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METALS

SUPERCONDUCTORS INSULATORS

1) Electrons & phonons

1) Cuprates — d-wave + Hc2

2) Iron pnictides — s+- or d-wave

3) Ruthenate — d-wave ?

1) Nd2CuO4 — phonons

2) Nd2CuO4 — magnons

3) dmit — spinons ?

2) Wiedemann-Franz law in cuprates
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Iron-based	superconductors	

1)  An%ferromagne%c	superconductors	
	
2)  Inter-band	pairing	
	
3)  Quantum	cri%cality	
	
4)  Nema%city	

5)  Mul%ple	magne%c	phases	
	
6)  Pairing	symmetry	
	
7)  High	Tc	

1. INTRODUCTION

The discovery in 2008 of superconductivity in Fe-based pnictides (1) (binary compounds of the

elements from the fifth group: N, P, As, Sb, Bi) was, arguably, among the most significant

breakthroughs in condensed matter physics during the past decade. Major efforts by the con-

densed matter community have been devoted in the few years since the discovery to under-

standing the normal state properties of these materials, the pairing mechanism, and the

symmetry and structure of the pairing gap.

The family of Fe-based superconductors (FeSCs) is already quite large and keeps growing.

It includes various Fe-pnictides such as 1111 systems RFeAsO (R ¼ rare earth element) (1–4),

122 systems XFe2As2(X ¼ alkaline earth metals) (5–7), 111 systems such as LiFeAs (9), and

also Fe-chalcogenides (Fe-based compounds with elements from the sixteenth group: S, Se, Te)

such as FeTe1"xSex (10) and AFesSe2 (A ¼ K, Rb, Cs) (11, 12).

Parent compounds of FeSCs are metals, in distinction to cuprate superconductors for which

parent compounds are Mott insulators. Still, similar to the cuprates, in most cases these parent

compounds are antiferromagnetically ordered (for the latest results on magnetic measurements,

see Reference 13 and references therein). Because electrons that carry magnetic moments still

travel relatively freely from site to site, the magnetic order is often termed as a spin-density

wave (SDW), by analogy with, e.g., antiferromagnetic Cr, rather than with Heisenberg antifer-

romagnetism (the latter term is reserved for systems in which electrons are nailed down to

particular lattice sites by very strong Coulomb repulsion).

Superconductivity (SC) in FeSCs emerges upon either hole or electron doping (see Figure 1)

but can also be induced by pressure or by isovalent replacement of one pnictide element by

another, e.g., As by P (8). In some systems, such as LiFeAs (9) and LaFePO (14), SC emerges

already at zero doping instead of magnetic order.

Coexistence

Pnictides/
chalcogenides

Structural   transition

Holes Electrons

SC
SC

SC SC

T

TN
Nematic

order

Spin density wave

Figure 1

Schematic phase diagram of Fe-based pnictides upon hole or electron doping. In the shaded region, super-
conductivity (SC) and antiferromagnetism coexist. Not all details/phases are shown. Superconductivity can
be initiated not only by doping but also by pressure and/or isovalent replacement of one pnictide element by
another (8). The nematic phase at T > TN is the subject of debate. Superconductors at large doping are
KFe2As2 for hole doping (42, 43) and AxFe2"ySe2 (A ¼ K, Rb, Cs) for electron doping (11, 12). Whether
superconductivity in pnictides exists at all intermediate dopings is not clear yet. Taken from Reference 24.
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previously reported neutron diffraction data, which show
unambiguously that they are coincident and first order for all x
before they are both suppressed at x ! 0.3.6 Unusually, the two
order parameters, magnetic and structural, are proportional to
each other, apparently indicating biquadratic coupling that is
usually only observed at a tetracritical point,26,27 not over an
extended range of compositions. Possible explanations for this
observation are discussed in this paper’s conclusions.

Superconductivity emerges before the complete suppres-
sion of the antiferromagnetic/orthorhombic (AF/O) phase and
coexists at low-doping levels. The nature of the competition be-
tween AF/O order and superconductivity is a central question
in understanding iron-based superconductivity.28,29 Earlier
reports based on local probes found that in Ba1−xKxFe2As2,
the coexistence region is characterized by a mesoscopic
phase separation into AF/O and superconducting droplets.30,31

However, our previously reported diffraction data are only
consistent with a microscopic phase coexistence,6 a conclusion
since supported by muon spin rotation (µSR) experiments,32

suggesting that the earlier reports may be due to compositional
fluctuations within the samples.

One of the main reasons for studying Ba1−xKxFe2As2 is
that superconductivity extends to much higher hole-doping
levels, with 0.5 holes per Fe atom, than in the electron-doped
superconductors produced by transition metal substitutions.
In the case of BaFe2−xCoxAs2, superconductivity vanishes at
only 0.12 electrons per Fe atom.10 Furthermore, the maximum
Tc with hole doping is 38 K, significantly higher than the
maximum Tc of ∼25 K obtained with electron doping. This
electron–hole asymmetry in the phase diagram has been
attributed to enhanced Fermi surface nesting in the hole-doped
compounds, consistent with angle-resolved photoemission
spectroscopy (ARPES) data and band structure calculations.33

This explanation is also supported by the evolution of resonant
spin excitations, which become incommensurate due to the
mismatch in hole and electron Fermi surface volumes when
Tc starts to fall.34 On the other hand, there is also a strong
correlation between Tc and internal structural parameters such
as the Fe-As-Fe bond angles.35,36 These are known to influence
the band structure and the degree of moment localization, but
their role in optimizing superconductivity and the implications
for the gap symmetry is a matter of debate.37,38

There have been two previous reports of the doping depen-
dence of this series in addition to our own brief report, which
are all in qualitative agreement.6,36,39 At room temperature, all
members of the Ba1−xKxFe2As2 series crystallize in a tetrag-
onal structure with the space group symmetry of I4/mmm
(Fig. 1). Low-doped samples also exhibit a low-temperature
phase transition to an orthorhombic structure with space group
Fmmm.5 Superconducting samples at higher doping have a
maximum Tc of 38 K and remain tetragonal at all measured
temperatures down to 1.7 K. However, there are significant
discrepancies in the published reports concerning the critical
dopant concentrations defining the onset of superconductivity
and the suppression of the AF/O phase, with the latter varying
from x = ∼0.336 to x = ∼0.4.39 As already mentioned,
there have also been disagreements about the nature of the
competition among the three ordered phases at low doping. We
believe that these discrepancies are due to uncertainties in the
actual composition of the synthesized samples, since it is well

FIG. 1. (Color online) Structure of BaFe2As2, which crystallizes
in a tetragonal ThCr2Si2-type structure with the space group symme-
try of I4/mmm. Potassium substitutes onto the barium sites.

known that potassium is particularly volatile. Controlling the
inhomogeneity to within acceptable limits in order to improve
the accuracy of the various phase boundaries has been a key
goal of this work, and we estimate that we have been able to
make samples in which !x < 0.01. We performed neutron and
x-ray diffraction studies of the magnetic and structural order
using high-resolution powder diffractometers (HRPDs) so that
the systematic variation of the lattice parameters and internal
structural parameters can be used to estimate the degree of
uncertainty in the average composition and its variation within
the samples.

In this article, we present the results of Rietveld refinements
for the entire series and use this analysis, along with bulk
measurements, to produce a comprehensive magnetic and
structural phase diagram that provides insight into the nature
of the phase competition that underlies iron-based supercon-
ductivity. Our results show that there is a steeper decrease
in Tc and hence a narrower region of phase coexistence
of the AF/O order with superconductivity than previously
reported. After a description of our experimental results, we
combine our findings with results reported in the literature
on the electron-doped Ba(Fe1−xCox)2As2 series in order to
elucidate the origin of the electron–hole asymmetry in the
phase diagram.

II. EXPERIMENTAL DETAILS

The synthesis of homogeneous, single-phase
Ba1−xKxFe2As2 samples is known to be particularly
delicate due to unfavorable kinetics, high vapor pressures, and
a significant difference in the chemical reactivity of K and Ba

184507-2
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FIG. 12. (Color online) Phase diagram of Ba1−xKxFe2As2 with
the superconducting critical temperatures Tc (circles), the Néel
temperatures TN (stars), and the structural transition temperatures
Ts (squares).

phase boundary, with a positive slope vs x, between the co-
existence region and the region of the purely superconducting
phase. We have not yet identified any anomalies corresponding
to the phase line below Tc, so we assume that it rises steeply
with x.

IV. DISCUSSION

The overall phase diagram of Ba1−xKxFe2As2 is shown
in Fig. 12. We first discuss the nature of the SDW order
and orthorhombic order. Unlike the electron-doped com-
pounds, where the two transitions split within increased
doping, the two transitions are coincident and first order in
Ba1−xKxFe2As2. We reported the first-order character of the
transition by the observation of volume anomalies at Ts.6

Similar volume anomalies were observed by Tegel et al.46

in unsubstituted SrFe2As2 and EuFe2As2, but because of the
small magnitude of these anomalies, the authors suggested
that the structural phase transition may be second order.
However, other authors reported first-order transitions in poly-
crystalline SrFe2As2

20 and single crystals of CaFe2As2
21 and

BaFe2As2.44 In the latter reference, a first-order–like hysteresis
was obtained for the intensities of the (101) Bragg peak
when measured on cooling and warming. However, no such
hysteresis was observed by Wilson et al.27 when examining
their BaFe2As2 single crystal. The systematic observation of
volume anomalies across the phase diagram is unambiguous
evidence that, at least in this system, all transitions are
first order, although weakly first order with extremely small
hysteresis.

Phenomenological theory of magnetoelastic coupling pre-
dicts the possibility of simultaneous first-order transitions
driven by a linear–quadratic term in the Ginzburg-Landau
expansion22,23 (see also Ref. 47). This is the lowest-order
term allowed by symmetry. If the magnetic transition were
to occur at a higher temperature than the structural transition
(in the absence of any competition), the magnetic order
would drive the structural order in a simultaneous first-order
transition. The converse would produce two split transitions,
as seen in most iron-based compounds.24 There is a report

of a split transition in Ba1−xKxFe2As2 based on nuclear
magnetic resonance results,25 but this is a local probe, which
cannot necessarily identify compositional fluctuations. As we
already discussed, the neutron measurements, which represent
true averages over the bulk, are quite unambiguous that the
two transitions are simultaneous, although there could be
some rounding of the transitions at higher doping from small
compositional fluctuations.

The two order parameters are directly proportional to each
other as a function of temperature, which seems to indicate
an unusual biquadratic coupling in the Ginzburg-Landau
expansion rather than a linear–quadratic coupling. This is
usually only observed at a tetracritical point26,27 where two
phase boundaries intersect, whereas our observations extend
over a range of compositions. There are a number of possible
reasons for this. The most intriguing and exotic idea is that
the AF/O order parameters are both secondary to another
order parameter and directly driven by it. This would be the
case in, for example, valley density wave theory, in which a
mother density wave drives both the magnetic and the charge-
density wave orders.48 A second explanation is provided
by the theoretical work of Nevidomskyy,49 which uses a
microscopic Kugel-Khomskii model to produce a biquadratic
spin–orbital term in the free energy. A subtle, but ultimately
more conventional, explanation is that the coupling is linear–
quadratic after all, but the proximity to a first-order transition
produces a temperature dependence that is approximately
equivalent to biquadratic coupling to first order.29 This is in the
context of a theory in which the Ising-nematic order, produced
by an itinerant model of Fermi surface nesting, drives the
structural transition. Support for this explanation is provided
by Fig. 10, where the doping dependence of the magnetic
and structural order parameters at low temperature indicates
linear–quadratic coupling. Whatever the eventual explanation,
it is clear that this result is key to understanding the nature of
the normal state and the role of nematic order in the eventual
superconductivity.

The strong coupling between AF/O order parameters
persists into the regime of phase coexistence with supercon-
ductivity. We already argued that Ba1−xKxFe2As2 is charac-
terized by microscopic phase coexistence because mesoscopic
phase separation would result in a significant decrease in
the volume fraction of the AF/O phase below Tc. The
consensus in favor of microscopic phase coexistence has
existed for some time for electron-doped superconductors,
such as Ba(Fe1−xCox)2As2,24 where the phase boundary below
Tc to a nonmagnetic, purely superconducting region has also
been identified. Theoretically, this behavior is consistent with
unconventional s± pairing of the Cooper pairs, suggesting that
itinerant long-range magnetism and superconductivity may
coexist and compete for the same electrons.45 However, the
idea of microscopic phase coexistence was more controversial
in Ba1−xKxFe2As2 because of local probe measurements that
seemed to indicate a phase separation into mesoscopic regions
of magnetism and superconductivity.30,31 Because the most
recent µSR data are also consistent with microscopic phase
coexistence,32 it appears that the earlier reports may have
been due to compositional fluctuations close to the phase
boundaries and that microscopic phase coexistence has now
been confirmed.

184507-9
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each other, apparently indicating biquadratic coupling that is
usually only observed at a tetracritical point,26,27 not over an
extended range of compositions. Possible explanations for this
observation are discussed in this paper’s conclusions.

Superconductivity emerges before the complete suppres-
sion of the antiferromagnetic/orthorhombic (AF/O) phase and
coexists at low-doping levels. The nature of the competition be-
tween AF/O order and superconductivity is a central question
in understanding iron-based superconductivity.28,29 Earlier
reports based on local probes found that in Ba1−xKxFe2As2,
the coexistence region is characterized by a mesoscopic
phase separation into AF/O and superconducting droplets.30,31

However, our previously reported diffraction data are only
consistent with a microscopic phase coexistence,6 a conclusion
since supported by muon spin rotation (µSR) experiments,32

suggesting that the earlier reports may be due to compositional
fluctuations within the samples.

One of the main reasons for studying Ba1−xKxFe2As2 is
that superconductivity extends to much higher hole-doping
levels, with 0.5 holes per Fe atom, than in the electron-doped
superconductors produced by transition metal substitutions.
In the case of BaFe2−xCoxAs2, superconductivity vanishes at
only 0.12 electrons per Fe atom.10 Furthermore, the maximum
Tc with hole doping is 38 K, significantly higher than the
maximum Tc of ∼25 K obtained with electron doping. This
electron–hole asymmetry in the phase diagram has been
attributed to enhanced Fermi surface nesting in the hole-doped
compounds, consistent with angle-resolved photoemission
spectroscopy (ARPES) data and band structure calculations.33

This explanation is also supported by the evolution of resonant
spin excitations, which become incommensurate due to the
mismatch in hole and electron Fermi surface volumes when
Tc starts to fall.34 On the other hand, there is also a strong
correlation between Tc and internal structural parameters such
as the Fe-As-Fe bond angles.35,36 These are known to influence
the band structure and the degree of moment localization, but
their role in optimizing superconductivity and the implications
for the gap symmetry is a matter of debate.37,38

There have been two previous reports of the doping depen-
dence of this series in addition to our own brief report, which
are all in qualitative agreement.6,36,39 At room temperature, all
members of the Ba1−xKxFe2As2 series crystallize in a tetrag-
onal structure with the space group symmetry of I4/mmm
(Fig. 1). Low-doped samples also exhibit a low-temperature
phase transition to an orthorhombic structure with space group
Fmmm.5 Superconducting samples at higher doping have a
maximum Tc of 38 K and remain tetragonal at all measured
temperatures down to 1.7 K. However, there are significant
discrepancies in the published reports concerning the critical
dopant concentrations defining the onset of superconductivity
and the suppression of the AF/O phase, with the latter varying
from x = ∼0.336 to x = ∼0.4.39 As already mentioned,
there have also been disagreements about the nature of the
competition among the three ordered phases at low doping. We
believe that these discrepancies are due to uncertainties in the
actual composition of the synthesized samples, since it is well

FIG. 1. (Color online) Structure of BaFe2As2, which crystallizes
in a tetragonal ThCr2Si2-type structure with the space group symme-
try of I4/mmm. Potassium substitutes onto the barium sites.

known that potassium is particularly volatile. Controlling the
inhomogeneity to within acceptable limits in order to improve
the accuracy of the various phase boundaries has been a key
goal of this work, and we estimate that we have been able to
make samples in which !x < 0.01. We performed neutron and
x-ray diffraction studies of the magnetic and structural order
using high-resolution powder diffractometers (HRPDs) so that
the systematic variation of the lattice parameters and internal
structural parameters can be used to estimate the degree of
uncertainty in the average composition and its variation within
the samples.

In this article, we present the results of Rietveld refinements
for the entire series and use this analysis, along with bulk
measurements, to produce a comprehensive magnetic and
structural phase diagram that provides insight into the nature
of the phase competition that underlies iron-based supercon-
ductivity. Our results show that there is a steeper decrease
in Tc and hence a narrower region of phase coexistence
of the AF/O order with superconductivity than previously
reported. After a description of our experimental results, we
combine our findings with results reported in the literature
on the electron-doped Ba(Fe1−xCox)2As2 series in order to
elucidate the origin of the electron–hole asymmetry in the
phase diagram.

II. EXPERIMENTAL DETAILS

The synthesis of homogeneous, single-phase
Ba1−xKxFe2As2 samples is known to be particularly
delicate due to unfavorable kinetics, high vapor pressures, and
a significant difference in the chemical reactivity of K and Ba
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(p", !p#) on the FS j. These interactions are either intrapocket interactions (hole-hole Ghihi or

electron-electron Geiei ) or interpocket interactions (hole-electron Gejhi , hole-hole Ghi 6¼hj , and

electron-electron Gei 6¼ej ). I illustrate this in Figure 5.

Assume for simplicity that the frequency dependence of G can be neglected and low-energy

fermions are Fermi-liquid quasiparticles with Fermi velocity vkF. In this situation, the gap D(k)
also does not depend on frequency, and the linearized gap equation becomes the eigenfunction/

eigenvalue problem

liDiðkÞ ¼ !
Z

dpk
4p2vpF

GðkF,pFÞDiðpÞ, 2:

where Di are eigenfunctions and li are eigenvalues. The system is unstable toward pairing if

one or more li are positive. The corresponding Tc,i scale as Tc,i ¼ Lie!1=li . Although Li are

Fe

Fe

Unit cell

As As

k’y

k’x

ky

kx

a b

c

LaOFeAs

FS

d

Figure 4

3D electronic structure of LaOFeAs (a) and its 2D cross section (b). If only Fe states are considered, an elementary cell contains one Fe
atom (green). The actual unit cell (blue) contains two Fe atoms because of two nonequivalent positions of a pnictide above and below
the Fe plane (solid and dashed As circles). The location of hole and electron Fermi surfaces in a 2D cross section in the unfolded
Brillouin zone (BZ) [one Fe atom/cell (c)] and in the folded BZ [two Fe atoms/cell (d)]. Taken from Norman (62), Xu et al. (63), and
Chubukov & Eremin (64).
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Suppression of superconductivity by Neel-type magnetic fluctuations in the iron
pnictides

Rafael M. Fernandes1, 2 and Andrew J. Millis1

1Department of Physics, Columbia University, New York, New York 10027, USA
2Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM, 87545, USA

(Dated: February 11, 2013)

Motivated by recent experimental detection of Neel-type ((π,π)) magnetic fluctuations in some
iron pnictides, we study the impact of competing (π,π) and (π, 0) spin fluctuations on the super-
conductivity of these materials. We show that, counter-intuitively, even short-range, weak Neel
fluctuations strongly suppress the s+− state, with the main effect arising from a repulsive contri-
bution to the s+− pairing interaction, complemented by low frequency inelastic scattering. Further
increasing the strength of the Neel fluctuations leads to a low-Tc d-wave state, with a possible in-
termediate s + id phase. The results suggest that the absence of superconductivity in a series of
hole-doped pnictides is due to the combination of short-range Neel fluctuations and pair-breaking
impurity scattering, and also that Tc of optimally doped pnictides could be further increased if
residual (π,π) fluctuations were reduced.

The proximity of the superconducting state (SC) to a
“stripe” spin-density wave instability (SDW) in the phase
diagrams of the recently discovered iron-based supercon-
ductors [1] (FeSC) prompted the proposal that SDW spin
fluctuations provide the pairing mechanism [2]. Indeed,
the Fermi surface (FS) of many iron pnictides consists of
electron pockets displaced from central hole pockets by
the SDW ordering vector QSDW = (π, 0) / (0,π) (see Fig.
1). In this situation, even weak SDW fluctuations may
overcome a strong on-site repulsion giving rise to an s+−

SC state, in which the gap function has one sign on the
electron pockets and another sign on the hole pockets [3].

However, the two electron pockets in Fig. 1 are con-
nected by the momentum QNeel = (π,π) suggesting that
Neel-type magnetic fluctuations may also be important
[4]. These fluctuations favor a d-wave SC state in which
the gap function has opposite sign in the two electron
pockets. On the theory side, first-principle and Hartree-
Fock calculations find that the Neel state is locally sta-
ble, but with a higher energy than the SDW state [5, 6],
while random phase approximation (RPA) calculations
performed in the paramagnetic phase find a peak in the

!
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SDW
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Figure 1: (left panel) Schematic Fermi surface configuration
in the 1-Fe Brillouin zone, with two central hole pockets and
two electron pockets. (right panel) Self-energy diagrams of
the Eliashberg equations: normal component (upper panel)
and anomalous component (lower panel).

magnetic susceptibility at QNeel, which is however weaker
than the peak at QSDW [7].

Experimentally, neutron scattering measurements [8]
revealed that even at small x, Ba (Fe1−xMnx)2 As2 ex-
hibits spin fluctuations peaked at QNeel, in addition to
the SDW fluctuations peaked at QSDW. NMR measure-
ments [9] confirmed that these Neel fluctuations couple
to the conduction electrons. Because the entire family
of “in-plane” hole-doped Ba (Fe1−xMx)2 As2 compounds
(M = Mn, Cr, Mo) [10] displays SDW order at x = 0 and
Neel order at x = 1, we expect that competing Neel and
SDW fluctuations will be found across the whole mate-
rial family. Intriguingly, superconductivity has not been
reported in these materials to date [11], in contrast to
the electron-doped counterparts M = Co, Ni, Rh, Pt,
Cu, where SC is always observed [12].

There is also indirect evidence for Neel fluctuations
in the extremely electron-doped AyFe2−xSe2 compounds
[13]. In these materials, the near absence of FS pockets
in the center of the Brillouin zone suggests that SDW
fluctuations and the s+− state are disfavored, while the
square-like shape of the electron pockets is expected to
enhance the (π,π) fluctuations [14]. Chemical substitu-
tion on the A site or application of pressure [15], can
create a small pocket in the center of the Brillouin zone,
which could support (π, 0) fluctuations and s+− SC.

The effect of competing spin fluctuations on FeSCs is
thus of experimental and theoretical interest. In this pa-
per, we address the problem via a multi-band Eliash-
berg approach [16, 17] in which the effect of spin fluctu-
ations on electrons is determined from the one-loop self
energy (see Fig. 1). This approximation has been exten-
sively employed in studies of cuprates [18–20], ferromag-
netic SC [21], and pnictides [22]. Our calculation goes
beyond previous work [22] by incorporating both SDW
and Neel fluctuations, including the Coulomb pseudo-
potential, and using the experimentally determined spin
fluctuation spectrum instead of the single-pole approxi-
mation employed previously.

2

We find that the Coulomb pseudo-potential has only
a weak effect on the dominant s+− state but that even
weak, short-range Neel fluctuations strongly suppress the
transition temperature T s−wave

c . If sufficiently strong,
the Neel fluctuations may induce a d-wave state, but the
transition temperature is found to be much lower than
the optimal Tc for the s+− state. The transition between
s+− and d-SC may either occur via an intermediate time
reversal symmetry-breaking s + id state [23, 24] or, if
the impurity scattering is stronger, via an intermediate
non-SC state separating the two regions (see Fig. 2).

To gain insight into the results, we use the functional
derivative methods of Bergmann and Rainer [25, 26]. We
find that the strong suppression of the s+− state comes
mostly from a repulsive s+− pairing interaction induced
by the Neel fluctuations, although pair-breaking inelastic
scattering plays some role. Finally, we discuss the impli-
cations of our results not only to the SC of the in-plane
hole-doped pnictides, but also to the value of Tc in the
FeSCs in general.

Our model consists of a two-dimensional FS with two
central hole pockets (Γ, density of states NΓ) and two
electron pockets (X and Y , density of states NX) dis-
placed from the center by the momenta (π, 0) and (0,π)
(Fig. 1) [27]. For simplicity, hereafter we assume that
these two hole pockets are degenerate - our results do not
depend on this simplification. Following Ref. [28], we set
r = NX/NΓ = 0.65. The electrons are coupled to two
types of low-energy bosonic excitations, namely, SDW
spin fluctuations peaked at (π, 0) / (0,π) and Neel spin
fluctuations peaked at (π,π). Experiment (Refs.[8, 29])
indicates that in the paramagnetic phase these excita-
tions are described by diffusive dynamic susceptibilities:

χ−1
i (Qi + q,Ωn) = ξ−2

i + q2 + γ−1
i |Ωn| (1)

Here, q is the momentum deviation from the order-
ing vector Qi (all lengths are in units of the lattice pa-
rameter a) and Ωn is the bosonic Matsubara frequency.
The quantity that actually enters the Eliashberg equa-
tions is the spectral function integrated over the momen-
tum component q‖ parallel to the FS and evaluated at
q⊥ = 0, i.e. ANeel (ω) =

´

dq‖ImχNeel

(

q‖,ω
)

. This spec-
tral function gives rise to the Matsubara-axis interaction

a(i) (Ωn) = ξi/
√

1 + |Ωn| γ−1
i ξ2i which enters the Eliash-

berg equations as described below. Note that the orbital
character of the low energy states varies with position
around the FS. In the Eliashberg formalism the result-
ing angular dependence of the interaction parameters is
averaged over the FS, so as shown in the Supplementary
Material the variation in the orbital character only affects
the values of the effective coupling constants.

The spin fluctuations in each momentum channel i are
described by two parameters: the Landau damping γi,
which sets the energy scale, and the correlation length ξi,
which sets both the strength and the spatial/temporal
correlations of the spin fluctuations. We will tune the

/

!

Tc

0 0.5 1.0 1.5 2.0 2.5

1.0

0.8

0.6

0.4

3.0

0.2

Tc,0

Tc
s-wave

Tc
d-wave

( )" "

1.0

0.5

2 40
"

/a

/ #
SDW

!
Neel = 1.5a

! = 1.0a
! = 0.5a

Neel

NeelA

Neel

Neel

Figure 2: Transition temperatures Tc of the s-wave (red/light
curve) and d-wave (blue/heavy curve) states as function of
the Neel magnetic correlation length ξNeel, for r = 0.65,
γNeel/γSDW = 0.33, λNeel/λSDW = 2, and µ∗ = 0.8. Tc,0 ≈
0.1γSDW is the s+− transition temperature for ξNeel = 0. The
shaded area denotes the regime where the two states have sim-
ilar transition temperatures and a possible s + id state may
occur. The dashed lines show the behavior of the system in
the presence of impurity scattering, with τ−1 ≈ 0.1Tc,0. The
inset shows the frequency dependence of the spectral function
ANeel (ω) of the Neel fluctuations for different values of ξNeel.

spectrum by varying ξi. Because the Landau damping
originates from the low-energy decay of the spin exci-
tations into electron-hole pairs, γi is determined by the
electron-boson coupling constant gi and the densities of
states. The coupling gSDW is set to yield T s−wave

c,0 ≈ 30
K. Following the experimental results of Ref. [8], we use
γNeel/γSDW ≈ 0.33 with γSDW ≈ 25 meV; the value of
gNeel follows from the relationship between γNeel/γSDW

and gNeel/gSDW. Finally, we set ξSDW = 5a through-
out our calculations, varying the correlation length of
the Neel fluctuations ξNeel. Our results do not change
significantly for smaller values of ξSDW.

To obtain the transition temperatures in the s and
d-wave channels we linearize the Eliashberg equations
in the superconducting quantities and solve the result-
ing equations for the anomalous component Wα,n and
the normal component Zα,n = ImΣN

α,n/iωn of the self-
energy (the real part of ΣN just renormalizes the band
dispersions, possibly differently for different pockets [16,
17, 30]). These quantities are averaged over each Fermi
pocket becoming functions only of the Fermi pocket la-
bel α and the fermionic Matsubara frequency ωn =
(2n+ 1)πT . With the aid of the auxiliary “gap func-

tions” ∆̄Γ,n ≡ WΓ,n

ZΓ,n|ωn|
√
NX

and ∆̄(X/Y ),n ≡ W(X/Y ),n

ZX,n|ωn|
√
NΓ

,

the linearized gap equation is expressed as a matrix equa-
tion in Matsubara (indices n,m) and band (indices α,β)
spaces

∑

m,β K
αβ
nm∆̄β,m = 0, with the kernel:

1) S+- and d are close

2) Max Tc higher for s+-

3) No nodes in S+- ; nodes in d-wave

4) Both sensitive to impurities, in general

Fernandes & Millis, PRL 110, 117004 (2013)
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N Doiron-Leyraud1, X G Luo1, H Shakeripour1, J Chang1,
M A Tanatar2,3, H Kim2,3, R Prozorov2,3, T Saito4, H Fukazawa4,
Y Kohori4, K Kihou5, C H Lee5, A Iyo5, H Eisaki5, B Shen6, H-H Wen6,7

and Louis Taillefer1,7
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Abstract
The nature of the pairing state in iron-based superconductors is the subject of much debate.
Here we argue that in one material, the stoichiometric iron pnictide KFe2As2, there is
overwhelming evidence for a d-wave pairing state, characterized by symmetry-imposed
vertical line nodes in the superconducting gap. This evidence is reviewed, with a focus on
thermal conductivity and the strong impact of impurity scattering on the critical temperature
Tc. We then compare KFe2As2 to Ba0.6K0.4Fe2As2, obtained by Ba substitution, where the
pairing symmetry is s-wave and the Tc is ten times higher. The transition from d-wave to
s-wave within the same crystal structure provides a rare opportunity to investigate the
connection between band structure and the pairing mechanism. We also compare KFe2As2
with the nodal iron-based superconductor LaFePO, for which the pairing symmetry is
probably not d-wave, but more likely s-wave with accidental line nodes.

(Some figures may appear in colour only in the online journal)

1. Introduction

Iron pnictides show that high-temperature superconductivity
can be achieved in a good metal on the border of
antiferromagnetic order. A key question is the role of the
antiferromagnetic spin fluctuations in causing the pairing.
Early on it was proposed that the two-band nature of the
materials (figure 1), with one (or more) hole-like Fermi
surface at the zone center (0 point) and an electron-like Fermi
surface at the zone corner (X point), is responsible for both the
spin-stripe order and the superconductivity [5]. Pairing would

rely predominantly on the inter-band interaction that links the
hole and electron Fermi surfaces, producing a pairing state
with s-wave symmetry but with a gap that has opposite sign
on the two Fermi surfaces, the so-called s± state.

In this article we consider a particular iron pnictide,
KFe2As2, which offers an unprecedented window on the
workings of magnetically mediated superconductivity, as it
undergoes a phase transition from one pairing symmetry
to another, induced simply by substitution of Ba on the
K site. The change from d-wave symmetry in KFe2As2
to s-wave symmetry in Ba1�xKxFe2As2 is accompanied

10953-2048/12/084013+10$33.00 c� 2012 IOP Publishing Ltd Printed in the UK & the USA

SUPERCONDUCTORS Iron pnictides (Ba,K)Fe2As2

d-wave

s-wave

T 
(K

)

x

Tc

SC

TN
Ba1-xKxFe2As2

AF

0

20

40

60

80

100

120

140

160

0.0 0.2 0.4 0.6 0.8 1.0

M

X
h3 +

+

S± (I)

d-wave S± (II)

a b

dc

++ +

e

h1 h2

*
M

X
h3 +

+

S± (I)

d-wave S± (II)

a b

dc

++ +

e

h1 h2

*

d-wave

s+-

??
??



SUPERCONDUCTORS d-wave

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

(g
0 

/ T
) /

 (g
N

 / 
T)

H / Hc2

Tl-2201

Nb
Ba1-xKxFe2As2

x = 1.0

x = 0.4

0

5

10

15

20

0.00 0.04 0.08 0.12 0.16

g 
/ T

 (m
W

 / 
K2  c

m
)

T2 (K2)

Ba1-xKxFe2As2

x = 0.4

x = 1.0
H ' 0

d-wave

s-wave

T 
(K

)

x

Tc

SC

TN
Ba1-xKxFe2As2

AF

0

20

40

60

80

100

120

140

160

0.0 0.2 0.4 0.6 0.8 1.0

(Ba,K)Fe2As2

x = 0.4  :   s-wave

??



PHYSICAL REVIEW B 84, 054507 (2011)

Isotropic three-dimensional gap in the iron arsenide superconductor LiFeAs
from directional heat transport measurements
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The thermal conductivity κ of the iron-arsenide superconductor LiFeAs (Tc ! 18 K) was measured in single
crystals at temperatures down to T ! 50 mK and in magnetic fields up to H = 17 T, very close to the upper critical
field Hc2 ! 18 T. For both directions of the heat current, parallel and perpendicular to the tetragonal c axis, a
negligible residual linear term κ/T is found as T → 0, showing that there are no zero-energy quasiparticles in the
superconducting state. The increase in κ with magnetic field is the same for both current directions and it follows
the dependence expected for an isotropic superconducting gap. These findings show that the superconducting
gap in LiFeAs is isotropic in 3D, without nodes or deep minima anywhere on the Fermi surface. We discuss how
this behavior of the thermal conductivity may be reconciled with the multiband character of superconductivity in
LiFeAs inferred from other measurements. Comparison with other iron-pnictide superconductors suggests that a
nodeless isotropic gap is a common feature at optimal doping (maximal Tc).

DOI: 10.1103/PhysRevB.84.054507 PACS number(s): 74.25.fc, 74.20.Rp, 74.70.Xa

I. INTRODUCTION

Because the structure of the superconducting gap as a
function of direction reflects the pairing interaction, it can
shed light on the nature of the pairing mechanism. In the
iron pnictides, the experimental situation in this respect
remains unclear and so far suggests the lack of any universal
picture. Several studies agree on the existence of nodes in the
superconducting gap of the low-Tc materials KFe2As2 (Refs. 1
and 2) and LaFePO.3–5 In BaFe2As2-based superconductors,
signatures of nodal behavior were observed in heavily K-doped
samples6 and in P-doped samples,7 while in Co- and Ni-doped
compounds, the superconducting gap shows nodes only away
from optimal doping (maximal Tc).8–10

The material LiFeAs may prove important in the study of
iron-based superconductivity because it is stoichiometric, and
so can in principle be made with low levels of disorder, and
it has a relatively high Tc. The Fermi surface of this material
has four (or five) sheets: two electron pockets centered near
the M-point of the Brillouin zone and two (three) hole pockets
centered around the "-point.11 Angular-resolved photoemis-
sion spectroscopy (ARPES) measurements for kz = 0 found an
isotropic in-plane superconducting gap whose magnitude on
the electron sheets, #e, is approximately two times larger than
on the hole sheets, #h.12 Specific heat,13 penetration depth,14,15

and lower critical field16,17 measurements were interpreted
in terms of a fully isotropic, k-independent gap #(k), with
#e ! 2#h. However, none of these studies has directional
resolution to locate out-of-plane nodes, such as found in the
over-doped Co-Ba122,10 attributed to an extended s-wave gap
going to zero away from the kz = 0 plane.18

In this article, we report a study of the 3D superconduct-
ing gap structure of LiFeAs using thermal conductivity, a
bulk probe used previously to locate gap nodes in heavy-
fermion19–21 and iron-pnictide10 superconductors. We found

that for directions of heat flow parallel and perpendicular to the
tetragonal c axis, the thermal conductivity of LiFeAs closely
follows expectations for a single isotropic superconducting
gap, with no evidence of nodes or deep minima in any
direction on any part of the Fermi surface. We discuss how
this simple single-band behavior could be reconciled with the
band variation of the gap magnitude observed in ARPES and
inferred from other measurements.

II. EXPERIMENTAL

Single crystals of LiFeAs were grown in a sealed tungsten
crucible using a Bridgeman method,22 and stored and shipped
in sealed ampoules. Immediately after opening the am-
poules, samples for in-plane resistivity, Seebeck and thermal
conductivity measurements were cleaved and shaped into
parallel bars (1–2) × (0.3–0.5) × (0.05–0.1) mm3 (a ×
b × c). Silver wires were soldered to the samples,23 yielding
low-resistance contacts (!100 µ$). Samples for interplane re-
sistivity and thermal conductivity, with dimensions (0.5–1) ×
(0.5–1) × (0.1–0.3) mm3, were measured using a two-probe
technique,10,24 with contacts covering the whole ab-plane area
of the sample. After contacts were made, the samples were
covered with Apiezon N grease to prevent degradation.

The thermal conductivity κ was measured in a standard one-
heater-two thermometer technique. In both in-plane (κa) and
interplane (κc) heat transport measurements, the magnetic field
H was applied along the [001] tetragonal c axis. Measurements
were done on warming after cooling in a constant field from
above Tc, to ensure a homogeneous field distribution. For a
heat current in the plane, two samples were measured (labeled
A and B). All aspects of the charge and heat transport were very
similar in both samples, with minor quantitative differences.
For simplicity, only the data for sample A are displayed here.

054507-11098-0121/2011/84(5)/054507(5) ©2011 American Physical Society

SUPERCONDUCTORS s-wave LiFeAs

0.0

0.5

1.0

1.5

2.0

2.5

3.0

!
 /

 T
  

(m
W

 /
 K

2
 c

m
)

H = 17 T

15 T

12 T

9 T

a axis

0.00

0.05

0.10

0.15

0.20

0.25

0.00 0.01 0.02 0.03 0.04

T
2
 (K

2
)

a axis 4 T
1 T

0.05 T

0.00

0.05

0.10

0.15

0.20

0.25

0.30

c axis

0.000

0.005

0.010

0.015

0.020

0.025

0.00 0.01 0.02 0.03 0.04

T
2
 (K

2
)

c axis

0

5

10

15

20

0 2 4 6 8 10 12 14 16 18 20

H
 (

T
)

Tc (K)

Hc2(0) ! 18 T

LiFeAs

0

50

100

150

0 20 40 60 80 100
0.0

0.1

0.2

0.3

"
a
 (
!
#

 c
m

)

- S
 / T

 (!
 V

 / K
2)

T (K)

H = 0Tc = 18 K



SUPERCONDUCTORS s-wave LiFeAs

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

(!
0
 /

 T
) 

/ 
(!

N
 /

 T
)

H / Hc2

LiFeAs

J || c

J || a
Tl-2201

NbSe2

InBi

Nb

PHYSICAL REVIEW B 84, 054507 (2011)

Isotropic three-dimensional gap in the iron arsenide superconductor LiFeAs
from directional heat transport measurements
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The thermal conductivity κ of the iron-arsenide superconductor LiFeAs (Tc ! 18 K) was measured in single
crystals at temperatures down to T ! 50 mK and in magnetic fields up to H = 17 T, very close to the upper critical
field Hc2 ! 18 T. For both directions of the heat current, parallel and perpendicular to the tetragonal c axis, a
negligible residual linear term κ/T is found as T → 0, showing that there are no zero-energy quasiparticles in the
superconducting state. The increase in κ with magnetic field is the same for both current directions and it follows
the dependence expected for an isotropic superconducting gap. These findings show that the superconducting
gap in LiFeAs is isotropic in 3D, without nodes or deep minima anywhere on the Fermi surface. We discuss how
this behavior of the thermal conductivity may be reconciled with the multiband character of superconductivity in
LiFeAs inferred from other measurements. Comparison with other iron-pnictide superconductors suggests that a
nodeless isotropic gap is a common feature at optimal doping (maximal Tc).
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I. INTRODUCTION

Because the structure of the superconducting gap as a
function of direction reflects the pairing interaction, it can
shed light on the nature of the pairing mechanism. In the
iron pnictides, the experimental situation in this respect
remains unclear and so far suggests the lack of any universal
picture. Several studies agree on the existence of nodes in the
superconducting gap of the low-Tc materials KFe2As2 (Refs. 1
and 2) and LaFePO.3–5 In BaFe2As2-based superconductors,
signatures of nodal behavior were observed in heavily K-doped
samples6 and in P-doped samples,7 while in Co- and Ni-doped
compounds, the superconducting gap shows nodes only away
from optimal doping (maximal Tc).8–10

The material LiFeAs may prove important in the study of
iron-based superconductivity because it is stoichiometric, and
so can in principle be made with low levels of disorder, and
it has a relatively high Tc. The Fermi surface of this material
has four (or five) sheets: two electron pockets centered near
the M-point of the Brillouin zone and two (three) hole pockets
centered around the "-point.11 Angular-resolved photoemis-
sion spectroscopy (ARPES) measurements for kz = 0 found an
isotropic in-plane superconducting gap whose magnitude on
the electron sheets, #e, is approximately two times larger than
on the hole sheets, #h.12 Specific heat,13 penetration depth,14,15

and lower critical field16,17 measurements were interpreted
in terms of a fully isotropic, k-independent gap #(k), with
#e ! 2#h. However, none of these studies has directional
resolution to locate out-of-plane nodes, such as found in the
over-doped Co-Ba122,10 attributed to an extended s-wave gap
going to zero away from the kz = 0 plane.18

In this article, we report a study of the 3D superconduct-
ing gap structure of LiFeAs using thermal conductivity, a
bulk probe used previously to locate gap nodes in heavy-
fermion19–21 and iron-pnictide10 superconductors. We found

that for directions of heat flow parallel and perpendicular to the
tetragonal c axis, the thermal conductivity of LiFeAs closely
follows expectations for a single isotropic superconducting
gap, with no evidence of nodes or deep minima in any
direction on any part of the Fermi surface. We discuss how
this simple single-band behavior could be reconciled with the
band variation of the gap magnitude observed in ARPES and
inferred from other measurements.

II. EXPERIMENTAL

Single crystals of LiFeAs were grown in a sealed tungsten
crucible using a Bridgeman method,22 and stored and shipped
in sealed ampoules. Immediately after opening the am-
poules, samples for in-plane resistivity, Seebeck and thermal
conductivity measurements were cleaved and shaped into
parallel bars (1–2) × (0.3–0.5) × (0.05–0.1) mm3 (a ×
b × c). Silver wires were soldered to the samples,23 yielding
low-resistance contacts (!100 µ$). Samples for interplane re-
sistivity and thermal conductivity, with dimensions (0.5–1) ×
(0.5–1) × (0.1–0.3) mm3, were measured using a two-probe
technique,10,24 with contacts covering the whole ab-plane area
of the sample. After contacts were made, the samples were
covered with Apiezon N grease to prevent degradation.

The thermal conductivity κ was measured in a standard one-
heater-two thermometer technique. In both in-plane (κa) and
interplane (κc) heat transport measurements, the magnetic field
H was applied along the [001] tetragonal c axis. Measurements
were done on warming after cooling in a constant field from
above Tc, to ensure a homogeneous field distribution. For a
heat current in the plane, two samples were measured (labeled
A and B). All aspects of the charge and heat transport were very
similar in both samples, with minor quantitative differences.
For simplicity, only the data for sample A are displayed here.
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The thermal conductivity ! of the iron arsenide superconductor KFe2As2 was measured down to 50 mK

for a heat current parallel and perpendicular to the tetragonal c axis. A residual linear term at T ! 0, !0=T
is observed for both current directions, confirming the presence of nodes in the superconducting gap. Our

value of !0=T in the plane is equal to that reported by Dong et al. [Phys. Rev. Lett. 104, 087005 (2010)]

for a sample whose residual resistivity "0 was 10 times larger. This independence of !0=T on impurity

scattering is the signature of universal heat transport, a property of superconducting states with symmetry-

imposed line nodes. This argues against an s-wave state with accidental nodes. It favors instead a d-wave
state, an assignment consistent with five additional properties: the magnitude of the critical scattering rate

!c for suppressing Tc to zero; the magnitude of !0=T, and its dependence on current direction and on

magnetic field; the temperature dependence of !ðTÞ.

DOI: 10.1103/PhysRevLett.109.087001 PACS numbers: 74.25.F#, 74.20.Rp, 74.70.Xa

The pairing mechanism in a superconductor is inti-
mately related to the pairing symmetry, which in turn is
related to the gap structure "ðkÞ. In a d-wave state with
dx2#y2 symmetry, the order parameter changes sign with

angle in the x-y plane, forcing the gap to go to zero along
diagonal directions (ky ¼ %kx). Those zeros (or nodes) in
the gap are imposed by symmetry. The gap in states with
s-wave symmetry will in general not have nodes, although
accidental nodes can occur, depending on the anisotropy of
the pairing interaction. In iron-based superconductors, the
gap shows nodes in some materials, as in BaFe2ðAs1#xPxÞ2
[1] and BaðFe1#xRuxÞ2As2 [2], and not in others, as in
Ba1#xKxFe2As2 [3,4] and BaðFe1#xCoxÞ2As2 [5,6] at opti-
mal doping.

In KFe2As2, the end member of the Ba1#xKxFe2As2
series (with x ¼ 1), the presence of nodes was detected
by thermal conductivity [7], penetration depth [8], and
NMR [9,10]. The question is whether those nodes are
imposed by symmetry or accidental. Calculations differ
in their predictions [11–13]. Some favor a d-wave state
[14], others an s-wave state with accidental line nodes that
run either parallel to the c axis [15] or perpendicular [11].
One can distinguish a d-wave state from an extended
s-wave state with accidental nodes by looking at the effect
of impurity scattering [16]. Nodes are robust in the former,
but impurity scattering will eventually remove them in the
latter, as it makes "ðkÞ less anisotropic.

In this Letter, we investigate the pairing symmetry of
KFe2As2 using thermal conductivity, a bulk directional

probe of the superconducting gap [17]. All aspects of heat
transport are found to be in agreement with the theoretical
expectation for a d-wave gap [18,19], and inconsistent with
accidental line nodes, whether vertical or horizontal.
Moreover, the critical scattering rate !c for suppressing
Tc to zero is of order Tc0, as expected for a d-wave super-
conductor, while it is 50 times Tc0 in optimally doped
BaFe2As2 [20].
Methods.—Single crystals of KFe2As2 were grown from

self flux [21]. Two samples were measured: one for currents
along the a axis and one for currents along the c axis. Their
superconducting temperature, defined by the point of zero
resistance, is Tc ¼ 3:80% 0:05 K and 3:65% 0:05 K, re-
spectively. Since the contacts were soldered with a super-
conducting alloy, a small magnetic field of 0.05 T was
applied to make the contacts normal and thus ensure good
thermalization. For more information on sample geometry,
contact technique and measurement protocol, see Ref. [6].
Resistivity.—To study the effect of impurity scattering in

KFe2As2, we performed measurements on a single crystal
whose residual resistivity ratio (RRR) is 10 times larger
than that of the sample studied byDong et al. [7] [Fig. 1(a)].
To remove the uncertainty associated with geometric fac-
tors, we normalize the data of Dong et al. to our value at
T ¼ 300 K. A power-law fit below 16 K yields a residual
resistivity "0 ¼ 0:21% 0:02 ## cm (2:24%0:05##cm)
for our (their) sample, so that "ð300 KÞ="0 ¼ 1180 (110).
We attribute the lower "0 in our sample to a lower

concentration of impurities or defects. Note that except
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for the different !0, the two resistivity curves !ðTÞ are
essentially identical [Fig. 1(b)]. Supporting evidence for a
difference in impurity or defect concentration is the differ-
ence in critical temperature: Tc ¼ 3:80$ 0:05 K (2:45$
0:10 K) for our (their) sample. Assuming that the impurity
scattering rate ! / !0, we can use the Abrikosov-Gorkov
formula for the drop in Tc vs ! to extract a value of !=!c

for the two samples, where !c is the critical scattering rate
needed to suppress Tc to zero [Fig. 1(c)]. We get !=!c ¼
0:05 (0.5) for our (their) sample.

The c-axis resistivity !cðTÞ has the same temperature
dependence as !aðTÞ below T ’ 40 K [Fig. 1(a)], with an
intrinsic anisotropy "!c="!a ¼ 25$ 1, where "! %
!ðTÞ & !0, with !c0 ¼ 13$ 1 "# cm. We attribute the
larger anisotropy at T ! 0, !c0=!a0 ¼ 60$ 10, to a larger
! in our c-axis sample, consistent with the lower value of
Tc, from which we deduce !=!c ¼ 0:1 [Fig. 1(c)].

Universal heat transport.—The thermal conductivity is
shown in Fig. 2. The residual linear term #0=T is obtained
fromafit to#=T ¼ aþ bT$ below0.3K,wherea % #0=T.
The dependence of #0=T on magnetic field H is shown in
Fig. 3. Extrapolation to H ¼ 0 yields #a0=T ¼ 3:6$
0:5 mW=K2 cm and #c0=T ¼ 0:18$ 0:03 mW=K2 cm.

We compare these to Dong et al.’s [7] data, normalized by
the same factor as for electrical transport, giving #0a=T ¼
3:32$ 0:03 mW=K2 cm. At H ! 0, #a0=T is the same in
the two samples (inset of Fig. 3), within error bars.
This universal heat transport, whereby #0=T is indepen-

dent of the impurity scattering rate, is a classic signature of
line nodes imposed by symmetry [18,19]. Calculations
show the residual linear term to be independent of scatter-
ing rate and phase shift [18], and free of Fermi-liquid and
vertex corrections [19]. For a quasi-2D d-wave supercon-
ductor [18,19],

#0

T
’ #00

T
% @

2%

&Nv
2
F

"0
; (1)

where &N is the residual linear term in the normal-state
electronic specific heat, vF is the Fermi velocity, and the
superconducting gap " ¼ "0 cosð2'Þ [22].
ARPES measurements on KFe2As2 reveal a Fermi sur-

face with three concentric holelike cylinders centered on
the ! point of the Brillouin zone, labeled$,(, and &, and a
4th cylinder near the X point [23,24]. dHvA measurements
detect all of these surfaces except the (, and obtain Fermi
velocities in reasonable agreement with ARPES disper-
sions, with an average value of vF ’ 4( 106 cm=s [25].
The measured effective masses account for approximately
80% of the measured &N ¼ 85$ 10 mJ=K2 mol [26,27].
In d-wave symmetry, the gap in KFe2As2 will necessarily
have nodes on all !-centered Fermi surfaces, and possibly
on the X-centered surface as well [14]. The total #0=T
may be estimated from Eq. (1) by using the average vF
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FIG. 1 (color online). (a) Electrical resistivity of the two
samples of KFe2As2 studied here, with J k a (full red circles,
left axis) and J k c (full blue squares, right axis). Our a-axis data
are compared to those of Dong et al. [7] (open circles, left axis),
normalized here to have the same value at T ¼ 300 K (see text).
The lines are a fit to ! ¼ !0 þ aT$ from which we extrapolate
!0 at T ¼ 0. (b) Same data for the two a-axis samples, up to
300 K. (c) Abrikosov-Gorkov formula for the decrease of Tc

with scattering rate ! (line), used to obtain a value of !=!c for
the three samples of KFe2As2, given their Tc values and the
factor 10 in !0 between the two a-axis samples (circles),
assuming a disorder-free value of Tc0 ¼ 3:95 K.
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and the measured (total) !N, which yields "00=T ¼ 3:3"
0:5 mW=K2 cm, assuming !0 ¼ 2:14kBTc0, with Tc0 ¼
3:95 K. This is in excellent agreement with the experimen-
tal value of "0=T ¼ 3:6" 0:5 mW=K2 cm.

To compare with cuprates, the archetypal d-wave
superconductors, we use Eq. (1) expressed directly in terms
of v!, the slope of the gap at the node, namely, "00=T ’
ðk2B=3@cÞðvF=v!Þ, with c the interlayer separation [18,19].
The ratio vF=v! was measured by ARPES on
Ba2Sr2CaCu2O8þ# [28], giving vF=v! ’ 16 at optimal
doping, so that "00=T ’ 0:16 mW=K2 cm. This is in ex-
cellent agreement with the experimental value of "0=T ¼
0:15" 0:01 mW=K2 cm measured in YBa2Cu3Oy at opti-
mal doping [29].

In Fig. 4(a), we plot "0=T vs " for both KFe2As2 and
YBa2Cu3O7, the superconductor in which universal heat
transport was first demonstrated [30]. We see that "0=T
remains approximately constant up to at least @" ’
0:5kBTc0 in both cases. We conclude that both the magni-
tude of "0=T in KFe2As2 and its insensitivity to impurity
scattering are precisely those expected of a d-wave super-
conductor. By contrast, in an extended s-wave supercon-
ductor, there is no direct relation between "0=T and !0,
and a strong nonmonotonic dependence on " is expected,
since impurity scattering will inevitably make !0 less
anisotropic [16]. This is confirmed by calculations applied
to pnictides, which typically find that "0=T vs " first rises
and then plummets to zero when nodes are lifted by strong
scattering [31] [see Fig. 4(a)].

Critical scattering rate.—In a d-wave superconductor,
the critical scattering rate "c is such that @"c ’ kBTc0 [32].
We can estimate "c for KFe2As2 from the critical value

of $0, evaluated as twice that for which "="c ¼ 0:5 in
Fig. 1(c), namely, $crit

0 ’ 4:5 %# cm. Using L0=$
crit
0 ¼

!Nv
2
F&c=3, where L0&ð'2=3ÞðkB=eÞ2, we get @"c¼@=2&c’1:3"0:2kBTc0, in excellent agreement with the

expectation for a d-wave state. By contrast, @"c=kBTc0 ’
45 in BaFe2As2 and SrFe2As2 at optimal Co, Pt, or Ru
doping [20] [see Fig. 4(b)]. This factor 30 difference in the
sensitivity of Tc to impurity scattering is proof that the
pairing symmetry of KFe2As2 is different from the s-wave
symmetry of Co-doped BaFe2As2 [6].
Direction dependence.—In the case of a d-wave gap on a

single quasi-2D cylindrical Fermi surface (at the zone
center), the gap would necessarily have four line nodes
that run vertically along the c axis. In such a nodal struc-
ture, zero-energy nodal quasiparticles will conduct heat not
only in the plane but also along the c axis by an amount
proportional to the c-axis dispersion of the Fermi surface.
In the simplest case, c-axis conduction will be smaller than
a-axis conduction by a factor equal to the mass tensor
anisotropy [v2

F in Eq. (1)]. In other words, ð"a0=TÞ=
ð"c0=TÞ’ ð"aN=TÞ=ð"cN=TÞ¼ ð(aNÞ=ð(cNÞ, the anisot-
ropy in the normal-state thermal and electrical conductiv-
ities, respectively. This is confirmed by calculations for a
quasi-2D d-wave superconductor [33], whose vertical line
nodes yield an anisotropy ratio in the superconducting state
very similar to that of the normal state. This is what we see
in KFe2As2 (inset of Fig. 3): ð"a0=TÞ=ð"c0=TÞ ¼ 20" 4,
very close to the intrinsic normal-state anisotropy
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respectively (see text). The typical dependence expected of an
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lation applied to pnictides (black line; from Ref. [31]). (b) Tc for
KFe2As2 [red circles; from Fig. 1(c)] and for the pnictides
BaFe2As2 and SrFe2As2 at optimal doping (from Ref. [20]).
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and the measured (total) !N, which yields "00=T ¼ 3:3"
0:5 mW=K2 cm, assuming !0 ¼ 2:14kBTc0, with Tc0 ¼
3:95 K. This is in excellent agreement with the experimen-
tal value of "0=T ¼ 3:6" 0:5 mW=K2 cm.

To compare with cuprates, the archetypal d-wave
superconductors, we use Eq. (1) expressed directly in terms
of v!, the slope of the gap at the node, namely, "00=T ’
ðk2B=3@cÞðvF=v!Þ, with c the interlayer separation [18,19].
The ratio vF=v! was measured by ARPES on
Ba2Sr2CaCu2O8þ# [28], giving vF=v! ’ 16 at optimal
doping, so that "00=T ’ 0:16 mW=K2 cm. This is in ex-
cellent agreement with the experimental value of "0=T ¼
0:15" 0:01 mW=K2 cm measured in YBa2Cu3Oy at opti-
mal doping [29].

In Fig. 4(a), we plot "0=T vs " for both KFe2As2 and
YBa2Cu3O7, the superconductor in which universal heat
transport was first demonstrated [30]. We see that "0=T
remains approximately constant up to at least @" ’
0:5kBTc0 in both cases. We conclude that both the magni-
tude of "0=T in KFe2As2 and its insensitivity to impurity
scattering are precisely those expected of a d-wave super-
conductor. By contrast, in an extended s-wave supercon-
ductor, there is no direct relation between "0=T and !0,
and a strong nonmonotonic dependence on " is expected,
since impurity scattering will inevitably make !0 less
anisotropic [16]. This is confirmed by calculations applied
to pnictides, which typically find that "0=T vs " first rises
and then plummets to zero when nodes are lifted by strong
scattering [31] [see Fig. 4(a)].

Critical scattering rate.—In a d-wave superconductor,
the critical scattering rate "c is such that @"c ’ kBTc0 [32].
We can estimate "c for KFe2As2 from the critical value

of $0, evaluated as twice that for which "="c ¼ 0:5 in
Fig. 1(c), namely, $crit

0 ’ 4:5 %# cm. Using L0=$
crit
0 ¼

!Nv
2
F&c=3, where L0&ð'2=3ÞðkB=eÞ2, we get @"c¼@=2&c’1:3"0:2kBTc0, in excellent agreement with the

expectation for a d-wave state. By contrast, @"c=kBTc0 ’
45 in BaFe2As2 and SrFe2As2 at optimal Co, Pt, or Ru
doping [20] [see Fig. 4(b)]. This factor 30 difference in the
sensitivity of Tc to impurity scattering is proof that the
pairing symmetry of KFe2As2 is different from the s-wave
symmetry of Co-doped BaFe2As2 [6].
Direction dependence.—In the case of a d-wave gap on a

single quasi-2D cylindrical Fermi surface (at the zone
center), the gap would necessarily have four line nodes
that run vertically along the c axis. In such a nodal struc-
ture, zero-energy nodal quasiparticles will conduct heat not
only in the plane but also along the c axis by an amount
proportional to the c-axis dispersion of the Fermi surface.
In the simplest case, c-axis conduction will be smaller than
a-axis conduction by a factor equal to the mass tensor
anisotropy [v2

F in Eq. (1)]. In other words, ð"a0=TÞ=
ð"c0=TÞ’ ð"aN=TÞ=ð"cN=TÞ¼ ð(aNÞ=ð(cNÞ, the anisot-
ropy in the normal-state thermal and electrical conductiv-
ities, respectively. This is confirmed by calculations for a
quasi-2D d-wave superconductor [33], whose vertical line
nodes yield an anisotropy ratio in the superconducting state
very similar to that of the normal state. This is what we see
in KFe2As2 (inset of Fig. 3): ð"a0=TÞ=ð"c0=TÞ ¼ 20" 4,
very close to the intrinsic normal-state anisotropy
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Ref. [30]), normalized by the theoretically expected value for
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respectively (see text). The typical dependence expected of an
s-wave state with accidental nodes is also shown, from a calcu-
lation applied to pnictides (black line; from Ref. [31]). (b) Tc for
KFe2As2 [red circles; from Fig. 1(c)] and for the pnictides
BaFe2As2 and SrFe2As2 at optimal doping (from Ref. [20]).
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2Ames Laboratory, Ames, Iowa 50011, USA
3Chiba University and JST-TRIP, Chiba, Japan, 263-8522
4AIST and JST-TRIP, Tsukuba, Ibaraki, Japan, 305-8568

5Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, USA
6Canadian Institute for Advanced Research, Toronto, Ontario, Canada M5G 1Z8

(Received 16 January 2012; published 21 August 2012)

The thermal conductivity ! of the iron arsenide superconductor KFe2As2 was measured down to 50 mK

for a heat current parallel and perpendicular to the tetragonal c axis. A residual linear term at T ! 0, !0=T
is observed for both current directions, confirming the presence of nodes in the superconducting gap. Our

value of !0=T in the plane is equal to that reported by Dong et al. [Phys. Rev. Lett. 104, 087005 (2010)]

for a sample whose residual resistivity "0 was 10 times larger. This independence of !0=T on impurity

scattering is the signature of universal heat transport, a property of superconducting states with symmetry-

imposed line nodes. This argues against an s-wave state with accidental nodes. It favors instead a d-wave
state, an assignment consistent with five additional properties: the magnitude of the critical scattering rate

!c for suppressing Tc to zero; the magnitude of !0=T, and its dependence on current direction and on

magnetic field; the temperature dependence of !ðTÞ.

DOI: 10.1103/PhysRevLett.109.087001 PACS numbers: 74.25.F#, 74.20.Rp, 74.70.Xa

The pairing mechanism in a superconductor is inti-
mately related to the pairing symmetry, which in turn is
related to the gap structure "ðkÞ. In a d-wave state with
dx2#y2 symmetry, the order parameter changes sign with

angle in the x-y plane, forcing the gap to go to zero along
diagonal directions (ky ¼ %kx). Those zeros (or nodes) in
the gap are imposed by symmetry. The gap in states with
s-wave symmetry will in general not have nodes, although
accidental nodes can occur, depending on the anisotropy of
the pairing interaction. In iron-based superconductors, the
gap shows nodes in some materials, as in BaFe2ðAs1#xPxÞ2
[1] and BaðFe1#xRuxÞ2As2 [2], and not in others, as in
Ba1#xKxFe2As2 [3,4] and BaðFe1#xCoxÞ2As2 [5,6] at opti-
mal doping.

In KFe2As2, the end member of the Ba1#xKxFe2As2
series (with x ¼ 1), the presence of nodes was detected
by thermal conductivity [7], penetration depth [8], and
NMR [9,10]. The question is whether those nodes are
imposed by symmetry or accidental. Calculations differ
in their predictions [11–13]. Some favor a d-wave state
[14], others an s-wave state with accidental line nodes that
run either parallel to the c axis [15] or perpendicular [11].
One can distinguish a d-wave state from an extended
s-wave state with accidental nodes by looking at the effect
of impurity scattering [16]. Nodes are robust in the former,
but impurity scattering will eventually remove them in the
latter, as it makes "ðkÞ less anisotropic.

In this Letter, we investigate the pairing symmetry of
KFe2As2 using thermal conductivity, a bulk directional

probe of the superconducting gap [17]. All aspects of heat
transport are found to be in agreement with the theoretical
expectation for a d-wave gap [18,19], and inconsistent with
accidental line nodes, whether vertical or horizontal.
Moreover, the critical scattering rate !c for suppressing
Tc to zero is of order Tc0, as expected for a d-wave super-
conductor, while it is 50 times Tc0 in optimally doped
BaFe2As2 [20].
Methods.—Single crystals of KFe2As2 were grown from

self flux [21]. Two samples were measured: one for currents
along the a axis and one for currents along the c axis. Their
superconducting temperature, defined by the point of zero
resistance, is Tc ¼ 3:80% 0:05 K and 3:65% 0:05 K, re-
spectively. Since the contacts were soldered with a super-
conducting alloy, a small magnetic field of 0.05 T was
applied to make the contacts normal and thus ensure good
thermalization. For more information on sample geometry,
contact technique and measurement protocol, see Ref. [6].
Resistivity.—To study the effect of impurity scattering in

KFe2As2, we performed measurements on a single crystal
whose residual resistivity ratio (RRR) is 10 times larger
than that of the sample studied byDong et al. [7] [Fig. 1(a)].
To remove the uncertainty associated with geometric fac-
tors, we normalize the data of Dong et al. to our value at
T ¼ 300 K. A power-law fit below 16 K yields a residual
resistivity "0 ¼ 0:21% 0:02 ## cm (2:24%0:05##cm)
for our (their) sample, so that "ð300 KÞ="0 ¼ 1180 (110).
We attribute the lower "0 in our sample to a lower

concentration of impurities or defects. Note that except
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for the different !0, the two resistivity curves !ðTÞ are
essentially identical [Fig. 1(b)]. Supporting evidence for a
difference in impurity or defect concentration is the differ-
ence in critical temperature: Tc ¼ 3:80$ 0:05 K (2:45$
0:10 K) for our (their) sample. Assuming that the impurity
scattering rate ! / !0, we can use the Abrikosov-Gorkov
formula for the drop in Tc vs ! to extract a value of !=!c

for the two samples, where !c is the critical scattering rate
needed to suppress Tc to zero [Fig. 1(c)]. We get !=!c ¼
0:05 (0.5) for our (their) sample.

The c-axis resistivity !cðTÞ has the same temperature
dependence as !aðTÞ below T ’ 40 K [Fig. 1(a)], with an
intrinsic anisotropy "!c="!a ¼ 25$ 1, where "! %
!ðTÞ & !0, with !c0 ¼ 13$ 1 "# cm. We attribute the
larger anisotropy at T ! 0, !c0=!a0 ¼ 60$ 10, to a larger
! in our c-axis sample, consistent with the lower value of
Tc, from which we deduce !=!c ¼ 0:1 [Fig. 1(c)].

Universal heat transport.—The thermal conductivity is
shown in Fig. 2. The residual linear term #0=T is obtained
fromafit to#=T ¼ aþ bT$ below0.3K,wherea % #0=T.
The dependence of #0=T on magnetic field H is shown in
Fig. 3. Extrapolation to H ¼ 0 yields #a0=T ¼ 3:6$
0:5 mW=K2 cm and #c0=T ¼ 0:18$ 0:03 mW=K2 cm.

We compare these to Dong et al.’s [7] data, normalized by
the same factor as for electrical transport, giving #0a=T ¼
3:32$ 0:03 mW=K2 cm. At H ! 0, #a0=T is the same in
the two samples (inset of Fig. 3), within error bars.
This universal heat transport, whereby #0=T is indepen-

dent of the impurity scattering rate, is a classic signature of
line nodes imposed by symmetry [18,19]. Calculations
show the residual linear term to be independent of scatter-
ing rate and phase shift [18], and free of Fermi-liquid and
vertex corrections [19]. For a quasi-2D d-wave supercon-
ductor [18,19],

#0

T
’ #00

T
% @

2%

&Nv
2
F

"0
; (1)

where &N is the residual linear term in the normal-state
electronic specific heat, vF is the Fermi velocity, and the
superconducting gap " ¼ "0 cosð2'Þ [22].
ARPES measurements on KFe2As2 reveal a Fermi sur-

face with three concentric holelike cylinders centered on
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have nodes on all !-centered Fermi surfaces, and possibly
on the X-centered surface as well [14]. The total #0=T
may be estimated from Eq. (1) by using the average vF
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300 K. (c) Abrikosov-Gorkov formula for the decrease of Tc

with scattering rate ! (line), used to obtain a value of !=!c for
the three samples of KFe2As2, given their Tc values and the
factor 10 in !0 between the two a-axis samples (circles),
assuming a disorder-free value of Tc0 ¼ 3:95 K.
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for the different !0, the two resistivity curves !ðTÞ are
essentially identical [Fig. 1(b)]. Supporting evidence for a
difference in impurity or defect concentration is the differ-
ence in critical temperature: Tc ¼ 3:80$ 0:05 K (2:45$
0:10 K) for our (their) sample. Assuming that the impurity
scattering rate ! / !0, we can use the Abrikosov-Gorkov
formula for the drop in Tc vs ! to extract a value of !=!c

for the two samples, where !c is the critical scattering rate
needed to suppress Tc to zero [Fig. 1(c)]. We get !=!c ¼
0:05 (0.5) for our (their) sample.

The c-axis resistivity !cðTÞ has the same temperature
dependence as !aðTÞ below T ’ 40 K [Fig. 1(a)], with an
intrinsic anisotropy "!c="!a ¼ 25$ 1, where "! %
!ðTÞ & !0, with !c0 ¼ 13$ 1 "# cm. We attribute the
larger anisotropy at T ! 0, !c0=!a0 ¼ 60$ 10, to a larger
! in our c-axis sample, consistent with the lower value of
Tc, from which we deduce !=!c ¼ 0:1 [Fig. 1(c)].

Universal heat transport.—The thermal conductivity is
shown in Fig. 2. The residual linear term #0=T is obtained
fromafit to#=T ¼ aþ bT$ below0.3K,wherea % #0=T.
The dependence of #0=T on magnetic field H is shown in
Fig. 3. Extrapolation to H ¼ 0 yields #a0=T ¼ 3:6$
0:5 mW=K2 cm and #c0=T ¼ 0:18$ 0:03 mW=K2 cm.

We compare these to Dong et al.’s [7] data, normalized by
the same factor as for electrical transport, giving #0a=T ¼
3:32$ 0:03 mW=K2 cm. At H ! 0, #a0=T is the same in
the two samples (inset of Fig. 3), within error bars.
This universal heat transport, whereby #0=T is indepen-

dent of the impurity scattering rate, is a classic signature of
line nodes imposed by symmetry [18,19]. Calculations
show the residual linear term to be independent of scatter-
ing rate and phase shift [18], and free of Fermi-liquid and
vertex corrections [19]. For a quasi-2D d-wave supercon-
ductor [18,19],
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assuming a disorder-free value of Tc0 ¼ 3:95 K.
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for the different !0, the two resistivity curves !ðTÞ are
essentially identical [Fig. 1(b)]. Supporting evidence for a
difference in impurity or defect concentration is the differ-
ence in critical temperature: Tc ¼ 3:80$ 0:05 K (2:45$
0:10 K) for our (their) sample. Assuming that the impurity
scattering rate ! / !0, we can use the Abrikosov-Gorkov
formula for the drop in Tc vs ! to extract a value of !=!c

for the two samples, where !c is the critical scattering rate
needed to suppress Tc to zero [Fig. 1(c)]. We get !=!c ¼
0:05 (0.5) for our (their) sample.

The c-axis resistivity !cðTÞ has the same temperature
dependence as !aðTÞ below T ’ 40 K [Fig. 1(a)], with an
intrinsic anisotropy "!c="!a ¼ 25$ 1, where "! %
!ðTÞ & !0, with !c0 ¼ 13$ 1 "# cm. We attribute the
larger anisotropy at T ! 0, !c0=!a0 ¼ 60$ 10, to a larger
! in our c-axis sample, consistent with the lower value of
Tc, from which we deduce !=!c ¼ 0:1 [Fig. 1(c)].

Universal heat transport.—The thermal conductivity is
shown in Fig. 2. The residual linear term #0=T is obtained
fromafit to#=T ¼ aþ bT$ below0.3K,wherea % #0=T.
The dependence of #0=T on magnetic field H is shown in
Fig. 3. Extrapolation to H ¼ 0 yields #a0=T ¼ 3:6$
0:5 mW=K2 cm and #c0=T ¼ 0:18$ 0:03 mW=K2 cm.

We compare these to Dong et al.’s [7] data, normalized by
the same factor as for electrical transport, giving #0a=T ¼
3:32$ 0:03 mW=K2 cm. At H ! 0, #a0=T is the same in
the two samples (inset of Fig. 3), within error bars.
This universal heat transport, whereby #0=T is indepen-

dent of the impurity scattering rate, is a classic signature of
line nodes imposed by symmetry [18,19]. Calculations
show the residual linear term to be independent of scatter-
ing rate and phase shift [18], and free of Fermi-liquid and
vertex corrections [19]. For a quasi-2D d-wave supercon-
ductor [18,19],
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electronic specific heat, vF is the Fermi velocity, and the
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the ! point of the Brillouin zone, labeled$,(, and &, and a
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and the measured (total) !N, which yields "00=T ¼ 3:3"
0:5 mW=K2 cm, assuming !0 ¼ 2:14kBTc0, with Tc0 ¼
3:95 K. This is in excellent agreement with the experimen-
tal value of "0=T ¼ 3:6" 0:5 mW=K2 cm.

To compare with cuprates, the archetypal d-wave
superconductors, we use Eq. (1) expressed directly in terms
of v!, the slope of the gap at the node, namely, "00=T ’
ðk2B=3@cÞðvF=v!Þ, with c the interlayer separation [18,19].
The ratio vF=v! was measured by ARPES on
Ba2Sr2CaCu2O8þ# [28], giving vF=v! ’ 16 at optimal
doping, so that "00=T ’ 0:16 mW=K2 cm. This is in ex-
cellent agreement with the experimental value of "0=T ¼
0:15" 0:01 mW=K2 cm measured in YBa2Cu3Oy at opti-
mal doping [29].

In Fig. 4(a), we plot "0=T vs " for both KFe2As2 and
YBa2Cu3O7, the superconductor in which universal heat
transport was first demonstrated [30]. We see that "0=T
remains approximately constant up to at least @" ’
0:5kBTc0 in both cases. We conclude that both the magni-
tude of "0=T in KFe2As2 and its insensitivity to impurity
scattering are precisely those expected of a d-wave super-
conductor. By contrast, in an extended s-wave supercon-
ductor, there is no direct relation between "0=T and !0,
and a strong nonmonotonic dependence on " is expected,
since impurity scattering will inevitably make !0 less
anisotropic [16]. This is confirmed by calculations applied
to pnictides, which typically find that "0=T vs " first rises
and then plummets to zero when nodes are lifted by strong
scattering [31] [see Fig. 4(a)].

Critical scattering rate.—In a d-wave superconductor,
the critical scattering rate "c is such that @"c ’ kBTc0 [32].
We can estimate "c for KFe2As2 from the critical value

of $0, evaluated as twice that for which "="c ¼ 0:5 in
Fig. 1(c), namely, $crit

0 ’ 4:5 %# cm. Using L0=$
crit
0 ¼

!Nv
2
F&c=3, where L0&ð'2=3ÞðkB=eÞ2, we get @"c¼@=2&c’1:3"0:2kBTc0, in excellent agreement with the

expectation for a d-wave state. By contrast, @"c=kBTc0 ’
45 in BaFe2As2 and SrFe2As2 at optimal Co, Pt, or Ru
doping [20] [see Fig. 4(b)]. This factor 30 difference in the
sensitivity of Tc to impurity scattering is proof that the
pairing symmetry of KFe2As2 is different from the s-wave
symmetry of Co-doped BaFe2As2 [6].
Direction dependence.—In the case of a d-wave gap on a

single quasi-2D cylindrical Fermi surface (at the zone
center), the gap would necessarily have four line nodes
that run vertically along the c axis. In such a nodal struc-
ture, zero-energy nodal quasiparticles will conduct heat not
only in the plane but also along the c axis by an amount
proportional to the c-axis dispersion of the Fermi surface.
In the simplest case, c-axis conduction will be smaller than
a-axis conduction by a factor equal to the mass tensor
anisotropy [v2

F in Eq. (1)]. In other words, ð"a0=TÞ=
ð"c0=TÞ’ ð"aN=TÞ=ð"cN=TÞ¼ ð(aNÞ=ð(cNÞ, the anisot-
ropy in the normal-state thermal and electrical conductiv-
ities, respectively. This is confirmed by calculations for a
quasi-2D d-wave superconductor [33], whose vertical line
nodes yield an anisotropy ratio in the superconducting state
very similar to that of the normal state. This is what we see
in KFe2As2 (inset of Fig. 3): ð"a0=TÞ=ð"c0=TÞ ¼ 20" 4,
very close to the intrinsic normal-state anisotropy
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and the measured (total) !N, which yields "00=T ¼ 3:3"
0:5 mW=K2 cm, assuming !0 ¼ 2:14kBTc0, with Tc0 ¼
3:95 K. This is in excellent agreement with the experimen-
tal value of "0=T ¼ 3:6" 0:5 mW=K2 cm.

To compare with cuprates, the archetypal d-wave
superconductors, we use Eq. (1) expressed directly in terms
of v!, the slope of the gap at the node, namely, "00=T ’
ðk2B=3@cÞðvF=v!Þ, with c the interlayer separation [18,19].
The ratio vF=v! was measured by ARPES on
Ba2Sr2CaCu2O8þ# [28], giving vF=v! ’ 16 at optimal
doping, so that "00=T ’ 0:16 mW=K2 cm. This is in ex-
cellent agreement with the experimental value of "0=T ¼
0:15" 0:01 mW=K2 cm measured in YBa2Cu3Oy at opti-
mal doping [29].

In Fig. 4(a), we plot "0=T vs " for both KFe2As2 and
YBa2Cu3O7, the superconductor in which universal heat
transport was first demonstrated [30]. We see that "0=T
remains approximately constant up to at least @" ’
0:5kBTc0 in both cases. We conclude that both the magni-
tude of "0=T in KFe2As2 and its insensitivity to impurity
scattering are precisely those expected of a d-wave super-
conductor. By contrast, in an extended s-wave supercon-
ductor, there is no direct relation between "0=T and !0,
and a strong nonmonotonic dependence on " is expected,
since impurity scattering will inevitably make !0 less
anisotropic [16]. This is confirmed by calculations applied
to pnictides, which typically find that "0=T vs " first rises
and then plummets to zero when nodes are lifted by strong
scattering [31] [see Fig. 4(a)].

Critical scattering rate.—In a d-wave superconductor,
the critical scattering rate "c is such that @"c ’ kBTc0 [32].
We can estimate "c for KFe2As2 from the critical value
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expectation for a d-wave state. By contrast, @"c=kBTc0 ’
45 in BaFe2As2 and SrFe2As2 at optimal Co, Pt, or Ru
doping [20] [see Fig. 4(b)]. This factor 30 difference in the
sensitivity of Tc to impurity scattering is proof that the
pairing symmetry of KFe2As2 is different from the s-wave
symmetry of Co-doped BaFe2As2 [6].
Direction dependence.—In the case of a d-wave gap on a

single quasi-2D cylindrical Fermi surface (at the zone
center), the gap would necessarily have four line nodes
that run vertically along the c axis. In such a nodal struc-
ture, zero-energy nodal quasiparticles will conduct heat not
only in the plane but also along the c axis by an amount
proportional to the c-axis dispersion of the Fermi surface.
In the simplest case, c-axis conduction will be smaller than
a-axis conduction by a factor equal to the mass tensor
anisotropy [v2
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ropy in the normal-state thermal and electrical conductiv-
ities, respectively. This is confirmed by calculations for a
quasi-2D d-wave superconductor [33], whose vertical line
nodes yield an anisotropy ratio in the superconducting state
very similar to that of the normal state. This is what we see
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power-law fit to extract the value of "0=T at H ¼ 0.
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and the measured (total) !N, which yields "00=T ¼ 3:3"
0:5 mW=K2 cm, assuming !0 ¼ 2:14kBTc0, with Tc0 ¼
3:95 K. This is in excellent agreement with the experimen-
tal value of "0=T ¼ 3:6" 0:5 mW=K2 cm.

To compare with cuprates, the archetypal d-wave
superconductors, we use Eq. (1) expressed directly in terms
of v!, the slope of the gap at the node, namely, "00=T ’
ðk2B=3@cÞðvF=v!Þ, with c the interlayer separation [18,19].
The ratio vF=v! was measured by ARPES on
Ba2Sr2CaCu2O8þ# [28], giving vF=v! ’ 16 at optimal
doping, so that "00=T ’ 0:16 mW=K2 cm. This is in ex-
cellent agreement with the experimental value of "0=T ¼
0:15" 0:01 mW=K2 cm measured in YBa2Cu3Oy at opti-
mal doping [29].

In Fig. 4(a), we plot "0=T vs " for both KFe2As2 and
YBa2Cu3O7, the superconductor in which universal heat
transport was first demonstrated [30]. We see that "0=T
remains approximately constant up to at least @" ’
0:5kBTc0 in both cases. We conclude that both the magni-
tude of "0=T in KFe2As2 and its insensitivity to impurity
scattering are precisely those expected of a d-wave super-
conductor. By contrast, in an extended s-wave supercon-
ductor, there is no direct relation between "0=T and !0,
and a strong nonmonotonic dependence on " is expected,
since impurity scattering will inevitably make !0 less
anisotropic [16]. This is confirmed by calculations applied
to pnictides, which typically find that "0=T vs " first rises
and then plummets to zero when nodes are lifted by strong
scattering [31] [see Fig. 4(a)].

Critical scattering rate.—In a d-wave superconductor,
the critical scattering rate "c is such that @"c ’ kBTc0 [32].
We can estimate "c for KFe2As2 from the critical value

of $0, evaluated as twice that for which "="c ¼ 0:5 in
Fig. 1(c), namely, $crit

0 ’ 4:5 %# cm. Using L0=$
crit
0 ¼

!Nv
2
F&c=3, where L0&ð'2=3ÞðkB=eÞ2, we get @"c¼@=2&c’1:3"0:2kBTc0, in excellent agreement with the

expectation for a d-wave state. By contrast, @"c=kBTc0 ’
45 in BaFe2As2 and SrFe2As2 at optimal Co, Pt, or Ru
doping [20] [see Fig. 4(b)]. This factor 30 difference in the
sensitivity of Tc to impurity scattering is proof that the
pairing symmetry of KFe2As2 is different from the s-wave
symmetry of Co-doped BaFe2As2 [6].
Direction dependence.—In the case of a d-wave gap on a

single quasi-2D cylindrical Fermi surface (at the zone
center), the gap would necessarily have four line nodes
that run vertically along the c axis. In such a nodal struc-
ture, zero-energy nodal quasiparticles will conduct heat not
only in the plane but also along the c axis by an amount
proportional to the c-axis dispersion of the Fermi surface.
In the simplest case, c-axis conduction will be smaller than
a-axis conduction by a factor equal to the mass tensor
anisotropy [v2

F in Eq. (1)]. In other words, ð"a0=TÞ=
ð"c0=TÞ’ ð"aN=TÞ=ð"cN=TÞ¼ ð(aNÞ=ð(cNÞ, the anisot-
ropy in the normal-state thermal and electrical conductiv-
ities, respectively. This is confirmed by calculations for a
quasi-2D d-wave superconductor [33], whose vertical line
nodes yield an anisotropy ratio in the superconducting state
very similar to that of the normal state. This is what we see
in KFe2As2 (inset of Fig. 3): ð"a0=TÞ=ð"c0=TÞ ¼ 20" 4,
very close to the intrinsic normal-state anisotropy
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and the measured (total) !N, which yields "00=T ¼ 3:3"
0:5 mW=K2 cm, assuming !0 ¼ 2:14kBTc0, with Tc0 ¼
3:95 K. This is in excellent agreement with the experimen-
tal value of "0=T ¼ 3:6" 0:5 mW=K2 cm.
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of v!, the slope of the gap at the node, namely, "00=T ’
ðk2B=3@cÞðvF=v!Þ, with c the interlayer separation [18,19].
The ratio vF=v! was measured by ARPES on
Ba2Sr2CaCu2O8þ# [28], giving vF=v! ’ 16 at optimal
doping, so that "00=T ’ 0:16 mW=K2 cm. This is in ex-
cellent agreement with the experimental value of "0=T ¼
0:15" 0:01 mW=K2 cm measured in YBa2Cu3Oy at opti-
mal doping [29].

In Fig. 4(a), we plot "0=T vs " for both KFe2As2 and
YBa2Cu3O7, the superconductor in which universal heat
transport was first demonstrated [30]. We see that "0=T
remains approximately constant up to at least @" ’
0:5kBTc0 in both cases. We conclude that both the magni-
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and a strong nonmonotonic dependence on " is expected,
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anisotropic [16]. This is confirmed by calculations applied
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expectation for a d-wave state. By contrast, @"c=kBTc0 ’
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doping [20] [see Fig. 4(b)]. This factor 30 difference in the
sensitivity of Tc to impurity scattering is proof that the
pairing symmetry of KFe2As2 is different from the s-wave
symmetry of Co-doped BaFe2As2 [6].
Direction dependence.—In the case of a d-wave gap on a

single quasi-2D cylindrical Fermi surface (at the zone
center), the gap would necessarily have four line nodes
that run vertically along the c axis. In such a nodal struc-
ture, zero-energy nodal quasiparticles will conduct heat not
only in the plane but also along the c axis by an amount
proportional to the c-axis dispersion of the Fermi surface.
In the simplest case, c-axis conduction will be smaller than
a-axis conduction by a factor equal to the mass tensor
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F in Eq. (1)]. In other words, ð"a0=TÞ=
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ropy in the normal-state thermal and electrical conductiv-
ities, respectively. This is confirmed by calculations for a
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Sudden reversal in the pressure dependence of Tc

in the iron-based superconductor KFe2As2
F. F. Tafti1, A. Juneau-Fecteau1, M-È. Delage1, S. René de Cotret1, J-Ph. Reid1†, A. F. Wang2, X-G. Luo2,
X. H. Chen2, N. Doiron-Leyraud1 and Louis Taillefer1,3*
Proximity to an antiferromagnetic phase suggests that

pairing in iron-based superconductors is mediated by spin

fluctuations
1–4

, but orbital fluctuations have also been

invoked
5
. The former typically favour a pairing state of ex-

tended s-wave symmetry with a gap that changes sign between

electron and hole Fermi surfaces
6–9

(s±), whereas the latter

yield a standard s-wave state without sign change
5
(s++). Here

we show that applying pressure to KFe2As2 induces a sudden

change in the critical temperature Tc, from an initial decrease

with pressure to an increase above a critical pressure Pc. The

smooth evolution of the resistivity and Hall coefficient through

Pc rules out a change in the Fermi surface. We infer that there

must be a change of pairing symmetry at Pc. Below Pc, there is

compelling evidence for a d-wave state10–14. Above Pc, the high

sensitivity to disorder rules out an s++ state. Given the near

degeneracy of d-wave and s± states found theoretically
15–19

, we

propose an s± state above Pc. A change from d-wave to s-wave
would probably proceed through an intermediate s+ id state

that breaks time-reversal symmetry
20–22

.

KFe2As2 is a stoichiometric iron arsenidewith a superconducting
critical temperature Tc = 4K. It is a member of the extensively
studied 122 family of iron-based superconductors23. Single crystals
can be grown with very high purity, making it by far the cleanest of
the iron-based superconductors. Its high hole concentration is such
that its Fermi surface does not contain the usual electron pocket
at the X point (of the unfolded Brillouin zone); it consists mainly
of three hole-like cylinders: two located at the zone centre (0)
and one at the corner (M; Fig. 1a). There is no antiferromagnetic
order, but there are antiferromagnetic spin fluctuations, detected by
inelastic neutron scattering24. In iron-based superconductors, spin
fluctuations generally favour the s± pairing state in which the gap
changes sign between hole and electron pockets1–4 (Fig. 1b). In the
absence of the electron pocket at X, this mechanism becomes much
less effective, and functional-renormalization-group calculations
find that a d-wave state (Fig. 1c) is the most stable state in
KFe2As2 (ref. 15). Other theoretical methods find that s± and
d-wave states are very close in energy17,18. Experimentally, thermal
conductivity studies in KFe2As2 make a compelling case for d-wave
symmetry10–13: line nodes are found to be vertical and present on
all Fermi surfaces, and the thermal conductivity is independent of
impurity scattering, as expected of symmetry-imposed line nodes25.
A d-wave state is also consistent with penetration depth data14.
However, in a recent angle-resolved photoemission spectroscopy
(ARPES) study of KFe2As2, vertical line nodes in the gap were
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Figure 1 | Fermi surface of KFe2As2 and possible superconducting states.
a, Schematic of the main Fermi surface sheets of KFe2As2, in the kz = 0
plane, shown in the unfolded Brillouin zone (with one Fe per unit cell)3. It
consists of two zone-centred hole pockets (h1 and h2) and one hole pocket
at M (h3). b, Sketch of the main Fermi surface sheets of K1�xBaxFe2As2, at
x= 0.4, with an electron pocket (e) at X (and no hole pocket at M)3. The
standard s± pairing state (type I) involves full gaps on each pocket, with a
sign change from + on the hole pockets (h1, h2) to � on the electron pocket
(e). c, d-wave pairing state16, where the gap changes sign as the azimuthal
angle crosses the zone diagonals (dashed lines). This symmetry forces the
gap to have nodes (zeros) on all Fermi surface sheets that cut those
diagonals (small open circles). d, Illustration of an s± pairing state (type II)
where the gap changes sign from + on the inner 0-centred hole pocket (h1)
to � on the outer 0-centred hole pocket (h2) (see ref. 27).

observed on only one of the three Fermi surfaces26. To explain this,
a particular kind of s± state was proposed27 where the sign change is
between the two0-centred hole pockets (Fig. 1d).

To help clarify the situation, we have studied the effect of
hydrostatic pressure on KFe2As2, by measuring the resistivity and
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(e). c, d-wave pairing state16, where the gap changes sign as the azimuthal
angle crosses the zone diagonals (dashed lines). This symmetry forces the
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that its Fermi surface does not contain the usual electron pocket
at the X point (of the unfolded Brillouin zone); it consists mainly
of three hole-like cylinders: two located at the zone centre (0)
and one at the corner (M; Fig. 1a). There is no antiferromagnetic
order, but there are antiferromagnetic spin fluctuations, detected by
inelastic neutron scattering24. In iron-based superconductors, spin
fluctuations generally favour the s± pairing state in which the gap
changes sign between hole and electron pockets1–4 (Fig. 1b). In the
absence of the electron pocket at X, this mechanism becomes much
less effective, and functional-renormalization-group calculations
find that a d-wave state (Fig. 1c) is the most stable state in
KFe2As2 (ref. 15). Other theoretical methods find that s± and
d-wave states are very close in energy17,18. Experimentally, thermal
conductivity studies in KFe2As2 make a compelling case for d-wave
symmetry10–13: line nodes are found to be vertical and present on
all Fermi surfaces, and the thermal conductivity is independent of
impurity scattering, as expected of symmetry-imposed line nodes25.
A d-wave state is also consistent with penetration depth data14.
However, in a recent angle-resolved photoemission spectroscopy
(ARPES) study of KFe2As2, vertical line nodes in the gap were

1Département de physique and RQMP, Université de Sherbrooke, Sherbrooke, Québec, J1K 2R1, Canada, 2Hefei National Laboratory for Physical Sciences at
Microscale and Department of Physics, University of Science and Technology of China, Hefei, Anhui 230026, China, 3Canadian Institute for Advanced
Research, Toronto, Ontario, M5G 1Z8, Canada. †Present address: School of Physics and Astronomy, University of St Andrews, North Haugh, St Andrews
KY16 9SS, UK. *e-mail: louis.taillefer@usherbrooke.ca
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Figure 1 | Fermi surface of KFe2As2 and possible superconducting states.
a, Schematic of the main Fermi surface sheets of KFe2As2, in the kz = 0
plane, shown in the unfolded Brillouin zone (with one Fe per unit cell)3. It
consists of two zone-centred hole pockets (h1 and h2) and one hole pocket
at M (h3). b, Sketch of the main Fermi surface sheets of K1�xBaxFe2As2, at
x= 0.4, with an electron pocket (e) at X (and no hole pocket at M)3. The
standard s± pairing state (type I) involves full gaps on each pocket, with a
sign change from + on the hole pockets (h1, h2) to � on the electron pocket
(e). c, d-wave pairing state16, where the gap changes sign as the azimuthal
angle crosses the zone diagonals (dashed lines). This symmetry forces the
gap to have nodes (zeros) on all Fermi surface sheets that cut those
diagonals (small open circles). d, Illustration of an s± pairing state (type II)
where the gap changes sign from + on the inner 0-centred hole pocket (h1)
to � on the outer 0-centred hole pocket (h2) (see ref. 27).

observed on only one of the three Fermi surfaces26. To explain this,
a particular kind of s± state was proposed27 where the sign change is
between the two0-centred hole pockets (Fig. 1d).

To help clarify the situation, we have studied the effect of
hydrostatic pressure on KFe2As2, by measuring the resistivity and
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2. Overview

2.1. Iron Pnictides

We begin by briefly reviewing the essential ingredients in the recipe for an iron-based
superconductor [1–3,27–31]. The original Fe-based superconductors, LaFePO and F-doped LaFeAsO,
were discovered by H. Hosono [32,33], with structures containing square lattices of Fe atoms with
pnictogen As placed in out-of-plane positions above and below the Fe plane, such that there were
two inequivalent As per unit cell. They were quickly noted to resemble other materials classes
of unconventional superconductors, such as cuprates and heavy fermion systems, by exhibiting
electronic correlations which play a significant role in emergent ordered phases such as magnetism,
nematicity, and superconductivity [34,35]. Several other materials with similar iron planes were
discovered in short order, including Ba(Fe1�xCox)2As2, Ba1�xKxFe2As2, BaFe2(As1�xPx)2, and LiFeAs.

Like cuprates, their band structures are quite two-dimensional, but the parent compounds of
the Fe-based superconductors are metallic rather than insulating. Instead of the large Fermi surfaces
seen in cuprates at optimal doping, Fe-based systems display small Fermi surface pockets centered
at high symmetry points. These pockets have almost pure Fe-d-character (pnictide and chalcogenide
p-states are typically several eV from the Fermi level), but the d-orbital content winds around each
pocket, as depicted in Figure 1a,b. Note that the two inequivalent As atoms implies that the correct
2-Fe Brillouin zone is one-half the size of the reference 1-Fe zone.
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Figure 1. (a) Schematic Fermi surface of an iron-based superconductor (one quadrant). Colors represent
majority d-orbital weight at each point on the Fermi surface. Fermi pockets are depicted in the 1-Fe
zone, but 2-Fe zone boundary is also shown as solid line. (b) Schematic Fermi surface corresponding
roughly to a high-temperature tetragonal phase of FeSe with small pockets, lifted inner sheet around
G, and the folded electron pockets (thin dots) as expected in the 2-Fe zone. Reprinted figure with
permission from [36], copyright by the American Physical Society (2016). (c) Schematic phase diagram
of a Fe-pnictide superconductor, based on Ba-122. Reproduced from [2], with the permission of the
American Institute of Physics.

The d-spins on the Fe sites are not strongly localized in character, but to understand the low-lying
magnetic states in these systems it is frequently convenient to examine the effective exchanges Jij between
spins on sites i, j. Calculations and experiments [37] both suggest that the nearest neighbor Fe exchange J1
is of the same order of magnitude as the next nearest neighbor exchange J2, due to the strong overlap of
the pnictide p orbitals with the next nearest neighbor Fe. This unusual situation is responsible for magnetic
ordering in a stripelike pattern with wave vector (p, 0) in the one-Fe zone. In most Fe-pnictides, stripe
magnetic order is dominant in the doping range near six electrons per Fe, with other magnetic orders,
e.g., Néel order, double stripe order, and various C4 symmetric phases often close by in energy [38–45].
In special situations, these states are observed condense in small parts of the phase diagram, but the
stripe order is generally dominant. As the ordered magnetic state is weakened by doping, a competing
superconducting dome emerges at lower temperatures (Figure 1c).

At higher temperatures near the edge of the magnetic phase boundary, an electronic nematic
phase forms where the crystal structure is very slightly orthorhombic, but the electronic responses
are found to be highly anisotropic. Many authors have identified the nematic phase as the natural
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L0 ≡ ðπ2=3ÞðkB=eÞ2. We see that κ0=T is ∼0.07% of the
normal-state conductivity, a negligible value. This shows
that there are no zero-energy quasiparticles in the super-
conducting state of FeSe at B ¼ 0 T. Note that the value
reported in Ref. [5], κ0=T ¼ 16$ 2 μW=K2 cm, is 4% of
κN=T in their sample, a fraction similar to that found in
KFe2As2 [15], a well-established nodal superconductor. By
achieving a ratio ðκ0=TÞ=ðκN=TÞ 50 times smaller than in
Ref. [5], our data make a compelling case for the absence
of nodes.
The unambiguous confirmation for the absence of nodes

comes by applying a magnetic field, a controlled way of
exciting quasiparticles in the superconducting ground state
at T ≃ 0 K. Looking at the full B dependence of κ0=T
up to 17 T [Fig. 3(a)], we see the typical behavior of a two-
band superconductor like MgB2 [16] or NbSe2 [17]. Two
features are striking. The first is the sharp cusp at
B ¼ 14 T. This is the upper critical field Bc2, below which
vortices appear in the sample. The appearance of vortices
introduces an additional scattering process, which suddenly
curtails the mean free path, causing an abrupt drop in
conductivity below Bc2, in samples with a long electronic
mean free path. This happens in any clean type-II super-
conductor, whether the gap is nodeless—as in Nb or LiFeAs

[18]—or nodal—as in KFe2As2 [15] or YBa2Cu3Oy [19],
provided the elastic normal-state mean free path is much
longer than the T ¼ 0 K coherence length ξ (i.e., the
intervortex separation at Bc2) [20].
Note that the decrease in κ0=T above Bc2 [Fig. 3(a)] is

due to the strong magnetoresistance of the normal state
(inset of Fig. 1). As discussed below, the B dependence of
κ0=T is in quantitative agreement with the known B
dependence of ρ [14]. This proves that the cusp indeed
corresponds to the end of the vortex state and it rules out its
previous interpretation as an internal phase transition inside
the vortex state [6]. The values of Bc2 thus obtained are
13.3$ 0.2 T (Ref. [6]), 14.0$ 0.2 T (sample A), and
15.2$ 0.2 T (sample B).
The second striking feature of κ0=T vs B is the rapid rise

at low B [Fig. 3(a)]. To investigate this closely, the field was
increased in very small steps, starting with B ¼ 1.5 mT,
then 3.0 mT, and so on [Fig. 3(b)]. In FeSe, the lower
critical field above which vortices first enter the sample
at T → 0 K is Bc1 ≃ 3 mT [21]. We find that increasing B
up to 20 mT, a field 7 times larger than Bc1, causes little
increase in quasiparticle conduction. This confirms that
there are no nodes in the gap, for if there were, a field
greater than Bc1 would rapidly excite nodal quasiparticles,
through the Volovik effect associated with vortices [20].
In Fig. 3(b), we see that the initial rise in κ0=T vs B is

exponential, so that the field-induced quasiparticle heat
conduction in FeSe is an activated process (at low B), very
different from the rapid rise characteristic of nodal super-
conductors [11,20]. This shows that there is a minimum gap
for quasiparticle excitations; i.e., there are no nodes any-
where in the gap. However, that minimum gap (Δmin) is
much smaller than the maximum gap (Δmax) responsible for
setting Bc2. Indeed, the characteristic field for the initial rise
is roughly B⋆ ≃ Bc2=100, if we define B⋆ as the inflection
point in κ0=T vs B, where κ0=T goes from a positive to a
negative curvature [Fig. 3(c)], giving B⋆ ≃ 0.15 T.
The quantity that controls how fast κ0=T rises with B is

not the superconducting gap Δ but the coherence length
ξ ∝ vF=Δ, where vF is the Fermi velocity. In a single-band
situation, the upper critical field is set by ξ: Bc2 ∝ 1=ξ2 ∝
ðΔ=vFÞ2. In a two-band model, the Fermi surface with the
smaller ξ will set Bc2, while the surface with the larger ξ
will control B⋆. In the two-band superconductor MgB2,
B⋆ ≃ Bc2=10 because the small gap is 3 times smaller than
the large gap [16]. Now, the Fermi surface of FeSe consists
of two distinct pockets: a small Γ-centered hole pocket and
a small electron pocket at the corner of the Brillouin zone
[6,22]. Since the two pockets have comparable values of vF
[22], we conclude that the superconducting gaps on the two
pockets differ by an order of magnitude.
Effect of disorder.—It is instructive to compare samples

with different levels of disorder. In Fig. 4 (inset), we plot
κ0=T vs B, for samples A and B, at fields below B ¼ 1.0 T.
We see in sample B the same characteristics we saw in
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FIG. 3. Field dependence of the residual linear term κ0=T in
FeSe, obtained from fits to the data in Fig. 2. (a) Over the full field
range. The vertical dashed line marks the upper critical field,
Bc2 ¼ 14 T. (b) Zoom below B ¼ 0.1 T. The vertical dashed line
marks the lower critical field, Bc1 ¼ 3 mT [21]. The full line is an
exponential fit to the data up to 0.1 T. (c) Zoom below B ¼ 1.0 T.
The vertical dashed line marks the inflection point from upward
to downward curvature at B⋆ ≃ 150 mT.
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structure, as described elsewhere [13]. A magnetic field up
to 17 T was applied along the c axis and always changed
at T > Tc.
Resistivity.—The in-plane resistivity ρðTÞ of our two

samples is in excellent agreement with published data [6],
when normalized to 410 μΩ cm at T ¼ 300 K. Differences
are only visible when zooming at low temperature, as
in Fig. 1. We see that the curve for sample B is shifted
up relative to that of sample A, so that ρðT ¼ 15 KÞ ¼
20.0 μΩ cm (A) and 25.5 μΩ cm (B). For comparison,
the sample of FeSe in Ref. [6] has Tc ≃ 9.4 K and
ρðT ¼ 15 KÞ≃ 18 μΩ cm, showing that its disorder level
is similar to, perhaps slightly lower than, that of sample A.
The sample of FeSex in Ref. [5] has Tc ≃ 8.8 K and
ρðT ¼ 15 KÞ≃ 80 μΩ cm, pointing to a much lower
quality.
Owing to its semimetal-like Fermi surface made of small

holelike and electronlike pockets, FeSe displays a strong
orbital magnetoresistance (MR) [14], which goes approx-
imately as ρðT → 0 KÞ ∝ B2. The level of disorder is likely
to affect the magnitude of the MR, with lower disorder
giving a larger MR. In the inset of Fig. 1, we compare
the MR measured just above T ¼ 15 K in our two samples
and that of Ref. [6]. As expected, the MR increases with
decreasing ρ.
Thermal conductivity.—The thermal conductivity κðTÞ

of FeSe at low temperature is shown in the four panels of
Fig. 2 for 26 different values of the magnetic field B,
ranging from B ¼ 0 T to B ¼ 17 T. Data taken at B ¼ 1.5,
3.0, 4.5, 6.0, 7.5, and 10.0 mT are not shown. At low field
(B < 1.0 T), the data are well described by the form

κ=T ¼ aþ bT2 below T ≃ 0.4 K [Figs. 2(a) and 2(b)].
The residual linear term, a≡ κ0=T, is purely electronic,
and the second term, bT2, is due to phonon conduction
[11]. In that regime, phonons are scattered by the sample
boundaries, and the phonon mean free path is constant. In
this Letter, our focus is entirely on κ0=T, the electronic
transport due to zero-energy quasiparticles. At higher field,
κðTÞ gradually becomes more linear [Fig. 2(c)], as in the
normal state above Bc2 ¼ 14 T [Fig. 2(d)]. In that regime,
phonons are predominantly scattered by electrons, and their
mean free path goes as 1=T. Above 10 T, a fit to the form
κ=T ¼ aþ bT below T ≃ 0.4 K is used to extract κ0=T
[Figs. 2(c) and 2(d)].
At B ¼ 0 T, κ0=T ¼ 6% 2 μW=K2 cm [Fig. 2(a)], a

very small value. To put it in perspective, this value should
be compared to the value in the normal state, κN=T, which
we estimate by applying the Wiedemann-Franz law to
the residual resistivity ρðT → 0 KÞ ¼ 2.8 μΩ cm (Fig. 1),
giving κN=T ¼ L0=ρðT → 0 KÞ ¼ 8.8 mW=K2 cm, where
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FIG. 1. In-plane electrical resistivity ρðTÞ of FeSe for our
samples A (red) and B (blue). The dashed lines are a linear fit
to ρðTÞ between 15 and 20 K, extended to T ¼ 0 K, giving
the residual resistivity ρðT → 0 KÞ. (Inset) Dependence of ρ on
magnetic field B, at T ¼ 15 K, plotted as ρ vs B2, for samples A
(red circles) and B (blue squares), compared with corresponding
data in Ref. [6] (green triangles).
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FIG. 2. Temperature dependence of the in-plane thermal
conductivity κðTÞ of FeSe, measured on sample A, with an
applied magnetic field B∥c. (a) Plotted as κ=T vs T2 for B ¼ 0,
0.02, 0.04, 0.06, 0.08, and 0.1 T (from bottom to top). Lines are a
fit to κ=T ¼ aþ bT2, used to obtain the residual linear term at
T ¼ 0 K, a≡ κ0=T. (b) Plotted as κ=T vs T2 for B ¼ 0, 0.1, 0.2,
0.3, 0.5, 0.75, and 1.0 T (from bottom to top). Lines are a fit to
κ=T ¼ aþ bT2. (c) Plotted as κ=T vs T for B ¼ 1, 2, 4, 8, 10, 12,
13, and 14 T (from bottom to top). The lower line is a fit to
κ=T ¼ aþ bT2 (B ¼ 1 T) and the upper line a fit to κ=T¼aþbT
(B ¼ 14 T). (d) Plotted as κ=T vs T for B ¼ 14, 15, 16, and 17 T
(from top to bottom). Lines are a fit to κ=T ¼ aþ bT. The values
of a≡ κ0=T obtained from a fit to either κ=T ¼ aþ bT2

(B < 11 T) or κ=T ¼ aþ bT (B > 11 T) are plotted as κ0=T
vs B in Fig. 3.
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Thermal Conductivity of the Iron-Based Superconductor FeSe:
Nodeless Gap with a Strong Two-Band Character
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The thermal conductivity κ of the iron-based superconductor FeSe was measured at temperatures down
to 75 mK in magnetic fields up to 17 T. In a zero magnetic field, the electronic residual linear term in the
T ¼ 0 K limit, κ0=T, is vanishingly small. The application of a magnetic field B causes an exponential
increase in κ0=T initially. Those two observations show that there are no zero-energy quasiparticles
that carry heat and therefore no nodes in the superconducting gap of FeSe. The full field dependence of
κ0=T has the classic two-step shape of a two-band superconductor: a first rise at very low field, with a
characteristic field B⋆ ≪ Bc2, and then a second rise up to the upper critical field Bc2. This shows that
the superconducting gap is very small (but finite) on one of the pockets in the Fermi surface of FeSe.
We estimate that the minimum value of the gap, Δmin, is an order of magnitude smaller than the maximum
value, Δmax.

DOI: 10.1103/PhysRevLett.117.097003

Amongst iron-based superconductors, the simple
material FeSe has attracted much attention because, when
made in thin-film form, its superconductivity appears to
persist to a critical temperature Tc ≃ 100 K [1]. In bulk
form, FeSe is unusual in that it undergoes the standard
tetragonal-to-orthorhombic structural transition without the
usual accompanying antiferromagnetic transition [2,3].
This raises fundamental questions about the role of magnet-
ism in causing superconductivity and nematicity.
A basic property of any superconductor is its gap structure,

which is related to the symmetry of its pairing state.
Theoretical calculations for FeSe within a model where
pairing proceeds via spin excitations yield a superconducting
gap with accidental nodes on one of the Fermi surface
pockets [4]. However, experimentally, there is no consensus
on the gap structure of FeSe. A thermal conductivity study of
nonstoichiometricFeSex revealed a small residual linear term
at T → 0 K, interpreted as evidence against nodes in the gap
[5]. In a subsequent study on stoichiometric FeSe, a huge
residual linear term was reported [6], viewed as evidence of
nodes. Specific heatmeasurements down toT ¼ 0.5 K show
that there are low-lying excitations but cannot distinguish
between nodes and just a small minimum gap [7]. A
penetration depth study of nonstoichiometric FeSex revealed
a two-band behavior with a small minimum gap Δmin [8],
whereasmeasurements on FeSe show a nearly linear temper-
ature dependence [6], pointing to nodes. Scanning tunneling
microscopy (STM) on films [9] and crystals [6] detects a
V-shaped density of states at low energy, suggestive of
nodes, but not always [10].

In this Letter, we investigate the gap structure of
stoichiometric FeSe using thermal conductivity, a bulk
probe of the superconducting gap highly sensitive to the
presence or absence of nodes [11]. Measurements were
performed on two single crystals, grown by two different
groups, and the results are in excellent agreement. We find
that the residual linear term in κðTÞ as T → 0 K, κ0=T,
is negligible at B ¼ 0 T and it rises exponentially with
magnetic field B at first, clear evidence that there are no
nodes in the gap. The full field dependence reveals a classic
two-band behavior, with a very small gap on one part of
the Fermi surface, an order of magnitude smaller than the
large gap on the other Fermi surface. This small gap is
responsible for low-energy quasiparticle excitations that
will make the specific heat, penetration depth, and STM
spectrum of FeSe appear nodal in character unless mea-
sured down to a very low temperature.
Methods.—High-purity stochiometric single crystals of

FeSe were grown by vapor transport [12]. (Note that in the
early study by Dong et al. [5], the samples of FeSex were
not stoichiometric, and this introduces some uncertainty
as to what would be the intrinsic properties of FeSe.)
Our sample A was prepared at the University of British
Columbia in Vancouver, Canada; our sample B was pre-
pared at Karlsruhe Institute of Technology in Karlsruhe,
Germany. They have similar characteristics, with Tc¼9.3K
(A) and 8.6 K (B) (Fig. 1). The contacts were made using
silver paste. The thermal conductivity was measured in a
dilution refrigerator down to 75 mK (≃Tc=100), for a
heat current in the basal plane of the orthorhombic crystal
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2. Overview

2.1. Iron Pnictides

We begin by briefly reviewing the essential ingredients in the recipe for an iron-based
superconductor [1–3,27–31]. The original Fe-based superconductors, LaFePO and F-doped LaFeAsO,
were discovered by H. Hosono [32,33], with structures containing square lattices of Fe atoms with
pnictogen As placed in out-of-plane positions above and below the Fe plane, such that there were
two inequivalent As per unit cell. They were quickly noted to resemble other materials classes
of unconventional superconductors, such as cuprates and heavy fermion systems, by exhibiting
electronic correlations which play a significant role in emergent ordered phases such as magnetism,
nematicity, and superconductivity [34,35]. Several other materials with similar iron planes were
discovered in short order, including Ba(Fe1�xCox)2As2, Ba1�xKxFe2As2, BaFe2(As1�xPx)2, and LiFeAs.

Like cuprates, their band structures are quite two-dimensional, but the parent compounds of
the Fe-based superconductors are metallic rather than insulating. Instead of the large Fermi surfaces
seen in cuprates at optimal doping, Fe-based systems display small Fermi surface pockets centered
at high symmetry points. These pockets have almost pure Fe-d-character (pnictide and chalcogenide
p-states are typically several eV from the Fermi level), but the d-orbital content winds around each
pocket, as depicted in Figure 1a,b. Note that the two inequivalent As atoms implies that the correct
2-Fe Brillouin zone is one-half the size of the reference 1-Fe zone.
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Figure 1. (a) Schematic Fermi surface of an iron-based superconductor (one quadrant). Colors represent
majority d-orbital weight at each point on the Fermi surface. Fermi pockets are depicted in the 1-Fe
zone, but 2-Fe zone boundary is also shown as solid line. (b) Schematic Fermi surface corresponding
roughly to a high-temperature tetragonal phase of FeSe with small pockets, lifted inner sheet around
G, and the folded electron pockets (thin dots) as expected in the 2-Fe zone. Reprinted figure with
permission from [36], copyright by the American Physical Society (2016). (c) Schematic phase diagram
of a Fe-pnictide superconductor, based on Ba-122. Reproduced from [2], with the permission of the
American Institute of Physics.

The d-spins on the Fe sites are not strongly localized in character, but to understand the low-lying
magnetic states in these systems it is frequently convenient to examine the effective exchanges Jij between
spins on sites i, j. Calculations and experiments [37] both suggest that the nearest neighbor Fe exchange J1
is of the same order of magnitude as the next nearest neighbor exchange J2, due to the strong overlap of
the pnictide p orbitals with the next nearest neighbor Fe. This unusual situation is responsible for magnetic
ordering in a stripelike pattern with wave vector (p, 0) in the one-Fe zone. In most Fe-pnictides, stripe
magnetic order is dominant in the doping range near six electrons per Fe, with other magnetic orders,
e.g., Néel order, double stripe order, and various C4 symmetric phases often close by in energy [38–45].
In special situations, these states are observed condense in small parts of the phase diagram, but the
stripe order is generally dominant. As the ordered magnetic state is weakened by doping, a competing
superconducting dome emerges at lower temperatures (Figure 1c).

At higher temperatures near the edge of the magnetic phase boundary, an electronic nematic
phase forms where the crystal structure is very slightly orthorhombic, but the electronic responses
are found to be highly anisotropic. Many authors have identified the nematic phase as the natural
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Raghu, Kapitulnik and Kivelson have proposed chiral p-wave SC 
on the quasi 1-d bands, arXiv:1003.2266.  
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The dxy orbitals, on the other hand, are able to hybridize in both in-plane
directions, and one can even expect sizeable next-nearest neighbour overlap along
the orbital lobes, i.e. diagonally. Therefore, the xy part of the Fermi surface forms
some sort of cylinder, closed in the kxky-plane but open along kz. Without further
study, it is difficult to assess whether this cylinder should be an electron orbit centred
around the ! line or a hole orbit centred around the Brillouin zone corners.

Band structure calculations [5–8] settled this question in favour of the electron
cylinder (called !) and generally agreed with the qualitative picture laid out above.
They also provided some extra information, notably the bare bandwidth. The
detailed results are still model-dependent, though, and the effects of strong electronic
correlations are not easily included.

The early dHvA work [3] confirmed the predictions from band structure
calculations. The quantitative analysis suggested that the conduction electrons in
Sr2RuO4 are very evenly distributed amongst the three orbits, with every orbital
flavour carrying almost exactly 4=3 electrons. The ! cylinder appears to pass right
through the hybridization gap between the " and b cylinders, avoiding the issue of
the extent to which the dxy and dxz, yz bands mix near the Fermi energy (for further
discussion, see section 5.4.3).

The simple, two-dimensional Fermi surface shown in figure 3 summarizes all
these findings and completes our ‘poor man’s survey’ of the electronic structure of
Sr2RuO4. While this undeniably serves as a good starting point, it appears today
that much more detailed knowledge is needed to account quantitatively for the
unconventional superconductivity in Sr2RuO4. This is particularly true because the
peculiarities of the Fermi surface give rise to a number of competing instabilities
which are thought to play a key role in the superconducting pairing mechanism
(see section 6.2).

We will therefore spend the remainder of this paper trying to improve on figure 3,
focusing on a refinement of the in-plane Fermi contour, details of the interlayer
dispersion, and the quasi-particle mass enhancement and its origin. Besides the
obvious quest for the mechanism of superconductivity, one good reason for doing
all this is to demonstrate the level of precision with which it is now possible to
understand a correlated electron metal. The crystal quality of Sr2RuO4, with mean
free paths approaching 1 mm, enables us to map the Fermi surface and electronic
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Figure 3. Qualitative sketch of the Fermi surface in Sr2RuO4. The right panel shows how
the dxz and dyz bands regroup to form the " and b surfaces.
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would then make it thermodynamically indistinguishable
from the BCS s-wave state at low temperatures.41 The
main feature of note is that any quantity sensitive to
either the number density of thermally excited quasipar-
ticles or the quasiparticle density of states would be ex-
pected to become exponentially small for T!Tc . The
BCS predictions for the specific heat, NMR relaxation,
ultrasonic attenuation, London penetration depth, and
thermal conductivity are discussed in detail in textbooks
by Tinkham (1996) and Waldram (1996).

If, on the other hand, the gap in Sr2RuO4 contained
nodes, the thermodynamics would show quite different
behavior. The average gap would still have a tempera-
ture dependence similar to that of Fig. 25, since the
weak-coupling BCS framework would still apply. How-
ever, the presence of nodes would allow thermal excita-
tion of quasiparticles down to low temperatures. It is
now well established (see, for example, Hardy et al.,
1993) that this would be expected to lead to the appear-
ance of power laws rather than exponential behavior for
T!Tc .

Studies of all the properties discussed above have now
been performed on Sr2RuO4 . It is clear that simple iso-
tropic gapping does not take place, and there seems to
be good (although not perfect or complete) evidence for
nodes of some kind. It is obviously of crucial importance
to establish not just the presence of nodes, but also their
position on the Fermi surface, especially since the ther-
modynamic results have stimulated a large number of
ingenious theoretical proposals. Some of the available
probes can, in principle, give position-sensitive informa-
tion, but there are subtleties. In this subsection, let us
first review the available experimental data.

1. Specific heat

Perhaps the most direct experimental probe of the
thermodynamic states in a superconductor is the elec-
tronic specific heat at constant pressure (Ce), since it is
directly connected with the entropy by the relation:

S!T ""!
0

T Ce!T!"dT!
T!

. (5.1)

The isotropic energy gap "#(k)""#0(kx
2#ky

2)1/2 will
give the same quasiparticle density of states as in an
isotropic s-wave superconductor. The magnitude of the
specific-heat jump at Tc is #Ce /$NTc"1.43 in the weak-
coupling limit, where $N is the normal-state value of
Ce /T , and Ce should decay exponentially to zero at low
temperatures.

Early measurements of Ce (Nishizaki et al., 1998)
were reviewed in Sec. III, but interpretation of these was
complicated by the existence of non-negligible impurity
scattering. In fact, the zero-energy density of states de-
duced from the residual value of Ce /T extrapolated to
T"0 K was found to decrease systematically with in-
creasing Tc (Nishizaki et al., 1999). Later, Nishizaki and
collaborators (Nishizaki et al., 2000) reported the results
of a lengthy study of Ce on clean limit crystals with Tc
"1.48 K under controlled magnetic fields. Their results
in zero applied magnetic field are shown in Fig. 26: Ce /T
extrapolates to a value very close to zero and varies lin-
early with T over a surprisingly wide range of tempera-
tures between 0.1 and 0.5 K, with no sign of an exponen-
tial temperature dependence.

At first sight, this power-law behavior of the density of
states is strongly suggestive of a gap function with line
nodes, but a more careful analysis shows that the data
are not fully consistent with this hypothesis either. Since
Sr2RuO4 is a superconductor with a very low Tc and

41It would, of course, differ from the BCS s-wave state in
many other observables, as discussed in Secs. III and IV.

FIG. 25. The temperature dependence of the energy gap pre-
dicted by the BCS weak-coupling theory. The essentially full
development of this gap below approximately Tc/4 means that
in the low-temperature limit, the number of thermally excited
quasiparticles falls exponentially to zero. In a weak-coupling
superconductor with nodes in the gap, qualitatively the same
temperature dependence would apply for the gap maximum,
but the existence of the gap zeros would lead to more quasi-
particle excitation at low temperatures. In this case power-law
temperature dependencies would be expected for experiments
sensitive to the number of thermally excited quasiparticles.

FIG. 26. The electronic specific heat at constant pressure of a
very high quality sample of Sr2RuO4 with Tc"1.48 K, divided
by T. Ce varies linearly with temperature over a large range
from 100 mK to above 0.5 K. Also shown are the predictions of
weak-coupling theory for a full energy gap (solid line) and a
gap with vertical line nodes on a cylindrical Fermi surface (dot-
ted line). Although the latter is a closer match to the data, the
fit is far from perfect. Figure after Nishizaki et al. (1999).

684 A. P. Mackenzie and Y. Maeno: Superconductivity of Sr2RuO4 and the physics of spin-triplet pairing
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Vertical Line Nodes in the Superconducting Gap Structure of Sr2RuO4
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There is strong experimental evidence that the superconductor Sr2RuO4 has a chiral p-wave order
parameter. This symmetry does not require that the associated gap has nodes, yet specific heat, ultrasound,
and thermal conductivity measurements indicate the presence of nodes in the superconducting gap structure
of Sr2RuO4. Theoretical scenarios have been proposed to account for the existence of deep minima or
accidental nodes (minima tuned to zero or below by material parameters) within a p-wave state. Other
scenarios propose chiral d-wave and f-wave states, with horizontal and vertical line nodes, respectively. To
elucidate the nodal structure of the gap, it is essential to know whether the lines of nodes (or minima) are
vertical (parallel to the tetragonal c axis) or horizontal (perpendicular to the c axis). Here, we report thermal
conductivity measurements on single crystals of Sr2RuO4 down to 50 mK for currents parallel and
perpendicular to the c axis. We find that there is substantial quasiparticle transport in the T ¼ 0 limit for
both current directions. A magnetic field H immediately excites quasiparticles with velocities both in the
basal plane and in the c direction. Our data down to Tc=30 and down toHc2=100 show no evidence that the
nodes are in fact deep minima. Relative to the normal state, the thermal conductivity of the superconducting
state is found to be very similar for the two current directions, from H ¼ 0 to H ¼ Hc2. These findings
show that the gap structure of Sr2RuO4 consists of vertical line nodes. This rules out a chiral d-wave state.
Given that the c-axis dispersion (warping) of the Fermi surface in Sr2RuO4 varies strongly from sheet to
sheet, the small a − c anisotropy suggests that the line nodes are present on all three sheets of the Fermi
surface. If imposed by symmetry, vertical line nodes would be inconsistent with a p-wave order parameter
for Sr2RuO4. To reconcile the gap structure revealed by our data with a p-wave state, a mechanism must be
found that produces accidental line nodes in Sr2RuO4.

DOI: 10.1103/PhysRevX.7.011032 Subject Areas: Superconductivity

I. INTRODUCTION

Sr2RuO4 is one of the rare materials in which p-wave
superconductivity is thought to be realized. Nuclear mag-
netic resonance [1,2] and neutron scattering [3] measure-
ments find no drop in the spin susceptibility below the
superconducting transition temperature Tc, strong evidence
in favor of spin-triplet pairing. Measurements of muon spin
rotation [4,5] and the polar Kerr angle [6] show that time-
reversal symmetry is spontaneously broken below Tc.
These results (and others) have led to the view that
Sr2RuO4 has a chiral p-wave order parameter, with a d
vector given by d ¼ Δ0zðkx # ikyÞ [7–9]. Nevertheless, the

symmetry of the superconducting order parameter in
Sr2RuO4 is still under debate [8,9]. One of the problems
is that, although the gap structure of a chiral p-wave order
parameter is not required by symmetry to go to zero, i.e.,
to have nodes, anywhere on a two-dimensional Fermi
surface, there are in fact low-energy excitations deep inside
the superconducting state of Sr2RuO4, as detected in
the specific heat [10–13], ultrasound attenuation [14],
and penetration depth [15] at very low temperatures.
Theoretical scenarios have been proposed to account for
those excitations in terms of either accidental nodes that are
perpendicular to the tetragonal c axis (i.e., “horizontal”)
[16] or deep minima in the superconducting gap along lines
parallel to the c axis (i.e., “vertical”) [17–20]. The latter
vary in depth from sheet to sheet on the three-sheet Fermi
surface of Sr2RuO4. On the large γ sheet, the gap develops
deep minima in the a direction because an odd-parity order
parameter must go to zero at the zone boundary.
These scenarios are difficult to reconcile with the specific

heat and thermal conductivity of Sr2RuO4. When plotted as
Ce=T vs T, the electronic specific heat Ce of Sr2RuO4 is
perfectly linear below about Tc=2, down to the lowest
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the c-axis sample was calculated from sample dimensions
and contact separation. The value we find is ρcð300 KÞ ¼
33 mΩ cm, in the range of reported values [41,42].
Contacts were made with silver epoxy (Epo-Tek H20E)
heated at 450 °C for 1 hour in oxygen flow. Silver wires
were then glued on with silver paint. From our thermal
conductivity measurements, we obtained a superconduct-
ing transition temperature Tc ¼ 1.2 K, consistent with the
measured residual resistivity of our a-axis sample, ρa0 ¼
0.24 μΩ cm [40]. The thermal conductivity was measured
using a one-heater–two-thermometer method [43], with an
applied temperature gradient of 2%–5% of the sample
temperature. Measurements were carried out for two
directions of the magnetic field, H: H ∥ a and H ∥ c. For
H ∥ a, the field was aligned to within 1° of the a axis and
perpendicular to the heat current. (For this field direction, a
misalignment of 1° can cause a decrease of Hc2 by 0.1 T
[44].) The field was always changed at T > Tc.

III. H = 0: IN-PLANE TRANSPORT

Figure 2(a) shows the thermal conductivity of Sr2RuO4

in zero field, for the current in the plane (J∥a). The
conductivity κa is completely dominated by the electronic
contribution [21] κe, so κe ≫ κp up to about 3 K, where κp
is the phonon conductivity. In Fig. 2(a), a Fermi-liquid
fit to the normal-state data (above Tc) yields κN=T ¼
L0=ðaþ bT2Þ, where L0 ≡ ðπ2=3ÞðkB=eÞ2, with a ¼
0.24 μΩ cm and b ¼ 8 nΩ cm=K2. We see that the
Wiedemann-Franz law is satisfied, with a ¼ ρa0.
Figure 2(b) shows a zoom of the data at low temper-

atures, extrapolating to κ0=T ¼ 20% 2 mW=K2 cm, a large
residual linear term in excellent agreement with the value
reported for Sr2RuO4 samples of similar Tc [21] (Fig. 1). In
the limit of a vanishing impurity scattering rate Γ, whence
Tc → 1.5 K, κ0=T ¼ 17% 2 mW=K2 cm [21]. A tenfold
increase in Γ only yields a modest increase in κ0=T (Fig. 1).
Such a weak dependence of κ0=T on Γ is precisely the
behavior expected of a superconductor with symmetry-
imposed line nodes, whereby the impurity-induced growth
in the quasiparticle density of states is compensated by a
corresponding decrease in mean free path, as in a d-wave
superconductor [22,24,25] (Fig. 1). (By contrast, accidental
nodes and deep minima in an s-wave superconductor are
not robust against impurity scattering, so they will, in
general, be lifted or made shallower, respectively, causing
κ0=T to vanish or decrease with impurity concentration,
respectively [29].) In other words, the remarkable fact that
κ0=T remains large [21] even when the zero-energy density
of states vanishes [10] as Γ → 0 in Sr2RuO4 is the clear
signature of a line node. Indeed, while impurities in a
p-wave superconductor without nodes do induce a zero-
energy density of states [27,28,30], the associated κ0=T
vanishes as Γ → 0 [27,28] (Fig. 1) because the impurity-
induced states are localized.

The magnitude of κ0=T at Γ → 0 can be evaluated
theoretically from a knowledge of the Fermi velocity vF
and the gap velocity at the node, vΔ. For a d-wave gap on a
single 2D Fermi surface [25],

κ0
T

¼ k2B
3ℏ

1

c

!
vF
vΔ

þ vΔ
vF

"
; ð1Þ

where c is the interlayer separation along the c axis and
vΔ ¼ 2Δ0=ℏkF, in terms of the Fermi wave vector kF
and the gap maximum Δ0, in ΔðϕÞ ¼ Δ0 cos 2ϕ. This
expression works very well for overdoped cuprate

(a)

(b)

FIG. 2. (a) In-plane (a-axis) thermal conductivity κaðTÞ of
Sr2RuO4 atH ¼ 0 (open circles). The black line is a Fermi-liquid
fit to the normal-state data, κN=T ¼ L0=ðaþ bT2Þ, extended
below Tc. The arrow marks the location of the superconducting
transition temperature, Tc ¼ 1.2 K, defined as the temperature
below which κ=T deviates from its normal-state behavior. Note
that the contribution of phonons to κa, κp, is negligible up to 3 K,
so κa ≃ κe, which is the electronic contribution. The red dashed
line is a calculation for a three-band model of a p-wave state with
deep minima in the gap structure [17] (see text). It provides a
good description of the data at high temperatures, but it fails
below 0.3 K. (b) Zoom at low temperatures. Data taken in a
magnetic fieldH ¼ 0.25 T (H∥a) are also shown (blue dots). The
solid black lines are a fit of the data to the form κ=T¼κ0=TþcTn.
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There is strong experimental evidence that the superconductor Sr2RuO4 has a chiral p-wave order
parameter. This symmetry does not require that the associated gap has nodes, yet specific heat, ultrasound,
and thermal conductivity measurements indicate the presence of nodes in the superconducting gap structure
of Sr2RuO4. Theoretical scenarios have been proposed to account for the existence of deep minima or
accidental nodes (minima tuned to zero or below by material parameters) within a p-wave state. Other
scenarios propose chiral d-wave and f-wave states, with horizontal and vertical line nodes, respectively. To
elucidate the nodal structure of the gap, it is essential to know whether the lines of nodes (or minima) are
vertical (parallel to the tetragonal c axis) or horizontal (perpendicular to the c axis). Here, we report thermal
conductivity measurements on single crystals of Sr2RuO4 down to 50 mK for currents parallel and
perpendicular to the c axis. We find that there is substantial quasiparticle transport in the T ¼ 0 limit for
both current directions. A magnetic field H immediately excites quasiparticles with velocities both in the
basal plane and in the c direction. Our data down to Tc=30 and down toHc2=100 show no evidence that the
nodes are in fact deep minima. Relative to the normal state, the thermal conductivity of the superconducting
state is found to be very similar for the two current directions, from H ¼ 0 to H ¼ Hc2. These findings
show that the gap structure of Sr2RuO4 consists of vertical line nodes. This rules out a chiral d-wave state.
Given that the c-axis dispersion (warping) of the Fermi surface in Sr2RuO4 varies strongly from sheet to
sheet, the small a − c anisotropy suggests that the line nodes are present on all three sheets of the Fermi
surface. If imposed by symmetry, vertical line nodes would be inconsistent with a p-wave order parameter
for Sr2RuO4. To reconcile the gap structure revealed by our data with a p-wave state, a mechanism must be
found that produces accidental line nodes in Sr2RuO4.
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I. INTRODUCTION

Sr2RuO4 is one of the rare materials in which p-wave
superconductivity is thought to be realized. Nuclear mag-
netic resonance [1,2] and neutron scattering [3] measure-
ments find no drop in the spin susceptibility below the
superconducting transition temperature Tc, strong evidence
in favor of spin-triplet pairing. Measurements of muon spin
rotation [4,5] and the polar Kerr angle [6] show that time-
reversal symmetry is spontaneously broken below Tc.
These results (and others) have led to the view that
Sr2RuO4 has a chiral p-wave order parameter, with a d
vector given by d ¼ Δ0zðkx # ikyÞ [7–9]. Nevertheless, the

symmetry of the superconducting order parameter in
Sr2RuO4 is still under debate [8,9]. One of the problems
is that, although the gap structure of a chiral p-wave order
parameter is not required by symmetry to go to zero, i.e.,
to have nodes, anywhere on a two-dimensional Fermi
surface, there are in fact low-energy excitations deep inside
the superconducting state of Sr2RuO4, as detected in
the specific heat [10–13], ultrasound attenuation [14],
and penetration depth [15] at very low temperatures.
Theoretical scenarios have been proposed to account for
those excitations in terms of either accidental nodes that are
perpendicular to the tetragonal c axis (i.e., “horizontal”)
[16] or deep minima in the superconducting gap along lines
parallel to the c axis (i.e., “vertical”) [17–20]. The latter
vary in depth from sheet to sheet on the three-sheet Fermi
surface of Sr2RuO4. On the large γ sheet, the gap develops
deep minima in the a direction because an odd-parity order
parameter must go to zero at the zone boundary.
These scenarios are difficult to reconcile with the specific

heat and thermal conductivity of Sr2RuO4. When plotted as
Ce=T vs T, the electronic specific heat Ce of Sr2RuO4 is
perfectly linear below about Tc=2, down to the lowest
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temperature [10–13]. Gap minima of various depths inevi-
tably lead to deviations from perfect linearity in Ce=T vs T
[17]. In the clean limit, a truly linear behavior can only
be obtained if the minima on all three sheets are so deep
that they extend to negative values, thereby producing
accidental nodes.
The in-plane thermal conductivity κaðTÞ of Sr2RuO4

decreases smoothly down to the lowest measured temper-
ature, and it extrapolates to a large residual linear term,
κ0=T, at T ¼ 0 [21]. This residual linear term is robust
against impurity scattering and virtually unaffected by a
tenfold increase in scattering rate [21]. This is the classic
behavior of a nodal superconductor whose nodes are
imposed by symmetry [22–25] (Fig. 1), as in the d-wave
state of cuprate superconductors [26]. It comes from the
linear energy dependence of the density of states at low
energy, which produces a compensation between the
growth in the density of quasiparticles and the decrease
in their mean free path as a function of impurity scattering
[24]. Such a compensation does not occur in a nodeless
p-wave state [27,28] (Fig. 1), nor does it occur for
accidental nodes in an s-wave state [29].
In summary, the known properties of κ=T and Ce in

Sr2RuO4 strongly suggest that the low-energy quasiparticles
in the superconducting state come from nodes in the gap, not

from deep minima. Because accidental nodes do not occur
naturally in the chiral p-wave state that is widely proposed
for Sr2RuO4, it is important to establish the presence of
nodes. Moreover, because other proposed states have sym-
metry-imposed line nodes that are either horizontal (chiral
d-wave state [31]) or vertical (f-wave state [32,33]), we need
to determine whether line nodes are vertical or horizontal.
Existing experimental evidence on the direction of line

nodes in Sr2RuO4 is contradictory. Measurements of the
heat capacity as a function of the angle made by a magnetic
field H applied in the basal plane (normal to the c axis)
relative to the a axis ([100] direction) reveal a small
fourfold variation below 0.25 K that is consistent with
vertical line nodes along the ΓM directions [12,13].
However, no such angular variation was detected in the
heat conduction down to 0.3 K [34–36]. Moreover, ultra-
sound attenuation in Sr2RuO4 is rather isotropic in the
plane, an unexpected property if line nodes are vertical [14].
In this paper, we shed new light on the gap structure of

Sr2RuO4 by using the directional power of thermal con-
ductivity to determine whether the line nodes are vertical or
horizontal. In particular, we probe nodal quasiparticle
motion along the c axis as T → 0, from measurements
of κc, the thermal conductivity along the c axis, down to
Tc=30 (50 mK). We observe a substantial residual term
κ0=T in the c direction atH ¼ 0. Moreover, κ0=T is rapidly
enhanced by a magnetic field, even as low asHc2=100. This
confirms that the line nodes in Sr2RuO4 are not deep
minima, and it shows they must be vertical. Furthermore,
quantitative analysis suggests that the line nodes are present
on all three Fermi surfaces. If the vertical line nodes are
imposed by symmetry, then, by virtue of Blount’s theorem
[37], they would rule out a spin-triplet state, such as the
proposed p-wave state [38]. Conversely, if Sr2RuO4 is
indeed a p-wave superconductor, then a reason must be
found for the presence of accidental line nodes in its gap
function. Note that the obvious spin-singlet state that
breaks time-reversal symmetry has symmetry-imposed line
nodes that are horizontal, not vertical [31].

II. METHODS

Single crystals of Sr2RuO4 were grown by the floating-
zone method [39] and annealed in oxygen flow at 1080 °C
for 8 days. Both samples were cut into rectangular platelets
from the same crystal rod, which contained very few Ru
inclusions (about 3 inclusions=mm2). No 3-K anomaly was
detected in either the susceptibility of the large annealed
crystal or the resistivity of the small measured samples. The
a-axis sample had a length of 4.0 mm along the a axis and a
cross section of 0.3 × 0.18 mm2. The c-axis sample had a
length of 1.0 mm along the c axis and a cross section
of 0.4 × 0.42 mm2. The geometric factor of the a-axis
sample was refined by normalizing the room-temperature
resistivity to the well-established literature value of
ρað300 KÞ ¼ 121 μΩ cm [40]. The geometric factor of

FIG. 1. Residual linear term in the thermal conductivity, κ0=T,
as a function of impurity scattering rate Γ, both normalized to
unity at Γ ¼ Γc, the critical scattering rate needed to suppress
superconductivity. The blue lines are theoretical calculations for a
d-wave state [22] and a fully-gapped p-wave state [27], as
indicated (left axis). In the clean limit (Γ → 0), κ0=T vanishes in
the p-wave case, while it reaches a nonzero value in the d-wave
case (open circle), whose value is given by Eq. (1), estimated at
κ0=T ¼ 15.8 mW=K2 cm in Sr2RuO4 (see text). The experimen-
tal values of κ0=T measured in Sr2RuO4 are plotted as red
symbols (right axis, circles, Ref. [21]; square, this work), taking
ℏΓc ¼ kBTc0. The black lines are the zero-energy density of
states N0, normalized by the normal-state value NF (left axis,
solid, full-gap p-wave [28]; dashed, d-wave [23]). Black triangles
show N0=NF for a p-wave state with a deep gap minimum
(Δmin ≃ Δmax=4) [30].
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Sr2RuO4 has long been the focus of intense research interest because of
conjectures that it is a correlated topological superconductor. It is the
momentum space (k-space) structure of the superconducting energy
gap Δi(k) on each band i that encodes its unknown superconducting
order parameter. However, because the energy scales are so low, it has
never been possible to directly measure the Δi(k) of Sr2RuO4. Here, we
implement Bogoliubov quasiparticle interference (BQPI) imaging, a tech-
nique capable of high-precision measurement of multiband Δi (k). At
T = 90mK,we visualize a set of Bogoliubov scattering interferencewave-
vectors qj : j=1− 5 consistentwith eight gap nodes/minima that are all
closely aligned to the (±1, ±1) crystal lattice directions on both the α
and β bands. Taking these observations in combination with other very
recent advances in directional thermal conductivity [E. Hassinger et al.,
Phys. Rev. X 7, 011032 (2017)], temperature-dependent Knight shift
[A. Pustogow et al.,Nature 574, 72–75 (2019)], time-reversal symmetry
conservation [S. Kashiwaya et al., Phys. Rev B, 100, 094530 (2019)],
and theory [A. T. Rømer et al., Phys. Rev. Lett. 123, 247001 (2019);
H. S. Roising, T. Scaffidi, F. Flicker, G. F. Lange, S. H. Simon, Phys. Rev. Res.
1, 033108 (2019); and O. Gingras, R. Nourafkan, A. S. Tremblay, M. Côté,
Phys. Rev. Lett. 123, 217005 (2019)], the BQPI signature of Sr2RuO4 ap-
pears most consistent with Δi(k) having dx2−y2 (B1g) symmetry.

strontium ruthenate | quasiparticle interference | superconducting
energy gaps

Determining the structure and symmetry of the superconducting
energy gaps ΔiðkÞ for Sr2RuO4 has been a longstanding

objective (1–4) but one on which radically new perspectives have
emerged recently. The linearity with temperature of electronic
specific heat capacity at lowest temperatures (5), the temperature
dependence of London penetration depth (6), the attenuation rate
of ultrasound (7), and field-oriented specific heat measurements (8)
have long implied the existence of nodes (or profound minima)
somewhere in ΔiðkÞ. However, recent thermal conductivity mea-
surements further indicate that these nodes/minima are oriented
parallel to the crystal c axis (9). Moreover, in-plane 17O NMR re-
veals a very substantial drop of the Knight shift (10) below Tc.
Additionally, no cusp occurs in the superconducting critical tem-
perature under uniaxial strain (11, 12). Finally, current-field in-
version experiments using Josephson tunnel junctions indicate that
time-reversal symmetry (TRS) is preserved (13). This phenome-
nology is in sharp contradistinction to the Sr2RuO4 ancien regime
under which 17O Knight shift (14) and spin-polarized neutron
scattering (15) reported no diminution in spin susceptibility below
Tc and where muon spin rotation (16) and Kerr effect (17) indicated
TRS breaking. Therefore, an extensive reassessment of the theory
of Sr2RuO4 superconductivity has quickly materialized (18–23).
Although the crystal is isostructural with the d-wave high-

temperature superconductor La2CuO4 (Fig. 1A), for Sr2RuO4
the Fermi surface (FS) consists of three sheets (24, 25) (Fig. 1B).
Hybridization between the two quasi-one-dimensional bands that
originate from the Ru dxz and dyz orbitals leads to the electron-

like β band surrounding the Γ point (red in Fig. 1B) and hole-like
α band surrounding the X point (blue in Fig. 1B); similarly, the
Ru dxy orbitals generate the electron-like, quasi-two-dimensional γ
band surrounding the Γ point (green in Fig. 1B). Correctly rep-
resenting the electron–electron interactions is then a complex
challenge. Onsite and intersite Coulomb interactions are perva-
sive; Hund’s coupling between the Ru d orbitals generates orbital-
selective phenomena, rendering the γ band significantly more
correlated than the α:β bands (26, 27); and spin-orbit coupling
plays a significant role throughout (26). Contemporary theories
(18–23, 28, 29) consider various combinations of these interactions
to achieve their ΔiðkÞ predictions, focusing on the dependence of
symmetry of the predominant ΔiðkÞ on the interplay between
them. Weak coupling analyses (28, 29) of Hamiltonians parame-
terized by the ratio ρ = J/U (U and J are the onsite Coulomb and
Hund’s interaction energies, respectively) find that the preferred or-
der parameters exhibit Euðchiral  p  waveÞ symmetry with B1gðdx2−y2Þ
symmetry as a subdominant solution (28) and Euðchiral  p  waveÞ
or A1uðhelical  p  waveÞ symmetry but with B1gðdx2−y2Þ symmetry
also as a subdominant solution (29). More recent theories pa-
rameterized by both ρ = J/U and spin-orbit coupling λ find that
the order parameters filling large (but different) portions of the

Significance

Sr2RuO4 has been widely studied as a candidate correlated to-
pological superconductor. However, the momentum space struc-
ture of the superconducting energy gaps, which encode both the
pairing mechanism and its topological nature, has proven im-
possible to determine by conventional techniques. To address this
challenge, we introduce Bogoliubov quasiparticle scattering in-
terference visualization at millikelvin temperatures. We discover
that the α and β bands of Sr2RuO4 support thermodynamically
prevalent superconducting energy gaps and that they each con-
tain four gap nodes (or profound minima) that are contiguous to
the (0,0)→ (±1, ±1)π=a lines in momentum space. In the context
of other recent advances, these observations appear most con-
sistent with a dx2−y2 order parameter symmetry for Sr2RuO4.
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Sr2RuO4 has long been the focus of intense research interest because of
conjectures that it is a correlated topological superconductor. It is the
momentum space (k-space) structure of the superconducting energy
gap Δi(k) on each band i that encodes its unknown superconducting
order parameter. However, because the energy scales are so low, it has
never been possible to directly measure the Δi(k) of Sr2RuO4. Here, we
implement Bogoliubov quasiparticle interference (BQPI) imaging, a tech-
nique capable of high-precision measurement of multiband Δi (k). At
T = 90mK,we visualize a set of Bogoliubov scattering interferencewave-
vectors qj : j=1− 5 consistentwith eight gap nodes/minima that are all
closely aligned to the (±1, ±1) crystal lattice directions on both the α
and β bands. Taking these observations in combination with other very
recent advances in directional thermal conductivity [E. Hassinger et al.,
Phys. Rev. X 7, 011032 (2017)], temperature-dependent Knight shift
[A. Pustogow et al.,Nature 574, 72–75 (2019)], time-reversal symmetry
conservation [S. Kashiwaya et al., Phys. Rev B, 100, 094530 (2019)],
and theory [A. T. Rømer et al., Phys. Rev. Lett. 123, 247001 (2019);
H. S. Roising, T. Scaffidi, F. Flicker, G. F. Lange, S. H. Simon, Phys. Rev. Res.
1, 033108 (2019); and O. Gingras, R. Nourafkan, A. S. Tremblay, M. Côté,
Phys. Rev. Lett. 123, 217005 (2019)], the BQPI signature of Sr2RuO4 ap-
pears most consistent with Δi(k) having dx2−y2 (B1g) symmetry.

strontium ruthenate | quasiparticle interference | superconducting
energy gaps

Determining the structure and symmetry of the superconducting
energy gaps ΔiðkÞ for Sr2RuO4 has been a longstanding

objective (1–4) but one on which radically new perspectives have
emerged recently. The linearity with temperature of electronic
specific heat capacity at lowest temperatures (5), the temperature
dependence of London penetration depth (6), the attenuation rate
of ultrasound (7), and field-oriented specific heat measurements (8)
have long implied the existence of nodes (or profound minima)
somewhere in ΔiðkÞ. However, recent thermal conductivity mea-
surements further indicate that these nodes/minima are oriented
parallel to the crystal c axis (9). Moreover, in-plane 17O NMR re-
veals a very substantial drop of the Knight shift (10) below Tc.
Additionally, no cusp occurs in the superconducting critical tem-
perature under uniaxial strain (11, 12). Finally, current-field in-
version experiments using Josephson tunnel junctions indicate that
time-reversal symmetry (TRS) is preserved (13). This phenome-
nology is in sharp contradistinction to the Sr2RuO4 ancien regime
under which 17O Knight shift (14) and spin-polarized neutron
scattering (15) reported no diminution in spin susceptibility below
Tc and where muon spin rotation (16) and Kerr effect (17) indicated
TRS breaking. Therefore, an extensive reassessment of the theory
of Sr2RuO4 superconductivity has quickly materialized (18–23).
Although the crystal is isostructural with the d-wave high-

temperature superconductor La2CuO4 (Fig. 1A), for Sr2RuO4
the Fermi surface (FS) consists of three sheets (24, 25) (Fig. 1B).
Hybridization between the two quasi-one-dimensional bands that
originate from the Ru dxz and dyz orbitals leads to the electron-

like β band surrounding the Γ point (red in Fig. 1B) and hole-like
α band surrounding the X point (blue in Fig. 1B); similarly, the
Ru dxy orbitals generate the electron-like, quasi-two-dimensional γ
band surrounding the Γ point (green in Fig. 1B). Correctly rep-
resenting the electron–electron interactions is then a complex
challenge. Onsite and intersite Coulomb interactions are perva-
sive; Hund’s coupling between the Ru d orbitals generates orbital-
selective phenomena, rendering the γ band significantly more
correlated than the α:β bands (26, 27); and spin-orbit coupling
plays a significant role throughout (26). Contemporary theories
(18–23, 28, 29) consider various combinations of these interactions
to achieve their ΔiðkÞ predictions, focusing on the dependence of
symmetry of the predominant ΔiðkÞ on the interplay between
them. Weak coupling analyses (28, 29) of Hamiltonians parame-
terized by the ratio ρ = J/U (U and J are the onsite Coulomb and
Hund’s interaction energies, respectively) find that the preferred or-
der parameters exhibit Euðchiral  p  waveÞ symmetry with B1gðdx2−y2Þ
symmetry as a subdominant solution (28) and Euðchiral  p  waveÞ
or A1uðhelical  p  waveÞ symmetry but with B1gðdx2−y2Þ symmetry
also as a subdominant solution (29). More recent theories pa-
rameterized by both ρ = J/U and spin-orbit coupling λ find that
the order parameters filling large (but different) portions of the
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Sr2RuO4 has been widely studied as a candidate correlated to-
pological superconductor. However, the momentum space struc-
ture of the superconducting energy gaps, which encode both the
pairing mechanism and its topological nature, has proven im-
possible to determine by conventional techniques. To address this
challenge, we introduce Bogoliubov quasiparticle scattering in-
terference visualization at millikelvin temperatures. We discover
that the α and β bands of Sr2RuO4 support thermodynamically
prevalent superconducting energy gaps and that they each con-
tain four gap nodes (or profound minima) that are contiguous to
the (0,0)→ (±1, ±1)π=a lines in momentum space. In the context
of other recent advances, these observations appear most con-
sistent with a dx2−y2 order parameter symmetry for Sr2RuO4.
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Vertical line nodesSr2RuO4

Vertical Line Nodes in the Superconducting Gap Structure of Sr2RuO4
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There is strong experimental evidence that the superconductor Sr2RuO4 has a chiral p-wave order
parameter. This symmetry does not require that the associated gap has nodes, yet specific heat, ultrasound,
and thermal conductivity measurements indicate the presence of nodes in the superconducting gap structure
of Sr2RuO4. Theoretical scenarios have been proposed to account for the existence of deep minima or
accidental nodes (minima tuned to zero or below by material parameters) within a p-wave state. Other
scenarios propose chiral d-wave and f-wave states, with horizontal and vertical line nodes, respectively. To
elucidate the nodal structure of the gap, it is essential to know whether the lines of nodes (or minima) are
vertical (parallel to the tetragonal c axis) or horizontal (perpendicular to the c axis). Here, we report thermal
conductivity measurements on single crystals of Sr2RuO4 down to 50 mK for currents parallel and
perpendicular to the c axis. We find that there is substantial quasiparticle transport in the T ¼ 0 limit for
both current directions. A magnetic field H immediately excites quasiparticles with velocities both in the
basal plane and in the c direction. Our data down to Tc=30 and down toHc2=100 show no evidence that the
nodes are in fact deep minima. Relative to the normal state, the thermal conductivity of the superconducting
state is found to be very similar for the two current directions, from H ¼ 0 to H ¼ Hc2. These findings
show that the gap structure of Sr2RuO4 consists of vertical line nodes. This rules out a chiral d-wave state.
Given that the c-axis dispersion (warping) of the Fermi surface in Sr2RuO4 varies strongly from sheet to
sheet, the small a − c anisotropy suggests that the line nodes are present on all three sheets of the Fermi
surface. If imposed by symmetry, vertical line nodes would be inconsistent with a p-wave order parameter
for Sr2RuO4. To reconcile the gap structure revealed by our data with a p-wave state, a mechanism must be
found that produces accidental line nodes in Sr2RuO4.

DOI: 10.1103/PhysRevX.7.011032 Subject Areas: Superconductivity

I. INTRODUCTION

Sr2RuO4 is one of the rare materials in which p-wave
superconductivity is thought to be realized. Nuclear mag-
netic resonance [1,2] and neutron scattering [3] measure-
ments find no drop in the spin susceptibility below the
superconducting transition temperature Tc, strong evidence
in favor of spin-triplet pairing. Measurements of muon spin
rotation [4,5] and the polar Kerr angle [6] show that time-
reversal symmetry is spontaneously broken below Tc.
These results (and others) have led to the view that
Sr2RuO4 has a chiral p-wave order parameter, with a d
vector given by d ¼ Δ0zðkx # ikyÞ [7–9]. Nevertheless, the

symmetry of the superconducting order parameter in
Sr2RuO4 is still under debate [8,9]. One of the problems
is that, although the gap structure of a chiral p-wave order
parameter is not required by symmetry to go to zero, i.e.,
to have nodes, anywhere on a two-dimensional Fermi
surface, there are in fact low-energy excitations deep inside
the superconducting state of Sr2RuO4, as detected in
the specific heat [10–13], ultrasound attenuation [14],
and penetration depth [15] at very low temperatures.
Theoretical scenarios have been proposed to account for
those excitations in terms of either accidental nodes that are
perpendicular to the tetragonal c axis (i.e., “horizontal”)
[16] or deep minima in the superconducting gap along lines
parallel to the c axis (i.e., “vertical”) [17–20]. The latter
vary in depth from sheet to sheet on the three-sheet Fermi
surface of Sr2RuO4. On the large γ sheet, the gap develops
deep minima in the a direction because an odd-parity order
parameter must go to zero at the zone boundary.
These scenarios are difficult to reconcile with the specific

heat and thermal conductivity of Sr2RuO4. When plotted as
Ce=T vs T, the electronic specific heat Ce of Sr2RuO4 is
perfectly linear below about Tc=2, down to the lowest
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vp ¼ 3284 m=s, a value which is consistent with the
measured sound velocities in Sr2RuO4 [14]. Using Eq. (2),
with l0 ¼ 0.46 mm, we get B ¼ 17.3 mW=K4 cm.
The total thermal conductivity is given by κ=T ¼

κc0=T þ κp=T, where the first term is electronic and the
second term is phononic. At low T, two mechanisms
scatter phonons: the sample boundaries, already mentioned,
and quasiparticles. In Eq. (2), the phonon mean free path l0
is replaced by lp ¼ ½1=l0 þ 1=le$−1, where le is the mean
free path due to electron-phonon scattering, with 1=le ∝ T
[48]. Therefore, in the regime where the latter process
dominates, we get κp ¼ AT2, as seen in our data at T >
0.05 K [Fig. 3(c)]. In the limit T → 0, we expect κp ¼ BT3.
We can therefore fit our data to

κ=T ¼ κc0=T þ BT2=ð1þ BT=AÞ: ð3Þ

Given that B is known and A is fixed by the slope of κ=T
above 50 mK, the only free parameter in the fit is the
residual linear term κc0=T, due to quasiparticle transport.
A fit to the zero-field data of Fig. 3(b) yields κc0=T ¼
12' 5 μW=K2 cm (black line).
Although the cut side surfaces of our c-axis sample are

rougher than the mirrorlike cleaved or as-grown surface of
crystals, there can still be some degree of specular reflection.
This was studied on crystals of the cuprate insulator
Nd2CuO4, with sample surfaces roughened by sanding
[49]. At 0.15 < T < 0.3 K, κp ¼ BT3, with the prefactor
B correctly given by the sound velocities and sample
dimensions [Eq. (2)]. At T < 0.15 K, specular reflection
becomes important and κp ¼ B0T2.68, withB0¼0.6B. Using
the same power law to fit our Sr2RuO4 c-axis data, namely,
κp ¼ B0Tαwithα ¼ 2.7 andB0 ¼ 0.6B ¼ 10 μW=K3.7 cm,
we get the red line in Fig. 3(b), with κc0=T¼8.5μW=K2 cm.
Leaving B0 as a free fit parameter yields κc0=T ¼
6.5 μW=K2 cm (blue line). We arrive at a value for the
residual linear term of κc0=T ¼ 10' 5 μW=K2 cm.
Nodal quasiparticles in Sr2RuO4 must therefore have a

nonzero c-axis velocity. This rules out horizontal line
nodes—at least in high-symmetry planes (e.g., kz ¼ 0)—
and it points immediately to vertical line nodes. What
magnitude of κc0=T do we expect if the line nodes
responsible for the large in-plane κa0=T are vertical?
Assuming all three Fermi surfaces have line nodes, as
would be the case for a dx2−y2 symmetry, then the a − c
anisotropy of nodal quasiparticle transport at T ¼ 0,
in the superconducting state, should be similar to the
a − c anisotropy of transport in the normal state. This
is what is observed in the quasi-2D iron-based super-
conductor KFe2As2 [45,51], for example. Explicitly,
ðκc0=TÞ=ðκa0=TÞ≃ ðκcN=TÞ=ðκaN=TÞ, and we therefore
expect κc0=T ≃ 0.2κcN=T ¼ 13' 1 μW=K2 cm, since
we have κa0=T ¼ 0.2κaN=T (Fig. 2) and κcN=T ¼
67' 7 μW=K2 cm [see Fig. 4(b)]. This is in good

agreement with the experimental value quoted above
(10' 5 μW=K2 cm). We conclude that the line nodes in
the gap structure of Sr2RuO4 are vertical.
In most theoretical proposals, the gap minima do occur

along vertical lines. Presumably, some of these minima
could accidentally be so deep as to produce nodes. Let us
consider different options. First, a scenario of line nodes
present only on the α surface is unrealistic because the full
contribution of this small surface to the total in-plane
conductivity in the normal state is only 18% of κaN=T [46],
less than the zero-field fraction of 20% [Fig. 2(b)]. In other
words, the entire α Fermi surface would have to be normal
already at H ¼ 0. Such an extreme multiband character is
ruled out by two facts: (1) The residual linear term in Ce=T
at T → 0 is too small [13], and (2) an increase in impurity
scattering does not cause κa0=T to decrease [21]—unlike in
CeCoIn5, where electrons on part of the Fermi surface are
uncondensed and κa0=T ∝ 1=Γ [52].
Second, a scenario with nodes only on the β surface is

unlikely because the β surface accounts for 80% of the total
normal-state conductivity along the c axis but only 37%
along the a axis [46]. As a result, if only the β surface had
nodes, it alone would be responsible for the ratio
ðκa0=TÞ=ðκaN=TÞ ¼ 0.2, and it would then necessarily
produce a larger ratio along the c axis (by a factor of

(a)

(b) (c)

FIG. 4. Residual linear term κ0=T as a function of a magnetic
field H applied along the a axis (H∥a). (a) For a current in the
plane (J∥a). The data points (black dots) are κa0=T obtained by
fitting κa=T vs T as in Fig. 2(b). The black line is a constant fit to
the data above Hc2 (negligible magnetoresistance for that current
direction). It defines κaN=T vs H, and it is consistent with the
H ¼ 0 value obtained by extrapolating κN=T above Tc to T → 0
[Fig. 2(a)]. (b) Same as in (a) but for a current along the c axis
(J∥c). The data points (red dots) are κc0=T obtained by fitting
κc=T vs T as in Fig. 3(b). Above Hc2, κc0=T decreases slightly
due to magnetoresistance (see text). The red line is a fit of the data
above Hc2 to κN=T ¼ a=ðbþ cH2Þ, which defines κcN=T vs H
for this current direction. The value at H → 0 is κcN=T ¼
67' 7 μW=K2 cm. (c) Field dependence of κa0=T (black dots)
and κc0=T (red dots) normalized to their normal-state value, both
plotted as ðκ0=TÞ=ðκN=TÞ vs H=Hc2, with Hc2 ¼ 1.25 T. For
simplicity, we define κ0=κN ≡ ðκ0=TÞ=ðκN=TÞ. The error bars on
κ0=κN come from the combined uncertainties in extrapolating
κ=T to T ¼ 0 to obtain κ0=T and in extending κN=T below Hc2.
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There is strong experimental evidence that the superconductor Sr2RuO4 has a chiral p-wave order
parameter. This symmetry does not require that the associated gap has nodes, yet specific heat, ultrasound,
and thermal conductivity measurements indicate the presence of nodes in the superconducting gap structure
of Sr2RuO4. Theoretical scenarios have been proposed to account for the existence of deep minima or
accidental nodes (minima tuned to zero or below by material parameters) within a p-wave state. Other
scenarios propose chiral d-wave and f-wave states, with horizontal and vertical line nodes, respectively. To
elucidate the nodal structure of the gap, it is essential to know whether the lines of nodes (or minima) are
vertical (parallel to the tetragonal c axis) or horizontal (perpendicular to the c axis). Here, we report thermal
conductivity measurements on single crystals of Sr2RuO4 down to 50 mK for currents parallel and
perpendicular to the c axis. We find that there is substantial quasiparticle transport in the T ¼ 0 limit for
both current directions. A magnetic field H immediately excites quasiparticles with velocities both in the
basal plane and in the c direction. Our data down to Tc=30 and down toHc2=100 show no evidence that the
nodes are in fact deep minima. Relative to the normal state, the thermal conductivity of the superconducting
state is found to be very similar for the two current directions, from H ¼ 0 to H ¼ Hc2. These findings
show that the gap structure of Sr2RuO4 consists of vertical line nodes. This rules out a chiral d-wave state.
Given that the c-axis dispersion (warping) of the Fermi surface in Sr2RuO4 varies strongly from sheet to
sheet, the small a − c anisotropy suggests that the line nodes are present on all three sheets of the Fermi
surface. If imposed by symmetry, vertical line nodes would be inconsistent with a p-wave order parameter
for Sr2RuO4. To reconcile the gap structure revealed by our data with a p-wave state, a mechanism must be
found that produces accidental line nodes in Sr2RuO4.
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I. INTRODUCTION

Sr2RuO4 is one of the rare materials in which p-wave
superconductivity is thought to be realized. Nuclear mag-
netic resonance [1,2] and neutron scattering [3] measure-
ments find no drop in the spin susceptibility below the
superconducting transition temperature Tc, strong evidence
in favor of spin-triplet pairing. Measurements of muon spin
rotation [4,5] and the polar Kerr angle [6] show that time-
reversal symmetry is spontaneously broken below Tc.
These results (and others) have led to the view that
Sr2RuO4 has a chiral p-wave order parameter, with a d
vector given by d ¼ Δ0zðkx # ikyÞ [7–9]. Nevertheless, the

symmetry of the superconducting order parameter in
Sr2RuO4 is still under debate [8,9]. One of the problems
is that, although the gap structure of a chiral p-wave order
parameter is not required by symmetry to go to zero, i.e.,
to have nodes, anywhere on a two-dimensional Fermi
surface, there are in fact low-energy excitations deep inside
the superconducting state of Sr2RuO4, as detected in
the specific heat [10–13], ultrasound attenuation [14],
and penetration depth [15] at very low temperatures.
Theoretical scenarios have been proposed to account for
those excitations in terms of either accidental nodes that are
perpendicular to the tetragonal c axis (i.e., “horizontal”)
[16] or deep minima in the superconducting gap along lines
parallel to the c axis (i.e., “vertical”) [17–20]. The latter
vary in depth from sheet to sheet on the three-sheet Fermi
surface of Sr2RuO4. On the large γ sheet, the gap develops
deep minima in the a direction because an odd-parity order
parameter must go to zero at the zone boundary.
These scenarios are difficult to reconcile with the specific

heat and thermal conductivity of Sr2RuO4. When plotted as
Ce=T vs T, the electronic specific heat Ce of Sr2RuO4 is
perfectly linear below about Tc=2, down to the lowest
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about 80=37), giving ðκc0=TÞ=ðκcN=TÞ≃ 0.2ð80=37Þ ¼
0.43, so that κc0=T ≃ 29 μW=K2 cm. Such a large value
is not possible since it exceeds the full measured conduc-
tivity at T ¼ 50 mK (including phonons) [Fig. 3(c)].
Invoking line nodes on both α and β surfaces decreases
these estimates to ðκc0=TÞ=ðκcN=TÞ≃ 0.2ð89=55Þ ¼ 0.32
and κc0=T ≃ 22 μW=K2 cm, which is still too large.
In summary, quantitative analysis indicates that the

vertical line nodes in Sr2RuO4 are present on more than
one sheet, including the γ sheet (e.g., on γ and β), and most
likely present on all three sheets of the Fermi surface. This
is consistent with the nodal structure of a dx2−y2 pairing
state (with line nodes on all three sheets) and that of a dxy
state (with line nodes on γ and β, but not α). The data would
also be consistent with a p-wave pairing state with minima
on γ and β that are so deep that they extend to negative
values and hence produce accidental nodes.

V. FIELD DEPENDENCE

Applying a magnetic field is a sensitive way to probe the
low-lying excitations in a type-II superconductor [53]. In
the absence of nodes, the quasiparticle states are localized in
the vortex cores, and heat conduction proceeds by tunneling
between adjacent vortices, which depends exponentially on
intervortex separation. As a result, κ0=T grows exponen-
tially with H, as observed in all s-wave superconductors,
e.g., Ref. LiFeAs [54]. In a two-band s-wave supercon-
ductor like NbSe2 [55], the exponential increase is seen
belowH⋆ ≪ Hc2, the effective critical field of the bandwith
the minimum gap. By contrast, in a nodal superconductor,
quasiparticle states are delocalized even at T ¼ 0 and
H ¼ 0. Increasing the field immediately increases their
density of states, causing the specific heat to increase asffiffiffiffi
H

p
, the so-called Volovik effect. As a result, κ0=T grows

rapidly with H at the lowest fields [56], as observed in
d-wave superconductors, e.g., Ref. YBa2Cu3Oy [57].
In Fig. 3(c), we show c-axis data at H ¼ 25 mT. We see

that even this tiny field (Hc2=50) induces a substantial
increase in κc=T at T → 0. This proves the existence of
nodal quasiparticles with c-axis velocity. In Fig. 3(d), a plot
of κc=T vs H shows how rapid the rise is, whether κc=T is
measured at T ¼ 60 mK (open circles) or extrapolated to
T ¼ 0, either linearly as in Fig. 3(c) (crosses) or through the
fit described in Sec. IV (full red circles).
In Fig. 4, we show the H dependence of κ0=T in

Sr2RuO4 (H∥a), for both current directions. Both κa0=T
and κc0=T have the dependence expected of nodal super-
conductors, as calculated for a single-band d-wave super-
conductor [56].
In Fig. 4(c), we compare the H dependence of

κa0=T and κc0=T in normalized units, both plotted as
ðκ0=TÞ=ðκN=TÞ≡ κ0=κN vs H=Hc2. We obtain the
normal-state conductivity κN=T below Hc2 by extending
a fit of the data above Hc2 to lower fields. For J∥a, there is

negligible H dependence up to 4 T, so we take κN=T to be
constant [Fig. 4(a)]. For J∥c, Sr2RuO4 exhibits a sizable
magnetoresistance, which varies asH2 below 2 Tor so [58].
By the Wiedemann-Franz law, this implies that κN=T ¼
a=ðbþ cH2Þ. A fit of the data above Hc2 to this formula
yields the red line in Fig. 4(b).
The data in Fig. 4(c) are striking: The two normalized

curves are the same, at all fields, within error bars. This
result is strong confirmation that the line nodes are vertical.
Indeed, horizontal line nodes would inevitably produce a
qualitative difference between the two current directions,
roughly d-wave-like (rapid) for κa0=T and s-wave-
like (exponential) for κc0=T. The fact that both curves in
Fig. 4(c) are the same is also consistent with line nodes
being present on all three Fermi surfaces. Indeed, if line
nodes were present only on the β surface, for example, then
κc0=T would exhibit a d-wave-like H dependence, as it is
dominated by that surface, while κa0=T would exhibit an s-
wave-like H dependence since it is dominated by the other
Fermi surfaces.
The electronic specific heat at low temperatures also

displays a rapid increase at low fields. In the T ¼ 0 limit,
the residual linear term γ0ðHÞ reaches about 30% of its
normal-state value γN by H ≃ 0.1 Hc2 (H∥a), and then it
increases more slowly at higher H [11,13]. We see from
Fig. 4(c) that the field dependences of κ0=κN and γ0=γN are
similar. To explain the rapid initial rise in γ0=γN vs H, we
propose that the α and β surfaces become normal at a field
H⋆ ≃ 0.1 Hc2 [12]. But this is inconsistent with our data
since it would imply a much larger increase in κ0=κN for
J∥c than for J∥a, given that the β surface accounts for 80%

FIG. 5. Residual linear term κ0=T as a function of magnetic
field, for a field along the c axis (H∥c) and a heat current along
the c axis (J∥c). The data are plotted as ðκ0=TÞ=ðκN=TÞ vs
H=Hc2, with Hc2 ¼ 0.055 T. For this field direction (in the
longitudinal configuration with a tiny Hc2), the magnetoresist-
ance in the normal state is negligible, so κN=T is a constant below
Hc2. The data points are κc0=T obtained by fitting κc=T vs T as in
Fig. 3(b) (red fit). The solid red line is a theoretical calculation for
a single-band d-wave superconductor [59].
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