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Abstract

The heavy-fermion antiferromagnet CeRhlns exhibits a complex interplay between magnetism and unconventional superconductivity
(SC) as a function of applied pressure and magnetic field. This interplay leads to a line of magnetic quantum-critical points within the
superconducting state. A comparison of nuclear spin-relaxation measurements on CeRhlIns to those made on CeColns, PuCoGas_and
PuRhGas suggests that SC and magnetism also may be related closely in these isostructural superconductors.
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1. Introduction

Magnetism and unconventional superconductivity (SC)
are closely coupled broken symmetries in heavy-fermion
materials. The connection between these two states is
most apparent in Ce- and U-based compounds in which
magnetism and SC are invariably nearby each other as a
function of some tuning parameter and often coexist [1].
CeRhlns provides one of several examples of this interplay
that suggests magnetic fluctuations play an essential role
in creating unconventional SC [2]. On the other hand,
Pu-based superconductors are rare, with only two exam-
ples PuCoGas [3] and PuRhGas [4]. These materials form
in the same tetragonal, HoCoGas (1 15) structure type as
CeRhlns and have modestly enhanced electronic specific
heats of order 100 mJ/mol K* [3,4]. So far, no magnetically
ordered Pu-member of the 115 family has been found,
which makes it less clear that their SC arises in proximity to
magnetism. Nevertheless, relationships between the
Ce- and Pull5s, discussed below, allow the reasonable
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plausibility that magnetic fluctuations are involved as well
in Cooper pairing in the Pu superconductors.

2. Results and discussion

CeRhlnjs is an instructive starting point for considering
the relationship between magnetism and SC in the 115
family of materials. At atmospheric pressure, neutron
diffraction [5] finds an ordered moment (0.8 ug) below a
Néel temperature of 7y = 3.8K that is close to that
expected for a localized 4f electron in a crystal-field doublet
ground state. The Fermi-surface topology of CeRhlns is
nearly identical to its La-analog, additionally implying that
the 4f electron is essentially localized [6].

The response of CeRhlnj; to applied pressure is shown by
data in the vertical plane in Fig. 1 [7]. Ty decreases for
P>1GPa and extrapolates to T=0 at P,~2.4GPa;
however, the pressure-induced superconducting transition
temperature 7. = Ty for Py~ 1.7 GPa, which hides evi-
dence for coexistence of SC and magnetic order (MO)
above P and prevents a reliable extrapolation of T(P) to
T = 0. Qualitatively, this 7P relationship between mag-
netism and SC is typical of other Ce-based heavy-fermion
systems [8]. Recent specific heat measurements have
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H = 0 kOe plane

Fig. 1. Temperature—pressure—magnetic field phase diagram of CeRhlns
[7]. Points in the vertical 7-P plane are determined from specific heat
measurements for H = 0. Solid squares denote 7(P) and open circles
show T.(P). For P< P, antiferromagnetism and SC coexist below the
T.(P) boundary, but magnetism disappears for P> P,. The horizontal
H-P plane shows H(P, T = 0.5K), solid triangles, and field values at
which a magnetic transition is induced in the superconducting state, open
squares. MO: magnetically ordered normal state; NM: paramagnetic
normal state.

established that magnetism, hidden by SC above Py, is
revealed at low temperatures by an applied magnetic field
[7,9], which is illustrated by data points in the horizontal
plane of Fig. 1. A linear extrapolation of the line of field-
induced magnetic transitions intersects the upper critical
field boundary (H.,(P,T)) at a pressure very near P,, where
there is a magnetic to non-magnetic transition. P, appears
to be a bone fide quantum-critical point, as evidenced by
deHaas—van Alphen experiments that find the cyclotron
mass diverging at P> [10]. At P,, dHVA frequencies increase
abruptly and above P, correspond closely to those of
isostructrural CeColns, which is superconducting at atmo-
spheric pressure with nearly the same 7, as CeRhlns at P,
and whose dHVA frequencies are consistent with electronic
structure calculations assuming an itinerant 4f electron
[10]. Consequently, these experiments also are consistent
with a 4f-localized to 4f-delocalized, or at least partially
delocalized, transition in CeRhlns at P».

Nuclear spin-relaxation (1/7)) experiments are especially
useful for probing magnetism and SC. For CeRhlns at
P>P,, 1/T, is proportional to T° for T< T, which,
together with the absence of a Hebel-Slichter coherence
peak near 7., is consistent with gap nodes in an
unconventional superconductor; whereas, above T, 1/T)
increases as 7'2, as expected for relaxation dominated by
fluctuations in a 3-dimensional metal near an antiferro-
magnetic instability [11,12]. Very near a magnetic quan-
tum-phase transition, 1/7 is predicted [13] to exhibit a
weaker temperature dependence (1/T;oc T4, which is
observed in CeColns at P =0 and T>T, [14], but NQR
experiments have not been performed on CeRhlns at P-.
Nevertheless, Fig. 2 shows that, once zero-field magnetism
disappears in CeRhlIns above Py, there is a strong similarity
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Fig. 2. Nuclear spin-relaxation rate 1/7; as a function of reduced
temperature 7/7,, both on logarithmic scales. Values of T, for CeColns
and CeRhlns under pressure are similar and range from 2.05 to 2.3 K, but
T. for PuCoGasis 18.5K. In each e.g., 1/T] is approximately proportional
to T° below T. and increase as 7", where n~—1,4—1,2, over an
extended temperature range above T.. At the lowest temperatures, 1/77
begins to deviate from a T° dependence, which may be due to low-lying
excitations in the gap nodes. CeColns (Ref. [14]); CeRhIns at 2.1 GPa
(Ref. [12]); CeRhlIns at 2.7 GPa (Ref. [15]); PuCoGas (Ref. [16]).

in the evolution of 1/7T} above and below T, in both
CeRhlIns and CeColns.

If antiferromagnetic fluctuations are essential for SC in
these Ce-115 compounds, SC should weaken as magnetic
fluctuations are suppressed by moving away from a
magnetic boundary. The H = 0 plane in Fig. 1 shows that
T, begins to decrease slowly above P,, and measurements
to higher pressures establish that 7. in CeRhlns becomes
zero or very low at a pressure near 6 GPa[17]. This trend is
expected for spin-mediated SC, but a predictive under-
standing of the relationship between 7, and complex spin
dynamics reflected in 1/7; experiments is lacking.

As seen in Fig. 2, the relaxation rate in PuCoGas also
varies as T° below its 7, of 18.5K and increases as a weak
power law above T, [16], similar to what is found in
CeColns and in CeRhlIns under pressure. These results are
the strongest evidence for unconventional SC in PuCoGas
and also suggest that SC develops out of a normal state in
which magnetic fluctuations are present. However, experi-
ments sensitive to the phase of the superconducting order
parameter are required to prove that SC in these 115
materials is unconventional. Establishing that magnetic
fluctuations are responsible, at least in part, for SC is even
more challenging and likely will come only from a body of
indirect evidence and comparison to theoretical models.

The role of magnetic fluctuations in PuRhGas is less
clear. Though 1/T; follows at 7% dependence below T,
1/T,T is a constant from 7, to about 30K [18]. This
Korringa-like normal state relaxation also is approached in
CeColns at pressures near 3 GPa [15], well away from its
quantum-critical regime, and by analogy suggests that
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Fig. 3. Relaxation rate 1/77, normalized by its value at T¢, as a function of
reduced temperature for PuRhGas (Ref. [18]) and CeRhlns at 2.0 GPa
(Ref. [21]). There is a small difference in the absolute value of pressure, at
which P; occurs in Ref. [21] and in data plotted in Fig. 1. The dashed line
corresponds to a Korringa-like temperature dependence.

PuRhGas may not be so close to a magnetic instability. In
the case of CeColns, the emergence of a Korringa-like
relaxation rate corresponds with the development of a
Fermi-liquid-like 7% variation in electrical resistivity
above T.; [19] this correspondence also may be found
in PuRhGas, but a non-Fermi-liquid temperature
dependence (poc T'°) appears to describe the resistivity
equally well [4].

An alternative to a Fermi-liquid explanation for the
Korringa-like dynamics is that PuRhGas is near an
antiferromagnetic instability, but the competition between
contributions to 1/7; from magnetic fluctuations and
from the presence of a pseudogap results in a tempera-
ture-independent 1/777 above T. [20]. With presently
available data, it is not possible to distinguish, which
of these two interpretations is correct; however, it is
interesting that 1/7;0cT behavior also is observed in
CeRhlns at pressures just below P, where the resistivity is
not proportional to 7% and is interpreted as being
due to pseudogap formation [21]. Fig. 3 compares the
temperature dependences found in PuRhGas and in
CeRhlnjs very close to P;.

As seen in results of Fig. 2, the 1/T}oc T dependence in
CeRhlIns evolves away from Korringa-like behavior with
increasing pressure. It would be interesting to determine
how the relaxation rate of PuRhGas changes with applied
pressure, especially because its T.(P) also exhibits a
maximum [22] similar to that found in CeRhIns. Likewise,
inelastic neutron scattering studies of the Ce- and Pu-based
115 would be a valued complement to nuclear relaxation
and other existing measurements for understanding more
thoroughly the relationship between magnetism and SC in
these systems.

3. Summary

In the absence of more definitive experiments and of a
microscopic theory against which experiment can be
compared, we cannot state unequivocally that super-
conductivity in the 115 compounds is magnetically
mediated. There is, however, a growing body of evidence
that consistently points to an intimate relationship between
magnetism and SC in the isostructural and nominally
isoelectronic 115 heavy-fermion materials [16,23]. One of
many outstanding questions yet to be answered, especially
in regard to CeRhlns, is how does magnetic order affect
SC, and conversely, how does SC affect magnetism. With
similarities between Cell5 and PullSs, it seems plausible
that magnetism could be hidden by SC in the Pu
superconductors as it is in CeRhlns. This possibility
becomes more plausible, given recent studies of CeColns,
that suggest some form of magnetism may appear in its
superconducting state below the upper critical field
boundary at low temperatures [24,25].

Unfortunately, the Pu-bearing 115s can be studied
experimentally only at a few institutions and even there
with some difficulty and with the complication of self-
damage due to radioactive decay of the Pu nucleus. As a
result, progress will be slow. These limitations do not apply
to the Cell5s, which, with their relative high 7.s and
interesting responses to modest pressures and accessible
magnetic fields, offer an exceptional opportunity to study
and understand the interplay between magnetism and SC
in strongly correlated electron systems.
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