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Abstract An interference of heavy-fermion superconduc-
tivity (SC) and antiferromagnetism (AFM) has been studied
in the framework of the periodic Anderson model with the
superexchange interaction between localized electrons. It
has been shown that pressure-induced energy change of the
localized states leads to modifying antiferromagnetic and
superconducting order parameters. Conditions have been
found for the coexistence of SC and AFM in the model. The-
oretical results of the pressure effects on the ground state
character of the heavy-fermion systems are in good agree-
ment with experimental data for a rare-earth intermetallic
compound CeRhIn5. The divergence of the effective elec-
tron mass produced by suppressing the long-range antifer-
romagnetic order has also been analyzed in the same frame-
work.
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1 Introduction

An interest to the competition between Copper pairing and
antiferromagnetic ordering in unconventional superconduc-
tors has grown considerably since it was found that the
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application of pressure has a strong influence on the low-
temperature phase transitions in the heavy-fermion intermet-
allides CeIn3 [1], CeRhIn5 [2]. For these materials, it has
been shown that increasing pressure can induce a state in
which the long-range antiferromagnetic order is conserved
at the onset of SC [1, 3]. It has been concluded from the de
Haas-van Alphen experiment for CeRhIn5 [4] that the Ce
4f -electron character is changed from localized to itinerant
under pressure. In addition, the 4f electrons contribute both
to the formation of antiferromagnetic and superconducting
ordering [5].

2 Coexistence of SC and AFM in the PAM

The periodic Anderson model (PAM) is generally thought as
a basis to describe the physical properties of heavy-fermion
systems. The coexistence of AFM and SC within the slave-
boson approximation of the PAM has been studied in [6].
However, the terms describing Cooper and antiferromag-
netic instabilities were introduced by the phenomenologi-
cal way in the mean-field approximation. Such an approach
leaves open the question about the type of electron inter-
action, which is responsible for the coexistence of SC and
AFM in the heavy-fermion systems. In the strong electron
correlation regime, hybridization processes involving the
states of the upper Hubbard localized level can be taken into
account by the perturbation theory [7]. It is important to note
that the derived low-energy Hamiltonian can lead to arising
the long-range antiferromagnetic order due to the superex-
change interaction in the subsystem of localized Hubbard
fermions.

In this connection, the following Hamiltonian of the PAM
has been considered for studying the coexistence of SC and
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The first and the second terms describe an ensemble of itin-
erant electrons in the Wannier representation with the ma-
trix element of electron hopping between sites tml . The next
two terms determine the localized states with the energy E0

and hybridization mixing processes between itinerant and
localized electrons with a magnitude Vml , respectively. The
last term of Hamiltonian (1) represents the superexchange
interaction between localized Hubbard fermions with an in-
tegral Jml . It has been shown in [8] that taking into account
the exchange interaction in an ensemble of itinerant elec-
trons can lead to the state near the half-filled band where
Cooper pairs form with antiferromagnetic background.

On the basis of the heavy-fermion energy spectrum ob-
tained from the equations of motion for double-time re-
tarded Green functions, the effective heavy-fermion mass
has been estimated in the phase of SC and AFM coexis-
tence for the case when the chemical potential μ and the
energy E0 lie in the lower antiferromagnetic subband:
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where EJ = E0 − J0nL/4; α = 1 − nL/2—the standard
renormalization of the energy for strong correlated sys-
tems, which include a concentration of localized quasi-
particles nL; R—the magnetization of the antiferromag-
netic sublattice; m0 is the mass of a tight-binding electron;
γ0 = V 2

0 /(Γ 2
0 − E2

J ). Expression (2) is derived for nearest-
neighborhoods with the Fourier transform of the hopping
integral between sublattices Γp in consideration of only on-
site hybridization V0.

It is demonstrated in Fig. 1 via solving the self-consistent
equations that the long-range antiferromagnetic order hav-
ing the sublattice magnetization R (solid line) is destroyed
with increasing energy E0. The calculations were done with

Fig. 1 The dependence of the order parameters on the energy of local-
ized states. See text for details

the parameters J = 0.2; V0 = 0.6; ne = 1.2 where ne is the
full concentration of carriers. The energy E0 growth leads to
the appearance of the d-wave superconducting order param-
eter in the antiferromagnetic region with an amplitude Δd

0
(dash-dot line). This amplitude is significantly less than the
amplitude calculated without AFM (R = 0, dotted line). It
should be noted that abrupt decreasing the magnetization
occurs near the maximum of the superconducting order pa-
rameter. This fact confirms the competing type of interaction
between SC and AFM. It has been proposed that the energy
increase is caused by pressure growth. Such a mechanism
in the case of Ce-based heavy-fermion systems is explained
by nearest-neighbor ions with an effective negative charge
approaching a positively charged Ce ion. It has been ob-
tained on the basis of expression (2) that the effective heavy-
fermion mass has the tendency to divergence when the an-
tiferromagnetic order is suppressed. This behavior has been
found experimentally for CeRhIn5 in [4].

The obtained results are in good agreement with experi-
mental data for the heavy-fermion CeRhIn5.
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