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We report a theoretical investigation of the electronic structure of the plutonium-based medium-high-Tc

superconductor PuCoGa5, on the basis ofab initio local spin-density functional calculations. We furthermore
report electronic structure calculations of the related actinide compounds PuRhGa5, PuIrGa5, UCoGa5,
NpCoGa5, and AmCoGa5. PuRhGa5 is a superconductor as well, whereas the other materials do not become
superconducting. The equilibrium lattice parameters within the tetragonal HoCoGa5 crystal structure are well
reproduced for UCoGa5, NpCoGa5, as well as for the three isoelectronic Pu-115 compounds when we assume
delocalized 5f states. The possibility of a partial 5f localization occurring for the Pu-115 compounds is
discussed. The electronic structures of the three Pu-115 compounds are computed to be rather similar: in each
of the Pu-115 materials the density of states at the Fermi energy is dominated by the Pu 5f contribution. Our
total-energy calculations predict antiferromagnetic order to be favorable for all three Pu-115 materials, which
is, however, observed experimentally for PuIrGa5 only. Within the Pu-115 series some small changes of the
bands near the Fermi energy occur, which could be relevant for the superconductivity. A comparison of theab
initio calculated and the experimental properties clearly supports the picture of delocalized 5f electrons for
UCoGa5. The neptunium-based 115 compound is predicted to order antiferromagnetically, which is supported
by experiment. Also, the calculated magnetic moments0.85mBd compares well with the measured moment
s0.84mBd. These findings advocate that the Np 5f ’s are still to some extent delocalized in NpCoGa5. In
contrast, for the Am-115 analog the Am 5f electrons can be expected to be localized. We furthermore discuss
the theoretical Fermi surfaces and present calculated de Haas-van Alphen quantities for a comparison with
future experiments. For UCoGa5 we obtain a semi-quantitative agreement with recently reported de Haas-van
Alphen experiments. The possible origins of the superconductivity are discussed. Our investigation particularly
reinforces the analogy to the heavy-fermion superconductors CeCoIn5 and CeIrIn5, however, with a stronger
coupling strength due to a much stronger 5f hybridization.
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I. INTRODUCTION

An exciting new class of Pu-based superconductors was
very recently discovered.1,2 The original discovery—drawing
worldwide attention—was that of superconductivity in
PuCoGa5 at an astonishingly high transition temperature of
18.5 K.1 Before this discovery, no superconductivity in
Pu-based materials was known to exist and most actinide
superconductors exhibitTc’s of less than 2 K. Shortly after
the initial discovery, superconductivity in the isoelectronic
Pu compound PuRhGa5 at aTc of 8.5 K was reported.2 Un-
der pressure theTc of PuRhGa5 increases to 16 K while that
of PuCoGa5 raises to 23 K.3 The first experimental results
for the isoelectronic PuIrGa5 indicate the absence of super-
conductivity (down to 2 K), but magnetic ordering is in-
ferred from the susceptibility below 17 K.4 After the discov-
ery of superconductivity in PuCoGa5, attention has also
focused on other transuranium compounds, which crystallize
in the same tetragonal HoCoGa5 structure. NpCoGa5 orders
antiferromagnetically belowTN=47 K and does not become
superconducting.5 Preliminary results for AmCoGa5 indicate
this material to be a temperature-independent paramagnet
with no sign of superconductivity down to 2 K.6 Also, a
number of related uranium-115 materials have been prepared

and studied before the superconductivity in PuCoGa5 was
discovered.7–14 The isostructural analogs UCoGa5 and
URhGa5 were reported to be nonsuperconducting,
temperature-independent paramagnets,7,9,11 while UNiGa5
and UPtGa5 order antiferromagnetically and display a
weakly-temperature dependent magnetic susceptibility above
the respective Néel points.13,15 Especially from the findings
for the Pu-115 materials, it seems that the newly-discovered
superconductivity appears in a class of materials that are on
the verge of magnetic ordering. This observation bears on the
possible nature of the pairing mechanism(see, e.g., Ref. 16).
The unprecedented, highTc as well as the proximity to mag-
netic ordering raises the question if possibly an unconven-
tional pairing could be operative.

Three years prior to the report on Pu-based superconduc-
tivity a related group of heavy-fermion superconductors,
crystallizing in the same HoCoGa5 structure, was discovered.
To this group belong the Ce compounds CeCoIn5, CeRhIn5,
and CeIrIn5.

17–19 CeCoIn5 and CeIrIn5 were found to be su-
perconductors at ambient pressure,18,19 with Tc=2.3 and
0.4 K, respectively, whereas CeRhIn5 becomes a supercon-
ductor (with Tc=2.1 K) under pressure.17 At ambient pres-
sure CeRhIn5 orders antiferromagnetically with an incom-
mensurate spin spiral below the Néel temperatureTN
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=3.9 K.20 On account of the unusual interplay of heavy-
fermion behavior, magnetic ordering, and superconductivity
an unconventional pairing mechanism has been
envisaged.18,19 Indeed, very recently several experimental
evidences for unconventional, spin-singletd-wave supercon-
ductivity in CeRhIn5 and CeCoIn5 were presented.21–24

These findings for the Ce-115 superconductors bear certainly
relevance for the physics of the Pu-115 superconductors, the
investigation of which is only just commencing.

Undoubtedly, a challenging task for the future is unravel-
ing the nature of the unprecedented superconductivity in
PuCoGa5. To this end more experimental information is
pressingly needed, which, however, is burdensome to acquire
because of the radioactivity of Pu and its handling restric-
tions. Another approach is to investigate the electronic struc-
ture by first-principles calculations. The underlying elec-
tronic structure bears relevance to the superconductivity,
since it reveals, e.g., what kind of electrons form the Cooper
pairs and what the topology of the Fermi surface is. These
aspects were studied in two recent short-note
publications.25,26 The electronic structure calculations pre-
dicted the energy bands at the Fermi energysEFd to consist
dominantly of delocalized Pu 5f states and the Fermi surface
of PuCoGa5 was predicted to have an anisotropic, quasi two-
dimensional shape.25 In contrast, UCoGa5 was calculated to
exhibit rather a three-dimensional Fermi surface.26 These are
important aspects, however, in order to obtain a more com-
plete understanding of the electronic structure of the
Pu-115 and related actinide-115 compounds, further elec-
tronic structure investigations are certainly desirable.

We report here extensiveab initio calculations of elec-
tronic properties of PuXGa5 (X=Co, Rh, and Ir), NpCoGa5,
UCoGa5, and AmCoGa5. We performed state-of-the-art full-
potential, relativistic total-energy calculations to determine
the theoretical equilibrium lattice parameters, which we op-
timized considering different, possible magnetic phases. Fur-
thermore, we investigate the energy-band structure, the char-
acter of the states near the Fermi energy, the density of states,
and the Fermi surfaces. Also, we present calculated de Haas-
van Alphen (dHvA) quantities for the Pu-115 compounds
and for UCoGa5.

All our calculations utilize the local spin-density approxi-
mation (LSDA) to density-functional theory. Because of its
derivation from the homogeneous electron gas, the LSDA is
appropriate for delocalized electrons. It provides a good de-
scription of the bonding in the early actinide elements,27 but
precisely for Pu difficulties are known to occur. Right at Pu,
a transition occurs in the actinide series from delocalized 5f
behavior in the lighter actinides(e.g., U and Np) to localized
5f behavior in the heavier actinides(Am and beyond) (see,
e.g., Ref. 28). Thus, the behavior of the Pu 5f electrons is
often intermediate to localized and delocalized, a situation
which cannot easily be captured by theoretical approaches.
The prime example of such challenge is elemental Pu. The
a-phase of elemental Pu is rather well explained by LSDA
calculations(see, e.g., Ref. 29), but for thed-phase of Pu the
appropriate approach is still a matter of debate.30–35 Hybrid-
ization effects may modify the localization behavior of the
5f ’s in the case of Pu compounds. It has been found, for
example, that the Pu 5f ’s are rather localized in PuSb,36

whereas for PuSe and PuTe the 5f ’s appear to be relatively
delocalized.37–39 Very recently, it was shown that the local-
ization degree of the Pu 5f ’s is important, too, for PuCoGa5.
Photoemission experiments40 revealed a delocalized 5f re-
sponse near the Fermi energy, as well as a second response at
1.1 eV binding energy, which was attributed to localized 5f
states. Here we adopt the delocalized LSDA approach for the
lighter actinide-115 and the Pu-115 compounds, while we
treat the Am 5f electrons of AmCoGa5 as core electrons. The
validity of the LSDA description will be discussed. Where
possible, we compare calculated electronic structure proper-
ties to the available experimental data. To shed more light on
the nature of the Pu 5f electrons in the Pu-115 compounds
further comparisons between calculated and measured quan-
tities will be required. As one step in this direction we pro-
vide calculated de Haas-van Alphen frequencies and masses.

In the following we first outline our computational ap-
proach. In Sec. III we present our obtained results, first for
the PuXGa5 (X=Co, Rh, and Ir) compounds, and subse-
quently, for UCoGa5, NpCoGa5, and AmCoGa5.

II. COMPUTATION ASPECTS

Our calculations were performed using the relativistic
version41,42 of the full-potential local orbital (FPLO)
minimum-basis band-structure method.43 In this scheme the
4-component Kohn-Sham-Dirac equation, which implicitly
contains spin-orbit coupling up to all orders, is solved self-
consistently. As a basis set Bloch sums of atom-like local
orbitals are used. The local orbitals are chosen as solutions of
a single particle Dirac equation in the spherically averaged
crystal potential and an additional confining potential, which
is applied to valence states only. The confining potential con-
tains an orbital dependent variational parameter which is
used to adjust the local basis states such that the total energy
is minimized. It has the purpose both to compress the local
valence orbitals and to shift their energy, so that it comes
close to the band centers, thus providing an optimized basis
for the construction of extended states. For the present cal-
culations, we used the following basis sets: for U, Np, and
Pu the 5f ;6s6p6d;7s7p states were chosen as valence states,
while for Ga we used 3d;4s4p4d. For Co we used the
3d;4s4p states and equivalent sets with higher quantum
numbers for Rh and Ir. For the actinides the high-lying 6s
and 6p semicore states are included in the basis. These semi-
core states might hybridize with the 6d and 5f valence states.
The site-centered potentials and densities were expanded in
spherical harmonic contributions up tolmax=12. The number
of k-points in the irreducible part of the Brillouin zone was
196, but calculations were made also with 405 and up to
2176 k-points to resolve the density of states atEF. The
Perdew-Wang44 parametrization of the exchange-correlation
potential in the local spin-density approximation(LSDA)
was used.

The actinide-115 compounds all crystallize in the
HoCoGa5 structure(P4/mmm space group), shown in Fig. 1.
The unit cell of this tetragonal structure can be viewed as
derived from the cubic HoGa3 unit cell, which has been elon-
gated along thec axis by an extra layer of CoGa2 being built
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in.19 The unit cell has one specific, internal Gaz coordinate.
The three theoretical equilibrium lattice parametersa, c/a,
and the specific Gaz coordinate were determined by total-
energy minimization. This procedure was carried out adopt-
ing several possible magnetic phases for the Pu-115 com-
pounds. We have considered the paramagneticsPMd phase,
the ferromagnetic phasesFMd, as well as two antiferromag-
netic sAFd phases. Within the HoCoGa5 structure, which is
quasi-two-dimensional containing actinide-Ga planes having
a large interplane separation, two of the most essential AF
configurations are as follows. All the actinide atoms within
one layer can be ferromagnetically ordered along thec axis,
but antiferromagnetically coupled to the adjacent layer. Thus,
the antiferromagneticQ-vector iss0 0 1/2d. This type of an-
tiferromagnet is denoted here as AF1(see Fig. 1). This
ordering-type has, for example, been observed for UPtGa5.

15

The second AF arrangement is that where the nearest-
neighboring actinide atoms in one layer are all antiferromag-
netically coupled to one another, whereas the interlayer cou-
pling is ferromagnetic. TheQ-vector is thuss1/2 1/2 0d.
This type of antiferromagnet, which we shall denote as AF2,
is closely related to the Néel ordering found,15 for example,
in UNiGa5 [which hasQ=s1/2 1/2 1/2d]. In the latter AF
structure also the actinide layers are coupled antiferromag-
netically along thec axis. Previously we calculated the mag-
netic coupling of adjacent Pu planes to be very weak,25

therefore we do not expect a significant dependence on the
magnetic modulation along thec axis.

III. RESULTS

A. PuCoGa5

The first electronic structure results were already pre-
sented for PuCoGa5 (Refs. 25 and 26), which we shall not
repeat here. The theoretical equilibrium lattice parameters
were not yet determined for the AF2 phase. In Fig. 2 we

show the calculated total energyversusvolume for the four
considered magnetic phases. From Fig. 2 we observe that
AF2 has a lower total energy than AF1. Thus, antiferromag-
netic coupling of the nearest-neighboring actinide moments
within one layer is more favorable than ferromagnetic cou-
pling. The Pu-Pu interplane magnetic coupling is very weak,
as follows from the near-energy degeneracy of the FM and
AF1 phases. This finding is in accordance with the quasi-
two-dimensional crystal structure. The computed equilibrium
lattice parameters of the AF2 phase are practically the same
as those computed for the FM and AF1 phases. The com-
puted valuesa=4.15 Å,c/a=1.602, andzsGad=0.304 com-
pare well with the experimental lattice parameters,1 a
=4.232 Å, c/a=1.603, and zsGad=0.312, respectively.45

Adopting the LSDA delocalized 5f description leads thus to
a reasonably good explanation of the lattice parameters of
PuCoGa5. The error in the theoretical lattice constant(being
1.9% smaller than the experimental one) is quite typical for
LSDA-based calculations. A lattice constant approaching
closer the experiment can be expected from generalized gra-
dient approximation(GGA) calculations, which usually im-
prove on the overbinding of the LSDA.

Susceptibility measurements1 provided so far no evidence
for AF ordering in PuCoGa5. The temperature dependence of
the resistivity, however, shows an S-like shape indicative of
scattering due to spin fluctuations. The susceptibility obeys a
modified Curie-Weiss behavior at elevated temperatures with
an effective moment of 0.68mB. The latter value indicates
local moment behavior close to that expected for a Pu3+ ion
smef f=0.84mBd.46 The Pu3+ ion (i.e., 5f5 configuration) has
one hole in the 5f5/2 subband and is therefore expected to be
magnetic. There are several possibilities why no magnetic
ordering is observed down to about 20 K. It could be that
aboveTc the AF order is dynamically washed out by spin
fluctuations or by Kondo-type screening of the Pu moment.
The experimental1 specific-heat coefficient g<60
−77 mJ/molK2 is similar or somewhat higher than that of
d-Pu and four times enhanced compared to that ofa-Pu(Ref.
47). Thus, many-particle correlations are definitely present.
Below about 20 K it could be that AF order and supercon-
ductivity are competing orders. The occurrence of AF order

FIG. 1. (Color online) Crystal structure of PuCoGa5 (left) and
schematic view of the two considered antiferromagnetic arrange-
ments(see the text) showing the magnetic moments on the actinide
atoms.

FIG. 2. Calculated total energy as a function of volume for
PuCoGa5 in the paramagnetic(PM), ferromagnetic(FM), and in
two antiferromagnetic phases(AF1 and AF2, respectively; see
text).
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at T,Tc could possibly be suppressed by the electron pair
formation.

In Fig. 3 we show the calculated partial DOS of PuCoGa5

in the AF2 phase(for the experimental lattice constants). The
partial DOS of the AF2 phase is rather similar to that of the
AF1 phase.25 The dominant contribution to the total DOS in
the vicinity of EF stems from the Pu 5f states. The Co 3d
states are rather localized and occur moderately deep below
EF, at a binding energy of 1−2.5 eV. The Ga 4p states are
very dispersive, extending from −5 eV to above 5 eV. Near
the Fermi level the main hybridization occurring is that of
Pu 5f and Ga 4p states.

The energy bands of PuCoGa5 depend moderately on the
lattice parameters. Previously we computed the energy bands
and Fermi surface of paramagnetic PuCoGa5 for the theoret-
ical equilibrium lattice parameters.25 In Fig. 4 we show the
band structure of paramagnetic PuCoGa5 in the vicinity of
EF for the experimental lattice constants. For a comparison
to be given below, the energy bands of PuRhGa5 and
PuIrGa5 are also shown in Fig. 4. The bands near the Fermi
level consist dominantly of Pu 5f character.25 The calcula-
tions reveal that there is one band crossing along theG−X
direction which is sensitive to changes in the lattice param-
eters and numerical details of the calculation, as well as a
band dispersion about theM point. Changes in the latter
band effectually give rise to a modification of the topology of
the corresponding Fermi surface sheet for PuCoGa5. Modifi-
cations of the former band lead to differences within the
corresponding Fermi surface sheets of the three Pu-115 ma-
terials.

The calculated Fermi surface of paramagnetic PuCoGa5 is
shown in Fig. 5, for the experimental lattice constants. The
colors of the Fermi surfaces indicate the relative sizes of the
Fermi velocities(i.e., ]E/]k) on the sheets. A high Fermi
velocity is expressed by the red color, a small Fermi velocity
by the dark blue color. There are four bands crossingEF,
giving rise to five Fermi surface sheets: A spherically-shaped
hole pocket centered at theG point, a disjunct Fermi surface

portion consisting of anX centered, hole ellipsoid and one
somewhat rectangular hole tube along thez axis. The fourth
sheet is a rectangular electron tube along theA−M −A edge
of the Brillouin zone. The fifth sheet is also an electron tube-
like structure along theA−M −A edge. Only the two small
hole pockets have a three-dimensional shape, otherwise the
Fermi surface is distinctly two-dimensional. The main modi-
fication of the Fermi surface with the lattice parameters oc-
curs for the fifth Fermi sheet, which, for the theoretical lat-
tice constants was partially open in thez=0 plane.25 This

FIG. 3. (Color online) Calculated total and partial density of
states(DOS) of PuCoGa5 in the AF2 phase, for the experimental
lattice parameters. Note that the spin-projected partial DOS of only
one AF type of atom is plotted, as the DOS of the second AF
atom-type is identical, but with spin up and spin down DOS
interchanged.

FIG. 4. Calculated energy bands of paramagnetic PuCoGa5,
PuRhGa5, and PuIrGa5, respectively, for the experimental lattice
parameters.
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sheet becomes a closed, tube-like surface for the experimen-
tal lattice parameters. Thus, this Fermi surface sheet becomes
more two-dimensional for the larger lattice constants. Theab
initio calculated Fermi surface is rather simple, therefore it
should not be difficult to identify the various Fermi surface
sheets experimentally, for example in de Haas-van Alphen
measurements. The two-dimensionality of the tubes, e.g.,
would immediately show up in the extremal cross sections
once the field is rotated away from thec axis. Recently,
dHvA experiments provided vital information concerning the
Fermi surface topology of the Ce-115 heavy-fermion
superconductors48–50 and of some U-115 compounds.11,51

For the Pu-115 materials investigations of the dHvA quan-
tum oscillations have not been carried out as yet, but experi-
ments are scheduled. In Table I we provide, for future com-
parison, calculated52 values for the dHvA frequenciesF (i.e.,
extremal cross sections) and effective massesm. The ex-
tremal orbits for a magnetic field along thec axis are indi-
cated in Fig. 5 and labeled with Greek letters. The two closed
hole Fermi surface sheets(a andb) depend significantly on
the lattice parameters, which, understandably, is related to
their relatively small sizes.

B. PuRhGa5

PuRhGa5 was the second Pu-based material discovered2

to become superconducting at 8.5 K. Under pressure aTc of
maximally 16 K has been obtained.3 The electronic structure
of PuRhGa5 was not yet investigated. In Fig. 6 we show the
results of the total energyversusvolume calculations for the

PM, FM, and AF2 phases. Since we found the results for the
AF1 and FM phases always to be very close to one another,
we do not show results for AF1 anymore. Also for PuRhGa5
we find the AF2 phase to have the lowest total energy. The
calculated equilibrium lattice parameters are:a=4.239 Å,
c/a=1.590, andzsGad=0.298, which are to be compared to
the experimental dataa=4.3012 Å, c/a=1.594, andzsGad
=0.3064, respectively. The theoretical lattice parametera is
only 1.5% smaller than the experimental one. Investigations
of PuRhGa5 are only just beginning to be undertaken, but so
far AF ordering has not been observed.4 The temperature-
dependence of the measured resistivity shows—similar to
PuCoGa5—an upturn at about 100 K, typical of spin
fluctuations.2 The susceptibility obeys a modified Curie-
Weiss law with an effective moment 0.60mB, which is some-
what reduced with respect to the Pu3+ value.2 Thus, the
physical properties of PuRhGa5 are comparable to those of
PuCoGa5.

The calculated DOS of PuRhGa5 is shown in Fig. 7 for
the experimental lattice parameters. The DOS of the PM
phase is rather similar to that of PuCoGa5. The Fermi energy
falls on the right-hand side of a narrow 5f peak. Magnetic

FIG. 5. (Color online) Calculated Fermi surface of paramagnetic
PuCoGa5 with extremal orbits for a field along thec axis indicated
by Greek letters. Apart from the two small hole pockets at theG
point and at theX points, the Fermi surface sheets are pronouncedly
two-dimensional. Colors depict the size of the Fermi velocity: blue
corresponds to a small velocity, red to a large Fermi velocity.

TABLE I. Calculated de Haas-van Alphen frequenciesF and
orbital massesm of paramagnetic PuCoGa5 for a magnetic field
parallel to thec axis. The greek symbols labeling the extremal
orbits are shown in Fig. 5. Computed dHvA quantities are given for
the theoretical as well as experimental lattice parameters. The
dHvA frequencies of the extremal orbits are given in kT and their
masses in units of the electron mass.

Theo. latt. param. Exp. latt.param.

Symbol Center(band) F skTd m smed F skTd m smed

a Gs87d 0.741 −0.778 1.476 −1.098

b Xs89d 0.929 −1.224 1.371 −2.494

g Gs89d 4.984 −3.199 4.468 −5.720

d Zs89d 6.655 −3.450 5.361 −3.804

j Ms91d 4.930 4.658 4.752 4.414

z As91d 6.343 3.921 5.468 3.724

s Ms93d — — 1.458 1.973

t As93d 2.028 1.395 2.248 1.274

FIG. 6. Total energyversusvolume calculated for the PM, FM,
and AF2 phases of PuRhGa5.
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ordering causes a significant splitting of the 5f partial DOS
and concurrent reduction of the DOS peak atEF. The unen-
hanced specific-heat coefficient of PM PuRhGa5 g
=16.5 mJ/mol K2 is calculated to be smaller than that of
PuCoGa5 (which is about 30 mJ/mol K2, Ref. 25). First
measurements, however, indicate for PuRhGa5 a g-value that
is similar to that of PuCoGa5 (Ref. 53). If this is confirmed,
the smallerTc of PuRhGa5 could only be due to a pairing
potential that is weaker for PuRhGa5. As is discussed below,
the pairing potential might depend sensitively on thec/a
ratio.

The energy bands are shown in Fig. 4. Note, that com-
pared to PuCoGa5 there exist some small modifications in
the energy bands nearEF. Along the G−X high-symmetry
line there is one band(No. 89 in our calculations) which lies
barely aboveEF. Hence, the topology of the Fermi surface
changes along this symmetry axis: instead of the two disjunct
Fermi surface sheets shown in Fig. 5, these sheets merge and
form one larger sheet(not shown). Consequently, also the
extremal orbits in thez=0 plane are different: instead of the
two extremal orbits denotedb andg, there is now one large
orbit (denotedg8) centered at theM point. The dHvA quan-
tities calculated for PuRhGa5 are given in Table II. Except

for the mentioned orbits, the computed dHvA frequencies
and masses are comparable to those of PuCoGa5.

C. PuIrGa5

Very recently, the first experimental data on PuIrGa5 were
reported.4 Although more research is definitely required, the
first investigations indicate that PuIrGa5 displays a physical
behaviordistinct from both PuCoGa5 and PuRhGa5. PuIrGa5
does not become a superconductor down to 2 K, instead
antiferromagnetic ordering seems to occur below 17 K.4 This
finding indicates a cross-over from weak antiferromagnetic
fluctuations in PuCoGa5 and PuRhGa5 to a stronger antifer-
romagnetic interaction in PuIrGa5, something which could
shed light on the origin of the unexpected superconductivity.

In Fig. 8 we present the calculated total energies for
PuIrGa5. Again the LSDA approach predicts the AF2 phase
to be favored. The calculated equilibrium lattice parameters
are a=4.27 Å, c/a=1.567, andzsGad=0.293, which are to
be compared to the experimental values4 a=4.324 Å, c/a
=1.576, andzsGad=0.302, respectively. The equilibrium lat-
tice parameters are thus also in the case of PuIrGa5 quite
well explained by the LSDA approach(the calculateda is
1.25% smaller). The predicted AF order is in accordance
with experiment, too. Further experimental investigations are
needed to determine what type of AF order exactly occurs in
PuIrGa5. PuIrGa5 also deviates from the Co and Rh com-
pounds for what concerns the susceptibility and resistivity.

FIG. 7. (Color online) Calculated total and partial DOS of
PuRhGa5 in the PM phase(top and middle panel) and in the AF2
phase(bottom panel), for the experimental lattice constant. Only the
spin-projected partial DOS of one AF atom-type is shown.

TABLE II. Theoretical de Haas-van Alphen frequenciesF and
effective massesm of paramagnetic PuRhGa5, calculated for the
experimental lattice parameters and forH parallel to thec axis. The
symbols labeling the extremal orbits are shown in Fig. 5.

Symbol Centersbandd F skTd m smed

a Gs87d 1.608 −1.092

g8 Ms89d 13.809 5.295

d Zs89d 6.098 −2.910

j Ms91d 5.059 3.826

z As91d 5.309 2.992

s Ms93d 1.541 1.362

t As93d 1.945 0.987

FIG. 8. The same as Fig. 6, but for PuIrGa5.
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At elevated temperatures the susceptibility displays Curie-
Weiss behavior, but the effective moment is estimated4 to be
0.33mB, which is thus considerably reduced from the Pu3+

value. The S-shaped upturn in the resistivity is found to be
smaller for PuIrGa5 than for the other two Pu-115 com-
pounds.

The partial DOS of PuIrGa5—calculated for the experi-
mental lattice parameters—is shown in Fig. 9. As could be
expected, the DOS is similar to that of the Co and Rh com-
pounds. The DOS atEF in the PM phase is lower than that of
PuRhGa5 and PuCoGa5. The calculated, unenhanced
specific-heat coefficient is onlyg=11.6 mJ/mol K2. This is
a consequence of the sharp 5f peak in the nonmagnetic phase
moving successively to a position deeper belowEF from the
Co to the Ir compound. The main resonance of the Ir 5d
states occurs at a binding energy larger than 2 eV, which is
more than the binding energy of the Co 3d states in
PuCoGa5. The energy bands of PuIrGa5 in the AF2 phase
have been calculated, but we refrain from showing the band
structure here for brevity’s sake and also because the experi-
mental antiferromagnetic structure is not yet known.

For comparison to the other Pu-115 compounds we pro-
vide in Table III the calculated dHvA quantities of paramag-
netic PuIrGa5. The Fermi surface of PuIrGa5 is nearly iden-
tical to that of PuCoGa5. The Fermi surface sheet due to
band 93(the thinner tube in Fig. 5) is somewhat thicker in

between theM and A points, thus an additional extremal
orbit—denoted byt8—occurs on this sheet. The dHvA quan-
tities of PuIrGa5 in the PM phase could be highly relevant
for investigating the cross-over from the nonsuperconduct-
ing, antiferromagnetic phase to the nonmagnetically ordered,
superconducting phase. For the related superconductor
CeRhIn5 it was discovered that a modest pressure of 16 kbar
was sufficient to surpress the antiferromagnetic order and
induce superconductivity.17 Exploiting dHvA measurements
under pressure, the changes of the Fermi surface in going
from one phase to another were thereby investigated.54

D. UCoGa5

UCoGa5 samples were first prepared and investigated one
decade ago.7,9 More recently, results on purer single crystals
were reported.11 The earlier as well as most recent examina-
tions show that UCoGa5 is a weakly temperature dependent
paramagnet, displaying no Curie-Weiss behavior.55,56 In the
latter respect exhibits UCoGa5 a 5f behavior quite compa-
rable to that of UGa3, which constitutes the essential building
block of the UCoGa5 unit cell. UGa3 is known to be an
itinerant 5f antiferromagnet(see, e.g., Refs. 57–60), without
Curie-Weiss behavior detected up to 900 K. A remarkable
feature of UCoGa5 is its low specific-heat coefficient of
about 5 mJ/mol K2 (Refs. 5, 9, and 11). In itself, a small
g-value has sometimes been regarded as a sign of localized
5f states, but we shall see below that this is not necessarily
the case. The dHvA quantum oscillations in UCoGa5 were
recently studied, from which small Fermi surface portions
were inferred.11,61

For UCoGa5 our self-consistent calculations always con-
verged to the paramagnetic solution, in agreement with the
experimentally observed PM ground state. The optimized
theoretical lattice parameters area=4.146 Å,c/a=1.59, and
zsGad=0.306. These values compare reasonably well(2%
deviation) with the experimental7,9 data a=4.234 Å, c/a
=1.588, andzsGad=0.3048, respectively. In Fig. 10 we show
the calculated DOS of paramagnetic UCoGa5. The Fermi
level falls precisely in a quasi-gap of the DOS. This quasi-
gap is due to 5f hybridization and not due to the spin-orbit
splitting of the f5/2 and f7/2 subbands, which occurs 0.7 eV

FIG. 9. (Color online) The same as Fig. 7, but for PuIrGa5.

TABLE III. The same as Table II, but for paramagnetic
PuIrGa5.

Symbol Center(band) F skTd m smed

a Gs87d 0.854 −0.751

b Xs89d 0.087 −0.836

g Ms89d 3.379 −1.742

d Zs89d 7.529 −2.168

j Ms91d 4.870 3.099

z As91d 4.197 2.710

s Ms93d 1.447 0.907

t As93d 1.267 1.087

t8 kz=0.12s93d 1.563 1.075
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aboveEF. As a consequence, the calculated band-structure
specific-heat coefficient is small,g=7.0 mJ/mol K2, in
agreement with experiment. The measuredg-values range
from about 3.5 mJ/mol K2 (Refs. 5 and 11) to
10 mJ/mol K2 (Ref. 9). Similar to the situation we already
noted for PuCoGa5, the Co 3d states of UCoGa5 are practi-
cally filled. The states in the vicinity of the Fermi energy are
therefore dominated by the uranium 5f states, with an admix-
ture of Ga 4p states. The corresponding energy-band struc-
ture is shown in Fig. 11. The uranium 5f character of the
bands is highlighted by the fatness of the respective bands,
proving that in spite of the quasi-gap the bands aboutEF
consist mainly of 5f states. Our band structure is in good
agreement with that reported recently by Maehiraet al.,26

except for the location of some bands about theM point. Our
result is significantly different from another recent
investigation.55 In our relativistic calculation the U 5f DOS
is spin-orbit split(see Fig. 10), but such a splitting does not
seem to be present in the 5f DOS of Ref. 55.

Recent dHvA measurements detected three extremal or-
bits for UCoGa5, which were attributed to small, closed
Fermi surface sheets.11 The ab initio calculated Fermi sur-
face, shown in Fig. 12, does consist of three small, closed
Fermi surface portions(centered at theG, X, and T point,
respectively), but in addition there is a tube-like sheet(con-
necting the so-calledS and S points62 in the BZ). Another
recentab initio calculation,61 also performed for the experi-
mental lattice parameters, provided a very similar Fermi sur-
face. The four tube-like sheets, however, are smaller and
have shrunk to four disconnected Fermi surface portions cen-
tered in thez=0 plane near theS point. In Table IV the
experimental dHvA quantities as well as the results of our
calculation are given. The calculated dHvA quantities are
quite small, however, the dHvA quantities corresponding to
the Fermi surfaces at theX point and theT point are 2–3
times larger than the experimental values. These small Fermi
surfaces are probably sensitive to the lattice constants and
likely also to aspects of the band-structure method(cf. Ref.
61).

Altogether, the physical properties of UCoGa5 are well
explained by the delocalized 5f description. This strongly
suggestes that UCoGa5 is—like UGa3—an itinerant 5f ma-
terial.

E. NpCoGa5

Only very recently NpCoGa5 has been synthesized.5 The
first investigations reveal that NpCoGa5 orders antiferromag-

FIG. 10. (Color online) Calculated total and partial DOS of
paramagnetic UCoGa5, adopting the experimental lattice param-
eters. Note that the Fermi level falls in a quasi-gap of the DOS.

FIG. 11. Calculated energy bands of paramagnetic UCoGa5 in
the vicinity of the Fermi level. The amount of 5f character in each
of the bands is indicated by the fatness of the band.

FIG. 12. (Color online) The calculated Fermi surface of
UCoGa5. The Fermi surface sheets in the left-hand panel corre-
spond to band No. 87, those in the right-hand panel to band No. 89.

TABLE IV. Experimental and calculated de Haas-van Alphen
frequenciesF (in kT) and effective massesmsin med of UCoGa5 for
H parallel to thec axis.

Experimenta Calculation

Center(band) F umu F m

Gs87d 0.741 0.82 0.566 −0.641

Xs87d 0.203 1.3 0.497 −0.831

Ts89d 0.166 1.35 0.493 1.539

Ss87d — — 0.359 −0.569

Ss87d — — 0.140 −0.504

aReference 11.
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netically belowTN=47 K and superconductivity is not ob-
served down to 0.4 K. At elevated temperatures the suscep-
tibility obeys a modified Curie-Weiss law with a reduced
effective moment(as compared to the free-ion value) of
mef f<1.4 mB.5

The calculated total energies for the different magnetic
phases are presented in Fig. 13. We observe readily that the
AF phase is predicted to be the ground state, in accordance
with the experimentally observed AF order. Also the com-
puted equilibrium lattice parametersa=4.1322 Å, c/a
=1.61, andzsGad=0.305 correspond fairly well(2.5% devia-
tion) to the experimental values,5 which are a=4.2377 Å,
c/a=1.602, and zsGad=0.3103, respectively. This
deviation—being the largest that we found for the studied
actinide-115 materials—could be improved by employing
the GGA approach. The DOS, calculated for the experimen-
tal lattice parameters, is shown in Fig. 14. In the PM phase
the DOS exhibits a sharp peak precisely atEF. Such a high
DOS peak usually indicates an instability that can be re-
moved by a symmetry breaking, for example, magnetic or-
dering. Indeed, the DOS atEF is much reduced for the FM
and AF2 phases. The exchange splitting of the Np 5f states
pushes a part of the 5f spin up DOS to higher binding ener-
gies, while the spin down DOS is shifted aboveEF. In all
three magnetic phases the contribution of the Np 5f ’s domi-
nates the DOS in the vicinity ofEF. The unenhanced linear
specific-heat coefficient, calculated for the AF2 phase, isg
=30.7 mJ/mol K2. This value is half the measured value,g
<60 mJ/mol K2 (Ref. 5).

The calculated magnetic moments of NpCoGa5 in the
AF2 phase are given in Table V. The calculated orbital mo-
ment on Np compensates to a large extent the spin moment.
This we find to be the case even more for NpCoGa5 in the
FM phase, where the spin moments2.86mBd and orbital mo-
ments−2.81mBd nearly cancel each other. Theab initio cal-
culated magnetic moment on neptunium is 0.85mB for the
AF2 phase, which compares surprisingly well to the first
experimental value for the Np moment,5 0.84mB. This agree-
ment could, however, be fortuitous, as the LSDA often un-
derestimates the orbital moment. In early actinides the size
of the orbital moment is usually larger than the spin moment,
as follows from the shape of the neutron form factor. Cor-
rections to the LSDA as, e.g., the orbital polarization27 are
then needed to improve the size of the orbital moment.

The ab initio calculated band structures of NpCoGa5 in

both the PM and AF2 phases are shown in Fig. 15. In both
phases there are Np 5f related bands that are practically dis-
persionless close to the Fermi energy along some high-
symmetry lines. The amount of 5f character is displayed by
the fatness of the bands. The energy bands of PM NpCoGa5
were recently calculated by Maehiraet al.26 Their band
structure is quite similar to ours, with the exception of the
bands near theM point. A small difference exists also along
the R−A high-symmetry direction, where in Ref. 26 a band
lies belowEF, which is just aboveEF in our calculation.

Although it can be anticipated that the Np 5f electrons
have a stronger tendency towards localization than those of
U in UCoGa5, the good correspondence between theory and
experiment for the main physical properties of NpCoGa5
substantiates that the Np 5f behavior is nevertheless cor-
rectly captured by the LSDA description.

F. AmCoGa5

Very recently, the first samples of AmCoGa5 in the
HoCoGa5 structure have been prepared.6 AmCoGa5 is a

FIG. 13. The same as Fig. 6, but for NpCoGa5.

FIG. 14. (Color online) The same as Fig. 7, but for
NpCoGa5.

TABLE V. Calculated magnetic spinsMsd and orbital moments
sMd (in mB) of NpCoGa5 in the AF2 phase, adopting the experimen-
tal lattice constants.

Np Co Ga total

Ms smBd ±3.27 ±0.33 0.00 ±3.60

Ml smBd 72.42 0.00 0.00 72.42
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temperature-independent paramagnet which does not become
superconducting down to 2 K. The former indicates that the
Am 5f5/2 subshell is completely filled, i.e., the 5f states are
in a J=0, 5f6 configuration, consistent with the absence of
magnetism. We expect the Am 5f states to be localized in
AmCoGa5. In general not much is known about the behavior
of the Am 5f electrons. So far only Am metal and a few Am
compounds have been investigated.28,63,64 Photoelectron
spectroscopy provided evidence for localized 5f electrons in
Am metal.28 Only under pressures above 10 GPa have signs
of delocalization of the 5f electrons been observed.64 It is
thus reasonable to assume localized 5f electrons for
AmCoGa5. Consequently, we have calculated the electronic
structure of AmCoGa5 employing the 5f core approach. In
this approach, the equilibrium lattice parameters cannot reli-
ably be calculated since important contributions to the total
energy are ignored. As also no experimental lattice constants
are known we computed the band structure for several sets of
estimated lattice constants(results are not shown here for the
sake of conciseness). Our calculations show that some parts
of the computed band structure are similar to those of the
other actinide-115 compounds. In the vicinity of the Fermi
energy, however, three bands are missing, which affects the

band structure considerably near theA andM points. At the
M point some very dispersive bands are in addition pulled
below EF. The Fermi surface topology is thus significantly
different from that of PuCoGa5. Further investigations of
AmCoGa5 have to await more experimental information be-
coming available.

IV. DISCUSSION AND CONCLUSIONS

From the foregoing results a clear trend in the behavior of
the actinide 5f electrons in the 115 compounds emerges. The
physical properties of UCoGa5 and NpCoGa5 are relatively
well described by the delocalized LSDA approach. The lat-
tice parameters of the three Pu-115 compounds are properly
explained by the LSDA approach as well. For AmCoGa5 the
situation is different: although experimental information is
lacking, we expect the Am 5f ’s to be localized. The recent
photoemission study40 of PuCoGa5 confirmed the presence
of Pu 5f electrons atEF. However, the photoemission spec-
trum shows a secondf-related response at a binding energy
of 1.1 eV. The latter response has been interpreted as origi-
nating from semi-localized 5f electrons.40 Thus, it could be
that in reality some of the 5f electrons are quasi-localized
while others are delocalized. Such a scenario has been dis-
cussed earlier30,35for d-Pu and it could be valid for PuCoGa5
as well.65 However, we note that in the magnetic phases there
is a substantial exchange splitting of the 5f states leading to
a 5f contribution at higher binding energies(see Fig. 3).
Other techniques and more experiments are therefore needed
to establish to what extent the 5f ’s are localized.

Our band-structure calculations predict several properties
for the Pu-115 compounds that have implications for ex-
plaining the unexpected superconductivity. One of these is
the presence of Pu 5f states at the Fermi energy. As a con-
sequence, the Pu 5f electrons participate in the Cooper pair
formation.25 A second important finding is the predicted AF
order, which does occur for PuIrGa5. The observation of AF
order and the absence of superconductivity in PuIrGa5 indi-
cates the cross-over that takes place in the Pu-115 series.
According to the calculations, antiferromagnetic interactions
can be expected to be present in all three Pu-115 compounds.
A trade-off with the superconducting order will determine
which order will become the one with the lowest energy. The
stronger AF interaction in PuIrGa5 makes antiferromag-
netism favorable over superconductivity, whereas for the
weaker AF interactions in PuCoGa5 and PuRhGa5 supercon-
ductivity can prevail over AF order. Possibly the pair forma-
tion could benefit from the AF spin fluctuations which then
could be the as yet unidentified unconventional pairing
mechanism.

The discovery of AF order in PuIrGa5 re-inforces the re-
markable analogy to the Ce-115 heavy-fermion supercon-
ductors. Antiferromagnetic order also occurs for one com-
pound sCeRhIn5d in the Ce-115 series, while CeCoIn5 and
CeIrIn5 do not order magnetically but become superconduct-
ors at low temperatures.17–19Under pressure AF ordering can
be destroyed in CeRhIn5, upon which superconductivity sets
in. It would be of interest to examine if a similar behavior
takes place also in PuIrGa5 under pressure. Another analogy

FIG. 15. The calculated LSDA energy bands of NpCoGa5 in the
nonmagnetic phase(top panel) and in the AF2 phase(bottom
panel). The fatness of the bands indicates the amount of Np 5f
character in each energy band. In the AF2 phase the 5f amount due
to only one Np atom is depicted.
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of the Ce-115 and Pu-115 materials is the very high upper
critical field Hc2. For CeCoIn5 the upper critical field exceeds
the Clogston limit,66 however Pauli limiting ofHc2 does set
in at low temperatures. Accordingly, the superconducting or-
der parameter was determined to exhibit unconventional spin
singlet, d-wave symmetry. The upper critical field of
PuCoGa5 was reported1 to exceed the Clogston limit as well,
but, because the required field was too highs<74 Td to be
reached experimentally,Hc2 could not be measured down to
zero temperature. It could thus be that for PuCoGa5 Pauli
limiting also sets in at low temperatures, which would defi-
nitely provide support for spin singlet, possiblyd-wave pair-
ing. This hypothesis could be tested on PuRhGa5, for which
the lowerTc of 8.5 K might allowHc2 to be measured down
to zero temperature. Once this can be carried out, it would
also be of interest to measure the crystallographic anisotropy
of Hc2, which could give clues about the proposed quasi-two-
dimensionality of the Fermi surface and possibly concerning
nodes in the gap.25 Of course, evidence for unconventional
superconductivity and even the symmetry of the gap could
be obtained from various other measurements(nuclear mag-
netic and quadrupole resonance, thermal conductivity, pen-
etration depth, and specific heat). Such measurements, which
have not been performed as yet, would ideally require a non-
radioactive242Pu-115 sample. We note, however, that even in
the case that an unconventional symmetry of the gap would
be discovered, this is not sufficient to conclude that an un-
conventional pairing mechanism is responsible.67

A further analogy to the Ce-115 materials is the depen-
dence ofTc on thec/a ratio. An amazingly sensitive, linear
dependence ofTc on the c/a ratio was found for the
Ce-115 compounds:68 changes in thec/a ratio of only 2%
causeTc to change by a factor of five. As is the case for the
Ce-115 series, within the Pu-115 series thec/a ratio also
decreases with an increasing transition-metal ion radius,
from 1.603 for PuCoGa5 to 1.594 for PuRhGa5 and to 1.576

for PuIrGa5. This trend is well reproduced by ourab initio
calculations, which give 1.602, 1.590, and 1.567, respec-
tively. A linear interpolation of theTc as a function ofc/a for
PuCoGa5 and PuRhGa5 immediately reveals that for thec/a
of PuIrGa5 the correspondingTc will be zero. Moreover, both
the Ce-115 and Pu-115 compounds have the same huge
slope d ln Tc/dsc/ad<80 K, suggesting similar underlying
physics.69 The sensitive dependence ofTc on thec/a ratio in
the Ce-115 compounds has not yet been explained micro-
scopically. In the quasi-two-dimensional structure the Ce-
planes are most likely magnetically nearly decoupled. In
such a situation the AF spin fluctuations would depend deli-
cately on the interlayer distance. The Pu interlayer coupling
of PuCoGa5 has been calculated to be very weak as well(cf.
Fig. 2). One could thus speculate that AF spin fluctuations
play a role in the Cooper pair formation(see, e.g., Refs. 19
and 70). As we noted before, in the Pu-115 compounds 5f
electrons occur at the Fermi energy and are stronger hybrid-
ized than the Ca 4f ’s. Although the quasi-particle density of
states atEF is larger for the Ce-115 compounds, the much
stronger hybridization of the Pu 5f ’s could nevertheless ex-
plain a stronger coupling constant, which would lead to a
higherTc.
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