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Interplay of Magnetic and Superconducting Heavy Fermion Ground States

R.H. Heffner

Physics Division, MS K764,
Los Alamos National Laboratory
Los Alamos, NM 87545 USA

Abstract

This talk will focusrecentdevelopmentsin ourunderstandingof heavyfermion
0-1F)superconductorsandthe rolethat positivemuonspin relaxation(BSR)studieshave
playedin helpingto elucidatetheirproperties. As illustrationstwo systemswillbe
discussed:(1) UPd2AI3, oneofthe most recentlydiscoveredHFsuperconductors,which
alsodisplayscoexistingmagneticorderand (2)UBe13dopedwithsmallquantitiesof
Th substitutedforU,whichdisplaysan interplaybetweenits superconductingand
magneticgroundstates,leadingto multiplesuperconductingstates.

I. Introduction

Heavy fermion behavior arises in regions of the periodic table where the atoms
possess f-electrons which are neither highly localized nor highly itinerant [1]. Typically
such behavior occurs in cerium-or uranium-based compounds possessing 4-f and 5-f
electrons, respectively. At high temperatures the f-electrons act like local moments with
close to the full f-shell moment (--3laB, for example), exhibiting Curie-like susceptibilities.
At low temperatures the f-moments are reduced to a fraction of their high-temperature
values through hybridization with the ligand conduction electrons. The f-electrons thus
take on an itinerant character and the conduction electrons become "heavy". This is
manifest through a narrow resonance at or near the Fermi level, producing a high density
of states at low temperatures. In addition, below a characteristic temperature the
resistivity drops, indicating the onset of coherent electron scattering, which also
characterizes the heavy fermion state. The exact mechanism by which these phenomena
occur in a lattice of f-atoms is not well understood, and constitutes one of the major
challenges of many-body physics in solids today.

The heavy electron ground state has been shown to exhibit paramagnetism,
magnetic order and/or superconductivity. The ordered moments are typically small, of
order 10-3 - 10-1 laB/f.atom ' The large entropy collapse associated with the
superconducting state points to the f-electrons as the superconducting pairs. Frequently,
small-moment magnet order (also from the f-electrons) coexists with the
superconductivity, each presumably occupying different parts of the Fermi surface.

Heavy electron superconductors have drawn considerable attention
because their properties are distinctly different from conventional Type II
BCS superconductors like niobium, for example. In conventional



superconductors the superconducting gap exists over the entire Fermi
surface, and the electrons pair in a zero angular momentum, spin-singlet
state which is produced by the electron-phonon interaction. A non-
vanishing gap gives rise to exponential temperature dependences for all
measurements involving the thermal excitation of quasiparticles across the
gap: specific heat, magnetic-field penetration depth (_,) and nuclear spin
lattice relaxation rate (I/TI), as examples. However, measurements of these
quantities in heavy fermion superconductors all exhibit power-law
temperature dependences, usually considered as evidence for nodes in the
energy gap. Table I gives the expected power-laws for two different kinds
of nodal structures on a spherical Fermi surface, lines and points.

TABLE I

Polar Axial

Cp T2 T3

1/T 1 T3 T5

1/3"211 T3 T2

1/_,2.1. T T4

Xspin T2 T3

Table I. Temperature dependence of specific heat (Cp), spin lattice relaxation rate

(1/T 1), magnetic field penetration depth (for vector potential parallel (_,11) and

perpendicular (_'.L)tO the order-parameter symmetry axis) and spin susceptibility (gspin).
The polar and axial gap structures correspond to odd-parity states with an equatorialline
of nodes and two point nodes, respectively. An isotropic gap produces more nearly
exponential temperature dependencies.

Power-law temperature dependencies do not provide definitive evidence for an
unconventional gap structure, however [2], (A conventional gap-less superconductor can
also exhibit power-law behavior, for example.) More decisive conclusions can only be

drawn from tests of the symmetry-breaking nature of the order parameter A(k). In

conventional superconductors A(k) obeys the symmetry of the Hamiltonian, which
includes rotational, reflection (parity) and time-reversal symmetry. An unconventional
superconductor has a lower symmetry in at least one of these respects. Experimental tests



of this property includea transitionfrom one superconductingstateto another,
observationof magnetismassociatedwith the superconducting order parameter, or
anisotropy in the temperature dependence of the penetration depth or the critical fields.

This paper concerns IaSRstudies in two heavy fermion superconductors, UPd2AI3
and (U,Th)Be13' and willaddress some of the evidence for unconventional
superconductivityin these systems. The I.tSRexperimentswere carried out at the Paul
Scherrer Institute in Villigen, Switzerland, and involve a collaboration between Los
Alamos, ETH-PSI, Leiden University,U.C. Riverside,Darmstadt and Tohoku
Universities.

Ii. UPd2Ai3

This materialhas a superconductingtransition temperature To,_--1.5 - 2.0K
(depending on sample quality) and an antiferromagnetictransition at TN-- 14K, with an
ordered moment ~ 0.851aB [3]. The magnetic structure consists of ferromagnetic sheets in
the basel plane coupled antiferromagneticallyalong the c-axis. The NMR 1/T 1 has a T3
temperature dependence [4] below Tc.

Zero-field and transverse-field I.tSRdata on both singlecrystalline[5] and
polycrystalline[6] UPd2AI3 are consistent with the positive muon occupying the (0,0,1/2)
site in the unit cell. The temperature dependence ofthe transverse-field I.tSRrate for
polycrystallineUPd2AI3 is shown in Fig I between about 0.1 and 300K.
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Fig. 1. The laSRrelaxationrate for UPd2AI3 intransverse appliedfieldof 340 G for T <
10K and 117 O for T > 10K. O. exponential rate; El. Gaussian rate (corrected by 1/_/2
to allow comparison. From Ref. 6.
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There is a rapid rise below TN due to the AFM order and a further rise below Tc
due to the flux lattice formed in the superconducting state. This indicatesa coexistence
of superconducting andmagneticf-electron states. The data belowTc was further
:analyzedas a product of a Gaussiantimes an exponentialfunction. The exponential
relaxationrate accounts for the AFM ordering and was heldconstant for T < Tc. The
Gaussianrate roughly describes the in homogeneous broadening from the flux lattice and
for an ordered triangularlattice is proportionalto 1/;L2.The temperature dependence of' 1/
;L2 is compared to several models of superconductivity in Fig 2. The _0) = 6250 + 1250
A.
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Fig. 2. The temperaturedependenceof the inverse-squaremagneticfieldpenetration
depth in UPd2AI3 compared to various models for the superconducting state. From Ref.
6.

The data areconsistentwith a clean,weak-couplingBCS superconductor,i.e., no
nodes in the gap. This in turn is consistent with the upper critical field data, which show
no anisotropyand Pauli limitingat low temperatures, characteristicof spin-singletpairing.
On the other hand the 1_ 1 data do not show the exponential temperature dependence
expected for a node-lessgap. Furthermore, the BSR-determined1_ 2 dataare equally

well fit to a power-law temperaturedependence (1/_,2 (x 1.Tv, v = 2.3 ± 0.2), consistent
with a nod,_lstructure in the gap. (At this writing,no single-crystalBSR data below Tc
are available,and so the nodal structure from ;L(T)cannot be specified.) It is possible that
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all of the data could be consistent with a d-wave (I= 2), spin-singlet pairing state,
however.

Ill.(U,Th)BeI3

This material has been studied for many years [7], but it is only recently that its
peculiar superconducting phase diagrammay be qualitatively understood. Pure UBeI3 is
superconducting at Tc = 0.9K, but no AFM order has yet been established at any
temperature above 10 inK. Upon doping with Th the Tc for Ui.xThxBel3 becomes non-
monotonic, first decreasing as x increases, and then sharply increasing at x = 0.019. The

Tc passes through a maximum near x _ 0.030, after which Tc monotonically decreases

again. Inthe region 0.019 < x < 0.043, a second superconducting transitionat Tc2 is
observed m specific heat, accompanied by the onset of very small moment (10 -3 . 10-2
I.tB/U)magnetism, which has been well characterized by _tSR and other techniques [8],
The phase diagram is shown in Fig. 3.
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Fig. 3. Phase diagram for Ul.xThxBel3. The various symbols represent different types
of measurements, explained in Ref. 8. The dotted line shows the approximate Th-
dependence of the resistivity maximum Tmax,



An importantquestionhasbeen whether the magneticcorrelationsare intrinsicto
the superconductingstate (thusviolatingtime reversalinvariance),or whetherthe
correlationsaredue to weakAFMorder coexistingwith a changedsuperconductingstate,
Recent normal.statemeasurements[9] of'the magnetoresistanceandspecificheat,
combinedwith previousmeasurementsof the resistivityunderpressure[i O]havehelped
to resolvethiscontroversyandqualitativelyexplainthe non-monotonictemperature
dependence of Tc in (U,Th)Be13.

The resistivityand specificheat of UBel3 both show a maximumnear Tmax =
2.2K which moves down with Th doping until it passes below Tc at x = 0.019, exactly
where Tc begins to increase again and where magnetic correlations are seen in pSR.
Applicationofpressure [10] to Ul,xThxBel3 increases both Tmax and the resistivity p,
such that P/Pmax scaleswith T/Tmax for many different pressures, indicatinga new
energy scale given approximatelyby Tmax. This idea is qualitativelyconsistent with
theoretical models of the normal state behavior of heavy fermion systems which show that
a new energy scale emerges from the intersiteexchange coupling between Kondo ions
[1!]. Recently a systematicstudy [9] of resistivityand specific heat as a function of Th
concentration and magnetic fieldhas strongly suggested that the feature at Tmax is
produced when the conduction electrons are scattered by the correlated motion of the U
spins, so-called spin tluctuations. This spin-fluctuation temperature is reduced by
impuritiessuch as Th, as is the superconducting temperature Tc, (See Fig. 3) When
Tmax < Tc the magnetic fluctuationsare "frozen-out," so to speak, yieldingweak
magnetic order. It is possible that the superconductingand magnetic order parameters are
coupled, causing _,nincrease in Tc at x _ 0.019, Another possible explanation for the non
monotonicbehavior of Tc is that the pairbreakingeffects of the spin fluctuationsare
reduced when Tmax < Tc, thus drivingup Tc. Therefore the complicated
superconducting phase diagram of(U,Th)Bel3 appears to arise from the interaction of the
superconductingf-electrons with the incipientmagneticcorrelations also present in the f-
electron system.
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