arbitrary constant that is determined by the normal
tion of the wave functionuSCEk,1/2& andV1/25e22/JDF/2 and
obviously the sign1 (2) indicates that the wave function
are constructed with particle~hole! operators. For ferromag
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netic couplings, the local moments and the spin of the c
duction electrons will tend to align parallel to each other a
if a collective state is formed, it should have the structu
uSCEk,3/2&5N21/2CD(p)êp↑

† ŝ1,k2puF&, which is the genera
form of a state composed of an electron and a spin w
having wave vectork ands5sz53/2. In this case, the con
dition for minimizing ESC,3/2@D# has a solution only for
J,0 and it leads to D(p)5Z/@«p1V3/2#,
ESC,3/256@Ê(0)2V3/2#, whereV3/25e4/JDF/2.

The energiesESC,1/2andESC,3/2constitute the most impor
tant quantitative result of this section, since we have fou
the strongly correlated modes constructed from the coup
of the charged particles with spin fluctuations originated
the spin field. The flat bands of these strongly correla
modes will always be located at both sides ofEF , symmetri-
cally distributed if the half-filling condition is used in th
KLM analysis. In addition, we find that in ferromagnetic an
antiferromagnetic Kondo lattices there is a tendency to fo
collective states of spin 3/2 and 1/2, respectively, and t
for couplings with the same strength, the formation of the
states is much more favored in the antiferromagnetic c
(V1/2@V3/2). If V stands for eitherV1/2 or V3/2, from the
expressions ofB(p) andD(p) it can be readily seen that th
probability of finding in a SC mode an electron with wa
vector p such that «<«p<«1d« is P(«)d«, where
P(«).V/(«1V)2. This means, for instance, that 66%
the electrons in these modes have their wave vectors in
layer 0<«p<2V. If V!Ê(0), the energies of the SCE
states are larger than those of the charged particles, and
they do not participate in the formation of SCE modes at l
temperatures. On the contrary, these charged particles
tribute at low temperatures to the SCE states if, w
V,Ê(0), both parameters are of the same order. In the la
case, the result will be a strong renormalization of the el
tron ~and hole! masses around the Fermi level, since the ba
dispersion of the SCE mode is very flat. This would actua
explain an important enhancement at the Fermi surface o
masses of thechargedexcitations measured by photoemi
sion and dHvA experiments.3 However, this electronic mas
renormalization is not the main source of the heavy mas
appearing in the HF state because the fraction of the ban
charged particles that can participate in the formation of
SCE modes is small.31 In any case, the presence of the SC
modes does not explain the enormous low-temperature
tropy measured in these systems.3

IV. SUPERPOSITION OF THE RESULTS DRAWN FROM
THE TWO ANALYSES

On the one hand, we have accounted for the charge fl
tuation effects via the Hubbard Hamiltonian and the RPA
the self-energy. Our results show that the RPA linear
sponse leads to a screened electron-electron Hubbard-lik
teraction whose correspondingGW self-energy produces
low-energy quasiparticle structures that can be interprete
transferences of spectral weight between the lower and u
Hubbard bands~this fact has been suggested in previo
papers12,20corresponding to different strongly correlated sy
tems!. These features~that we call MHB! are not narrow
enough to justify the large electron masses, but they are
-
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sically in agreement~aside from the peaks located just abo
and belowEF) with photoemission and dHvA data, and a
essentially temperature independent.

The second and complementary analysis excludes
f -electron hopping between thef -electron atoms, since we
consider that the spin field is alwayss51/2. It imposes the
prohibition of f -band formation and in addition thef charge
particle spectra are not considered~therefore, the MHB
should be absent in this calculation!. In addition to the renor-
malized Fermi liquid of extended states, the Kondo mo
yields two very flat bands that arise from the coupling b
tween charged conduction particles and spin fluctuati
waves, which generates the Kondo peaks. These peaks
symmetrically located below and/or above a small gap t
contains the Fermi level. The number of nonlocalized el
trons of the conduction band of the Kondo Hamiltonian th
participate in the formation of the band of statesuSCEk& is
small, because only in a narrow energy interval are th
conduction electrons whose correspondingB(p) functions
have appreciable values. Therefore these two flat bands
ply a not too much larger increase of the DOS just above
belowEF . By comparing our theoretical MHB of Sec. II t
the experimental photoemission results,5,6,11we find discrep-
ancies in the peaks just above and belowEF . It must be
remembered that in our first calculation we only obtain
shoulder aboveEF and the peak just belowEF is shorter than
that located at2110 eV, while it is similar or even larger in
the experimental results. The experimental fact that CeS1.6
presents a softened peak aboveEF with respect to CeSi2
suggests that this peak is also due to extendedp states, giv-
ing support to the conclusion that the structure just ab
EF can also correspond~although not exclusively! to the
Kondo peak obtained by the KLM analysis. The conducti
electrons located in these flat bands of SCE states contri
to the electron masses, but as we have said above, the
ber of conduction electrons located in this band is small a
therefore, their contribution to the specific heat can be app
ciable but not enough to justify the HF state. On the oth
hand, the HF state is characterized by the simultaneous
pearance of a strong increase of entropy with an extrem
large specific heat.1,3 In Sec. III, we have explained that th
spin correlations are the reason for a weak antiferromagn
order whose exchange parameter varies asJ2, J being the
Kondo parameter. This order can be broken at low tempe
tures and the magnetic breakdown can lead to a large
crease of entropy~of aboutN ln 2). As a consequence, a
apparent effective large mass is detected in the specific
measured in the HF state. Therefore, when considering e
model separately, there are more discrepancies than ag
ments with the experimental results, but if one superpo
the results drawn from the two models, namely, the midd
energy resonance, the flat bands of strongly correlated
modes coupled with some~not many! conduction electrons
and the RKKY Hamiltonian, one may explain and reconc
the controverted spectroscopical results, the dHvA osci
tions of the susceptibility, and the thermodynamic masse

It is important to consider that two clearly distinct tem
peratures result from our analysis: the Kondo and the H
state temperatures. In our second calculation, the Ko
temperature is given by the location with respect toEF of the
strongly correlated charged modes SCE, while the hea
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fermion-state temperature is defined by the energyKBTHF
necessary for the breakdown of the RKKY-induced magn
correlations. Since the Kondo peaks correspond to the
mation of collective states, it is clear that they will depe
very strongly on temperature although, as we already m
tioned, in a very different way than the Kondo resonances
the IAM do. On the contrary, the MHB spectrum is almo
invariable with the temperature since it only varies via t
Fermi function. Therefore, according to the results presen
in this paper and concerning the controversy about the l
energy spectrum of the Ce systems in the HF state, we a
with Joyce and co-workers5,7 in that the IAM cannot explain
the low-energy features since the predicted spectrum is
rower than the PES data and wider than that necessary
justifying the specific heat, but we disagree with them wh
they conclude that the Kondo effect does not play any role
these systems. On the other hand our results support th
sults of Malterreet al.6,10,11 in giving to the Kondo effect a
preeminent role in the low-energy phenomena of these
compounds~in our analysis the Kondo lattice effects yield
the SCE band states and the RKKY interaction produc
antiferromagnetic correlations!, but we disagree with thei
explanation of the photoemission spectra and the thermo
namical masses within the single IAM. Therefore, we belie
that our results and our interpretation are equidistant fr
the interpretations of both experimental groups.

V. CONCLUSIONS

We have presented two complementary analyses of a
based heavy-fermion compound that may reconcile the
parent contradictions between the photoemission and t
modynamic experiments. The spectrum results of the R
calculation of Fig. 1 within the multiband Hubbard Ham
tonian represent an improvement with respect to those
tained within the impurity Anderson model19 ~see the com-
parision shown in Ref. 5!. However, the main goal of ou
paper is not to show the improvements of the RPA res
with respect to previous papers, but to try to reconcile
severe contradiction between the thermodynamical mass
the low-energy spectrum and those obtained with the sp
troscopical and the dHvA experiments.3 This is why we have
performed, along with the RPA self-energy realistic calcu
ys
ic
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tion, an analysis in which only the Kondo lattice spin e
change that was excluded in this first calculation is cons
ered. The fusion of the two analyses has four virtues:

~i! It proves that a screened interaction produced
charge fluctuations can basically reproduce the spectrosc
cal results of both the high- and low-energy quasiparti
structure, with the exception of the narrow Kondo-effe
peaks, which obviously should be associated with the s
exchange. The bandlike nature of the low-energy spectru7,8

is in agreement with the results of our first calculation.
~ii ! The effective masses and the topology of the Fe

surface detected by the dHvA experiments are in a fa
good agreement with the results obtained by the first ca
lation. Nevertheless, some quantitative discrepancies c
be overcome by considering other self-energy approxim
tions beyond the RPA, which somehow represents the s
plest approach that can yield the three basic structu
present in Ce systems.

~iii ! The inclusion of the Kondo lattice analysis leads to
better description of the low-energy resonances, since
collective states that arise from the strong correlation
tween soft conductions electrons and spin fluctuations p
vide two symmetric peaks that must be added to the pat
obtained by the RPA calculation. The superposition of
two models yield a better agreement with the measured l
energy optical spectrum. It should be emphasized that th
peaks have a completely different nature@see Eq.~19!# from
those appearing in the IAM. Therefore, the temperat
evolution of these structures, as well as the correlation
tween their widths and location and intensity, will be esse
tially different from that associated with the impurity Kond
resonances.

~iv! On the other hand, the second analysis brings i
play the magnetic correlations induced by the RKKY inte
action, which can give coherence between the relativ
small spectroscopic and dHvA effective masses, and the v
large masses arising from specific heat and magnetic sus
tibility measurements.
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4F. López-Aguilar, J. Costa-Quintana, and L. Puig-Puig, Ph
Rev. B48, 1128~1993!; 48, 1139~1993!; M. M. Sánchez-López
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