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Two complementary analyses for the electronic structure of Ce systems are given. The first is performed
from the renormalized density of statd30S) 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 dynamietlscreened interactions. The resulting DOS
presents agreements and discrepancies with the spectral data yielded by direct and inverse photoemission. The
theoretical and experimentdl widths next to the Fermi level imply-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.S0163-18207)08328-9

I. INTRODUCTION the Fermi level Eg), and thus the charge and spin fluctua-
tions in thef-electron atoms can be large. These materials
The phenomenology of strongly correlated systems can bpresent, within=3 eV aroundEg, an almost universal elec-
explained by considering the interplay between the dynamitronic structure, dominated by two energy scales, which dis-
cal screening of thef-f interactions that arises from the plays three characteristic structurés'®!* The first one is
charge fluctuations and the magnetic interactions governegcated at= — 2.5 eV below the Fermi level and it is experi-
by the spin fluctuations plus spin correlations, which can benentally detected by direct photoemissitdhits origin is
analyzed from the Kondo lattice modédLM)."* An inter-  nambiguously assigned to thé%final state of the photo-
esting fact originated by this interplay is that there are eX|ectron emissiofii.e., 4f! initial state, and the correspond-

perimental results that seem to be in better agreement witmg peak in the density of statéBOS) can be assimilated to

the charge-fluctuat_ion phenomenology wherea_s other EXPeline lower Hubbard bandLHB). The second structure, lo-
ments seem to give support to the magnetic behaviors :

While the direct and inverse photoemission spectroscopy ca.]%ated at=4 eV aboveEr, corresponds to thef4 final state.
e . . . ““It is detected by the inverse photoemission prote<saind it
be partially justified from the dynamic screening comlngCan be identifigd with the upF::)er Hubbard bg(m:HB) This

from the f-charge fluctuation$;* the specific heat@,) of . : ) . )
these materials implies electronic masses two or three ordeR&Nd i physically interpreted as th&k) dispersion of the

of magnitude larger than those expected from the spectroéf2 configuration that propagates through the crystal with
copy measurements This seems to suggest that the mag_quasmomenturk. Finally, the most intriguing #i resonance
netic behavior plays an important role in the arising of theis located in the energy region nelg (Refs. 5, 6, 10-13,
large electronic mass of the heavy-fermibtF) state. Onthe and 21 and is split in several features. This middle-energy
other hand, the de Haas—van Alph@HvA) oscillation of  structure is generally constituted by two peaks belGw
the susceptibility implies similar electronic masses to thoséRefs. 5, 6, 10 and Jlhat are detected, therefore, by direct
deduced from photoemissidnThe strong variation ofC photoemission(at =—300 and=-30 me\) and another
with temperaturelT leads to excluding the renormalization peak located just abover that is displayed in the bremss-
self-energy effects as the cause for this mass enhancémentfralung spectroscopy. This triple structure is out of the
since these effects become practically insensitive toTthe simple LHB/UHB scheme and its origin has presented strong
variation. On the contrary, it seems to be related to either &ontroversy. Since it is located between the LHB and UHB,
change in entropy that takes place above a characteristic terit-corresponds to # resonances that can be called middle-
perature when a decrease of magnetic order is produced ®nergy Hubbard band@MHB). These resonances may be
the loss of magnetic correlations or the existence of colleclinked to an intermediaten; occupation arising from the
tive states, or even the addition of the two effetts. charge fluctuations due to the transferences fokkectrons
The Ce systems have an electron located inftband>®  between Ce atoms. The existence of this intermediate state
and this condition allows one to consider some of these comezan be justified by the band character of thie states and
pounds as paradigmatic examples of strongly correlated sysherefore it would be related to the indetermination of the
tems in which the contradictory interplay between chargen; occupation per #atom in the band modér® In any case,
and spin fluctuations is remarked upon. This is so becaustae middle-energy structure is consistent with a transference
the f electrons may form a quasiparticle b&ntthat crosses of spectral weight between the upper and lower Hubbard
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bandst? Obviously, this interpretation enters in competition also deal with different crystal potentials for each spin-
with the idea that these neki- peaks are related with the orbital symmetry, thus allowing one to reproduce both the
Kondo effect resonance described by the impurity Andersoiidund’s rule and the Hubbard splitting. The self-energy ap-
modef (IAM). The IAM can provide a good description in proach considered for CeSis obtained from the multiband
the cases of completely localized 4tates and conduction Hubbard Hamiltonian and takes into account the extended
electrons interacting via hybridization with the magnetic im-random phase approximation to the effective interaction. The
purities (that do not interact themselvyedt is an important  calculation of the electronic structure is performed by diago-
model for performing a heuristic aﬂalySiS that describes genna|izing the inverse of the Green'’s funct?émé)' which can
erally the strongly correlated systems, but the realistic casese expressed as:

that present 1 band states should be treated via the lattice

Anderson Hamiltonian, whose solution is not so simple as G=G°+G° MG, (1)

that of the IAM. _ _

However, a detailed analysis of the low-energy propertiesvhere the matriM stands for the self-energy a@f is the
that arise from the thermodynamical, spectroscopic, andoninteracting system’s Green function. Téag matrix ele-
dHVA measurements induce one to think that the considerment ofG is given by
ation of only charge fluctuation effects arising from the dy-
namical screening are unable to reconcile the experimental G;Bl(k,w)=(w—8(k)ati 0*)5aB—Maﬁ(k,w), 2
data. We believe that even a good understanding of the MHB ) )
requires the combination of tHecharge and spin fluctuation WhereMag(k,w) is the matrix element of the self-energy
effects. But above all, we wish to emphasize that the effect§@/culated between two eigenstajésy) and |kB) of the
of both fluctuations should be complementarily taken imononlnteraoctlng system’s Hamiltonighi | p,) of eigenvalues
account to conciliate the direct and inverse photoemissiofike aNdegg, respectively & and 8 are band indexgsThe
data and the dHVA determination of the Fermi surface withinteracting Hamiltonian of the SCS has nonzero terms only
the thermodynamica' masses Of the |ow_energy quasipartpetween electrons located in Strongly correlated orbitals be-
cles and the magnetic susceptibility characteristic of the HEonging to f atoms. Therefore, the self-energy affects only
state of some Ce systems. the strongly correlated component of the band sthfEise

From a theoretical point of view, Andersdnsuggested Mmatrix of Eq.(2) can then be written as
some years ago that for large values of the enéigy the
Hubbard or Anderson-lattice Hamiltonian, the dynamics of
the f-charge fluctuations and the spin exchange are essen-

Gop(k,0)=(w—ep,*i0")8,p

tially independent. Thus, for experimental and theoretical -> > (kalmv>MrVn”n’1,(w)<m’v’|k,8>,
reasons, our strategy will consist in studying both contribu- mm' vy’
tions separately. Therefore, we analyze in this paper the elec- (3)

tronic structure of a characteristic HF compound within two ) o ) )
complementary models in order to discriminate the differentvhere (ka|mv) is the projection of a certaifi pa eigen-
sources of the two antagonistic properties: on the one hangtatélka) on a strongly correlated componentcentered in

the spectroscopic featurésasically justified via dynamical the v atom of the primitive cell. We have performed a LDA
screening, although the KLM analysis is needed for comband-structure calculation within a standard symmetrlz_ed
pleteness and on the other hand, the enhancement of th@ugmented plane wave method and we have determined
electronic mass and the magnetic susceptibilityiose ori-  €ke and(mv|ka), whose expression is

gin is closer to the magnetic properties coming from the

KLM). The superposition of the results obtained from the (mv|ka)=
two models allows us to find certain theoretical coherence

between them and agreement with the experimental results.

i4
2 3 olk e TER

. J1(RK;,S,)
XeXF(IRki'fv)m Yol 6, 91)
Il. CHARGE FLUCTUATION EFFECTS = Pka
In this section we calculate the one-body electronic struc- X \/J r2 drlu(|r—r,) ;gga)|2_ (4)

ture of the characteristic HF compound CeSNe have cho-
sen th!s material _be<_:ause there is extensive literaife The former equation follows the standard notaftofhe
about its photoemission spectroscopy and a strong contro- .. 0 . .

versy in the interpretation of these results, which is centere&oeff'm?ms"(k‘ '£ka) def_me thelka) state and are obtained
exactly in the title of this worki.e., in the interplay between in this first LDA calculation. .

the charged screening and magnetic exchangeerefore, . The matrix of .Eq.(3) must be cc_)nstruqted _and diagonal-
this compound is a perfect challenge for testing our doublézed for each pyomk of the irreducible Brillouin zone. The
analysis. The electronic structure of Ce$ calculated us- Self-energyM ' (w) usually depends on the frequency be-
ing a method appropriate for determining the one-body spegsause it accounts for the dynamical screening between the
trum of any transition-metal, rare-earth, and actinide-basedtates, thus it affects differently states of different energies.
compound, as well as others that constitute the group ofherefore, the matrix that must be diagonalized is a function
strongly correlated electronic syste®CS. This method is of w and obviously ok, and its eigenvalues are also a func-
valid for any approximation to the self-energy, and it cantion of @ and k. According to the usual notation in band
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B . 2 2
theory, we write these eigenvalues Bg,(w), where the Qn—Ym

subindexk e indicates now an eigenstate of the interacting M mmy (©) = 8muy 8,y Un(z =) + S SvUm—Dq
system instead of B 5 eigenstate. Looking at E€Q), it is m
straightforward thaiG is a complex non-Hermitian matrix B Np(x)dx

for any complex self-energy and its diagonalization will give f_mw+(2my— x—ig*

complex eigenvalues of the form

@ N (x)dx
: + f — ——=|. 9)
Eka(w)zska(w)+|7ka(w)- (5) Epw QmV X+i6
- _ . . . Q,, andY,,, depend on the band parameters that describe
Then,G can be written in the diagonalized form the noninteracting DOS, as well as on the occupatifyrand
on-site Coulomb correlatiotd, of the m orbital of the v
Gy (w)=[o— e (®) =iy (w)] L (6)  atom, through the equatiorisee Ref. 4

2 _ v__iTVv\2 Vv _ NV v __ TV
The spectrum of the interacting system is given by the poles Qiny= (ym= 1) “+ AU (1 =0g) (v = Tg), (10)

(wg) of the Green function. Thus, the intersections of the 5 i )
ey — o i v — Y= (ym=iT) (11)

straight liney = w with the functiony=E,,(w) must be cal- my m m’ o

culated. The real part of the pofe,(wo)] is the spectrum where y!, is the separation between peaks in the input DOS

of the qugs!partlclel statgka) er"le ':]S Imaginary lpa}r]:t andT?, is the sum of their half-widths. The parametef,

[ 7a(@o)]is inversely proportional to the quasiparticle life- -, arns the average occupation number of spin bands

time. . . ;
. . whose maximun value is 1, therefore a nonmagnetic ordered
The renormalized DOS is calculated from the spectral ...\ \vith 5 41 configuration can have tm;}fo 5 The

. _ R .

]tunct!ons Akal®) = f(El/W)elmGk“Srw)'l Dev_eloplng dthﬁ screening of the on-site correlation yields thedependent
ur;ctt]onw—_eka(w) N thq'( )Intalfay Ot'f se?eks ar;)hunf e tarms of the self-energy in Eq(9) and correct the
solution o= ey,( o), the spectral function takes the form: U’ (1/2—n?) term that corresponds to the first-order dia-

gram. By inspecting Eq99)—(11) we see that the energy-
1 Zﬁa(wo)|yka(w0)| dependent terms of the self-energy tend to zero when the
Aka( @)= — (0o (o) 2 [Zea(@0) veal@g) T2 @) bandwidths of the noninteracting system increase and/or the
m orbital is either completely occupied or unoccupisihce
thenQ2,=Y2 ). When this is not the case, the self-energy
of Eq. (9) has two maxima at energies nextdo=*+Q,,.
Because of this peaked shape of the self-energy, there can be
several cutgat least thregbetween its real part Ré&,(w)
deya ® and the straight ling=w—=¢2, (£° is an LDA eigenvalug
o | i.e., there can be several poles of the Green function for each
v energy of the noninteracting system. Therefore the interact-
ing DOS can show the characteristic multipeak structure of
A. Self-energy used in the calculation the Ce systems. This behavior of the RPA self-energy is also

shown by other approximations that are more sophisticated,

We consider a self-energy operator that takes into accound ;i as the one deduced from the three-body Fadeev equa-
the dynamical screening of tHef interactions produced by {5 by Calandra and Mandfii(see Ref. 18 for a more

the charge fluqtuations. The simplest pert_urbative series thfatailed comparison with other approximations to the self-
yields the basic features of the electronic structure of th%nergy.

strongly correlated systems is the random phase
approximatio®* (RPA) obtained from the multiband Hub-
bard Hamiltonian. Then, we will calculate the electronic
structure considering only the dynamic screening of fttfe As stated above, Cegis an ideal material for testing our
interaction and excluding the Kondo effect. The purpose ofipproach since there exists a large number of direct and in-
including in this first part of the work the charge fluctuation verse photoemission studies on this compound, and a rela-
effects in the self-energy while excluding the spin fluctua-tively recent strong controversy not solved &t CeSi, is
tions is to discern the role of the charge dynamic screening im nonmagnetic material whose susceptibility does not show
the MHB 4f resonance independently of other causes thaany magnetic order between 70 and 0.1 K, and whose linear
could also influence its appearance. Starting from a multicoefficient of the specific heat is 100 mJ/K’mole>®1tim-
band Hubbard Hamiltonian and going beyond mean-fielcblying bandwidths of around 10 meV only possible within
theory, we calculate the self-energy operator in the RPAthe f systems. The core of the controversy lies in the inter-
Only the exchange diagram for the self-eneftiye so-called pretation of the spectroscopic data. Joyateal® maintain
“open oyster” diagram s considered and the noninteracting that the direct photoemission results cannot be explained
DOS of every SGn orbital is modeled by a double Lorent- through the light of the IAM because the low-energy struc-
zian curve® The self-energy that affects eanhorbital then  ture predicted by this model is too narrow when compared to
has the following expression: spectroscopic results. On the other hand, the predicted low-

where the renormalization factdt, ,(wg) that corresponds
to the quasiparticle state of energy,(wg) is given by

ZiHwo)=1—

B. Results
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energy peak is at least 10 times wider than what would cor-

|
respond to the large specific heat of this compothdn glgg (a) Ep|
addition, and according to this group, the temperature evolu- § 80
tion is simply due to the phonon broadening and the Fermi } 40
function. Besides, they assert that the correlation predicted{ 20
by the IAM of the location and intensity of the Kondo peak % 0 I
with its width, as well as its temperature dependence, doesg 100
not agree with the experimental results, since the low-energy % 80
pattern of the spectrum beloi is quantitatively similar for :n/ 60 |
several materials with very different Kondo temperatdires. © 40
On the contrary, Malterret al®lsupport the idea that the = 28 E L LA A s
IAM provides a basic description of the experimental results : | v
of the direct and inverse photoemission spectroscdpigs: (c) Eg) pei %
According to their opinion, the low-energy peaks are due to I
the impurity Kondo effect, and the evolution of the experi-
mental photoemission data with the temperature can be un- l | & g T
derstood within the IAM. The quantitative discrepancies are 0.25 05 0.5 N 1.25

attributed, by this group, to crystal, spin-orbit, and final-state
effects as well as to the insufficient resolution of the experi-
ments.

The spectroscopic MHB of Cegipresents the multipeak
4f structur@5! described above. The width of the MHB is
around=0.4 eV below and abovEg, i.e.,=0.8 eV, which
is very large for a standard HF system as Ge%i'%n our
results of Fig. 1b) the three peak structures are displayed:
the ones located at —3 and~4 eV that correspond, re-
spectively to the 4° and 4f? final states in the photoemis-
sion process, along with the MHB structure. This last struc- I | I‘(:,‘D I
ture is shown in detail in Fig. (). It displays three s — S E—
substructures: one of them just bel&y at = — 30 meV, the 0.8 0.81 0.82 0.83 0.84 0.85
second one at —110 meV, and a shoulder just abokg at energy (Ry)
=30 meV. The total width is around two orders of magni- - | (@) Total DOS of CeSj obtained with a RPA self-
tude larger than the results expected from the thermodynamja—nergy with U=0.42 Ry (b) corresponding partiaf DOS of
cal measurement of the specific héﬁ”&llOn'the other hand, cesj: (¢) direct and inverse photoemission spectréanbitrary
we have performed a calculation considering the temperaturgyitg) of CeSi, from Ref. 11:(d) detail of the middle Hubbard band

Fjepend_ence of the self-ene_rgy. These _results are not showp () (see main teyt (e) nearEy CeSi, photoemission spectrum
in the figure because the differences with thos&at are  (arbitrary units from Ref. 6.

negligible since the only source of temperature effects in this
type of calculation arises from the Fermi function. . - . .
The calculated-DOS[Figs. 1a), 1(b), and 1d)] presents other e_xtende(_j states, t_)ut vylthouF considering the spin-orbit
agreements and discrepancies with the experimental data 6Prection. This correction is estimated to be around 200
Ref. 5 and Refs. 6 and 11. The agreements are as foll@ws: meV, and this is indeed the @fference between the experi-
the appearance of three structures riéar To our knowl- ~Mental data and our resultsi) The shoulder located at
edge, this is a new theoretical result with respect to thos& 30 meV in our results is a true peak in the Ce8kperi-
obtained within the mean-field approximation to the Hubbardnental results! However, this peak is softened when mea-
Hamiltonian, which do not yield any kind of MHB. Accord- sured in CeSig,™* which means that it contains contribu-
ing to our interpretation, the central features arise from thdions from 3 states of Si, and therefore, the tendency is to
transference of spectral weight between the LHB and UHBpolish the discrepancy with our results when only thie 4
which is experimentally detected in several strongly correcontribution is considerefve will justify this 3p contribu-
lated materials, both in HF systetisand high T, tion in the second part of this work, devoted to the Kondo
superconductor® (i) the width of each feature and their lattice effects. (iii) The first peak below and closer Ex in
total bandwidths agree with the experimental data, @npl  Fig. 1(d) is shorter than the inner peak located-et10 meV,
the location of the two features just below and ab&ye(at  while photoemission experimental results show the opposite.
=—30 and=30 me\) agrees with that obtained in Ref. 5  From the results of this section, which are summarized in
and Refs. 6 and 11. The discrepancies are as follGwthe  Fig. 1, we conclude that the mass renormalization produced
inner feature is experimentally located=at- 300 meV while by the combination of the self-energy effects plus fhp
in our results it is at=—110 meV. This discrepancy can be hybridization is unable to give masses of around 100—-1000
explained because we have obtained the energy splitting dgfimes the free-electron ma3s Although the results concern
the two structures beloviEr by means of a quasiparticle a particular Ce system, the arguments presented in this sec-
band-structure calculation in which the self-energy effectdion hold also for other Ce-based HF materials, since the
are added to the crystal effects and the hybridization wittpattern of their electronic structure is almost universal. It is

DOS




56 INTERPLAY BETWEEN DYNAMIC SCREENEDf-f ... 1339

very difficult to foresee whether other self-energy approxi-result, namely, the location of strongly correlated charged
mations, in line with that used in this calculation, will be modes, their location with respect -, and their influence
valid for obtaining the required mass enhancement, since thia the appearance of the HF state.

concomitance of the magnetic propertisach as certain an- We consider a KLM consisting of a conduction band that
tiferromagnetic couplingsindicate other causes for the HF in Ce systems such as CgSian correspond to the ndn-
state. In other cases, as in the U-related compounds, Ulr electrons(for instance the B states arising from Si and/or
UPt;, and UAu; the consideration of a second-order self-5d/6s from Ce, coupled to a lattice a§= 1/2 local moments
energy for obtaining the mass-enhancement fattor by an exchange interaction, namely,

[1—(dRe 2@ (w)/dw)] * seems to be sufficient to concili-

ate the dHVA measurements with the specific heat. However, _ + Q.

we notice that these materials present important differences H kEEz Skckack“JrJEi: Sei* St 12

with the Ce HF compounds and in particular with CgSi Sei=1/22a,ﬁCiTa0aﬁCig is the spin of the conduction elec-

since theU value for these U compounds is around 22V, ¢ s the (o 1/2) local Spin at sitd di
while for the Ce systems it is around 7 eV. Moreover, the rons ands; is the &= 1/2) local spin at sité corresponding

delocalization of the 6 band states is larger than that of the to the Ioca_llzedf states. For S|mpI|C|_ty, we consu_jer a con-
4f band states. These points are crucial in the appearance ANt dens!ty of stateb and a halfjﬂlled conducupn band..
the characteristic structures of both the MHB and the LHB/=n€r@y units are taken to normalize the bandwidth, which
UHB. In addition, the existence of a controversy betweerf™Pli€s thatD=1 and ~1/2<g<1/2. The algebra of local
different experimental groups has provided highly refined>P'"S 1S dgsgrlbed by the following operators:
experimental results in CeSiwhich require one to improve Si_lviE_\/E(Sfii'Sfi)_ andso;=2S;; . They satisfy the multi-
the theoretical explanation for the spectroscopical and othdilication — properties — g0;S1;=S1;,  SoiS-1;=~"S-1j, _
experimental data. Therefore, in the case of Ce alloys, it i§1iS-1i=1+So;, €tc) in such a way that the product of spin
necessary to think of other reasofes the Kondo lattice OPerators is maintained at the same lattice site.

effecty for conciliating the giant specific heat with the fea- WhenJ=0, the two subsystems are noninteracting and
tures of the electronic structure. the ground statéd,) consists of a degenerate spin lattice

plus a Fermi sea with electrons and holes as elementary
charged excitations. Iff (p) denotes a wave vector located
[l. KONDO-LATTICE ANALYSIS below (above the Fermi surfaced,<0, ,>0), the annihi-

The KLM is generally regarded as a canonical model forIa.tlon operators corresponding to electrons and holes are

Ce-based HF compoundg?-25The KL model assumes that 9VeN BY €p=Cpe andhg,= th;a' respectively. The ex-
the high on-site Coulomb repulsion can inhibit theharge ~ Pression of the Haml|t0nla_(|1]/.22) In terms of the operators
fluctuations, allowing the spin to fluctuate freely. This analy-Epa+ Nga» ands (s, =N""°2;€"s, ;) contains the en-
sis considers a system with noninteracting extended ban@9Y of[®o) (Eq =X42s4) plus four parts with the struc-
states and an exchange interaction between the spin of thet#ese'h's, hes e'es andh'hs, respectively. Thee'h's
conduction states with a localized spin field arising from thepart, for example, is given by J(4NY?)[(el h{

f levels. These levels should be sufficiently deep to prevent- leh&)so'_q_ﬁ \/Eeg_¢h$¢_3—1,_—q—p+ \/Eegihgi_sl,—q—p]-
the contribution of the corresponding charged particles in therhis term of the Hamiltonian implies that,) is not the
low-energy physics. Therefore, this model is complementaryround state(because it is not an eigenstatef H when
to the band model considered in the former section. Thg=+(Q.

results of the former section fix a ground state Y 4nitial

state in the photoemisions procgsgth an electron in the A. Unitary transformations

f level is located at- 2.5 eV and an energy > 6 eV. Both One of the most important steps in the analysis of this

data imply initial good conditions for considering the KLM section is to determine a unitary transformation that modifies

. . 1
angly5|§ since we havg a deef devel and an er_lergyJ, the ground state and the Kondo Hamiltonian and therefore
which in principle forbids the double f4 occupation and ; X
maps the basic operatorsy,, s into a new set

therefore the spin in each Ce siteds1/2. Despite many — _3 =~ _F Yoot =
years of investigatiofé?3 a theoretical explanation of the Cka=€ Cka®, Sik=€ 'Sx& (T '=—T), such that
HF staté**?>based on this model or on the Anderson latticeep, and h,, annihilate theactual interacting ground state
still remains incomplete and controversial. The clear ex{®). We demand thaT should preserve the charge, lattice
ample of this situation is the present debate on whether thganslational, and spin rotational symmetriestbfsince in
very high values of the low-temperature specific heat andhe ground statéd) no symmetry is broken. The simplest

magnetic susceptibility are due to chargfed or neutraf  operator involving fermions that satisfies this condition is
heavy fermions.

In this section, we present a treatment of the KLM that = = B ~ 4~ L~
leads to results that, coupled with those of the first calcula- T= W/?T(k’k JL(C 11 Ckrp = C iy Ciery) Soxr -k
tion, can explain in a better way the essential HF phenom- o o
enology. The technical and detailed exposition of the math- ++2c chk,ls_l,k,_kwL \/fc llck,Tslyk,_k],
ematical formalism of the KLM analysis is quite extensive (13)
and it has been published elsewh&télere, we will briefly
describe the essential ideas underlying this formalism wittwhere T* (k’,k)=—T(k,k’) in order to satisfyT T=—T
the aim of showing how it leads to a remarkable physicaland, as in all the equations throughout this section, repeated
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indexes imply sum over them. This sum can be divided into
four parts in terms of electrons and holes.
For small values ofl, the new operators are expected to
be slight deformations of the initial ones, and we can make a3 3 a3 3
ght aeforn +V2e j1€p S 1p—pT V2€ 5 €51 S1p—pl
the approximations

J
_ =tz _Zt3 =
HKondo_4N17§[(e pTep’T e piep’l) Sop’—p

e e~
+anm2l (N gihar=hg Mg ) Sog—q

_=t F AT = T = — o~ o~ —~ o~ o~
Cka=C kaT[T:C kal, Sik=Sikt[T, Sl (14 —ﬁh%hqu—w—q— ﬁhglhq%sl,q’—q]’

Substituting these expressions into the Hamiltonian, we ob- - 1 —
tain the expression dfl in terms of the transformed opera- HRKKY:Z; Jriky (Ri—Rj) S-S,

tors €py, Nge, ands, ;.
Obviously, the terms off proportional toT(p,p’) and

~ 2 —n)-
T(q,9') do not contribute to changing the vacuum state in Jrky (R) = J_ff dp dg €p _ cog(q p)~R]‘
the leading order, therefore, we should consider that v gp—&qt 7 gp—&qt 7
T(p,p)=T(q,q9")=0. T(p,q) and T(qg,p) are determined 17

by requiring that the terms of the Hamiltonian of the formy, i, this last equation stands for the volume of the first
‘e Th *'s should be canceled i, since their presence would Brillouin zone.
imply that|®) is not an eigenstate ¢f and, hence, not the
ground state. This condition implies that

T(p.g)=—T(q.,p)=1(e,—eq+ 1), Where 7y is given by
7=(332/8) In 1/2. The introduction of the infrared regula- T,

B. Comments on the RKKY term
The RKKY interaction is directly drawn from the KLM.

is is a success of our analysis since, to our knowledge, in

tor » is necessary to achieve the cancellation of thehe literature the RKKY interaction has always been added

e "Th ’s terms ofH in the low-energy region where higher- artificially to the Hamiltonian. Since all the terms in Eg5)
order terms give important contributions, and to ensure theontaining fermionic operators with tildes annihilade), the
unitarity of the transformatiofi14) to leading order inJ.28 RKKY interaction is the only one responsible for the spin
Using the above expression df(k,k’), we can readily ~dynamics aff =0 provided that®) is stable with respect to
calculateH in terms ofe,,, Ny, ands, ;. From the many the ele”ctm?[rrw:c paf“”.f. STa" IseeTthhat this is only th? ((:jastehf(;r
terms that are generated in this change of coordinates, Wlﬁsma er than a cri 'C&; \r/]a veThus, we can con.clu e tha
select only those that are dominant for smallA careful t. e'magnet|c nr?\ture of the ground St@aS'Pa”'C? spin-
analysis shows that, in this regime, the Hamiltonian is esseAlqu'd’ weak antiferromagnetism, magnetic fluctuations,)etc.

must not be necessarily attributed to the competition between

tially given by?®

H = C+ HyineticT Hkondo™ Hrkky »

where

2

- _ 3J
C=-2, 2E(—eq)=Eg,~ 5 NIn2,
q

ﬁkineticz pE: E(gp)g ga'épa+ qE: E( - 8q)’ﬁga’l:icm )

E(8)=s+

3J2

16

g

332 1

e+1/2

7

T16 .45

In

8+7]

(e>0),

s+7;

(15

(16)

the Kondo interactions and the RKKY ted® We think
that the magnetic behavior of this ground state arises from
the very long-range character of the RKKY interactidn),
which leads to strong frustration and to spin fluctuations that
tend to favor the formation of a quasiparticle spin lig€fid.

Kagan and collaboratotsare persuaded that the Kondo
lattice can explain the HF state and that the huge specific
heat at low temperature of this state may arise from the large
increase of entropy associated with the thermal breakdown of
the magnetic order induced by the RKKY interaction. We
consider that this argument may be speculative but plausible.
In any case, we are in agreement with these authors in that
the renormalization effects on the charged spectrum by
themselves can hardly account for the huge effective masses
associated to the HF state and they cannot justify the exis-
tence of the enormous entropy at the Kondo lattice tempera-
ture (that is of the ordeN In 2).

The physical pattern of the system yielded by the KLM
formalism is a vacuum state consisting of RKKY-induced
spin correlations, and two kinds of elementary modes: soft
neutral modes associated with deformations of the spin lig-
uid, which lead to very large low-temperature values of the
heat capacity and magnetic susceptibility, and charged
modes corresponding to the excitation of electrons and holes
in the system. A study of the spin correlations requires a
quantum solution of the long-range-interaction Heisenberg
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model (17) which is beyond the aim of this initial study. gircted from optimal operatots., .S, , such that the states
Nevertheless, we notice that while the Kondo term is propor- ¢ ’

tional to J, the corresponding RKKY term varies proportion- epa|q)> ?re (;hel best possméle approxmr?tlons for the actual
ally to J2. For instance, in one dimension, and considering arincorrelated electronic mo e8)E;y)). These operators are

energy band dispersion ag=a|k|/m—1/2 wherea is the  Obtained by means of a second transformafipwhich must

real lattice constant, Eq17) takes the form have the general structut&3) in order to preserve all sym-
metries. In addition, this second transformation must leave
3 R)= 72 1’2d 1’2d y _s |®) invariant, and thereforel(p,q)=0. As we have com-
rcky (R)= e 12+y—x+7 mented regarding the statg$E ), the effect of the Kondo
interaction in the low-energy region of the electronic spec-
cog (1/2+y)mR/aJcogxmR/a) 18) trum is to lower the energy. Therefore, in order to determine
U2+y—x+7 ' T(p.p’), we will demand that the energy &, |®) be
Carrying out this integral, we find that for the one- minimizedz. Tf‘izs leads to theAreS%-ﬁtT(pvp,):(Sp_sp’)’!
dimensional  case, Jreky(R=na)=0.26°, —0.20% [(gp—&p)°+7°], where 5 is given by 7
0.14)%, —0.09?, 0.07%, ..., for n==x1,22, =(37J%64) In 1/2y [a completely analogous expression is
+3,%4,+5,. .., respectively, which corresponds to a weak gptained forT(q,q’)].

antiferromagnetic term that can be neglected for small values Fo|iowing the same steps as we did with the first trans-

of J as compared to the Kondo term. Thus, we will concen{ormation, we now find that the expressiontdfin terms of
trate on the charged excitations, neglecting in its calculatioghe operators with carets is essentially given by

the effect of the spin correlations. It should be pointed Outj:6+Hkinetic+HKondo+HRKKYv where the Hamiltonians

here that, if the spin correlations were taken into accounf ... ets have the same general structure as the corre-

et 29" sponding ones with tideEsee Eqs(L7)] but with two im-
Netic ordey, we should also have to consider the terms in q‘portant differences: first, the gap in the dispersion relation
(15) containing two fermionic and two spin operators be- .

cause, in this case, they give contributions to the dispersiofr(¢) 1S strongly reduced with respect to that (), and
relation of the charged modes that are of the same order 491 the estimated value ER0) (Ref. 28 where
the spin correlations. E(0)=(3J%/16)(Inm/4+ 1/2)=0.048)%, Second, instead of

the couplingd, Hyondo CONtains a Kondo couplifg of the
C. Ansatz formed by charged particles and neutral particles typej(sl,a‘g), which is effective only between electrofwr
In this subsection, we intend to give a solution of thebetween — holes of ~ very  similar  energies:
Schralinger equation whose Hamiltonian is given by Eqgs.J(eq,e,)=J7%%/[(e;—&5)?+ 5?]. From the optimal opera-
(15—(17). This is performed via a variational procedure by tors ¢, s, , we can now construct the SC modes. The gen-
means of a trial function. This function is constituted by anera| structure of an electron strongly correlated with a spin

ansatz constructed by charged excitations coupled to spigaye (such a state will be called henceforth SCE staté
fluctuation quasiparticles. Due to the electron-hole and spig=sz=1/2 and wave vectok, is given by

rotational symmetries, we only need to consider, for in-

stance, the negatively charged modes and the state in each 1 At A At A

spin multiplet with the highess? value. From Eq(16) we |SCE12)=N"""AB(p)(€p;Sox—p+ \/Eemsl,kfp”q))’lg
see that the band structure of the staes,|®) and (19

hl./®) contains a gap of magnitudeER0)=7+3J%/16.  whereA is a normalization factor an@(p) a variational

These states, however, aretenergy eigenstates. To find the function that should minimize the enerdyneasured with
true eigenstates, we build up the ansatz that is formed bpespect to the energy ob)):

modes that are small deformations of the staels,|d) for

small values ofl and with the conditiors=s*=1/2 they can )3 R

have the structufé |U|im>=a(p)['é b= (JIANY2) B (p") Esc1dB]=A [vj dpE(ep)B* (p)B(p)

(e ;;,Tsw,pmL J2e ;,lslyp,p,)]kl)), wherea(p) is a nor- 3

malization factor angB,(p’) is a variational function that is _ J dodp’B* () (e. B
determined as an extreme of the energy. This ansatz bears a 2v2 pdp’B™ (P")J(epr12p)BP) |

strong parallel with that used to study the charged modes of
the one-electron Kondo lattiteor the renormalization of the We find® that the condition for the minimization ®Escapo
f states in the Anderson lattice modelA simple has a solutioronly for antiferromagnetic couplingsJ&0).

calculatiof® shows that the energy decrease at the Ferminig solution(with the approximatiorE(e)~ =[E(0)+¢],
level of the slightly correlated modéwe call them uncorre- the sign + (—) is for particles (holes) leads to

lated modek |UE,,) with respect toe  ermial @) Closes  B(p)= ZI[ep+ Q5] andEsc y7= =[E(0)— Qy5], whereZ
the gap in the dispersion relation Hf,eic, @s is physically is an arbitrary constant that is determined by the normaliza-
expected. tion of the wave functiofSCE; 1, andQ,,=e~?7PF/2 and

It can be seen that, to suitably account for the high-energgbviously the signt+ (—) indicates that the wave functions
tail of the Kondo coupling, these modes should be conare constructed with particldole) operators. For ferromag-
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netic couplings, the local moments and the spin of the consically in agreemenfaside from the peaks located just above
duction electrons will tend to align parallel to each other andand belowEg) with photoemission and dHvA data, and are
if a collective state is formed, it should have the structureessentially temperature independent.

|SCEK,3,2>=N‘”ZCD(p)é;Tél,k,pM)), which is the general The second and complementary analysis excludes the
form of a state composed of an electron and a spin wavé-electron hopping between thHeelectron atoms, since we
having wave vectok ands=s?=3/2. In this case, the con- consider that the spin field is alwags=1/2. It imposes the
dition for minimizing Esc 3{D] has a solution only for prohibition of f-band formation and in addition tHecharge
J<0 and it leads to D(p)=Z/[e,+Qg,], Particle spectra are not consider¢therefore, the MHB

Esc.ai= *[E(0)~ Qgpl, whereQz,=e*07/2. should be absent in this calculatjoin addition to the renor-
The energie€c 1,andEsc sconstitute the most impor- Malized Fermi liquid of extended states, the Kondo model

tant quantitative result of this section, since we have found/i€!ds two very flat bands that arise from the coupling be-

the strongly correlated modes constructed from the couplin§Veen charged conduction particles and spin fluctuations
of the charged particles with spin fluctuations originated inWaves, which generates the Kondo peaks. These peaks are

the spin field. The flat bands of these strongly correlateymmetrically located below and/or above a small gap that

modes will always be located at both sidessaf, symmetri- contains the Fermi I_evel. The number of nonloc_aliz«_ad elec-
cally distributed if the half-filling condition is used in the trons of the conduction band of the Kondo Hamiltonian that
KLM analysis. In addition, we find that in ferromagnetic and Participate in the formation of the band of sta{&CE) is
antiferromagnetic Kondo lattices there is a tendency to fornsMall, because only in a narrow energy interval are there
collective states of spin 3/2 and 1/2, respectively, and thagonduction electrons whose correspondBgp) functions
for couplings with the same strength, the formation of thesd1aVe appreciable values. Therefore these two flat bands im-
states is much more favored in the antiferromagnetic casBlY & not too much larger increase of the DOS just above and

(Q1>Qs). If Q stands for eithe€,), or Qg, from the below E¢ . By comparing o_ur_theoreticaIlMHB_ of S_ec. Il to
expressions oB(p) andD(p) it can be readily seen that the the experimental photoemission resdlfsiwe find discrep-

probability of finding in a SC mode an electron with wave @ncies in the peaks just above and belBw. It must be
vector p such thats<s,<s+de is P(e)de, where remembered that in our first calculation we only obtain a

P(s)=Q/(s+ Q)2 This means, for instance, that 66% of shoulder abov&r and the peak just belo®, is shorter than

the electrons in these modes have their wave vectors in tHgat located at-110 eV, while it is similar or even larger in
layer 0<e,<2Q). If Q<E(0), the energies of the SCE the experimental results. The experimental fact that €gSi

) resents a softened peak abdwe with respect to CeSi
states are larger than those of the charged patrticles, and thi . ; ;
they do not participate in the formation of SCE modes at Iow_sdggests that this peak is also due to exterplsthtes, giv-

temperatures. On the contrary, these charged particles COE‘-g S;r?pglrstotoc(;rr]rzs?g:é;ﬁhoonug;]atn(t)r':eei:;rlld(s:tis(rjy{[lésihaebove
tribute i ith ~F . ) .
ibute at low temperatures to the SCE states if, WlthKondo peak obtained by the KLM analysis. The conduction

Q1 <E(0), both parameters are of the same order. In the latt€g|ecirons located in these flat bands of SCE states contribute
case, the result will be a strong renormalization of the elecs, the electron masses, but as we have said above, the num-
tron (and holg masses around the Fermi level, since the bangye, of conduction electrons located in this band is small and,
dispersion of the SCE mode is very flat. This would actuallyyerefore, their contribution to the specific heat can be appre-
explain an mportantenhapcc_ament at the Fermi surface o_f th&able but not enough to justify the HF state. On the other
masses of thehargedexcitations measured by photoemis- hanq, the HF state is characterized by the simultaneous ap-
sion and dHVA experimentsHowever, this electronic mass pearance of a strong increase of entropy with an extremely
renormalization is not the main source of the heavy masseg ge specific hedt® In Sec. Ill, we have explained that the
appearing in the HF state because the fraction of the band Qi correlations are the reason for a weak antiferromagnetic
charged part!cles that can participate in the formation of they.jar whose exchange parameter varies)as) being the
SCE modes is smaff In any case, the presence of the SCEy g parameter. This order can be broken at low tempera-
modes does not explain the enormous low-temperature €y e and the magnetic breakdown can lead to a large in-
tropy measured in these systefns. crease of entropyof aboutN In 2). As a consequence, an
apparent effective large mass is detected in the specific heat
measured in the HF state. Therefore, when considering each
model separately, there are more discrepancies than agree-
ments with the experimental results, but if one superposes
On the one hand, we have accounted for the charge fludhe results drawn from the two models, namely, the middle-
tuation effects via the Hubbard Hamiltonian and the RPA toenergy resonance, the flat bands of strongly correlated spin
the self-energy. Our results show that the RPA linear remodes coupled with som@ot many conduction electrons,
sponse leads to a screened electron-electron Hubbard-like innd the RKKY Hamiltonian, one may explain and reconcile
teraction whose correspondingW self-energy produces the controverted spectroscopical results, the dHvA oscilla-
low-energy quasiparticle structures that can be interpreted dons of the susceptibility, and the thermodynamic masses.
transferences of spectral weight between the lower and upper It is important to consider that two clearly distinct tem-
Hubbard bandgthis fact has been suggested in previousperatures result from our analysis: the Kondo and the HF-
papers??°corresponding to different strongly correlated sys-state temperatures. In our second calculation, the Kondo
temsg. These featuregthat we call MHB are not narrow temperature is given by the location with respedEfoof the
enough to justify the large electron masses, but they are batrongly correlated charged modes SCE, while the heavy-

IV. SUPERPOSITION OF THE RESULTS DRAWN FROM
THE TWO ANALYSES
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fermion-state temperature is defined by the enefgy,  tion, an analysis in which only the Kondo lattice spin ex-
necessary for the breakdown of the RKKY-induced magneti@hange that was excluded in this first calculation is consid-
correlations. Since the Kondo peaks correspond to the forered. The fusion of the two analyses has four virtues:
mation of collective states, it is clear that they will depend (i) It proves that a screened interaction produced by
very strongly on temperature although, as we already mergharge fluctuations can basically reproduce the spectroscopi-
tioned, in a very different way than the Kondo resonances ofal results of both the high- and low-energy quasiparticle
the 1AM do. On the contrary, the MHB spectrum is almost Structure, with the exception of the narrow Kondo-effect
invariable with the temperature since it only varies via thepeaks, which obviously should be associated with the spin
Fermi function. Therefore, according to the results presente@xchange. The bandlike nature of the low-energy speétfum
in this paper and Concerning the controversy about the lowiS in agreement with the results of our first calculation.
energy spectrum of the Ce systems in the HF state, we agree (i) The effective masses and the topology of the Fermi
with Joyce and co-workets in that the IAM cannot explain  surface detected by the dHvA experiments are in a fairly
the low-energy features since the predicted spectrum is nagood agreement with the results obtained by the first calcu-
rower than the PES data and wider than that necessary fdation. Nevertheless, some quantitative discrepancies could
justifying the specific heat, but we disagree with them wherpe overcome by considering other self-energy approxima-
they conclude that the Kondo effect does not play any role irfions beyond the RPA, which somehow represents the sim-
these systems. On the other hand our results support the rlest approach that can yield the three basic structures
sults of Malterreet al®*%!in giving to the Kondo effect a present in Ce systems.

preeminent role in the low-energy phenomena of these Ce (iii ) The inclusion of the Kondo lattice analysis leads to a
compounds(in our analysis the Kondo lattice effects yields better description of the low-energy resonances, since the
the SCE band states and the RKKY interaction producingollective states that arise from the strong correlation be-
antiferromagnetic correlationsbut we disagree with their tween soft conductions electrons and spin fluctuations pro-
explanation of the photoemission spectra and the thermodydde two symmetric peaks that must be added to the pattern
namical masses within the single IAM. Therefore, we believeobtained by the RPA calculation. The superposition of the
that our results and our interpretation are equidistant fromiwo models yield a better agreement with the measured low-

the interpretations of both experimental groups. energy optical spectrum. It should be emphasized that these
peaks have a completely different natiisee Eq(19)] from
V. CONCLUSIONS those appearing in the IAM. Therefore, the temperature

evolution of these structures, as well as the correlation be-
We have presented two complementary analyses of a Ceween their widths and location and intensity, will be essen-
based heavy-fermion compound that may reconcile the apially different from that associated with the impurity Kondo
parent contradictions between the photoemission and theresonances.
modynamic experiments. The spectrum results of the RPA (iv) On the other hand, the second analysis brings into
calculation of Fig. 1 within the multiband Hubbard Hamil- play the magnetic correlations induced by the RKKY inter-
tonian represent an improvement with respect to those ohaction, which can give coherence between the relatively
tained within the impurity Anderson mod@l(see the com-  small spectroscopic and dHVA effective masses, and the very

parision shown in Ref. )5 However, the main goal of our |arge masses arising from specific heat and magnetic suscep-
paper is not to show the improvements of the RPA resultsibility measurements.

with respect to previous papers, but to try to reconcile the
severe contradiction between the thermodynamical masses of
the low-energy spectrum and those obtained with the spec-
troscopical and the dHVA experimerit3his is why we have This work has been financed by the DGICYPB93-
performed, along with the RPA self-energy realistic calcula-1249 and by the CIRIT(1995SGR 000390
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