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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 localf electrons 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
Tc , while at high densities (n<2) the interactions decreaseTc or suppress the superconductivity altogether.
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A consistent description of the overall properties
heavy-fermion systems has been achieved assuming a
scription in terms of an Anderson lattice.1 In this model de-
localized~conduction! free electrons hybridize with strongl
interacting localized states~typically f orbitals!. In the
Anderson lattice the energy of a single electron in anf orbital
~e.g., 4f 1) is e0, and the energy of two electrons in the sam
f orbital (4f 2) is 2e01U f , whereU f is the on-site Coulomb
repulsion. The energy of the 4f 2 state is much larger than th
energy of the 4f 1 state and it is usual in many theoretic
treatments to take the limitU f→`.

Experimentally it is found that these systems show
rich phase diagram. Their complex phase diagrams a
from an interplay between Kondo screening of local m
ments, the antiferromagnetic@Ruderman-Kittel-Kasuya-
Yosida ~RKKY !# interaction between the moments, and s
perconducting correlations between the heavy quasipartic
Therefore, these systems display paramagnetic, antife
magnetic, and superconducting phases at low temperatu2

Particularly interesting is the competition between antifer
magnetism and superconductivity, which in certain urani
systems leads to the coexistence3 of both ordered phases.

The limit U f5` has been studied using the slave bos
technique.4,5 In particular, it has been found that in the di
ordered phase superconducting instabilities arise in thep and
d-wave channels because of the effective~RKKY ! interac-
tion between thef electrons.6 The superconductivity of the
Anderson lattice was studied in the context of high-Tc
materials7 using a 1/N expansion to leading order in the no
mal phase and to the first order in the ordered phase w
the critical temperature was studied as a function of dop
for ans-wave pairing. Mean-field studies of superconduct
ity in the Anderson lattice both at finiteU f and atU f5`
were recently carried out,8,9 explicitly introducing an attrac-
tive interaction between thef electrons to study the ordere
phase directly. Also, the competition between magnetic or
and superconductivity has recently been studied conside
the conditions for the formation of a local moment in t
presence of superconducting correlations,10 taking a RKKY
interaction explicitly into account.11

On the other hand, it was stressed recently that any r
istic description of heavy fermions should also take into
count the interactions between conduction electrons. Th
are usually considered free for reasons of simplicity, but th
interactions are certainly not negligible. In particular it w
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stressed that deviations of the compound Nd22xCexCuO4
from the standard Kondo picture are probably due to int
actions in the conduction band.12 Using the dynamical field
theory13 it was shown for a half-filled system that the effe
of the interactions is to increase the hybridization effective
Also, recently it was shown that the effect of correlations
to narrow the effective conduction band leading to an
hanced Kondo scale at low temperatures,14 as observed in
Nd12xCexCuO4. The main effect of the interactions was co
cluded to be an increased spin polarization of the conduc
electrons.

In this work we study the influence of a Hubbard-lik
interaction between conduction electrons on the superc
ducting properties of these systems. We consider the inte
tion between thef electrons to be infinite, and introduce loc
and nearest-neighbor repulsions between the conduc
electrons. We use a mean-field approach as previously d
for the free conduction electrons.9 A mean-field approach
yields interesting results, as shown recently.15

We consider an extended version of the Anderson lat
model, which includes a density-density attraction betwe
the electrons occupying neighboringf orbitals of the form
HJ5 1

2 J(^ i , j &,s,s8ni ,s
f nj ,s8

f . This term explicitly describes an
effective attraction between neighboringf sites (J,0) which
is responsible for superconductivity in the localf electrons.
In addition we consider interactions between the conduc
electrons. We consider a local interaction of the formHUc0

5Uc0( ini↑
c ni↓

c , wherenis
c is the number of conduction elec

trons with spins at sitei. We also consider Coulomb repu
sion between nearest neighbors of the formHUc1

5Uc1(^ i , j &(s,s8nis
c nj s8

c In general the Coulomb repulsio
between the conduction electrons will be screened and
only extend to a few neighbors.

The effective mean-field Hamiltonian can be written as

He f f5H̃e f f1(
kWs

~ ẽ f2m̃ ! f kWs
†

f kWs

1(
kWs

S 22~ t12UeG! (
i 5x,y,z

coski2m̃ D ckWs
†

ckWs

1AzfV(
kWs

~ f kWs
†

ckWs1ckWs
†

f kWs!

1zf (
kWs.0

~ f kWs
†

f
2kW ,2s
†

DkWs1 f 2kW ,2s f kW ,sDkWs
* !.
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Here H̃e f f5(e f2e0)(zf21)NS2Udnc
2NS12Uez̄G 2NS

2(NS/2J)(sDs* Ds , e f is the renormalized energy of thef
orbitals due to the on-site repulsion,Ud5 1

4 Uc01a z̄Uc1 ,
Ue5(12a)Uc1 , m̃5m22Udnc22Uez̄, and ẽ f5e f

22Udnc22Uez̄. We consider a three-dimensional cubic la
tice in which the conduction band is given byekW5
22t( i 5x,y,zcoski . The c and f operators are fermionic an
obey the usual anticommutation relations. The hybridizat
potentialV is assumed to be momentum independent,Ns is
the number of lattice sites, andz̄ is the number of neares
neighbors. We implement the conditionU f5` within the
slave-boson formulation,5 in which the emptyf site is repre-
sented by a slave bosonbi and the physical annihilation op
erator f i is replaced withb†

i f i . Condensation of the slav
bosons can be described by the replacementbi→^bi&
5^b†

i&5Azf . The mean-field treatment of the interactio
term HJ involves the usual decoupling of destruction a
annihilation operators, but we associate a boson oper
with everyf operator in order to prevent double occupancy
the f sites. Also taking the boson condensation into acco
we obtain the superconducting part of the mean-field Ham
tonian from the substitution9,16 f †f †f f→zf f

†f †^zf f f &
1H.c. The gap functionDkW ,s5hkWDs , and the super-
conducting order parameterDs is given by Ds
5(zfJ/Ns)(kWhkW^ f 2kW ,2s f kW ,s&, where hkW denotes any

of the possible pairing symmetries17 hkW
(s)

5A2
3 @cos(kx)

1cos(ky)1cos(kz)#, hkW
(p,i )

5A2 sin(ki), and h
kW
(dx22y2)

5cos(kx)2cos(ky) for s, p, andd waves, respectively. Elec
tron pairing in the superconducting phase occurs in a s
with a zero total pair momentum. The mean-field decoupl
of the interactions between the conduction electrons is d
by factorizing the number operators likenis

c 5^nis
c &1(nis

c

2^nis
c &). The nearest-neighbor term can be factorized in t

ways. The first way~with a weighta) is by obtained decou
pling, as for the local term. On the other hand, the near
neighbor term can also be decoupled considering
resonating-valence-bond-~RVB-! like form where we couple
the nearest neighbors~with weight 12a) and introducing
G5^ci

†cj& as a variational parameter for the effective Ham
tonian. As we will see below an important quantity is the g
between the band center and the renormalizedf level given
by e f22Udnc ~taking Ue50).

The mean-field equations, obtained varying the me
field Hamiltonian with respect to the variational paramete
are solved self-consistently.9 Most of our results are obtaine
considering that the pairing has ad-wave symmetry. At the
end we will compare the results for the other two symm
tries, the extendeds wave and thep wave. The various pair-
ings yield results that are qualitatively similar.

We may also consider the extreme limit where the C
lomb repulsion between the conduction electrons is v
large. The case whereUc0→` may be handled by introduc
ing a second set of slave bosons to implement the cond
of no-double occupancy in the conduction electrons. The
of slave bosons appears in the hopping term~tight-binding
band!, as in thet-J model, and in the hybridization. Th
parameters of the original Anderson Hamiltonian are the
fore further renormalized.
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We begin by considering the influence of the Coulom
repulsion on the superconducting critical temperatureTc as a
function of the electronic densityn. We recall that it is con-
venient to define a parameterUd5 1

4 Uc01 z̄Uc1, which is the
result of the combined effects of a local repulsion and o
nearest-neighbor repulsion treated in a usual Hartree-F
decoupling. Since the number of nearest-neighbors is la
for three-dimensional systems,z̄56, it is seen that it is nec-
essary to include the effect of the nearest-neighbor inte
tions since even a smallUc1 gives a comparable contribu
tion. Also, the contribution of terms likeUe is important due
to the z̄ factor. However, further neighbors are not cons
ered since it is expected that the screening will be effectiv
larger distances due to the exponential decay factor.

In Fig. 1 we compare the effects ofUd and Ue on the
critical temperature as a function of density,n. The param-
eters aree0521.5, J523, andV51.2 ~unless otherwise
stated, these parameter values are used throughout!. For low
densities asUd ~or Ue) increasesTc also increases, while a
high densities the effect of the interactions is opposite. F
ures 1~a! and 1~b! are qualitatively similar~note thatUe is
about ten times smaller, to produce similar effects!. We recall
that whenUd50 andUeÞ0 we are considering the effect o
only nearest-neighbor interactions and a RVB-like dec
pling. At low densities thef states have low populations an
the superconductivity does not arise. Also, at densities c
to 2 thef states are very populated and superconductivity
depressed since the Cooper pairs cannot move~since U f
5`). Introducing repulsions between the conduction el
trons will increase the population of thef states. Therefore a
low densities moref electrons are available to pair and, wi
increasingUd ~or Ue), Tc increases. At high densities th
effect is opposite.

To further clarify the results let us first consider a regim
of high densities and focus on a value ofn51.4. Ase0 or V
increasenf decreases for any value ofUd . For fixed values
of e0 or V, asUd increasesnf also increases. As stated abo
the effect of the repulsion is to increasenf at the expense o
nc ~sincen is fixed!. Clearly if nf increases withUd for a
fixed pair (e0 ,V) thenzf decreases and naturally the pairin
order parameter decreases, since it is proportional tozf51
2nf ; thereforeTc also decreases. The dependence ofTc on
e0 for n51.4 is very similar to the behavior as a function
n. The same occurs as a function of the hybridization,
shown in Fig. 2, where we show the influence ofUd . As Ud
increases, the peak ofTc , as a function ofV, shifts to the
right; the same occurs as a function ofe0.

Let us now consider the regime of low densities, and
us focus our attention on a particular valuen50.4. As Ud
increasesnf also increases for a fixed pair (e0 ,V), as ex-
pected, but the behavior as a function ofV is not monotonic
at low values of the interaction in contrast to the case
higher densities. In Fig. 3 we showTc as a function ofV for
various values ofUd . As a general trend asUd increasesTc
increases as well~except for some crossovers that occur
either lowV or e0).

As stated above, thef-level energy can be renormalized a
ẽ f5e f22Udnc ~taking Ue50). This renormalization is the
6-2
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FIG. 1. Superconducting critical temperatureTc as a function of
electronic densityn for several values of~a! Ud and ~b! Ue . The
other parameters in this figure and in all others, unless explic
stated, aree0521.5, J523 andV51.2 in units oft.

FIG. 2. Critical temperatureTc as a function of the hybridization
V for several values ofUd at n51.4.
01451
energy difference between the center of the conduction b
and thef-level energy. A study ofTc as a function ofe0
shows that there is a shift in the peak position ofTc as a
function ofe0 which is due to this energy difference. In Fig
4 we plotTc as a function ofe f22Udnc for different values
of e0 and of Ud for both n51.4 and 0.4, and we find a
universal curve in both cases. This shows that the crit
temperature is essentially determined by this energy dif
ence. As a side remark we note that if we takeUd50 and
carry out the same study as a function ofUe either for n
51.4 or 0.4 we do not exactly find a universal curve. T
reason is that whileTc as a function ofe0 for different values
of Ud has peaks that shift to lower values ofe0 asUd grows
but with similar heights, their heights increase slightly asUe
increases.

y

FIG. 3. Critical temperatureTc as a function of the hybridization
V for different values ofUd for n50.4.

FIG. 4. Critical temperatureTc as a function of the energy dif
ference between the center of the conduction band and the re
malized f-level energye f22Udnc for n51.4 andn50.4. An uni-
versal curve is obtained for several pairs of the baref-level energy
e0, and ofUd .
6-3
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It is also interesting to see how the critical temperatu
varies in the presence of an externally applied pressure.
cently there has been a great interest in the effects of p
sure, particularly in the context of coexistence of magneti
and superconductivity in these materials.18 Increasing pres-
sure is expected to increase both the hopping and the hyb
ization, keepingV/t constant,19 while probably keeping othe
parameters approximately constant in a first approximat
It was shown that ad-wave superconducting phase expels t
magnetic phase of CeCu2Si2 when the magnetic critical tem
perature crosses the superconducting critical temperatur
the pressure increases. A similar result was found theo
cally within a mean-field treatment considering a finiteU f .10

In Fig. 5 we consider the effects ofUd ~similar results are
obtained varyingUe) on the critical temperature as a fun
tion of V ~with V/t51.2) at n50.4. Consider firstUd50.
The effect of the increase of the hybridization is to decre
Tc . However, since we keepV/t fixed, we also increase th
hopping. The overall effect is that at smallV and small hop-
ping Tc increases. When we approacht51, Tc decreases
quickly. The effect of the interactions, as before, is to slo
down this decrease; therefore, a peak structure appears
shifts to higher values ofV asUd ~or Ue) increase.

Finally in Fig. 6 we compare the three pairing symm
tries. At low densities we see that for allUd the highestTc is
for the d-wave symmetry and the lowest is for the extend
s-wave symmetry. Forn51.4 and forUd50 ~as previously
shown9! the highestTc is for the extendeds wave. AsUd
increases there is a crossover between the various sym

FIG. 5. Critical temperatureTc as a function of pressure fo
several values ofUd . We takeV/t51.2 constant~keeping the other
parameters constant andn50.4).
eg

.D

l
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tries. The main conclusion, however, is that the behavio
the various symmetries is qualitatively similar.

To summarize, the consequence of the inclusion of C
lomb repulsions between the conduction electrons is, wi
a mean-field approximation, to renormalize the paramete
the Anderson Hamiltonian, as expected. Previously it w
shown9 that, considering a free conduction band, superc
ductivity between thef electrons is suppressed both at lo
and high densities (n<2). The addition of Coulomb repul
sions between the conduction electrons generally decre
nc and increasesnf ~at a constantn). Therefore, at low den
sities the effect of the interactions is to favor supercond
tivity and at high densities is to inhibit it. It was also found
this work that the critical temperature depends in a unive
way on the energy difference between the center of the
duction band and the renormalizedf-level energy, both at low
and high densities, considering different pairs of values oe0
andUd .

The construction of a more realistic Hamiltonian for the
systems is important, as we stressed at the beginning. W
within the mean-field approximation the effect of the ex
terms is understood, it also reveals that significant chang
the behavior of the system do occur.

We acknowledge discussions with M. Arau´jo and N. Peres
at the early stages of this work. L.P.O. acknowledges Pro
sor V. Vieira for his continuing support and interest. Th
research was partially supported by the Program PRA
XXI under Grant No. 2/2.1/FIS/302/94.

FIG. 6. Critical temperatureTc as a function ofUd for the
various pairing symmetries for~a! n50.4 and~b! n51.4.
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