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The appearance of spin-density-wave (SDW) magnetic order in the low-temperature and high-field corner
of the superconducting phase diagram of CeCoIn5 is unique among unconventional superconductors. The
nature of this magnetic Q phase is a matter of current debate. Here, we present the thermal conductivity of
CeCoIn5 in a rotating magnetic field, which reveals the presence of an additional order inside theQ phase that
is intimately intertwined with the superconducting d-wave and SDW orders. A discontinuous change of the
thermal conductivity within the Q phase, when the magnetic field is rotated about antinodes of the
superconducting d-wave order parameter, demands that the additional order must change abruptly, together
with the recently observed switching of the SDW. A combination of interactions, where spin-orbit coupling
orients the SDW, which then selects the secondary p-wave pair-density-wave component (with an average
amplitude of 20% of the primary d-wave order parameter), accounts for the observed behavior.
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I. INTRODUCTION

Magnetism is considered to be detrimental to conventional
superconductivity, which is mediated by lattice vibrations—
phonons [1]. An external magnetic field, for example,
destroys superconductivity via either orbital [2] or spin [3]
(Pauli) limiting mechanisms. A growing number of cases,
however, display the coexistence of magnetism and super-
conductivity and constitute a fascinating problem in con-
densed-matter physics [4,5]. CeCoIn5 presents a unique
case among all unconventional superconductors wherein a
novel magnetic state, the so-calledQ phase, develops at high
fields and requires superconductivity for its very existence.
This Q phase was originally suggested [6–8] to be a
realization of spatially inhomogeneous superconductivity,
the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state [9,10].
Subsequent NMR [11] and neutron scattering measurements
[12,13] revealed the presence of a magnetic spin-density-
wave (SDW)order in theQ phase.Anumber of theorieswere
proposed for its origin [14–20], many of them involving
additional orders, distinct from thed-wave superconductivity
[21,22] and the SDW. The issue of intertwined orders
(magnetic, multiple, and inhomogeneous superconductivity,

etc.) is increasingly common in correlated systems [23,24].
TheQ phase is a model system for studying such intertwined
orders, with a uniquely tunable single-domain structure due
to the high purity of CeCoIn5.
Experimentally, neutron-scatteringmeasurements suggest

the condensation of a superconducting spin resonance as a
possible origin [18,25,26] of the Q phase. Recent neutron-
scattering measurements reveal that its SDWorder is single
domain, with the ordering wave vector QSDW either Q1 ¼
ðq; q; 0.5Þ orQ2 ¼ ðq;−q; 0.5Þ, withq ≈ 0.44 along the two
nodal directions of the superconducting d-wave order
parameter [27]. When the magnetic field is rotated within
the crystallographic ab plane about the [100] direction,
QSDW switches abruptly between Q1 and Q2, choosing the
one that is more perpendicular to the magnetic field
[Figs. 1(b) and 1(c)]. It was suggested that a secondary
p-wave pair-density-wave (PDW) component drives the
hypersensitivity of QSDW to the direction of the magnetic
field [27]. This mechanism, however, at present lacks
theoretical support (seeAppendixA). One recently proposed
scenario explains the hypersensitivity as being due to the
magnetic field lifting the degeneracy of the direction of
QSDW via spin-orbit coupling [28], without requiring any
additional order besides the existing superconducting
d-wave and SDW orders. Yet another scenario introduces
the spatially inhomogeneous Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state, which couples to the SDW state
and lowers the energy of the Q phase, with QSDW more
perpendicular to qFFLO [29]. The mechanism responsible for
the switching of the direction ofQSDW is a matter of a current
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debate, and we experimentally establish a new microscopic
scenario.
Though neutron scattering has been essential in identi-

fying the nature of magnetism in the Q phase, it does not
probe the superconducting state with which magnetism
couples. Thermal conductivity, however, is a powerful
probe of superconductivity [30,31] because it depends
on the presence of normal quasiparticles (excitations), as
the superconducting condensate itself does not carry heat.
Thermal conductivity is particularly sensitive to the pres-
ence of states where the energy gap in an unconventional
superconductor is zero, i.e., gap nodes. This sensitivity
arises because normal quasiparticles are easily excited
around the nodes, where the energy gap is small, and
therefore dominate the heat transport. As we show, mea-
surements on the thermal conductivity of CeCoIn5 in a
rotating magnetic field reveal the nature of the Q phase.

II. THERMAL CONDUCTIVITY IN THE Q PHASE

A. Experimental details

A needlelike single-crystal sample (2.5×0.5×0.2mm3)
was prepared with the long axis along the [110] crystallo-
graphic direction that coincides with superconducting

nodes. The heat current (J) was applied along the [110]
direction, and the thermal conductivity was measured with
the standard steady-state method with two thermometers
that were calibrated in advance. The magnetic field was
applied within the crystallographic ab plane, and the crystal
(equivalently, magnetic field) was rotated about the c axis
using an Attocube piezoelectric rotator [32].
The alignment of the crystallographic axis was con-

firmed by Laue x-ray diffraction to be within 1°. A total
of eight sections (approximately 1 cm long) of 50-μm-
diameter platinum wire were spot welded to the sample,
and small amounts of silver epoxy were applied over the
welds for mechanical strength. The cold end of the sample
was rigidly attached to a sample holder, a semicylindrical
copper rod 2 mm in diameter. The sample was glued to the
sample holder with varnish first; a pair of the platinum
wires were wrapped around the sample and the sample
holder; as the final step, silver paint was applied around the
Pt wires, the sample holder, and the cold end of the sample,
to enhance the electrical contacts between the bound wires
and the sample holder and to ensure mechanical stability of
the sample. The remaining three pairs of wires were used
for thermal connections to two thermometers and a heater.
The angle between the crystal and the magnetic field was

FIG. 1. (a) Phase diagram of CeCoIn5, showing theQ phase, based on specific heat measurements [7]. The red data points are obtained
from the present measurements, and the details are explained in Fig. 2. (b,c) Schematic diagrams that illustrate switching of the SDW
magnetic domain (QSDW) as the magnetic field H is rotated about [100]. The heat current J is in the nodal [110] direction. QSDW
switches to be more perpendicular toH, while lying along the nodes of the d-wave order parameter represented by the green curve. The
blue circle represents the normal Fermi surface and the magnetization of the SDW points out of the plane. (d) The thermal conductivity
of CeCoIn5 κ divided by temperature T in the Q phase as a function of the angle θ between H and the heat current J∥½110�, at 11 T and
108 mK. The magnetic field is rotated between −90° and þ90° within the crystallographic ab plane. At 45° and −45°, the
antiferromagnetic ordering vectorQSDW switches between (0.44, 0.44, 0.5) and (0.44,−0.44, 0.5), as in (b,c) [27]. WhenQSDW switches
from QSDW⊥J to QSDW∥J, the thermal conductivity increases by approximately 15%. (e) Hysteretic behavior of the thermal
conductivity in the switching region around θ ¼ −45°, showing a first-order-like anomaly, for several fields. (f) Hysteretic behavior
around θ ¼ 45°. The inset shows the width of the hysteresis as a function of magnetic field [from (e)].
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monitored with two Hall sensors, parallel to the ac and bc
planes, mounted on the sample stage.

B. Results

As the magnetic field is rotated clockwise through [100]
within the ab plane, QSDW flips from being perpendicular
[Fig. 1(b)] to being parallel [Fig. 1(c)] to J. Figure 1(d)
shows the thermal conductivity as a function of the angle
(θ) between the magnetic field (H) and the heat-current
direction (J∥½110�) at a temperature T ¼ 108 mK. The
thermal conductivity exhibits sharp first-order jumps
when the magnetic field is rotated around the [100]
and [010] directions [Figs. 1(d)–1(f)] with a narrow
hysteresis region of approximately 0.2° at 11 T. This
response is identical to the switching of QSDW observed
by neutron diffraction [27] and, therefore, reflects the
same hypersensitivity phenomenon. The width of the
hysteresis is roughly linear with the magnetic field
[Fig. 1(e) and inset of Fig. 1(f)] and tracks the develop-
ment of the magnetic Bragg peak intensity [27].
Figure 2 displays the thermal conductivity over temper-

ature (κ=T) for two magnetic-field directions very close to
the switching region at θ ¼ 45°, with QSDW∥J (θ ¼ 45.7°,
red) and QSDW⊥J (θ ¼ 44.7°, blue). The temperature
dependence at 11 T in Fig. 2(a) shows that the difference
between the thermal conductivities for the two directions
(see the inset) develops below 0.3 K. A similar increase of
thermal conductivity with decreasing temperature at high
fields was recently reported for J∥½100� [35]. The mag-
netic-field dependence in Fig. 2(b) also shows that the
difference in κ=T for the two directions of QSDW develops
at high magnetic field. The magnetic-field intensities of
the onset of the increase of Δκ=T from zero, with the
corresponding measurement temperature, are displayed in
the phase diagram of Fig. 1(a). These points coincide with
the Q-phase boundary.
The temperature and field dependence of CeCoIn5 is

complex and has not been reproduced in detail theoretically.
The task of including (1) d-wave superconductivity, (2) a
magnetic field, which leads to both growth of the density of
states due to the Doppler shift of the quasiparticle energies
(the so-called Volovik effect) and a decrease of a quasipar-
ticle mean-free path due to increased vortex scattering,
(3) Pauli limiting, and (4) non-Fermi-liquid (NFL) behavior
in the vicinity of Hc2, even leaving out the SDW of the Q
phase, is a monumental one. We can, however, offer
potential explanations of some of the observed trends based
on the phenomena mentioned above. For example, the
increase of thermal conductivity with reducing temperature
within the superconducting state in magnetic fields close to
Hc2 [Fig. 2(a)] can be attributed to a similar NFL behavior in
the normal state at or above Hc2 [35,36].
As shown by the data for the lowest temperature of

105 mK in Fig. 2(b), the thermal conductivity is flat as a
function of field between 4 and 9 tesla. Therefore, any

deviation of κ=T from the flat behavior in the high-field
regime (above 9 T) should be attributed to the formation of
the Q phase.
Figure 3 displays the thermal conductivity data inside

and around the Q phase. The abrupt changes at Hc2, 11.7 T
for H∥½100� and 11.5 T for H∥½110� and H∥½1̄10�, agree
well with the first-order transitions found in previous
studies [7]. There are a couple of salient features:
(1) The difference between κ=T for the two orientations
of QSDW [right axis of Fig. 3(a)] grows above 9.9 T
and drops abruptly to zero above Hc2, similar to the

FIG. 2. (a) Temperature dependence of the thermal conductivity
over T (κ=T) for θ ¼ 44.7° when QSDW⊥J (blue symbols), and
for θ ¼ 45.7° when QSDW∥J (red symbols) at a fixed field. The
step at 0.6 K reflects the superconducting–normal transition. The
data with higher thermal gradients (cyan and magenta triangles)
show no difference from the other data (ΔT=T ≈ 0.06); i.e., there
are no indications of the sliding mode of the SDW (Appendix D).
Inset: The difference (Δκ∥;⊥=T) between κ=T for the two
orientations of QSDW (green circles, left axis) and the width of
the hysteresis Δθ (from Fig. 6) at two temperatures for
μ0H ¼ 11 T (orange triangles, right axis). The onset temperature
of the Q phase at μ0H ¼ 11 T is depicted as a diamond on the
phase diagram in Fig. 1(a). (b) Magnetic-field dependence of
the thermal conductivity over T (κ=T) at several temperatures.
The field directions for the two different QSDW orientations are
the same as in (a). The inset shows the difference between κ=T for
the two orientations. The onset of the rise inΔκ∥;⊥=T is taken as a
Q-phase transition and is displayed as red circles in Fig. 1(a).
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behavior of the SDW intensity measured by neutron
scattering [27]. The functional dependence, however, is
different: While neutron intensity I ∝ ðH −HcÞ, Δκ=T ∝
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

H −Hc
p

as shown in Fig. 3(a) by the orange curve. The
ordered magnetic moment M ∝

ffiffi

I
p

∝
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

H −Hc
p

[27].
Therefore,Δκ=T grows linearly with the magnetic moment.
(2) For both directions of QSDW, κ=T starts to decrease
around 9 T, well before entering the Q phase. This
reduction of κ=T may be related to the results of NMR
measurements [37] that were interpreted as an additional
phase, but it may also arise from fluctuations due to the
quantum-critical point (T ¼ 0, H ≈ 9.8 T) associated with
the Q phase.

The key observations in current measurements are that,
for both orientations of QSDW, the thermal conductivity
drops in the Q phase, and the reduction is larger for
QSDW⊥J. The data in Fig. 3 also show that κ=T for θ ¼ 0°
and 44.7°, with QSDW⊥J, closely reproduce each other as
do the data for θ ¼ 45.7° and−90° withQSDW∥J. Whatever
changes in the Q phase to affect thermal conductivity as
the magnetic field rotates, those changes occur abruptly at
θ ¼ 45° and then remain unchanged for the subsequent 90°
of the field rotation.

III. DISCUSSION

SDWorder alone [28] cannot account for our data. SDW
gaps quasiparticles along the QSDW, and as a result, the
thermal conductivity along the QSDW must be smaller than
the thermal conductivity perpendicular to it, contrary to our
observation. There must be an additional component in the
Q phase that has an opposite and stronger effect on thermal
conductivity compared to that of its SDW.
A proposal for the origin of the hypersensitivity of

QSDW based on the formation of the FFLO state [29] is
also incompatible with our result. Within this theory,
qFFLO∥H, which leads to a smooth change of the effect
of the FFLO state on the thermal conductivity as both
H and qFFLO rotate together through [100]. Therefore,
the influence of the SDW will dominate, and
κ=TðQSDW∥JÞ < κ=TðQSDW⊥J) should be observed in
the vicinity of θ ¼ 45°, in contrast to the experiment. To
possibly reconcile this theory with the data, the require-
ment that qFFLO∥H must be relaxed, with qFFLO pointing
along the d-wave nodes (see Appendix C).
A natural explanation that accounts for the observed

reduction of the thermal conductivity in the Q phase is the
existence of a spatially inhomogeneous p-wave PDW that
couples the superconducting d-wave and SDW order
parameters [14,27]. One of the two p-wave PDW compo-
nents (Appendix A), compatible with d-wave and SDW
order parameters in CeCoIn5, is d1ðkÞ ¼ ð0; 0; kx − kyÞ for
QSDW∥½110� or, equivalently, d1ðkÞ ¼ ð0; 0; kx þ kyÞ for
QSDW∥½11̄0�, shown schematically in Figs. 4(b) and 4(a),
respectively. An interplay between the SDW and the PDW
d1 locks the node of the p wave along the direction of
QSDW, leading to an additional anisotropy of the thermal
conductivity. To allow the SDW with QSDW∥½11̄0� to form,
as illustrated in Fig. 4(a), d1 has to leave the quasiparticles
along QSDW ungapped by aligning its nodes along this
direction, which is also a nodal direction of the dwave. The
p-wave antinodes then gap the remaining d-wave nodes
along [110] and reduce the thermal conductivity for
QSDW⊥J [Fig. 4(a)]. We estimate that the average ampli-
tude of the p-wave gap required to suppress the thermal
conductivity for QSDW⊥J by 19%, as observed experi-
mentally at 108 mK and 11 T [Fig. 3(a)], is approximately
20% of the primary d-wave gap, and the magnitude of the

FIG. 3. (a) Magnetic-field dependence of the thermal conduc-
tivity over T (κ=T) in and around theQ phase. The field directions
are the same as in Fig. 2. The data for field sweeps down (circles)
and up (diamonds) are shown. The difference (Δκ∥;⊥=T) for the
two orientations ofQSDW (green triangles, right axis) starts to grow
above 9.9 T and is well described by the

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðH −HcÞ=Hc

p

fit
shown (orange curve). Weak hysteresis within theQ phase is likely
due to a vortex-lattice transition for H∥½100� at μ0H ≈ 11 T,
observed recently with scanning tunneling microscopy [33].
(b) κ=T for θ ¼ −90° when QSDW∥J (red symbols), and θ ¼ 0°
when QSDW⊥J (blue symbols). The data are very similar to those
for the same relative orientation of QSDW and J, correspondingly
colored, in (a). The scales of the y axes in (a) and (b) are the same
but with different offsets. The features for both θ ¼ −90° and
θ ¼ 0° between 8 and 9 tesla are likely due to a vortex-lattice
transition for H∥½110� between 7.5 and 8.7 T [34].

DUK Y. KIM et al. PHYS. REV. X 6, 041059 (2016)

041059-4



SDW gap is comparatively smaller and approximately 10%
of the d-wave gap (see Appendix B).
A hierarchy of interactions between various orders

shown in Fig. 4 accounts for both the hypersensitivity
and the thermal conductivity data. (1) The SDW must lie
along one of the nodes of the superconducting d-wave
order parameter. (2) The spin-orbit coupling effect on the
interaction between the SDW and the magnetic field drives
the hypersensitivity [28] and orientsQSDW as perpendicular
to H as possible. (3) The selected QSDW, in turn, orients
the (allowed) p-wave PDW d1 component. Finally, (4) the
PDW gaps the d-wave nodes more effectively than the
SDW, leading to the observed trend in thermal conductivity.
Our measurements demonstrate a macroscopic realiza-

tion of intertwined orders. As systems with multiple orders
are becoming increasingly common in correlated electronic
materials, we expect more examples of similar intertwined
orders in which the manipulation of one order by the other
is possible.

ACKNOWLEDGMENTS

Discussions with James A. Sauls, Anton B. Vorontsov,
Ilya Vekhter, Stuart E. Brown, Alexander V. Balatsky,
David M. Fobes, and Marc Janoschek are gratefully
acknowledged. This work was conducted at the Los
Alamos National Laboratory under the auspices of the
U.S. Department of Energy, Office of Basic Energy
Sciences, Division of Materials Sciences and
Engineering. We gratefully acknowledge the support of
the U.S. Department of Energy through the LANL/LDRD
Program.

APPENDIX A: SCENARIO FOR THE
HYPERSENSITIVITY OF QSDW ON THE
DIRECTION OF THE MAGNETIC FIELD

BASED ON THE p-WAVE PDW

The switching of QSDW, reported in Ref. [27], was
suggested by the authors to be due to the formation of the
spatially inhomogeneous p-wave PDW, which, in a d-wave
superconductor, couples to the SDW [14]. It was suggested
that the anisotropic magnetic susceptibility of the p-wave
component orients it with respect to the magnetic field, and
the interaction between the PDW and the SDW will then
orientQSDW. The two p-wave components within the PDW
scenario, compatible with d-wave and SDW order param-
eters in CeCoIn5, are d1ðkÞ ¼ ð0; 0; kx − kyÞ and d2ðkÞ ¼
ðkz;−kz; 0Þ for QSDW∥½110� [14,27]. Magnetic susceptibil-
ity of the d2 component is indeed anisotropic. Its nodal
plane, however, lies within the ab plane, and d2, therefore,
cannot preferentially select one of the two possible QSDW.
The d1 component has nodes along [110] and would select
the SDW domain with QSDW along that direction.
However, d1 has isotropic ab-plane susceptibility, and it
cannot be the sole source of the hypersensitivity of QSDW.
The p-wave PDW, therefore, can be the cause of the
hypersensitivity of QSDW only when the d1ðkÞ and d2ðkÞ
are coupled. Currently, there is no theoretical support for
the existence of such a coupling in CeCoIn5. Consequently,
we exclude the possibility that the anisotropy of the
magnetic susceptibility of d2 is the origin of the field
hypersensitivity. Nevertheless, the triplet d1 component
directly couples to the SDW and d-wave orders, it is
allowed to form in the Q phase, and it does explain our
thermal conductivity results.

APPENDIX B: CONTRIBUTION OF THE
COMPOSITE ORDER PARAMETER TO THE

THERMAL CONDUCTIVITY

To ascertain which nodes of the d-wave order parameter
contribute most to heat transport, we calculated the
thermal conductivity using the theory in Ref. [38] for a
superconductor with a composite order parameter,
jΔdj þ iajΔpj, where jΔdj and jΔpj are the magnitudes
of the d-wave and the p-wave (d1) components, respec-
tively. The heat current J was taken to be along one of the
nodes of the d-wave gap. The nodes of the p-wave order
parameter were arranged to either coincide with J (and one
of the nodal directions of the dwave) or to be perpendicular
to it. Addition of the p-wave component with imaginary
phase guaranteed that the antinodes of the p wave gap the
nodes of the dwave parallel to them and reduce the thermal
conductivity of their quasiparticles. The calculations,
shown in Fig. 5, demonstrate that thermal conductivity
is reduced much more, between a factor of 5 and 10, when
the p-wave nodes are perpendicular to J; i.e., the p-wave
antinodes gap the d-wave nodes that are along the heat

FIG. 4. Schematics of the d-wave (green) and the p-wave
PDW (orange, described by the vector d1) superconducting
order parameters, the QSDW vectors and the corresponding
gaps (magenta arrow and arcs, respectively), and the mag-
netic-field directions (cyan arrow). A combination of a SDW
[28] and a p-wave PDW [14,27] d1 component is consistent with
the thermal conductivity data. (a) When QSDW⊥J, the p-wave
antinodes gap the nodes of the d wave along J (black arrow),
sharply reducing the thermal conductivity. (b) The effect of the
SDW gapping the nodes along J must be smaller (by a factor
of approximately 2) than the similar effect of the p-wave PDW
state in (a).
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transport. This means that the d-wave nodes along the heat
flow dominate thermal transport because the velocity of the
quasiparticles in these nodes has a large component parallel
to the direction of the heat current.
These calculations also allow us to estimate the relative

magnitude (a) of the p-wave order parameter required to
achieve the reduction of thermal conductivity by 19%
observed experimentally for the case of QSDW⊥J. The
hypersensitivity of QSDW is due to the spin-orbit coupling,
whereas the observed anisotropic thermal conductivity is
due to the appearance of the allowed d1 component of the
p-wave PDW. The reduction of thermal conductivity when
QSDW points along the heat current J (QSDW∥J, when the
dominant nodes along J are gapped by the SDW) is less
than half of the reduction for the case of QSDW⊥J, where
the nodes along J are gapped by the secondary p-wave
component. The contribution of the SDW to the reduction
of thermal conductivity in the latter case is reduced even
further, by a factor of 10, as seen in Fig. 5. Therefore, when
QSDW⊥J, we can neglect the effect of SDWon the thermal
conductivity for the purpose of making an estimate of the
magnitude of the p-wave order parameter. We then con-
sider the case of the p-wave nodes perpendicular to the
heat current, shown in Fig. 5. The horizontal dashed line
represents the observed suppression of thermal conduc-
tivity for QSDW⊥J, and we can read off the magnitude of

the p-wave d1 component from their intersections with the
blue (p-wave nodes⊥J) curve (vertical dashed lines). The
resulting a ≈ 0.2, a reasonable number for the amplitude of
a secondary superconducting order parameter. We can
roughly estimate the magnitude of the SDW gap (or the
equivalent p-wave gap) required to suppress the thermal
conductivity by 8%, as observed experimentally for
QSDW∥J. We obtain the SDW gap to be approximately
10% of the primary d-wave order parameter, half of the
average p-wave PDW gap.

APPENDIX C: FFLO STATE AS THE ORIGIN OF
HYPERSENSITIVITY vis-à-vis THERMAL

CONDUCTIVITY IN THE Q PHASE

Strong Pauli-limiting effects [39], evidenced by a first-
order superconducting transition [7] above 10 T, and an
extremely long electron mean-free path in the supercon-
ducting state [40] raise the possibility of the formation of a
spatially inhomogeneous FFLO state. The FFLO state is
characterized by a wave vector qFFLO, with the super-
conducting order parameter in the Larkin-Ovchinnikov
(LO) scenario varying as Δ ¼ jΔj cosðqFFLO · rÞ and lead-
ing to a periodic array of nodal planes perpendicular to
qFFLO where the superconducting gap (Δ) is zero. There is a
number of experiments that are consistent with a FFLO
state in CeCoIn5. One of the most notable works is the
NMR investigation [41] that showed the resonance signal
expected from the normal electrons in the FFLO nodal
planes. The fragile nature of the Q phase found in the
doping experiment [42] also implies the existence of the
FFLO state [43].
As stated in the main text, the proposal for the origin of

the hypersensitivity of QSDW based on the formation of a
FFLO state [29] does not explain the thermal conductivity
data. Within this theory, qFFLO is parallel to H, and qFFLO
rotates gradually through [100] together with the magnetic
field. The FFLO state will therefore provide a smooth
background to the thermal conductivity as the field
rotates. With only a SDW present in addition to a FFLO
state, the SDW will dominate the response in the vicinity of
the switching region around θ ¼ 45° and give
κ=TðQSDW∥JÞ < κ=TðQSDW⊥JÞ, which is in contrast to
the experimental result. To reconcile this theory with the
data, the requirement that qFFLO∥H must be relaxed.
In fact, qFFLO was shown to lie along the nodes in the

majority of the FFLO phase or along the antinodes of the
d-wave order parameter [44] when orbital (vortex) effects
were not considered. The interaction between a FFLO and a
SDW [17,29,45] also prefers QSDW⊥qFFLO and would
therefore tend to align qFFLO along the d-wave nodes in
the Q phase of CeCoIn5. This alignment occurs because
Cooper pairs traveling in a direction perpendicular toQSDW
experience a uniform magnetization, and it is preferable
for superconductivity to be modulated in this direction [45].
If these requirements were allowed to be satisfied, i.e., if

FIG. 5. The calculated thermal conductivity as a function of the
relative amplitude a of the p-wave component for jΔdj þ iajΔpj
pairing symmetry without normalization for two orientations of
the p-wave component d1 with respect to the heat current J
depicted in Figs. 4(a) and 4(b) of the main text. The nodes of the
p-wave component are either perpendicular to J [Fig. 4(a)] or
parallel to it [Fig. 4(b)]. The electron mean-free path l ¼ 10ξ,
where ξ is the superconducting coherence length, T ¼ 0.05Tc,
andH ¼ 0.3Hc2, whereHc2 is the orbital upper critical field. The
reduction of κ is much stronger when the p-wave antinode is
along the heat current (p-wave nodes⊥J) because the p-wave
antinode gaps the d-wave nodal quasiparticles with momenta
along the heat current J. In contrast, when the p-wave antinode is
perpendicular to J (p-wave nodes∥J), the p-wave antinode only
gaps quasiparticles with momenta perpendicular to the heat
current, resulting in a much smaller effect. The thermal transport
in a d-wave superconductor is therefore dominated by the
quasiparticles in the nodes that are along the heat current.
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qFFLO is allowed to not followH and to instead lie along the
d-wave nodes and be perpendicular toQSDW, the following
will take place: ForQSDW⊥J, qFFLO∥J, and the FFLO nodal
planes would be perpendicular to J [Fig. 7(a)] and increase
quasiparticle scattering, decreasing κ. For QSDW∥J,
qFFLO⊥J, and the FFLO nodal planes would be parallel
to J [Fig. 7(b)], increasing both the density of states of
quasiparticles with momentum k along J and κ. The effect
of the FFLO state described therefore has the right trend
and, if larger than the effect of the SDW, could explain
the thermal conductivity data. The requirement that qFFLO

cannot be allowed to follow the magnetic field is neces-
sitated by the fact that the changes must take place abruptly
at θ ¼ 45°, and after that, the orders relevant to thermal
conductivity must remain constant until the next antinodal
plane of the dwave (at θ ¼ −45° or θ ¼ 135°) is crossed by
the applied magnetic field.
In summary, to be compatible with our thermal conduc-

tivity data, the FFLO-based scenario for hypersensitivity
[29] must be modified to allow qFFLO to be locked to the
nodal direction of the primary d-wave order parameter,
with a possibility that needs to be tested theoretically and
experimentally. In particular, small-angle neutron-scatter-
ing (SANS) measurements, with the neutron flux along the
nodal [110] direction and the magnetic field applied to
select qFFLO∥½11̄0�, may reveal the FFLO state if it is
present.

APPENDIX D: SLIDING MODE OF A
SPIN-DENSITY WAVE

We rule out a contribution of the sliding mode of the
SDW. A sliding mode along the ordering wave vector
QSDW can be expected in an incommensurate SDW state
[46]. Such effects depend heavily on pinning the SDW at
impurity centers. When an incommensurate charge-
density-wave (CDW) is depinned at a critical driving
potential, the current it carries is a nonlinear function of
the driving potential. We therefore expect a nonlinear
response of thermal conductivity as a function of a
sufficiently large thermal gradient in the sample. Our
measurements for high thermal gradients (between 30%
and 80% higher than normal) are also displayed in
Fig. 2(a). We did not observe any changes in thermal
conductivity as a function of thermal gradient. Either the
SDW remains pinned by impurities, or the contribution of
the sliding mode to thermal conductivity is negligible.
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