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In the Bardeen–Cooper–Schrieffer theory of superconductivity,
electrons form (Cooper) pairs through an interaction mediated
by vibrations in the underlying crystal structure. Like lattice
vibrations, antiferromagnetic fluctuations can also produce an
attractive interaction creating Cooper pairs, though with spin
and angular momentum properties different from those of
conventional superconductors. Such interactions have been
implicated for two disparate classes of materials—the copper
oxides1,2 and a set of Ce- and U-based compounds3. But because
their transition temperatures differ by nearly two orders of
magnitude, this raises the question of whether a common pairing
mechanism applies. PuCoGa5 has a transition temperature inter-
mediate between those classes and therefore may bridge these
extremes4. Here we report measurements of the nuclear spin-
lattice relaxation rate and Knight shift in PuCoGa5, which
demonstrate that it is an unconventional superconductor with
properties as expected for antiferromagnetically mediated super-
conductivity. Scaling of the relaxation rates among all of these
materials (a feature not exhibited by their Knight shifts) estab-
lishes antiferromagnetic fluctuations as a likely mechanism for
their unconventional superconductivity and suggests that related
classes of exotic superconductors may yet be discovered.
Cooper pairs, which have zero net spin and angular momenta in

conventional superconductors, condense into a macroscopic quan-
tum state that is separated energetically from all unpaired electrons
by a finite gap D. Because of this gap, measurements that probe the
electronic density of states near the Fermi energy exhibit a thermally
activated temperature dependence below the superconducting
transition temperature T c. On the other hand, Cooper pairs formed
by the exchange of antiferromagnetic spin fluctuations possess even
parity and non-zero angular momentum5; consequently, the super-
conducting energy gap is not finite everywhere but vanishes at
points or along lines in momentum space. These gap nodes have a
profound influence on the properties observed at low temperature.
For any finite temperature, well-defined electronic excitations or
quasiparticles reside at these nodes, and measurements sensitive to
the electronic density of states exhibit power-law variations with

temperature that depend solely on the topology of the gap zeros.
The high-T c copper oxides and certain Ce- and U-based com-

pounds, called heavy-fermion materials, have unconventional,
nodal superconducting gaps and support antiferromagnetic fluctu-
ations that lead naturally to these gap structures. These fluctuations
common to both classes of materials are a consequence of strong
electron–electron correlations: both the d-electrons in the copper
oxides and the f-electrons in the heavy fermionmaterials experience
strong on-site Coulomb repulsion that introduces elements of both
localized and itinerant behaviour. In the d-electron materials these
correlations create a Mott insulator in the undoped case and in the
f-electron systems lead to enhanced effective electron mass.
PuCoGa5 crystallizes in exactly the same structure as does one of
these unconventional, heavy-fermion superconductors: CeCoIn5.
Their common crystal structure and similarities of magnetic prop-
erties derived from nearly localized f-electrons suggest that
PuCoGa5may also be an unconventional superconductor. However,
the T c of PuCoGa5 is nearly an order of magnitude higher than that
of CeCoIn5 (T c ¼ 2.3 K, the highest T c among heavy-fermion
systems)6, but comparable to that of many conventional super-
conductors, such as Nb3Sn (T c < 18K). Without a direct probe of
the gap symmetry of PuCoGa5 it has been impossible to differentiate
conclusively between these two scenarios.

Nuclear magnetic resonance (NMR) and nuclear quadrupolar
resonance (NQR) are powerful techniques used to make this
distinction7–12. Both techniques probe the density of quasiparticle
excitations, N(E), with excitation energy E above the Fermi energy,
and reveal information about the spin state of the Cooper pairs and
the pairing symmetry of the gap function in momentum space,
D(k). We have used NMR and NQR tomeasure the Knight shift, K s,
and the nuclear spin-lattice relaxation rate, T1

21, of the 59Co and
69,71Ga nuclei in the normal and superconducting states of two
samples of PuCoGa5. Figure 1a shows a series of

71Ga NMR spectra
obtained from Sample A (see Methods) from which the total
Knight shift K tot is determined straightforwardly. Similar data
were collected from 59Co NMR (not shown). The temperature
dependence of these shifts, plotted in Fig. 1c, reveals a pronounced
drop in K tot of both

71Ga and 59Co nuclei at T c. In the normal states

Figure 1 Knight shift measurements in PuCoGa5. a, NMR spectra of
71Ga in 8 T at a series

of temperatures through Tc. The spectra have been offset vertically for clarity. Solid lines

are gaussian fits. b, The normal-state magnetic shift K tot of the
59Co and 71Ga(1) versus

bulk susceptibility x. The intercepts and hyperfine constants are given by
59K orb ¼ 0.53%, 71K orb ¼ 0.088%, and 59A ¼ 1.5 kOe m B

21, 71A ¼ 4.1 kOem B
21.

Solid lines are fits to the low-temperature data. c, The total magnetic shift K tot of the
59Co

and 71Ga(1) versus temperature.

letters to nature

NATURE | VOL 434 | 31 MARCH 2005 | www.nature.com/nature622
© 2005 Nature Publishing Group 



of metals like PuCoGa5, K tot is the sum of two contributions:
K tot ¼ Korb þ K s, where Korb is temperature-independent, and
K s ¼ Ax s, where A is a hyperfine constant, and x s is the spin
susceptibility. The constants A and Korb were determined indepen-
dently for 59Co and 71Ga nuclei above T c, as shown in Fig. 1b.
Quantitatively accounting for both Korb and the demagnetization
field in the superconducting state, we obtain the temperature
dependence of x s shown in Fig. 2.

In the superconducting state, x s probes the spin symmetry of the
Cooper pair wavefunction. When two quasiparticles with up- and
down-spin form a Cooper pair with total spin of either S ¼ 0 or
S ¼ 1, the wavefunction is either antisymmetric (spin-singlet or
more generally even-parity) or symmetric (spin-triplet or odd-
parity) under particle exchange. For singlet pairing, x s decreases
in the superconducting state, but for triplet pairing x s remains
constant (depending on the orientation of the applied magnetic
field12). The decrease evident in Fig. 2 clearly establishes PuCoGa5 as
a spin-singlet superconductor. To satisfy Fermi statistics, the pair
wavefunction must be antisymmetric with respect to particle
exchange. Because the spin part of the wavefunction is antisym-
metric (singlet), the symmetry of the orbital component of the
wavefunction (given by (21)L, where the angular momentum
L ¼ 0, 1, 2, 3, … or s, p, d, f, …) must be symmetric, so L must
be even. Thus, the results of Fig. 2 leave open the possibility
that PuCoGa5 could be either a conventional s-wave or an uncon-
ventional superconductor with L . 0 and even.

Although x s drops below T c, as expected for spin-singlet pairing,
it should approach zero as T! 0 (neglecting minor vortex core
contributions). In an unconventional, nodal superconductor,
impurity scattering creates excitations in the superconducting gap
nodes, and hence a finite spin susceptibility. Impurity scattering in
PuCoGa5 is inevitable owing to lattice defects created by the recoil of
uranium atoms during the radioactive decay of the plutonium, for
example, 239Pu ! 235U þ a-particle13. The solid curve in Fig. 2,
discussed below, shows that the temperature dependence of x s is
described well by calculations that account for impurity scattering
in a d-wave superconductor.

Further evidence for nodal superconductivity is provided by

spin-lattice relaxation rate measurements on Sample B (see
Methods). T1

21 measures the rate at which a nucleus reaches an
equilibrium spin temperature; it is dominated by scattering between
the conduction electrons and the nuclear spins. In the supercon-
ducting state, the condensate cannot relax the nuclei without
breaking Cooper pairs, so the nuclei are predominantly relaxed by
quasiparticles. Because the symmetry of the orbital part of the
Cooper pair wavefunction determines the energy dependence of
N(E) below the energy gapD, T1

21 establishes the pairing symmetry.
The data are shown in Fig. 3a. Below T c, T1

21 exhibits a sharp
decrease, with roughly T1

21 / T3 behaviour, followed by T1
21 / T

at the lowest temperatures. In contrast to expectations for an s-wave
superconductor, the lack of a (Hebel–Slichter coherence) peak in
T1
21 just below T c and the power-law dependence of T1

21 are
identical to responses found in the copper oxide superconductors
and CeCoIn5 (refs 14, 15). Furthermore, the temperature depen-
dence of T1

21 in the normal state of PuCoGa5 is qualitatively
different than that observed in conventional BCS superconductors

Figure 2 Normalized spin susceptibility in the superconducting state. The 59Co (blue

circles) and 71Ga(1) (orange squares) data as well as calculations for pure d-wave (dotted

line) and dirty d-wave (solid line) gap functions are shown. The latter assumes strong

impurity scattering in the self-consistent T-matrix approximation (SCTA) with scattering

rate G A/D ¼ 0.03, gap D/k BTc ¼ 4 and b ¼ 1.74. Inset, the PuCoGa5 crystal

structure, with the Ga site index.

 

Figure 3 The spin-lattice relaxation rate in the normal and superconducting states.

a, T 1
21 data for the 69Ga(1), as well as calculations for BCS isotropic s-wave (dashed),

pure (dotted) and dirty (solid) d-wave gap functions. The solid line in the normal state

shows T 0.35. b, (T 1T )
21/(T 1T )

21
0 versus T/Tc for PuCoGa5, as well as for the

unconventional superconductors YBa2Cu3O7 (Tc ¼ 92 K; ref. 7) and CeCoIn5 (Tc ¼ 2.3 K;

ref. 27), and the s-wave superconductors Al (Tc ¼ 1.178 K; ref. 8) and MgB2,

(Tc ¼ 39.2 K; ref. 11). The normalization constant (T1T )
21
0 is given by the value of

(T 1T )
21 at 1.25Tc (see Methods).
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(see Fig. 3b), but has been predicted for a relaxation rate dominated
by antiferromagnetic spin fluctuations16. Further, the normalized
relaxation rates of PuCoGa5, high-T c YBa2Cu3O7 andCeCoIn5 scale
onto a common curve as a function of the dimensionless parameter
T/T c. Althoughwe have chosen T c as an easily defined characteristic
energy, we also find that, with a spin-fluctuation energy of
T 0 < 270 K for PuCoGa5 (ref. 17), the T c and T 0 values of
PuCoGa5 have the same proportionality observed for several
other unconventional superconductors18 (see Supplementary
Fig. 1). The results of Fig. 3b, consequently, argue that PuCoGa5 is
indeed a bridge between extreme cases. A priori, we might expect a
similar scaling behaviour among the Knight shifts of these materials;
however, the long wavelength (q ¼ 0) response in the normal state of
these systems is quite different from the finite q response that
dominates the spin lattice relaxation2 (see Supplementary Fig. 2).
Self-consistency of our results is provided by calculations of the

temperature dependence of T1
21 below T c for sample B and the

Knight shift for sample A within the framework of a self-consistent
T-matrix approximation (SCTA)19,20, considering the effects of
impurity scattering on both s- and d-wave pairing scenarios. The
T1
21 data are best-fitted (Fig. 3a, solid curve) by a strong-coupling

d-wave gap function with lines of nodes and the parameters
D/kBT c ¼ 4 and GB/D ¼ 0.01, where GB is the impurity scattering
rate for sample B. This gap value is significantly enhanced relative to
the d-wave weak-coupling limit D/kBT c ¼ 2.14 and very similar to
that determined for CeCoIn5 (ref. 15). The temperature dependence
of x s (Fig. 2 data) is fitted using the same gap magnitude, but with
GA/D ¼ 0.03 for sample A. The difference in the impurity
lifetime broadening DG ¼ GA 2 GB is due to the age difference
and hence impurity scattering in samples A and B. From the
Abrikosov–Gorkov relationship21 DT c ¼ (p/4)DG, this difference
(DG/D ¼ 0.02) implies DT c ¼ 1.2 K, in agreement with both the
difference in T c values of the two samples and time-dependent
studies of T c suppression (dT c/dt < 2 0.24 K per month;
Jutier, F. et al., unpublished work). From our fits, we estimate
dG/dt < 0.25 K per month, which implies that T c0 ¼ 19.1 K for
pristine, defect-free PuCoGa5, a value roughly half that of recent
theoretical predictions22.
The total electronic energy calculations for PuCoGa5 and its

isostructural neighbour NpCoGa5 predict that both should order
antiferromagnetically23. As predicted, NpCoGa5 is an antiferro-
magnet below the Néel temperature TN < 47 K (ref. 24), but
there is no evidence for long-range magnetic order above 1 K in
PuCoGa5 (ref. 25). These calculations neglect the role of many-
electron correlations that lead to a nearly magnetic state in Ce- and
U-based heavy-fermion systems, which, in the absence of such
correlations, would order magnetically. The existence of these
correlations is predicted for Pu-based materials26 and is reflected
in PuCoGa5 through its enhanced electronic specific heat
coefficient, g < 95mJmol21 K22 (ref. 17). As with the copper
oxides and heavy-fermion systems like CeCoIn5, the Cooper pairing
in PuCoGa5 is most probably mediated by antiferromagnetic
fluctuations arising from proximity to an antiferromagnetic/para-
magnetic border.
It thus appears that PuCoGa5 establishes continuity in the

spectrum of energy scales controlling unconventional supercon-
ductivity in other f-electron systems and in the copper oxides, and
that a universal tunable magnetic pairing mechanism may be
operative in all materials with functional elements of both localized
and itinerant electrons. This leads naturally to the speculation that
there may be other materials classes in which antiferromagnetic
fluctuations create an exotic form of superconductivity. A

Methods
Spin lattice relaxation and Knight shift analysis
There are several nuclei in PuCoGa5 that can be investigated byNMR: 69Ga (I ¼ 3/2), 71Ga
(I ¼ 3/2), and 59Co (I ¼ 7/2). The nuclear hamiltonian is given by

Ĥ¼ ghÎB0ð1þK totÞþ hnc½3Î
2
z 2 hðÎ2x 2 Î2y Þ�, where h is Planck’s constant, g is the

gyromagnetic ratio, B0 is the external magnetic field, n c ¼ eQV cc/20, h ¼ (Vaa 2 Vbb)/
V cc,Q is the quadrupolar moment and theV values are the components of the electric field
gradient tensor. In the PuCoGa5 structure (Fig. 2 inset) (space group P4/mmm), the Co
(1b site) lies directly below and above each Pu, has axial symmetry, and experiences an
electric field gradient given by 59nQ ¼ 1.70MHz, h ¼ 0. There are two different 69,71Ga
sites: Ga(1) (1c site) and Ga(2) (4i site). The Ga(1) site has axial symmetry, has four
nearest-neighbour Pu atoms, and experiences a large electric field gradient:
69nQ ¼ 28.28MHz, h ¼ 0. For the Knight shift measurements, both the central line
(Iz ¼21=2$þ1=2) of the Co and the upper satellite of the 71Ga (Iz ¼þ3=2$þ1=2)
were measured. The resonance frequencies f of these transitions can be written in second-
order perturbation theory (because gB0 .. nQ) by:

59f ¼59 gB0ð1þKÞ þ 15£59 n2Q=ð16£
59 gB0Þ½12 10cos2ðvÞþ 9cos4ðvÞ� ð1Þ

71f ¼71 gB0ð1þKÞ þ71 nQð12 3cosð2vÞÞ=4þ 3£71 n2Q=ð2£
71 gB0Þcos

2ðvÞsin2ðvÞ ð2Þ

where v is the angle between B0 and the c axis of the crystal. T1
21 was measured at the zero-

field quadrupolar transition (Iz ¼^3=2$^1=2) of the 69Ga(1) by fitting the time
dependence of the magnetization recovery after inversion of the nuclear polarization.
Sample A, used to measure K s, was a single crystal oriented with the c axis 74.38 from the
applied field (8 T) and was measured six months after its growth. Because of radiation
damage, the T c of sample A was reduced from its as-grown value of 18.5 K and in the
measuring field of 8 Twas ,16K. Sample B, used to measure T1

21, consisted of an
unoriented powder that had aged two weeks, with T c < 18.5 K. Each sample was
encapsulated inside an NMR solenoid coil embedded in Stycast epoxy. Thermal contact to
the sample was established via gas transfer through stainless steel frits with 2-mmpore sizes
located along the axis of the coil.

In the superconducting state, there is a third contribution to the total shift: 2DB/B0,
where DB (the demagnetization field) measures the reduction in the internal magnetic
induction due to the diamagnetic shielding currents induced by the applied field. By
measuring two different sites (59Co and 71Ga(1)) in PuCoGa5, we determine DB < 40Oe
at 4 K (ref. 9). Because of the field orientation in our experiment, we can rule out a spin-
triplet pairing state with a d-vector pointing along the crystallographic c axis, as proposed
for the spin-triplet superconductors Sr2RuO4 and UPt3 (ref. 12).

For the theoretical fits we modelled the temperature dependence of the strong-
coupling superconducting gap function as DT ¼ Dtanh[b(T c/T 2 1)0.5]. The ratio of
the specific-heat jump to CN (the normal-state specific heat at T c) constrained the
phenomenological parameters D and b as follows: DC/CN ¼ (bD/(pkBT c))

2/(2a), with
a ¼ 2/3 for a free-electron gas. Our choice of parameters D/kBT c ¼ 4 and b ¼ 1.74 lead to
a moderately enhanced coefficient a < 1.1–1.7 for DC/CN < 1.43–2.28, consistent with
reported values for the Sommerfeld coefficient g s ¼ CN/T for T ! 0 (refs 4, 23).

The spin lattice relaxation and spin susceptibility data were fitted to:

T21
1 ðTÞ=T21

n ¼22ðT=TcÞ

ð1
0

dE½N2ðEÞ þM2ðEÞ�=N2
F df ðEÞ=dE ð3Þ

xsðTÞ=xn ¼22ðT=TcÞ

ð1
0

dENðEÞ=NFdf ðEÞ=dE ð4Þ

where f(E) is the Fermi–Dirac function,NF is the density of states at EF, Tn
21 is the normal

state relaxation rate at T c , and M(E) is the ‘anomalous’ density of quasiparticle states,
which vanishes for d-wave superconductors. The ‘dirty’ d-wave calculation (assuming a
finite density of states from impurities) in Fig. 3a assumes strong impurity scattering in the
SCTAwith GB/D ¼ 0.01, D/kBT c ¼ 4 and b ¼ 1.74. Note that it is not possible to fit both
the suppression of the Hebel–Slichter coherence peak just below T c and the linear low-
temperature behaviour with an isotropic s-wave pairing model, even when magnetic
impurity scattering is included.

The normal-state relaxation rate data shown in Fig. 3b have been normalized to the
value at 1.25T c in order to avoid complications associated with the pseudogap effect,
which suppresses T1

21 in the normal state just above T c in the copper oxides14. There is a
qualitative difference between the conventional and the d-wave superconductors below
and above T c. For the d-wave superconductors, the relaxation rate is given by a single
scaling function f(T/T c) up to at least 3T c.
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Time-resolved optical spectroscopy is widely used to study
vibrational and electronic dynamics by monitoring transient
changes in excited state populations on a femtosecond timescale1.
Yet the fundamental cause of electronic and vibrational
dynamics—the coupling between the different energy levels
involved—is usually inferred only indirectly. Two-dimensional
femtosecond infrared spectroscopy based on the heterodyne
detection of three-pulse photon echoes2–7 has recently allowed
the direct mapping of vibrational couplings, yielding transient

structural information. Here we extend the approach to the
visible range3,8 and directly measure electronic couplings in a
molecular complex, the Fenna–Matthews–Olson photosynthetic
light-harvesting protein9,10. As in all photosynthetic systems, the
conversion of light into chemical energy is driven by electronic
couplings that ensure the efficient transport of energy from light-
capturing antenna pigments to the reaction centre11. We monitor
this process as a function of time and frequency and show that
excitation energy does not simply cascade stepwise down the
energy ladder. We find instead distinct energy transport
pathways that depend sensitively on the detailed spatial proper-
ties of the delocalized excited-state wavefunctions of the whole
pigment–protein complex.
The Fenna–Matthews–Olson (FMO) bacteriochlorophyll a

(BChl) protein of green sulphur bacteria serves both as an antenna
for collecting light energy and as a mediator for directing light
excitations from the chlorosome antenna to the reaction centre9–12.
The FMO protein is a trimer of identical subunits, each containing
seven BChl pigments. Because of its comparatively simple structure
it is often employed as a model system for excitonic (delocalization)
effects in photosynthesis research13. However, it is not clear to what
extent individual spectral features, such as those in the linear FMO
absorption spectrum, are caused by differences in site energies
(arising from the interaction of the BChl pigments with their
local protein environment) or by energy splitting from excitonic
coupling (that is, pigment–pigment interaction)14–16. With two-
dimensional femtosecond spectroscopy, couplings can be made
visible directly.
Two-dimensional (2D) optical spectroscopy3,8,17–21 measures the

full nonlinear polarization of a quantum system in third order with
respect to the field–matter interaction3,8,22. A sequence of three
ultrashort laser pulses excites the sample, and the emitted phase-
matched signal field is detected in amplitude and phase as a function
of optical frequency and the three experimentally controlled exci-
tation-pulse time delays t, Tand t. Fourier transforms of the data8,21

reveal complex-valued 2D (qt, q t) frequency maps of the system’s
response, whereqt and q t are the conjugate Fourier frequencies of t
and t. The real part can be interpreted as the transient field
amplitude at a particular probe frequency q t, induced by a specific
excitation frequency qt, after the waiting time (population time) T.
The imaginary part describes transient changes in the refractive
index. Whereas diagonal peaks in the 2D traces correspond to
linear absorption positions, any off-diagonal contributions indi-
cate coupling and, for T . 0, energy transfer. In the infrared
regime, 2D maps for vibrational couplings have been deter-
mined2,4–7, yielding transient structural information. Two-colour
photon-echo spectroscopy has been used to study electronic
coupling in a homodimer23, but molecular cross-peak features
for electronic transitions in the visible range have not yet been
reported.
The experimental 2D trace of the FMO complex for T ¼ 0 fs is

shown in Fig. 1a. The positions of the three main diagonal peaks
match the linear absorption spectrum below (Fig. 1d, solid black
line). Elongation of these features along the diagonal indicates a
correlation between excitation and emission frequencies within the
same pigment and hence inhomogeneous spectral broadening2,24,25.
Analysis of the 2D contour shapes can recover the homogeneous
linewidths. More importantly, however, several off-diagonal fea-
tures (positive and negative) are clearly visible. Using an assignment
of exciton levels (horizontal and vertical lines numbered 1–7 in
Fig. 1a), one can qualitatively identify the extent of mutual corre-
lations as the magnitude of the corresponding cross peaks. Quan-
titative evaluation is done by comparisonwith simulations as shown
below. The cross-peak amplitude is determined by quantum-
mechanical interference from different nonlinear optical transition
pathways. Because of the electronic coupling between pigments, the
excitonic transition dipoles become linear combinations of pigment
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