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Abstract

What is the character of the gapless quasiparticles in heavy fermion superconductors (HFSC)? We discuss an odd-frequency
pairing interpretation of HSFC which leads to a two component model for the quasiparticle excitations. In this picture, line zeroes
of unpaired electrons may coexist with gapless surfaces of paired electrons, with vanishing spin and charge coherence factors.

After more than a decade of debate over the nature
of heavy fermion superconductivity (HFSC), this
extraordinary phenomenon still defies a consistent
theoretical description. These superconductors are in
essence, ‘spin superconductors’, where thermody-
namics implicates the active participation of local
moment degrees of freedom in the condensation
process.

Experimentally, there is ample evidence for the
presence of gapless quasiparticles in the superconduct-
ing state [1]. In UPt,, for example, pSR and trans-
verse ultrasound absorption measurements indicate
the presence of lines of gap zeroes in the basal plane
[2,3]. Phenomenological theories of HFSC have
modeled the quasiparticle (QP) properties of the
HFSC in terms of a BCS superconductor with lines of
node zeroes in the gap function [4]. These types of
scenarios are unable to reconcile the following:
® The almost isotropic residual thermal conductivity

observed in single crystals of UPt, with the assump-

tion that QP excitations are concentrated in the

basal plane [5].
® The absence of a large linear Korringa NMR relaxa-

tion rate (1/7,=T) in the superconducting state,
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despite sizable linear specific heat capacities in the
superconducting phase [6,7].
Here an alternative interpretation of these observa-
tions is discussed, based on the idea that the HFSC
gap function is an odd function of the frequency
[8_10]’

A (@) = -4 (-o).

In an anisotropic BCS superconductor, gapless
quasiparticles are unpaired, for the Bogoliubov co-
efficients in the QP operators,

Apy UL, TUC_,,

are zero, or unity when the QP energy E, =0. For an
odd frequency superconductor, |u,|* = |v,|> =1 when
E, =0, so the gapless quasiparticles are paired. The
equal weight of the particle and the hole implies that
their charge coherence factors identically vanish,

(k|Qlk) xu; —v:=0.
k k

Such ‘neutral Fermi surfaces’ of paired quasipar-
ticles can coexist with more conventional point and
line nodes of unpaired electrons leading to a ‘two
component’ description of the QP fluid.

Odd frequency superconductivity cannot proceed
via the conventional two-body Cooper instability. We
propose that HFSC is driven by the development and
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condensation of three-body bound states between
conduction electrons and localized f-spins. Unlike the
pair condensation, three-body condensation must
leave behind a neutral, spinless fermion associated
with the residual fermionic fluctuations of the bound-
state. This Ansatz is implemented using a three-body
contraction to develop a mean field theory,

where j is a site index, S, describes spin fluctuations
within a low-lying crystal field doublet I', l,[/r/_ denotes a
conduction electron in a Wannier state with symmetry
I'and %, is a two component spinor descrlbmg the
three body condensate. The operator (b d) is a real,
or Majorana fermion that represents the appearance
of a bound-state pole in the three body channel.

We illustrate this idea within a Kondo lattice model,

H=2 e+ 2 Ho () (2)

where ¢, is the conduction electron spinor. The
Kondo exchange interaction in the form

Him(j) = _Jgjgj > (3)
where
g/ =(o- Sj)djl“- (4)

is a three-body spinor composed of an f-spin and
conduction electron ¢ = £, y,.(k)¢, "™ in a Wannier
state of symmetry I. '

The three-body Ansatz is then written as

—Jéj = 2Vj$j + fluctuations. (5)
After inserting this into Eq. (3),
H (D)= H, ()=2V & +ho)+2V VI, (6)

a marvelous simplification occurs: the fusion of the
bound-state fermion (?)/. and local moment S, forms a
triplet of real ‘spin fermions’ (j)=12¢5,,
({n“(@),m"(j)} =8"8,). H,(j) is thus a fermion
bilinear,

H. . ()) =(V,+(0" 7’;)‘#”1}+h-c) +2V;‘/j/‘l' (7

Consider a toy model on a cubic lattice. Let y.-(k) =
sink, [11] vanish in the basal plane. For the saddle-
point solution V| =e"?*"?V(1,0), @ = (w, m, m), the
conduction electron Green function has the form,

Yk, w) =0 — € + pr, — Ak("")g)]_1 ) (8)

where #?=1(3— 0o -7) is a projection operator, 7
denotes isospin operators, € =1(&_g/2 ~ €&u+0/2)- The
gap function,

Vo i
Aw) == [FH 0T,

where %.(k) = y.(k + @/2), acquires the nodal symme-

try of the crystal field state I" [12]. This simpie model

[11] gives rise to two sets of gapless quasiparticles

(Fig. 1.):

® a neutral Fermi surface € =0 of gapless paired
quasiparticles with vanishing spin and charge coher-
ence factors and

® a line of unpaired gapless quasiparticles in the basal
plane k_=0, corresponding to the node in the

"Two-component model”
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Unpaired Electrons
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Fig. 1. (a) Neutral Fermi surface and line of gapless unpaired
electrons obtained in a simple model; (b) schematic illustra-
tion of the anisotropic conductivity predicted in this model in
(o.,), and out of (0,,) the basal plane.
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crystal field wave function ¥.(k). These excitations

have a linear density of states.

Local probes of the quasiparticle fluid are unable to
distinguish between these two components, both of
which would give rise to 7° NMR relaxation rate.
Momentum space probes, such as the anisotropic
penetration depth or the transverse ultrasound absorp-
tion are sensitive to the current fluctuations. For
example, the temperature dependence of the super-
fluid stiffness tensor,

80,0y~ 00 LD 6 0).
where
7,,(w) = g (KA|f,JkA ) (A |, KA YO (E,, — w) (9)

measures the spectrum of current fluctuations. In the
basal plane, the current matrix elements (kA|j, |kA)
are unity, and this function reflects the linear density
of states of unpaired quasiparticles o, (w)* w. Along
the z-axis, these matrix elements grow linearly with
energy, but the density of states is constant, giving rise
to a quadratic frequency dependence of o, (0) % w?,
as illustrated in Fig. 1.

To conclude, we have outlined how a three-fermion
condensation into states with definite crystal symmetry
generates an anisotropic odd-frequency superconduc-
tor. Nodes in the atomic crystal field wave function
give rise to corresponding nodes in the gap function,
leading to a coexistence of line nodes of electrons with
gapless surfaces of paired, neutral quasiparticles.
Confirmation of the absence of Korringa relaxation
and anisotropy in the residual thermal conductivity in
samples with large linear specific heat would provide
strong support in favor of an odd-frequency pairing
scenario.
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