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Local f-electron superconductivity in an interacting conduction band
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Using a mean-field approach we study the effect of interactions between conduction electrons on the
appearance of superconductivity of lo€alectrons within the context of an Anderson lattice. We consider both
the effects of local and nearest-neighbor Coulomb repulsions between the conduction electrons. At the mean-
field level the addition of these terms renormalizes the parameters of the original Anderson Hamiltonian, as
expected. At low densities the effect of the interactions is to increase the superconducting critical temperature
T., while at high densitiesn=2) the interactions decrea3g or suppress the superconductivity altogether.
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A consistent description of the overall properties ofstressed that deviations of the compound, N€eCuO,
heavy-fermion systems has been achieved assuming a digem the standard Kondo picture are probably due to inter-
scription in terms of an Anderson lattiten this model de-  actions in the conduction barté Using the dynamical field
localized(conduction free electrons hybridize with strongly theory” it was shown for a half-filled system that the effect
interacting localized stategtypically f orbitals. In the  Of the interactions is to increase the hybridization effectively.
Anderson lattice the energy of a single electron irf arbital ~ Also, recently it Was_shown that_the effect of c_orrelat|ons is
(e.g., &) is €y, and the energy of two electrons in the samet0 narrow the effective conduction band leading to an en-
f orbital (4f2) is 2e+ U, whereU; is the on-site Coulomb hanced Kondo scale at low temperatutess observed in

repulsion. The energy of thef4 state is much larger than the ’\:dh—ﬁct@%uo‘*' The maindeffe_ct oflthg intt_erac:cict)r?s wasdco?-
energy of the 4! state and it is usual in many theoretical cluded to be an Increased spin polarization ot the conduction

. electrons.
treatments to take _th_e imiy—co. In this work we study the influence of a Hubbard-like
Experimentally it is found that these systems show ant

ich oh di Thei | h di eraction between conduction electrons on the supercon-
rich phase diagram. Their complex phase diagrams arsg,.ting properties of these systems. We consider the interac-

from an interplay between Kondo screening of local Mo~ hetween thé electrons to be infinite, and introduce local
ments, the antiferromagnetifRuderman-Kittel-Kasuya-  ang nearest-neighbor repulsions between the conduction
Yosida (RKKY)] interaction between the moments, and suU-g|ectrons. We use a mean-field approach as previously done
perconducting correlations between the heavy quasiparticlegor the free conduction electrofisA mean-field approach
Therefore, these systems display paramagnetic, antiferrgjelds interesting results, as shown receftly.
magnetic, and superconducting phases at low temperdtures. We consider an extended version of the Anderson lattice
Particularly interesting is the competition between antiferro-model, which includes a density-density attraction between
magnetism and superconductivity, which in certain uraniumthe electrons occupying neighborifigorbitals of the form
systems leads to the coexistehog both ordered phases. H,= %32<i,j>,a,a'”if,a”jf » - This term explicitly describes an
The limit U;=c has been studied using the slave bosoreffective attraction between neighborihsites J<0) which
technique®® In particular, it has been found that in the dis- is responsible for superconductivity in the lodaglectrons.
ordered phase superconducting instabilities arise iptied  In addition we consider interactions between the conduction
d-wave channels because of the effectfRKKY) interac-  electrons. We consider a local interaction of the fdfy .
tion between the electrons The superconductivity of the =UoZinfnf, , wheren?, is the number of conduction eclec-

lo

Anderson lattice was studied in the context of hiBh- {ons with spino at sitei. We also consider Coulomb repul-
materialg using a 1IN expansion to leading order in the nor- sion between nearest neighbors of the forhiy
cl

mal phase and to the first order in the ordered phase WhergUc12<i,j>20,a/nfgnjc,,, In general the Coulomb repulsion

the critical temperature was studied as a function of dOpin%etween the conduction electrons will be screened and will
for ans-wave pairing. Mean-field studies of superconductiv- .
only extend to a few neighbors.

ity in the Anderso_n lattice bOt.h at f'mte’f a!"d aty=c The effective mean-field Hamiltonian can be written as
were recently carried ot explicitly introducing an attrac-
tive interaction between thieelectrons to study the ordered ~ ~ o~
phase directly. Also, the competition between magnetic order Heti=Hett > (e—wfg,fio
and superconductivity has recently been studied considering ke

the conditions for the formation of a local moment in the ~\ 4
+2 | —2(t+2U0) X coki— ¢, Cin
ko

presence of superconducting correlatibhgaking a RKKY 1t 2

interaction explicitly into accourlt

On the other hand, it was stressed recently that any real- o to
istic description of heavy fermions should also take into ac- + \/z—kaE (foCho T Cio ko)
count the interactions between conduction electrons. These 7
are usually considered free for reasons of simplicity, but their

T et R R R *
interactions are certainly not negligible. In particular it was +Zfe2 (o Tk - oBkot Tk - 0T o

ﬁo)
ko>0
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Here  Hep= (€~ €0)(zi—1)Ns—UgniNs+2UzG*Ns We begin by considering the influence of the Coulomb
—(Ng/2J)2,A*A,, € is the renormalized energy of te repulsion on the superconducting critical temperafiyes a
orbitals due to the on-site repulsiokl = %Uc0+a?uclv function of the electronic density. We rg:all that it is con-
Ue=(1—a)Ug, ﬁ=u—2udnc—2ue?, and &=¢ venient to define a_parameﬂdla= iU+ 2zUq, Whi_ch is the

= result of the combined effects of a local repulsion and of a
tice in which the conduction band is given by;= nearest-neighbor repulsion treated in a usual Hartree-Fock

—213,_,,,c0%; . The ¢ andf operators are fermionic and decoupling. Since the number of nearest-neighbors is large

obey the usual anticommutation relations. The hybridizatiorfor three-dimensional systens:=6, it is seen that it is nec-
potentialV is assumed to be momentum independéiitijs ~ essary to include the effect of the nearest-neighbor interac-
the number of lattice sites, armlis the number of nearest tions since even a small, gives a comparable contribu-
neighbors. We implement the conditids;=c within the  tion. Also, the contribution of terms lik&le is important due
slave-boson formulationjn which the emptyf site is repre-  to the z factor. However, further neighbors are not consid-
sented by a slave bosdm and the physical annihilation op- ered since it is expected that the screening will be effective at
erator f; is replaced withb';f;. Condensation of the slave larger distances due to the exponential decay factor.
bosons can be described by the replacement:(b;) In Fig. 1 we compare the effects &fy and U, on the
=(b";)=\z;. The mean-field treatment of the interaction critical temperature as a function of density, The param-
term H; involves the usual decoupling of destruction andeters aree,=—1.5, J=—3, andV=1.2 (unless otherwise
annihilation operators, but we associate a boson operat@fated, these parameter values are used througtiartlow
with everyf operator in order to prevent double occupancy atgensities ad)y (or Uy) increasedT, also increases, while at
ws ‘;;[[t:ii- tﬁEZJ:ZIrT:%;Ziceﬁlsgongr?gcfjfﬁeszﬂggr:r}fgl gﬁ;’r‘:{i‘lthigh densities the effect of the interactions is opposite. Fig-
) o . ures 1a) and Xb) are qualitatively similarnote thatU, is
tonian _from the sut_>st|tuf|c?nw AT =20 Tz apoutten times smalle?, to produ?:le similar effedtée recall
+H.c. The gap functionAg,=7nA,, and the super- . whenU4=0 andU,.#0 we are considering the effect of
c_onductlng ‘o‘rder» parameterA(, IS »glven by 4, only nearest-neighbor interactions and a RVB-like decou-
_(ZfJ/NS)Eky.’kﬁ‘k"fffk"’% where' Tk (S)denotes aY" pling. At low densities thé states have low populations and
of the possible pairing symmetriés 7,” = V2l cosk,) the superconductivity does not arise. Also, at densities close
+cosk,)+cosk,)], n&p")z J2 sin), and n(ﬁdxzfyz) to 2 thef states are very populated and superconductivity is

= cosk)—cosk,) for s, p, andd waves, respectively. Elec- depressed since the Cooper pairs cannot misirece Uy
tron pairing in the superconducting phase occurs in a state ®)- Introducing repulsions between the conduction elec-
with a zero total pair momentum. The mean-field decoup”ndrons will increase the population of thetates. Therefore at
of the interactions between the conduction electrons is don@w densities moré electrons are available to pair and, with
by factorizing the number operators lik&, =(n’ )+ (nS ~ increasingUq (or Ue), T, increases. At high densities the
—(nf)). The nearest-neighbor term can be factorized in twaeffect is opposite. , _ ,
ways. The first waywith a weighta) is by obtained decou- T_o further_(_:larlfy the results let us first consider a regime
pling, as for the local term. On the other hand, the neares® Nigh densities and focus on a valuerof 1.4. Ase, or V
neighbor term can also be decoupled considering dlcreasen; decreases for any value bfy. For fixed values
resonating-valence-bon@RVB-) like form where we couple of ey orV, asUy increases) alsq increases. As stated above
the nearest neighborsvith weight 1— ) and introducing the effect of the repulsion is to increasgat the expense of

G=(c/c;) as a variational parameter for the effective Hamil- e (sincen is fixed. Clearly if ny increases withJq for a
tonian. As we will see below an important quantity is the gap/X€d Pair (€,V) thenz; decreases and naturally the pairing
between the band center and the renormalizevel given  OTder parameter decreases, since it is proportiona} tol
by €—2U4n, (taking U,=0) —n;; thereforeT. also decreases. The dependencé& obn

c e .

The mean-field equations, obtained varying the mean€o for n=1.4 is very similar to the_z behavior as a_fu_nct?on of
field Hamiltonian with respect to the variational parameters" The same occurs as a function of the hybridization, as
are solved self-consistenfiMost of our results are obtained SNOWn in Fig. 2, where we show the influencellf. As Uq
considering that the pairing hasdawave symmetry. At the ncreases, the peak @, as a function o, shifts to the
end we will compare the results for the other two symme-1ight; the same occurs as a function &t -
tries, the extended wave and the wave. The various pair- L€t us now consider the regime of low densities, and let
ings yield results that are qualitatively similar. us focus our attention on a particular valne:0.4. As Uq

We may also consider the extreme limit where the CoudNcreases also increases for a fixed paied,V), as ex-
lomb repulsion between the conduction electrons is very€Cted, but the behavior as a function\bfs not monotonic
large. The case whetd.,— may be handled by introduc- &t low valugs of the. interaction in contrast to the case at
ing a second set of slave bosons to implement the conditioRigher densities. In Fig. 3 we shoiy, as a function o for
of no-double occupancy in the conduction electrons. The sefarious values oby. As a general trend add, increases’
of slave bosons appears in the hopping tétight-binding  increases as wellexcept for some crossovers that occur at
band, as in thet-J model, and in the hybridization. The either lowV or ). _
parameters of the original Anderson Hamiltonian are there- AS stated above, thielevel energy can be renormalized as
fore further renormalized. €;=€;—2Uyn, (taking U,=0). This renormalization is the

—2Uyn.—2U.z. We consider a three-dimensional cubic lat-
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FIG. 3. Critical temperatur& as a function of the hybridization
V for different values ol for n=0.4.
G—oU,=0.00 ) )
034 X energy difference between the center of the conduction band
' : and thef-level energy. A study ofT, as a function ofeg
¢ shows that there is a shift in the peak positionTofas a
’ function of 5 which is due to this energy difference. In Fig.
e 02 4 we plotT, as a function of;—2U 4n,. for different values
of ¢y and of Uy for both n=1.4 and 0.4, and we find a
universal curve in both cases. This shows that the critical
temperature is essentially determined by this energy differ-
0.11 ence. As a side remark we note that if we tdkg=0 and
carry out the same study as a function Wf either forn
=1.4 or 0.4 we do not exactly find a universal curve. The
o reason is that whil@ . as a function ok for different values
0 of Uy has peaks that shift to lower valuesefasU 4 grows
®) n but with similar heights, their heights increase slighti\hs

increases.

FIG. 1. Superconducting critical temperatdreas a function of

T I T T I T T I T I T
electronic densityn for several values ofa) Uy and (b) U.. The
other parameters in this figure and in all others, unless explicitly
stated, arep=—1.5,J=—3 andV=1.2 in units oft. 0.25 — 04
n=u.
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0 5 FIG. 4. Critical temperatur@. as a function of the energy dif-

FIG. 2. Critical temperaturé@, as a function of the hybridization

V for several values ofJy atn=1.4.

ference between the center of the conduction band and the renor-
malizedf-level energye;—2U4n. for n=1.4 andn=0.4. An uni-
versal curve is obtained for several pairs of the Hdevel energy

€9, and ofUy.
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FIG. 5. Critical temperaturd . as a function of pressure for U
several values dfJ ;. We takeV/t=1.2 constantkeeping the other ¢
parameters constant and-0.4). FIG. 6. Critical temperaturd, as a function ofUy for the

various pairing symmetries fdg) n=0.4 and(b) n=1.4.

It is also interesting to see how the critical temperature . . : : .
varies in the presence of an externally applied pressure. Réves. The main conc'luspn, hoyveyer, IS .th"?‘t the behavior of
cently there has been a great interest in the effects of preg—‘e various symmetries is qualitatively 5|m|l_ar. .
sure, particularly in the context of coexistence of magnetisn? To summarize, the consequence OT the '”C'“S'Of! of (.:OF"
and superconductivity in these materidldncreasing pres- omb repulsions between the conduction electrons is, within
sure is expected to increase both the hopping and the hybri({fi_mean-ﬂeld approximation, to renormalize the parameters of

ization, keeping//t constant-® while probably keeping other the Anderson Hamiltonian, as expected. Previously it was

parameters approximately constant in a first approximationshowr? that, considering a free conduction band, supercon-

; ductivity between thd electrons is suppressed both at low
It was shown that d-wave superconducting phase expels the . o i~
magnetic phase of CeG8i, when the magnetic critical tem- and high densitiesn(<2). The addition of Coulomb repul-

perature crosses the superconducting critical temperature gPns between the conduction electrons generally decreases

the pressure increases. A similar result was found theoretlc and increases (at a constanh). Therefore, at low den-

cally within a mean-field treatment considering a finite. ° §it@es the effe_ct of the_ _intgractipng i.s.to favor supercond_uc—
In Fig. 5 we consider the effects &fy (similar results are tivity and at high de’??”'es Is to inhibit it. It was a]so found n

obtained varyingJ,) on the critical temperature as a func- this work that the crlt_lcal temperature depends in a universal
tion of V' (with V/te= 1.2) atn=0.4. Consider firsUy=0. way on the energy difference between the center of the con-

The effect of the increase of the hybridization is to decrea\sgucno.n band "’?f?d the ref?om".'a“z?‘*"e' energy, both at low
T.. However, since we keey/t fixed, we also increase the and high densities, considering different pairs of valuesyof

. : _andUy.
Bior%p$ g.ir;rcr:Zac')sve?sral\I/Vif;enCtv\I/Setgzi)?;:t?#a]]_larjrd sdrgilrl egzgs The construction of a more realistic Hamiltonian for these
C . ’ C

quickly. The effect of the interactions, as before, is to slowSystems is important, as we stressed at the beginning. While
. | ' vglitthin the mean-field approximation the effect of the extra

down this decrease; therefore, a peak structure appears tqerms is understood, it also reveals that significant changes in
shifts to higher values o¥ asUq (or U.) increase. . ' 9 9
the behavior of the system do occur.

Finally in Fig. 6 we compare the three pairing symme-
tries. At low densities we see that for &ll; the highesfT, is We acknowledge discussions with M. Ajawand N. Peres
for the d-wave symmetry and the lowest is for the extendedat the early stages of this work. L.P.O. acknowledges Profes-
swave symmetry. Fon=1.4 and forUy=0 (as previously sor V. Vieira for his continuing support and interest. This
showrY) the highestT, is for the extended wave. AsUy research was partially supported by the Program PRAXIS
increases there is a crossover between the various symm¥xX| under Grant No. 2/2.1/FIS/302/94.
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