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The interplay of magnetic and charge fluctuations can lead
to quantum phases with exceptional electronic properties.
A case in point is magnetically-driven superconductivity1,2,
where magnetic correlations fundamentally affect the under-
lying symmetry and generate new physical properties. The
superconducting wavefunction in most known magnetic super-
conductors does not break translational symmetry. However,
it has been predicted that modulated triplet p-wave super-
conductivity occurs in singlet d-wave superconductors with
spin-density-wave (SDW) order3,4. Here we report evidence
for the presence of a spatially inhomogeneous p-wave Cooper
pair-density wave in CeCoIn5. We show that the SDW domains
can be switched completely by a tiny change of the magnetic
field direction, which is naturally explained by the presence of
triplet superconductivity. Further, the Q-phase emerges in a
common magneto-superconducting quantum critical point. The
Q-phase of CeCoIn5 thus represents an example where spatially
modulated superconductivity is associated with SDW order.

Superconductivity emerges in solids when electrons form
Cooper pairs at low temperatures and condense in a macro-
scopically coherent quantum state, leading to zero-resistance and
diamagnetism. For most phonon-mediated superconductors, the
symmetry of the superconducting gap function is an isotropic
singlet s-wave that does not break the symmetries of the underlying
lattice. Unconventional superconductors5,6 adopt more complex
wavefunctions: singlet d-wave in cuprates, extended s-wave for
the pnictides and p-wave in ruthenates7. Although co-existing
wavefunctions are theoretically possible, most superconductors are
adequately described by just a single wavefunction. Here we provide
evidence that p-wave superconductivity emerges in a d-wave su-
perconductor and couples to a SDW—forming a unique quantum
phase with a spatially inhomogeneous superconducting Cooper
pair-density wave (PDW).

The stoichiometric heavy-fermion superconductor
CeCoIn5 serves as a model material for studies of dx2−y2-
wave superconductivity8,9. It shares many properties with the
cuprate superconductors, such as the zero-field superconducting
wavefunction10–12 symmetry, a quasi-two-dimensional Fermi
surface13 and a spin resonance in the superconducting state14. Su-
perconductivity emerges below Tc(0)= 2.3K and is Pauli-limited.
The superconducting phase transition becomes first-order15 close
to Hc2(0), where SDW order has been observed that only exists in
the Q-phase situated inside the superconducting phase16–18. The
SDW propagation is pinned along the dx2−y2-line nodes, where
low-energy quasiparticles allow for electron nesting17 (Fig. 1a).
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In some microscopic theories addressing the nature of the
Q-phase, the formation of a spatially modulated Fulde–Ferrell–
Larkin–Ovchinnikov (FFLO) state plays a central role19. Other
theoretical approaches emphasize SDW nesting20,21. Phenomeno-
logically it has been shown3,16 that SDW order in a d-wave super-
conductor always couples to a PDW of mixed singlet/triplet nature.
The precise symmetry properties of possible coupling terms have
been presented by Agterberg et al.4:
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where ∆0, M z
Q and ∆−Q represent the dx2−y2 , SDW and PDW

order parameter, respectively. The finite-momentum (−Q) triplet
PDWcomponent is required to conservemomentum (translational
symmetry). An FFLO state would be only weakly modulated,
qFFLO < Q, and so a phenomenological interaction coupling to
FFLO order in the presence of SDW would require additional,
higher-order coupling terms.

We searched for evidence of coupling terms V1 or V2 through
an investigation of the lower Q-phase boundary. Figure 1b shows a
high-statistics measurement of the H -dependence of the magnetic
Bragg peak intensity for H ‖ [100] and [110]. The onset of the
magnetic scattering occurs at a continuous phase transition at
µ0HQ(0) ≈ 9.8 T, is independent of the field direction in the
basal plane and grows linearly with field. It corresponds also
to the field strength H0 ≈ HQ(0), where the superconducting
transition becomes first-order15. The magnetic neutron intensity is
proportional to the square of the magnetic moment I ∝M 2, that
is, the measured SDW order parameter grows asM ∝ (H/H0−1)β
with a critical exponent β ≈ 0.5—as expected for a quantum
phase transition. Our data excludes an additional phase22 adjacent
to the Q-phase.

Microscopic theories that rely on nesting and an increased
density of states naturally lead to the coexistence of Q-domains
or the emergence of so-called double Q-phases, particularly for
H ‖ [100]. The two possible SDW domains Qh and Qv, associated
withQ= (q,±q,0.5), are shown in Fig. 2a–c. For fieldsH‖[110], we
find all four horizontal Bragg peaks associatedwithQh, one of which
is shown in Fig. 2d.However, no peaks belonging to theQv-domain,
as for example (0.44,−0.44,0.50), were detected (Fig. 2e), showing
that only one of the two SDW domains is populated for fields along
the nodal direction. Even for a field along the anti-nodal direction
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Figure 1 |A novel magneto-superconducting quantum critical point. a, dx2−y2 -superconducting wavefunction and external magnetic field H along the
nodal [110] and fully gapped [100] direction, where identical SDW order was detected16,17. b, The nature of the lower Q-phase boundary for H ‖ [110] (blue
diamonds) and [100] (red circles) was investigated by probing the magnetic Bragg peak intensity as a function of H at T=40 mK and 80 mK, respectively.
Magnetism appears in a continuous second-order phase transition. Thus, a magnetically driven quantum critical point is located inside the
superconducting phase at HQ(0). The onset field µ0HQ≈9.8 T, coincides with the field strength H0, where the superconducting transition becomes
first-order and anisotropic (see inset). Solid blue and red lines depict linear fits to the intensity I110 and I100, respectively. Blue, red and grey dashed lines are
guides to the eye for Hc2,110, Hc2,100 and the background, respectively. Error bars correspond to 1 standard deviation (s.d.).
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Figure 2 | Imbalance of the Q-phase domain population. a,b, SDW domains in real space: magnetic moments M ‖ [001] are modulated perpendicular to
the orthogonal propagation vectors Qh and Qv. c, Corresponding magnetic Bragg positions form an eightfold star of Q-vectors in reciprocal space. The
orange subset of equivalent positions Qh= (q,q,0.5) lies completely in the horizontal scattering plane, whereas the grey Qv= (q,−q,0.5) domain has
vertical components H ‖ [110]. d, Diffracted intensity of the Qh-domain at T= 50 mK and µ0H= 11.2 T for H ‖ [110] (red circles). Magnetic scattering is
absent in the normal state (µ0H= 12.0 T, blue diamonds). The scan is shown in reciprocal lattice units (r.l.u.). e, Background-subtracted diffracted
intensity I11.2 T−12.0 T (red circles) of a rotation ω-scan at (0.44,−0.44, 0.5) for H ‖ [110] at T= 50 mK, with a moving average of nearest neighbours for the
normal state data, indicates an unpopulated Qv-domain. Lines depict Gaussian fits to the data. Error bars correspond to 1 s.d.

(H ‖ [100]), where both Q-domains are identical by symmetry, we
find a mono-domain state (see Supplementary Discussion). The
angleψ betweenH and [100]was smaller than 0.2◦. This is evidence
against the available microscopic theories and suggests the presence
of an additional order parameter such as a PDW.

The observation of only one SDW domain for H ‖ [100] points
towards a hypersensitivity of the Q-phase with respect to H. To
determine the switching field direction, we equipped the dilution
refrigerator with a piezoelectric attocube sample rotator. Figure 3a
shows the integrated Bragg peak intensity of the Qh- and Qv-
domains as a function of the angle ψ (Fig. 3b). The domain
population can be fully switchedwithin only∆ψ≈0.1◦.

The nature of the SDW switch was further probed at (q,±q,0.5)
by rotating H without leaving the Q-phase. We find a first-order
domain switching with a hysteresis of only ∆ψ ≈ 0.2◦ (Fig. 3c,d).
This provides evidence that the two coexistent single-Q SDW

domains are not in a coherent superposition (double-Q-state) for
|ψ | ≤ 0.05◦, because the domain population changes hysteretically
from unpopulated to populated.

The observed hypersensitivity of theQ-domain on the magnetic
field direction is remarkable. A Zeeman term M ·H that controls
magnetic domains in other SDWmaterials, such as Cr orMnSi, can
be excluded as the origin: the SDW ordered moments M ‖ [001]
are perpendicular to H for all fields in the tetragonal plane16,17.
Alternatively, if the Q-phase were FFLO driven, it is possible that
weakly localized magnetic moments at FFLO nodal planes19 could
lead to SDWmono-domains through the difference of the horizon-
tal and vertical SDW coherence length. However, this scenario does
not easily explain the hypersensitivity of the mono-domain state
around [100], which would require a fine-tuning of interactions.
Similar modifications would be necessary if the Q-phase were
purely nesting driven20.
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Figure 3 | Switching of magneto-superconducting domains. a, Integrated intensity of the Qh- (red circles) and the Qv-domain (blue diamonds),
normalized to the averaged respective full population, as a function of the tilt angle ψ (see sketch b). A mono-domain population is observed for
|ψ | ≥0.05◦, which can be macroscopically switched in a sharp transition. Thus, the magnetic field direction allows direct access and control of the
complex quantum state in the Q-phase. The magneto-superconducting state was newly prepared for each field direction. c,d, Measurement of the
hysteresis ψ ≈0.2◦ of the first-order domain switch by field rotation without leaving the Q-phase. Data measuring while increasing (decreasing) the tilt
angle are in red (orange) circles (c) and dark blue (light blue) diamonds (d). Lines and shaded areas are guides to the eyes. Error bars correspond to 1 s.d.
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Figure 4 |A Cooper PDW in the Q-phase. a, A phenomenological lowest-order linear coupling term of dx2−y2 -superconductivity and incommensurate
SDW order requires, as a result of momentum conservation, the appearance of an additional triplet PDW component. The constraints in the Q-phase allow
only one particular triplet state, represented by a linear combination of two dumbbell-shaped p-wave gap functions. The schematic shows the d1-triplet
component for H ‖ [110], where electron nesting of low-energy quasiparticles is only possible along the nodes perpendicular to the field direction (Q⊥H).
The triplet component also accounts for the hypersensitive switching of the SDW close to H ‖ [100]. The point symmetry of the gap functions is shown.
The nodes of both the d- and p-wave superconducting gap functions are in reciprocal space. b, Representation of the local PDW gap structure along the
[110] direction in real space. The Cooper pair-density wave is modulated in real space as a result of the direct coupling to the incommensurate SDW order.
This produces additional nodes in real space where the amplitude of the p-wave gap function is zero.

A simpler scenario, where a SDW and PDW are coupled in the
presence of the d-wave condensate is described by equation (1),
which involves singlet/triplet mixing. The symmetry of the PDW is
highly constrained: for H ‖ [110] and Qh = (q,q,0.5) the allowed
p-wave component is a linear combination of two spin-triplet
pairing vector functions d1(k)= (0,0,kx −ky) (nodes along [110],
Fig. 4a) and d2(k) = (kz ,−kz ,0) (nodal plane (h, l , 0)). As the
direction of the SDW Q-vector and the nodal direction of the
p-wavefunction are identical, the PDW and SDW can naturally
coexist and couple. In contrast, the gap functions4 allowed by the
alternate coupling in equation (2) do not produce nodes along
[110], and thus compete with SDW formation.

Experimentally, we observe that electron nesting in the Q-phase
occurs always along the dx2−y2-node direction that is more perpen-
dicular to the applied field (Q⊥H). Triplet components can feature
a strongly anisotropic magnetic susceptibility, as in the A-phase23
of 3He and also for d2(k). This provides a simple microscopic
mechanism for the switching behaviour:H controls the p-wave line
node, which simultaneously determines the direction of the SDW

wave-vector. As some components of the magnetic susceptibility
tensor of p-wave superconductivity do not change compared to
the normal phase, there are nuclear magnetic resonance lines at
the position of the normal state24. Our arguments are bolstered
by a significantly enhanced spin susceptibility25 in the Q-phase,
compared to the main d-wave phase, and by measurements of
the quasiparticle entropy26. The switching behaviour of the SDW
domains should also affect the thermal conductivity, making it
anisotropic and hypersensitive to the field direction.

Nuclearmagnetic resonance identified low-energy quasiparticles24
whose density of states scales with a critical exponent β ≈ 0.5,
identical to that of the SDW that we observe in our present study.
This suggests that the transition at HQ(0) also affects the electronic
structure, and may constitute a magneto-superconducting quan-
tum critical point involving both superconducting and magnetic
degrees of freedom. This is additional evidence for the presence of a
linear coupling term as described in equation (1).

Our results suggest that the quantum critical point for fields
in the tetragonal plane27 near Hc2(0) is located at HQ(0) and

128 NATURE PHYSICS | VOL 10 | FEBRUARY 2014 | www.nature.com/naturephysics

LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS2833

© 2014 Macmillan Publishers Limited. All rights reserved. 

http://www.nature.com/doifinder/10.1038/nphys2833
http://www.nature.com/naturephysics


involves both magnetic and charge degrees of freedom. It is
characterized with a relatively subtle change of the electronic
structure compared to what is expected in a Kondo breakdown
scenario. Probably a similar scenario can also explain the quantum
critical point28,29 observed for fields along the tetragonal axis,
where an anisotropic violation of theWiedemann–Franz law points
towards an anisotropic destruction of the Fermi surface30.

The sharp switching of magneto-superconducting domains
provides evidence for the condensation of a spatially modulated
triplet PDW (Fig. 4b), which emerges spontaneously with a SDW
at HQ(T ). Our experiment does not allow a distinction of whether
the SDW or the p-wave PDW drives the Q-phase. A non-unitary
extension of the proposed d-vector representatives4 may suggest a
related scenario, where SDW moments represent the ordering of
ferromagnetic components of the Cooper pair-density wave.

Our experiment confirms the general prediction that an incom-
mensurate SDW in a singlet superconductor can couple to a spa-
tially inhomogeneous triplet PDW (ref. 3). The method showcases
a new approach to study the properties of the quantum condensate
in a superconductor. Finally, the observed switching of magneto-
superconducting domains and themanipulation of a quantum state
using magnetic fields may represent a promising approach for the
encoding of quantum information in the solid state.

Methods
High-field neutron diffraction experiments were carried out on the thermal neutron
two-axis diffractometer D23 at the Institut Laue-Langevin, Grenoble, France and
the cold neutron triple-axis spectrometer RITA-II at the Swiss Spallation Neutron
Source SINQ, Paul Scherrer Institut, Villigen, Switzerland. The same CeCoIn5

single-crystal with a mass of 155mg was used on both instruments. Temperatures
down to T = 40mK and external magnetic fields of up to µ0H = 12.0 T were
reached with vertical-field cryomagnets and dilution refrigerator inserts. D23
is equipped with a lifting-arm detector, which allows measuring a wave vector
transfer with a vertical component, that is, along the magnetic-field direction.
Measurements on D23 were carried out with an incident neutron wavelength of
λn=1.28Å obtained from the (2, 0, 0) Bragg reflection of a flat Cumonochromator.
λn = 4.04Å from the (0, 0, 2) reflection of a vertically focusing pyrolitic graphite
monochromator was used on RITA-II. There, a beryllium filter in front of the
nine-bladed pyrolitic graphite multi-analyser minimized contributions of higher
order neutrons. Data shown in Fig. 1 were recorded by keeping the diffractometer
at the Bragg position, whilst rampingH . This is justified, because the peak position
moves much less than its resolution. q-scans are depicted in (h, k, l) reciprocal
lattice units (r.l.u.). Measurements with a rotating field direction were carried
out on the instrument D23 by using a non-magnetic piezoelectric sample rotator
(type ANGt50 from attocube systems AG) inside the dilution refrigerator. The
field direction was measured using a built-on Hall probe as well as through the
vertical tilt of (0, k, l) nuclear Bragg peaks. An additional thermometer located
next to the sample allowed an accurate measurement of the sample temperature
(see Supplementary Methods).
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