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Abstract

Experiments that probe the normal and superconducting states of the heavy-fermion compoundsi@elltn Rh, Ir, consistently point
to the dependence of superconductivity on magnetism and, consequently, to the conclusion that soft magnetic excitations produce Coop
pairing. A more limited number of experiments on the isostructural superconductors RuM&@o, Rh, also are consistent with a magnetic
pairing mechanism, but in these cases, the relationship between magnetism and superconductivity is less obvious. A connection between t
Ce- and Pu-based families of unconventional superconductors is provided through a common dependence of their superconducting transitic
temperatures on lattice anisotropy and a weak structural distortion that may reflect a hybridization-induced change in magnetic fluctuations
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction is a transition metal belonging to the Co-column=Gb,
Rh or Ir. CeRhlg is the only member of this family to
Magnetism and unconventional superconductivity are order antiferromagnetically. Its response to presgarg]
interdependent in strongly correlated electron systems, suchis similar to, but also distinctly different from, that of the
as heavy-fermion materials. The relationship between theseexamples listed above. Instead of superconductivity exist-
two broken symmetries is explicit in some examples, e.g., ing in a narrow pressure range, there is approximately an
Celrg [1], CePdSiy [1], CeRBSIiz [2] and CeCuGe, [3]. In order of magnitude broader range of pressures in which long-
each of these, antiferromagnetic order at atmospheric pres+anged antiferromagnetic order coexists homogeneously with
sure evolves with applied pressure toward an antiferromag-unconventional superconductivifg,?], provided the Nel
netic quantum-critical point where unconventional supercon- temperaturely(P) remains higher than the superconduct-
ductivity emerges. A ‘dome’ of superconductivity exists in a ing transition temperatur&;(P). At pressures above about
narrow range of pressures around the quantum-critical point,1.9 GPa,T; reaches a maximum of2.3K and exceeds
suggesting that soft antiferromagnetic fluctuations are most7y(P); so far, there is no evidence for antiferromagnetic
effective in mediating Cooper pairing in this narrow pressure order below thel'.(P) boundary forP >1.9 GP45]. A sim-
window. A rather different relationship between antiferro- ilar relationship between magnetism and superconductivity
magnetism and superconductivity appears in members of thealso is found at atmospheric pressure in the substitutional
CeMins family of heavy-fermion compounds in which M series CeRh.,Ir,Ins: antiferromagnetic order and uncon-
ventional superconductivity coexist for 0<3x < 0.6 where
* Corresponding author. Tel.: +1 505 667 6416; fax: +1 505 665 7652. /N > Tc; Whereas, there is only superconductivity for 0.6
E-mail address: jdt@lanl.gov (J.D. Thompson). [8,9].
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2. CeMIns compounds temperature dependences also emergeg(xi), but with
CIT=constant, i.e., Fermi-liquid like, as the magnetic field
In Celrlns and CeCols, the relationship between some in increased above ¢40). These experiments imply either
form of magnetism and superconductivity is less explicit. that the magnetic order and superconductivity have both
These members of the CeMlrfamily are superconduc- the same field and dependence or alternatively that it is a
tors below7,=0.4 [10] and 2.3K[11], respectively, at  superconducting quantum-critical po{22] and not hidden
atmospheric pressure and display power-laws in physical antiferromagnetism that produces the non-Fermi-liquid
properties below [12], as expected for an unconventional behavior at Hx(0). The first possibility, though conceivable,
superconductor with line nodes in the superconducting gap.seems extremely fortuitous, and the second scenario is highly
Like all the examples mentioned above, they also exhibit unusual.
a ‘dome-shaped’ evolution df; versus pressurgl3,14], The superconducting properties of Ceylalso are con-
consistent with pressure tuning of the underlying pairing sistent with d-wave pairing, but so far there is no evidence
mechanism. Because antiferromagnetic fluctuations areof nearby antiferromagnetic order. Superconductivity in this
known to favor d-wave superconductivity, which is strongly case emerges from a normal state in whi¢iT weakly
suggested from the four-fold modulation of the thermal increases as temperature approachigswhich could be
conductivity[15] and specific hedi6] of CeColrs as a mag- consistent with Fermi-liquid behavior; however, in this tem-
netic field is rotated in its tetragonal basal plane, a reasonableperature range, the electrical resistivity in not quadratic in
assumption is that the boson mediating Cooper pairing in temperature, as expected for a Landau Fermi liquid, but
CeColn is antiferromagnetic fluctuations. However, no long increases ag*, wherex ~ 1.25[10]. Inamagnetic field much
ranged magnetic order has been found under ambient condi{arger than Hx(0), C/T tends to approach a logarithmic diver-
tions or at pressures below 2.5 GPa or in fields less than 17 T.gence at low temperatur&3]. This systematic study of the
Measurements of the electrical resistivity of CeGpln field dependence @f/T suggests that there should be a field-
show thato(7) is linear in temperature from just abo¥gto induced quantum-critical point neAr= 25 T, which is where
nearly 20 K[13]. In this same temperature range, the inverse a metamagnetic transitig4]in Celrlns also extrapolates to
of the Hall coefficient—1/Ry, also isT-linear[17], and, con- T=0. This value of 25 T substantially exceedg(®), which
sequently, the cotangent of the Hall angle, @9}&0.../RuH, attains a maximum value of 1 T for H parallel to the tetrago-
is proportional to7? [17,18] None of these temperature nal basal plane. Further, as showrFig. 1, pressure studies
dependences are expected of a Landau Fermi liquid butof CeRh_,lIr,Ins alloys find [5] that superconductivity in
imply that CeColg may be near a magnetic quantum-critical Celrlns becomes separated from the Rh-rich compositions
point. The smaller unit cell volume of CeCglcompared with T¢s that track the pressure evolution of antiferromag-
to that of CeRhlg is consistent with CeCobpbeing undera  netism. For < 0.25, theT—P phase diagrams scale onto each
relative effective chemical pressure of about 1.6 GPa, which other with a simple shift of the pressure axtgs =P + Py,
is smaller than but close to the pressure~@&.5 GPa where  as if the introduction of Ir acts as an effective chemical pres-
the Neel temperature of CeRhmextrapolates t@'=0. This, sure Py, (GPa)~ 10x?. For these samples, the maximufa
combined with scaling of thd(P) phase diagrams for as a function of pressure also exceeds 2K, as it does in pure
CeRhlIry and CeColg when this chemical pressure is taken CeRhir and CeColp. This simple scaling, plotted iRig. 2,
into account, led to the conclusi¢h3] that the nearby anti-  breaks down for larger Ir concentrations, implying additional
ferromagnetism in CeCodnwas at an inaccessible negative effects of the Ir substitutions for Rh.
pressure of about 1.6 GPa. More recent measurements of In spite of the apparent separation of Cefrfrom anti-
the magnetic field dependence of the specific fiedjtand ferromagnetic order and its lower superconducting transition
electrical resistivityf20] of CeColry at atmospheric pressure  temperature, the pressure respdagéof its superconductiv-
have revealed non-Fermi liquid temperature dependencesty is similar to that of other members of the CeMfiamily.
emanating from th& = 0 value of the upper critical magnetic ~ This similarity is shown irFig. 3where we plotT¢(P) nor-
field He2(0). Increasing the field beyondcb{0) recovers malized by its maximum value as a function of pressure for
Fermi-liquid temperature dependences in both specific heatCeRhiIn;, CeColr, and Celrl.This figure shows a com-
and resistivity. These observations prompted the suggestionmon evolution ofT; for each CeMlg compound, and from
[19] that the nearby antiferromagnetic order was ‘hidden’ by results plotted irFig. 2, is valid as well for CeRh ,Ir,Ins
superconductivity but manifested itself in quantum-critical alloys withx < 0.25. TogethelFigs. 1-Gelp establish a com-
fluctuations precisely at the point where superconductivity mon underlying relationship between antiferromagnetism
was destroyed by a magnetic field. This remarkable coin- and superconductivity in this family of materials. However,
cidence requires that the magnetism and superconductivitythis relationship would not be so apparent if nature had not
be tuned simultaneously t6=0 by the same value of the provided CeRhlgagainst which these other members could
magnetic field. This coincidence is emphasized further be compared. Thatis, if we only knew CeCghlnd Celrlm,
by specific heat studies of CeCglnSn, in which small experimental results for these materials would argue for some
amounts of Sn linearly suppress superconductivity te 0 form of unconventional pairing mechanism, but its tie to mag-
at a value ofx~0.18[21]. For x<0.18, non-Fermi-liquid netic fluctuations certainly would be more tenuous.
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Fig. 2. Temperature—pressure phase diagram for €eRhins samples
with x=0, 0.1 and 0.25. The pressure aRig is the sum of applied pres-
sure and an effective chemical pressBgeproduced by the Ir substitutions.
Values of P, are 0, 0.1 and 0.6 GPa far=0, 0.1, and 0.25, respectively.
Even though the unit-cell volumes of CeRRlr,Ins increase weakly at
atmospheric pressure with increasingthe empirically observed scaling
of physical properties implies that Ir acts effectively as a positive chemical
pressure, i.e., as though Ir substitution decreases the cell volume. In view
of results shown irig. 4 this apparent inconsistency might be resolved if,
X for x <0.25, physically applied pressure and Ir substitution for Rh simi-
larly change the ratio of tetragonal lattice paramet&rsThis remains to be
Fig. 1. Pressure-induced evolution of the temperature-doping phase diagramestablished.
of CeRh_,IrIns. The isobaric phase diagrams at elevated pressures were

constructed from a series of pressure measurements of the electrical resistivvemiona| eIectron—phonon pairing mechanism comes from

ity and ac susceptibility on selected compositions. Details are given in Ref. . . . .
[5]. Circles denote the onset of antiferromagnetic order and squares giveSpln lattice relaxation measureme(8]. In addition to the

the bulk superconducting transition temperature. Note that with increasing 1aCK of @ Hebel-Schlicter peak inﬂl/_ nearTc, 1/Tl_ follows
pressure, the end compound 1 becomes increasingly separated from anti-  the samé® dependence belofi that is observed in CeMin
ferromagnetism.

3. PuMGas superconductors 1ol ' ' : 9 A ' ' |
AN '

Another family of superconductors PuMgai=Co and
Rh, crystallize in the same HoCog&structure as the CeMin 081 //O \v\ b
compounds. The superconducting transition temperatures in - ’
the Pu-based materials, however, are substantially higherthan . osf A N i
in their Ce counterparts, exceeding 18.5K in PuCo{2a] |_§ L/ A
and reaching 8.7 K in PuRh&d26]. The transition tem- o 04 / o CeRNin R
peratures in these 5f-electron materials far exceed those of 'y 5 % ]
any other correlated f-electron material and raise the possi- I A Celrng \
bility that superconductivity may be conventional. In both 0.2} V  CeColng:P+1.6 GPa \ .
Pu-compounds, superconductivity develops out of a normal I \
state in which the static magnetic susceptibility follows a 0.0 L,
Curie—Weiss dependence from room temperatufg wwith 0 1 2 3 4 5 6
an effective moment of about 0.68, which is slightly P (GPa)
reduced from the Hund’s rule value of 084 for Pu?*
[25,26] The absence of any evidence for a magnetic transi- rig. 3. Superconducting transition temperatures, normalized by the max-
tion above 1 K from specific heat measurements of PuGoGa imum value induced by pressure, as a function of pressure for CgRhin
[27] suggests that the magnetic 5f electrons of Pu may be Celrlns and CeCoI_g. The pressure axis for CeC@Ilt_nas been shifted by
involved in superconductivity. This conclusion is supported 1.6 GPa to reflect its smaller unit cell volume relative to that of CeRhlIn

. . . T.(P) data for Celrlg are taken from referencd4]. The overall shape

by the (B_a_-Knlght shift of PU_COQah_at ShOW_S’ no I(_)0a|_sp|n of these curves is very similar for each compound as shown by the
susceptibility belowZ and is consistent with spin-singlet  dashed curve which is a quadratic fit to all of the data and is given by
pairing [28]. The most compelling evidence against a con- Tc/Temax=0.32+0.5P —9.5x 10-2P2,
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superconductofd 2]. In contrast to a conventional supercon-
ductor where 17, decreases exponentially bel@wdue to a

conductivity. This comparison is made kig. 4 where we
plot the superconducting transition temperatures of CgMIn

finite superconducting gap over the entire Fermi surface, theand PuMGag as a function of their structural parameters.
experimental temperature dependences are consistent witlThe upper plot showg; versus the ratio of tetragonal lattice
the presence of line nodes in the gap. These results stronglyparameters/a. In both families of compound$y is a linear

support the interpretation that PuCaGsan unconventional

d-wave superconductor.

As with CeColr and Celrlm, there is no evidence for anti-
ferromagnetic order in either PuCoger PURhGg, which
also exhibits a dome-shaped dependencE:@f) [29] and,
by analogy to PuCoGa also is probably a d-wave super-

function of structural anisotropy, and, further, the relative rate
of change off. with increasing:/a ratio, dln T¢/d(c/a) ~ 80,

is nearly identical. Although the origin of this empirical rela-
tionship remains to be established, it suggests that the mag-
netic mechanism of superconductivity in CeMlalso may
determinel; in the Pu compounds. This suggestion is sup-

conductor. So far, there is no antiferromagnetic Pu-analog ported from the correlation plotted in the lower pandtigf. 4.

of CeRhln. But like the CeMIg family, a comparison of

The structural parameterd@—a)/la measures a weak tetrag-

these Pu superconductors to other examples strengthens aanal distortion of face-centered cubic units of the HoCgGa
argument that soft magnetic fluctuations may mediate super-structure typg30] that are stacked sequentially along the
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axis and separated by an intervening layer of MIngGA}k
argued recently in the context of isostructural and antiferro-
magnetic UTGa[31] and NpTGa [32] compounds, where

T is an isoelectronic transition metal from either the Fe, Ni
or Co columns, a weak distortion measured bye{2a)/a

in these compounds tunes magnetic interactions through a
change in spin hybridization of the 5f element with the tran-
sition metal element. Extending these arguments to the Ce-
and Pu-based superconductors suggests that the increase in
T. with increasing local tetragonal distortion also reflects
a hybridization-induced change in soft magnetic excitations
that mediate Cooper pairing in these materials.

4. Summary

In summary, a relationship between magnetism and super-
conductivity is clear in some examples of strongly cor-
related electron materials and less so in others. Pressure
studies have been particularly useful in revealing this rela-
tionship in CeRhlg, and comparing its pressure response
to those of other CeMmcompounds has allowed an exten-
sion of this relationship to those materials as well. Had the
CeMIng systems not been found before the Pu-based super-
conductors, their relationship to magnetism would not have
been as apparent. In this case, though, the relationship is
not established from pressure measurements alone but has
come through a common dependenceTpfon structural
parameters, which, together with other properties of these
Pu superconductors, strongly suggests that their supercon-
ductivity also is mediated by magnetic fluctuations. In the
absence of a theory of magnetically mediated superconduc-
tivity equivalent to that for conventional superconductors,
it is difficult to make a definitive test that unambiguously

Fig. 4. Upper panel: superconducting transition temperatures as a functionfules out alternative pairing mechanisms; for example, there

of tetragonal lattice parameterh: for various Ce- and Pu-members of the
CeMIns and PuMGafamilies. The relative dependencefgfoncl/ais nearly
identical for both families. Lower panel vs. the local structure parameter
(2z¢— a)la, wherec anda are the tetragonal lattice parameters atatates
the position of the unique In(Ga) atom along #axis of the HoCoGa
structure type. (& — a)la measures the magnitude of a weak tetragonal

distortion of the face-centered building block of these compounds.

is no isotope-effect equivalent type of experiment for magnet-
ically mediated superconductivity. Consequently, the pairing
mechanism must be inferred from a body of experiments
that are consistent with broad expectations. The Cghdid
PuMGa; superconductors are not alone in this respect, and to
our knowledge, magnetically mediated superconductivity has
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