PhysiCs

Physics 3, 64 (2010)

Viewpoint
Led by the nodes

Peter J. Hirschfeld

Department of Physics, University of Florida, Gainesville, FL 32611, USA

Douglas J. Scalapino

Department of Physics, University of California, Santa Barbara, CA 93106-9530, USA

Published August 2, 2010

Heat transport measurements in an iron-based superconductor offer new clues towards the determi-
nation of the superconducting pairing interaction in these materials.
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In any new class of superconducting materials, the mo-
mentum space structure of the wave function describing
bound “Cooper pairs” of electrons of momentum k and
—k is considered one of the central clues to the origins of
the pairing interaction that binds the electrons together.
One key feature of such a wave function, as for atomic
wave functions, is the number of times it changes sign;
knowledge of the number and position of these nodes
can give information on the underlying symmetries as
well as the momentum dependence of the pairing inter-
action. Within the BCS theory of superconductivity, the
energy gap A(k) (or superconducting order parameter)
is directly related to this wave function, and more eas-
ily measured. For the new iron-based superconductors,
three years of intense research have not yet produced a
consensus on the symmetry or nodal structure of this
energy gap in k space [I]. Nevertheless, as sample qual-
ity has improved considerably, to the point where simi-
lar probes are finding similar results on similar samples,
there is a growing belief that the superconducting gap
function in these systems may be of one symmetry class
(called A1g), but intrinsically diverse as regards the nodal
or near-nodal structure of the gap. Calculations suggest
that this may be due to the sensitivity of the gap nodes in
this class to small perturbations of the electronic struc-
ture [2, [3].

In a Physical Review B article [4], Jean-Philippe Reid
and collaborators from the University of Sherbrooke,
Canada, Ames Laboratory and lowa State University,
both in the US, and the Canadian Institute for Advanced
Research, use low-temperature heat transport measure-
ments to probe the nodal and near-nodal structure of
the superconducting gap in Ba(Fe;_;Coz)2As2. An ob-
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servation of a finite residual linear term in the thermal
conductivity x(T') as T — 0 gives direct evidence of gap
nodes [5]. If the nodes are only slightly lifted, leaving a
small gap, the application of a moderate magnetic field
leads to field-induced thermal transport. In this way, by
measuring (7', with and without a magnetic field, for
different directions of the heat current along the prin-
cipal axes of the crystal, one can search for the nodal
or near-nodal regions of the Fermi surface. In Reid et
al.’s article, results of heat transport measurements in
Ba(Fej_;Coz)aAss for a range of dopings are reported.
In the absence of a magnetic field, a linear term in the
low-temperature c-axis thermal conductivity is observed,
implying that there are nodes in the gap in regions of
the Fermi surface that dominate the c-axis thermal con-
ductivity. In zero field, the linear term is absent or un-
observably small for the a-axis thermal conductivity [6].
However, in the presence of a moderate magnetic field,
excited quasiparticle heat conduction along the in-plane
a-axis is seen. This implies that there are near-nodal gap
regions associated with deep minima of the gap in regions
of the Fermi surface that dominate the in-plane thermal
transport.

Almost all of the analyses of symmetry classes and
nodal structures for the iron-based systems have been
performed assuming a two-dimensional (2D) Fermi sur-
face for these materials, which consists of small, nearly
circular pockets of electrons and holes. This simpli-
fication was justified in terms of electronic structure
calculations and transport measurements on the origi-
nal family of iron-based superconductors, the so-called
1111 family. However, measurements on the second such
family discovered, the so-called 122 materials, suggest
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that they are considerably more three-dimensional (3D)
[7, 8]. This feature of the 122 systems is potentially im-
portant for applications of high-temperature supercon-
ductivity, since two-dimensionality promotes fluctuations
and anisotropic critical fields that can degrade the cur-
rents superconducting wires can carry. Reid et al. re-
ported a linear 7' term in the low-temperature c-axis
heat conductivity of Ba(Fej—,Co,)aAss crystals, reflect-
ing the existence of order parameter nodes, compared to
a small or zero linear term in the ab plane. Further-
more, the anisotropy ratio (kc/ke,n)/(Ka/Kan) Of the
electronic thermal conductivities normalized to the nor-
mal state value was found to increase as the sample was
doped away from optimal T,.. Reid et al. argue that
such an anisotropy can arise if the gap nodes are located
near flared regions of the quasicylindrical Fermi surfaces,
such that the corresponding low-T'k, is negligible. Nodes
contributing specifically to c-axis transport had been sug-
gested in Ref. [§].

Another striking feature of these experiments is that
the T'— 0 asymptotic values of k,/T are much smaller
than one might expect from the simple BCS theory of
quasiparticle transport in a 2D nodal superconductor.
Starting from known results for a d-wave superconduc-
tor, using appropriate parameters for the iron-based sys-
tems, and scaling to 3D, one obtains a much too large
Kq/T compared to experiment. The low-T linear term
in the thermal conductivity is predicted by theory to be
universal (disorder-independent for small disorder) in the
p-wave or d-wave case [9, [I0]. Mishra et al.[I1] showed
recently that this expression continues to hold in the Ay,
type states thought to be characteristic of iron-pnictide
systems, but that universality breaks down quickly due to
the strong influence of disorder. This effect usually makes
the residual thermal conductivity bigger, not smaller,
however.

The leading class of theories for the pairing in these
materials relies on an effective interaction between elec-
trons of momentum/spin k 1, —k |, which arises from
the exchange of spin fluctuations. Early 2D calculations
of this type [2] for the pairing state of the iron-based
superconductors found that nodes could occur on the
electron sheets, but the gap on the hole sheets was al-
ways fairly large and isotropic. Vertical nodes running
the length of the electron Fermi cylinders, as found in
these approaches, would produce a large linear term in
the thermal conductivity, in contradiction to experiment.
Therefore, a true gap must exist on the electron sheets.
On the other hand, the minimum gap on this surface can
be quite small; indeed it must be to account for the ob-
served magnetic field dependence [I1]. But at the lowest
temperatures (the thermal conductivity measurements
reflect the asymptotic behavior of x/T in the 50 mK
range), one may assume that one is well below this gap
energy. Therefore, within this 2D framework it is diffi-
cult to understand how the linear 7" term in x observed
by Reid et al. can be generated.

Recently, however, Ref. [I2] presented a calculation
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FIG. 1: Fermi surfaces and nodal manifolds of 3D supercon-
ducting gaps discussed here. (Left) A type of state on a hole
Fermi surface sheet which emerges from microscopic spin fluc-
tuations calculations [I2]. (Center) A similar state on a hole
Fermi sheet with horizontal line nodes which might explain
the results of Ref. [4]. (Right) The electron Fermi sheet.
Solid blue lines represent gap nodes, while dashed blue lines
represent deep gap minima. (Illustration: Alan Stonebraker)

of 3D spin-fluctuation pairing in the 122 systems. The
ground state was found to be generically of A1, symme-
try, as in the 2D case; on the other hand, the gap on the
hole sheets was now found to have short nodal segments
near the top of the Brillouin zone at momenta where
the Fermi surface sheets display some outward flaring,
like the bell of a French horn (Fig. |1} left and center).
The nodal lines on the hole sheets in such states can be
nearly vertical, as shown in Fig. left, or nearly hori-
zontal, as sketched schematically in Fig. [I] center. For
such parameters, the electron sheets were found not to
possess nodes, but rather deep minima of the supercon-
ducting gap corresponding to the vertical lines spanning
the whole Brillouin zone in the z direction, as shown in
Fig. [1] right. While electronic structure calculations [13]
disagree on whether such highly flared hole sheets are
present, they have been observed, for some dopings, in
angle-resolved photoemission experiments on 122 mate-
rials [14].

These microscopic predictions accord rather well with
the qualitative explanation of Reid et al. for their re-
sults. They point out that the heat current is weighted
by the Fermi velocity squared, and that if flared portions
of the Fermi surface coincide with the positions of the
nodes, a significant k./T might be paired with a tiny
and perhaps unobservable x,/T. In the two schematic
examples in Fig. [I] left and center, nodes indeed occur
in these locations. In addition, it is qualitatively clear
from the figure why the size of the observed linear term
in the plane might be small compared to the value es-
timated from the d-wave case. The full result can be
obtained only in an effective 2D situation in which the
nodes run the entire length of the Fermi cylinder; to the
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extent the nodal surfaces consist of short segments as in
these states, the phase space will be smaller and one will
obtain a correspondingly small value of x/T. It remains
to be seen whether a fully consistent picture of the zero-
field T' dependence can be made to accord with the much
more isotropic field dependence observed.

An additional bulk probe of the superconducting gap
A(k) is provided by specific heat measured as a function
of magnetic field direction [I5HI8]. Such a measurement
of C(T;H) as a function of the field angle o which the
field H makes with the a axis in the ab plane, as has
already been performed in the FeTe system [19], would
clearly reveal the difference between the cases shown in
Fig. 1, left and center; if one could also rotate the field
H by the polar angle 6 relative to the crystalline ¢ axis,
one could, in principle, map out the k, positions of the
nodes as well.

The determination of the nodal and near-nodal struc-
ture of the superconducting gap A(k) over the multiple
Fermi surfaces of the iron-based superconductors can pro-
vide a fingerprint of the momentum dependence of the
pairing interaction. Just as the frequency dependence of
the gap for the traditional low-T; superconductors (such
as Pb and Hg) was used to identify the pairing interaction
in these materials as arising from a “retarded” phonon-
mediated and an “instantaneous” screened Coulomb in-
teraction, the momentum dependence of the gap in the
iron-based superconductors can test the various pairing
mechanisms that have been proposed for these materi-
als. The thermal conductivity measurements of Reid et
al. have provided an important step towards this goal.
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