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We report electronic structure calculations of PuCoGa5 and PuRhGa5 superconductors. The band structure,
electric field gradients, and Fermi surface topologies were investigated using two methods of correlated band
theory, namely the conventional static mean-field LDA+U and the local density matrix approximation (LDMA).
The latter is based on the Hubbard-I approximation and includes intra-atomic dynamical correlations in a
self-consistent manner. Our results show that although LDA+U and LDMA calculations do not significantly
modify the Fermi surface topologies compared to LDA, they do lead to a substantial reduction of the f character
of the electronic states at the Fermi energy. The calculations indicate presence of a pseudogap in the electronic
spectrum. We achieve a good agreement between calculated and experimental nuclear quadrupolar resonance
frequencies and a fairly good agreement between calculated and experimental photoemission spectra. Our findings
can be important for the theory of superconductivity in PuCoGa5 and related compounds.
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I. INTRODUCTION

The nature of mediating bosons responsible for electron
pairing in the superconducting phase of PuCoGa5 and related
compounds remains controversial even after a decade long
intense research that has followed the discovery of the
superconducting transition in these materials.1 The most
frequently expressed view is that they are unconventional
superconductors driven by spin fluctuations.2 Nevertheless,
polarized neutron scattering experiments3 have shown that the
normal state of PuCoGa5 is different from the anticipated
magnetic plutonium f 5 ion, since the observed magnetic
susceptibility in the normal state is weak, temperature inde-
pendent, and dominated by orbital effects. This fact may cast
some doubts on the importance of the magnetic degrees of
freedom for formation of the superconducting phase in this
compound.

Various electronic structure calculations were performed
to study the normal phase of the PuCoGa5 and related com-
pounds. The local density approximation (LDA) resulted in a
large weight of the 5f states at the Fermi level, and suggested
that the superconductivity in PuCoGa5 dominantly emerges
due to the 5f states of Pu.4 Later on, static5,6 (LDA+U ) and
dynamical7 (LDA+FLEX) correlated band theory calculations
confirmed the nonmagnetic and intermediate-valence charac-
ter of plutonium atoms in PuCoGa5 and PuRhGa5.

In this work we study electron correlation effects in the
electronic structure of these materials. We make use of the
local density matrix approximation8 (LDMA) to the dynamical
mean-field theory that combines the Hubbard-I approximation
(HIA) with the full-potential linearized augmented plane wave
(FP-LAPW) method10 and includes full self-consistency over
the charge density. The LDMA results are compared with
the outcome of conventional LDA+U calculations that utilize
two different versions of the FP-LAPW: an in-house LDA+U

implementation11 as well as the WIEN2k package.12 The latter

incorporates evaluation of the electric field gradients13 (EFG)
using methods described in Refs. 14 and 15.

This paper is organized as follows. In Sec. II we re-
call the basic equations of the LDMA.8 In Sec. III we
present results obtained for PuCoGa5 and PuRhGa5. We
start with summarizing the electronic structure and electric
field gradients calculated with the LDA+U approximation.
Next, we show the electronic structure, Fermi surfaces, and
photoelectron spectra provided by the LDMA method. These
results are compared with available experimental data. The
relation between the electronic structure and superconducting
properties is discussed.

II. COMPUTATIONAL METHOD

As we have shown before, the LDMA substantially alle-
viates the deficiencies of the conventional LDA+U method
in the description of the electronic structure of elemental
actinides (see Refs. 8 and 9 for a detailed comparison with
experimental data and with other dynamical mean-field theory
calculations).

In the LDMA, the local occupation matrix

nγ1γ2 = − 1

π
Im

∫ EF

−∞
dz [G(z)]γ1γ2 (1)

represented in a basis {φγ } is self-consistently evaluated with
the aid of the local Green’s function G(z),

[G(z)]−1
γ1γ2

= [GLDA(z)]−1
γ1γ2

− �ε δγ1γ2 − [�H(z)]γ1γ2 , (2)

where �H(z) is the HIA self-energy, �ε accounts for the
difference between the impurity and the lattice chemical
potentials, and GLDA(z) is the LDA Green’s function,

[GLDA(z)]γ1γ2 = 1

VBZ

∫
BZ

d3k [z + μ − HLDA(k)]−1
γ1γ2

. (3)
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The local density matrix nγ1γ2 is used to construct an effective
LDA+U potential

VU =
∑
γ1γ2

|φγ1〉
[ ∑

γ γ ′
(〈γ2γ |V ee|γ1γ

′〉

− 〈γ2γ |V ee|γ ′γ1〉)nγγ ′ − Vdcδγ1γ2

]
〈φγ2 | , (4)

where V ee denotes the effective on-site Coulomb interaction
and Vdc stands for the double-counting term. The potential VU

is inserted into Kohn-Sham–like equations,16

[−∇2 + VLDA(r) + VU + ξ (l · s)]
b
k(r) = εb

k
b
k(r) , (5)

that are iteratively solved until self-consistency over the charge
density is reached. In the end, the eigenvalues and eigenvectors
of Eq. (5) represent the correlated band structure and the
imaginary part of the local Green’s function G(z), Eq. (2),
provides a means to estimate valence-band photoemission
spectra.

The LDMA extends the LDA+U approximation in several
important aspects—it goes beyond the single Slater deter-
minantal wave functions for the description of the intra-
atomic processes and thus inherently incorporates intermediate
coupling regime and accounts for multiplet transitions within
the f shell.

III. RESULTS AND DISCUSSION

In all calculations we used the LDA optimized crystal struc-
ture parameters4 of PuCoGa5: lattice constant a = 7.842 a.u.,
ratio c/a = 1.602, and internal Ga-atom position z = 0.304 in
the tetragonal HoCoGa5 structure. In the FP-LAPW method
we set the radii of the atomic spheres to 3.1 a.u. (Pu), 2.3
a.u. (Co), 2.4 a.u. (Rh), and 2.3 a.u. (Ga). The parameter R ×
Kmax = 10.2 determined the basis set size and the Brillouin
zone (BZ) sampling was performed with 1152 k points unless
noted otherwise in the main text. For the plutonium f shell,
Slater integrals F0 = 3.00 eV, F2 = 6.53 eV, F4 = 4.38 eV,
and F6 = 3.24 eV were selected to specify the Coulomb
interaction. They correspond to commonly accepted values for
Coulomb U = 3 eV and exchange J = 0.55 eV parameters.

A. LDA+U calculations

Recently it was shown that LDA+U with the around-
mean-field (AMF) double counting17 applied to PuCoGa5 and
PuRhGa5 compounds leads to a collapse of local magnetic
moments (both spin and orbital part) on Pu atoms rendering
the whole compound nonmagnetic.6,7 This is in agreement with
experimental studies3 which for PuCoGa5 report no detectable
magnetic order down to 1 K and show only low induced
magnetization in external magnetic fields. In this respect the
situation is similar to δ-Pu where the same kind of calculations
yields neither spin nor orbital magnetic moment,5 along with
solid experimental evidence for the lack of magnetic order.18

At first, we have confirmed the earlier results6 for the
nonmagnetic ground state in PuCoGa5 employing WIEN2k
package.12 The calculated AMF-LDA+U band structure is
shown in Fig. 1, where the character of the eigenstates
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FIG. 1. (Color online) The LDA+U calculated band structure
(top), the LDMA calculated band structure (middle), and LDMA
Fermi surface (bottom) of PuCoGa5 for U = 3 eV.

is indicated by circles whose size is proportional to the
f -state spectral weight. Note that both employed FP-LAPW
implementations are in a close agreement with each other.
Comparison with the LDA band structure shown in Fig. 3
of Ref. 4 indicates that by increasing the value of U , the
f bands move away from the Fermi level EF . The occupied
bands are affected relatively little by the on-site Coulomb
U—they shift down by less than 1 eV for U = 3 eV—while the
unoccupied 5f bands move up in energy much more steeply
with increasing U . This general observation is also valid for
the PuRhGa5 compound.

Following the analysis of the band structure, we have used
the WIEN2k code to calculate the electric field gradients in
PuCoGa5 and PuRhGa5. Brillouin zone sampling with 2000
k points turned out to be sufficient to determine the EFG on
Ga atoms with an accuracy better than 0.5%. A recent study of
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the electronic structure and electric field gradients in related
Ce-115 compounds demonstrated that the nuclear quadrupole
resonance (NQR) is a sensitive probe of the local electronic
structure.19

The electric field gradients Vzz are related to nuclear
quadrupolar resonance frequencies νQ by a formula

νQ = Vzz

3eQ

2I (2I − 1)h

√
1 + η2

3
, (6)

where h is the Planck’s constant, e is the electron charge, and η

is a dimensionless asymmetry parameter. There are two stable
isotopes of gallium, 69Ga and 71Ga, which have rather different
nuclear quadrupolar moments Q of 0.171 b and 0.107 b,23

whereas their nuclear spin I is the same, I = 3/2. The
constant factor expressed as a fraction in Eq. (6) has values
2.067 MHz m2 V−1 and 1.293 MHz m2 V−1 for 69Ga and
71Ga, respectively.

In the tetragonal unit cell (P4/mmm structure) there are two
different Ga sites: the Ga(1) (1c site) and Ga(2) (4i site). Ga(1)
is located in the Pu–Ga plane and has axial symmetry and hence
η = 0, whereas Ga(2) located between the Pu–Ga and Co or
Rh planes has a lower symmetry and nonzero η. The calculated
LDA+U results for two values of U , 0 and 3 eV, are summa-
rized in Table I. The measured quadrupolar frequency of 69Ga
at the Ga(1) position in PuRhGa5 (Ref. 22) is close to the
value obtained by our LDA+U calculations with U = 3 eV.
For the Ga(2) position there are reported values for both
isotopes. The value of its asymmetry parameter η is again
best reproduced by LDA+U calculations with U = 3 eV. If
we use the calculated η, we obtain quadrupolar frequencies for
the Ga(2) position given in Table I, which would indicate best
agreement with experiment for calculations with U = 0 eV.
Note, however, that the calculations with U = 3 eV are also
very close to experimental values with only ≈3% error. Gen-
erally, compared to the Ga(1) site, the calculated NQR at the
site Ga(2) is less sensitive to the value of U applied on the Pu
site. A similar observation was made also in the case of Ce-115
compounds,19 where the νQ at In(2) site depends only weakly
on details of electronic structure at the Ce site. We can thus
conclude that LDA+U calculations with U = 3 eV provide a
consistent interpretation of the measured PuRhGa5 NQR data.

TABLE I. Nuclear quadrupolar resonance frequencies νQ (MHz)
and the dimensionless asymmetry parameter η at Ga(2). See text for
discussion of PuCoGa5 experiment.

U = 0 eV U = 3 eV Exp.20,22

νQ [MHz] at 69Ga(1)
PuCoGa5 18.18 14.64 –
PuRhGa5 16.40 13.01 13.22

νQ [MHz] at 69Ga(2)
PuCoGa5 27.26 26.31 28.2821

PuRhGa5 29.33 28.48 29.15
νQ [MHz] at 71Ga(2)

PuCoGa5 17.05 16.46 17.6921

PuRhGa5 18.35 17.81 18.38
η at Ga(2)

PuCoGa5 0.290 0.319 0.20
PuRhGa5 0.373 0.401 0.42

TABLE II. 5f -state occupations nf , n5/2
f , and n

7/2
f , and branching

ratio B for PuCoGa5. The atomic data are adopted from Ref. 24.

nf n
5/2
f n

7/2
f B

LDMA 5.32 4.61 0.71 0.851
LDA+U 5.38 5.20 0.18 0.913
atomic IC 5 4.23 0.77 0.816
atomic IC 6 5.28 0.72 0.980
atomic jj 5 5.0 0.0 0.896
atomic jj 6 6.0 0.0 1.0

For PuCoGa5 there are published NQR data in Ref. 20.
We note however that the reported 69Ga NQR values20

were originally attributed to the Ga(1) position, but this
response stemmed most likely from gallium atoms at the Ga(2)
position.21 This viewpoint is consistent with our theoretical
predictions; the reported νQ value of 28.28 MHz would not
correspond to the calculated 69Ga(1) νQ values and neither to
the Ga(1) νQ measured on isoelectronic PuRhGa5 (Ref. 22).
Our calculated values for the Ga(2) site in PuCoGa5 are also
close to the measured value, when this is attributed to Ga(2).
Nonetheless, a re-evaluation of the NQR experimental data on
PuCoGa5 would be desirable to provide accurate NQR values.

B. LDMA calculations

In Table II we show LDMA and LDA+U results for
the total f -shell occupation nf , its decomposition into the
occupations of j = 5/2 and j = 7/2 subshells, and the
branching ratio24 B for PuCoGa5. Comparison is made with
the results of intermediate-coupling (IC) and jj -coupling
calculations performed for atomic f 5 and f 6 configurations.24

It is apparent that the f shell in the solid is different from the
isolated atomic f 5 shell, indicating an intermediate-valence
state of the Pu atom in PuCoGa5. This observation is in
qualitative agreement with the experimental measurements of
the neutron scattering form factor.3

The total occupations nf resulting from LDA+U and
LDMA calculations are similar. What differs are their subshell
components n

5/2
f and n

7/2
f , and the corresponding branching

ratios. Like in the elemental actinides,8,24,25 the LDMA
produces an intermediate-coupling ground state, whereas the
LDA+U solution is close to the jj limit. This disparity is
a direct consequence of different Hilbert spaces used for the
f shell in evaluation of the local occupation matrix nγ,γ ′ :
LDMA uses the complete many-body Hilbert space with
dimension 214 constructed on the top of the 14 local f orbitals,
whereas LDA+U employs only the single-particle Hilbert
space spanned on these orbitals.

C. Fermi surface topology and related properties

Analogously to the LDA+U , the LDMA eigenvalues
and eigenvectors from Eq. (5) represent the correlated band
structure. Examination of its plot in Fig. 1 shows that the
f character in the vicinity of EF is reduced in comparison with
LDA.4 This behavior is very similar to the LDA+U results
discussed above.
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The corresponding quasiparticle Fermi surfaces (FS) are
also shown in Fig. 1. There are four sheets (I–IV) composing
the FS: sheets I and II are fairly three-dimensional (3D) and
sheets III and IV are two-dimensional (2D). Close similarities
are revealed between these sheets and the Fermi surfaces
from the previous LDA4 and AMF-LDA+U calculations.
Surprisingly, the Fermi surfaces calculated with LDMA and
LDA have very similar geometry. This is particularly the
case for the FS-III and FS-IV sheets, whereas there exist
some differences for the FS-II sheet. Nonetheless, this implies
that LDMA and LDA will give very similar results for the
de Haas–van Alphen frequencies despite an important differ-
ence between LDMA and LDA: The f character at the Fermi
surface is strongly reduced in LDMA compared to LDA.

Next, we calculate the band-resolved densities of states
(DOS) for the bands forming the four Fermi surface sheets
and the corresponding Fermi velocities defined as

|〈vi〉| =
√∫

BZ d3k v2
i δ(E(k) − EF )∫

BZ d3k δ(E(k) − EF )
, (7)

where vi = ∂E(k)/∂ki is the group velocity along the ith
direction (i = x,y,z). Calculated values of the DOS(EF ) and
the Fermi velocities are shown in Table III. For all bands
contributing to the Fermi surface, the value of f DOS(EF )
provides only a fraction of the total DOS(EF ). For FS-I and
II we obtain a rather small anisotropy between the in-plane
(x, y) and out-of-plane (z) velocities consistent with the
3D character of these sheets. For FS-III and IV, the values of
the out-of-plane velocity are reduced due to the 2D character
of FS-III and IV, and the in-plane values stay about the same
as for FS-II as expected from the band structure shown in
Fig. 1. Consequently, there is a noticeable anisotropy between
the in-plane and out-of-plane velocities consistent with the
2D character of FS-III and IV. We note that quasi-2D character
of the FS is also observed experimentally for materials from
Ce115 family.26

The energy bands which correspond to the Fermi sheets I
and II are apparently split by a gap along the Z–A direction (see
Fig. 1). Further details can be found in Fig. 2 where we plot
these bands in a plane cutting the Brillouin zone at kz = π/c.
The pseudogap (as it appears only in a part of the Brillouin
zone) is visible along the Z–R line in this case. Figure 2 also
shows a contribution to the density of states coming from the
FS-I and FS-II bands. Two peaks in the DOS, one just below
EF for FS-I and the other just above EF for FS-II are clearly

TABLE III. The total and f -projected DOS(EF ) in eV−1, out-
of-plane and in-plane Fermi velocities in units of 105 m/s, and ratio
of in-plane and out-of-plane upper critical fields for the four Fermi
surface sheets from Fig. 1.

FS DOS(EF ) f DOS(EF ) |〈vz〉| |〈vx,y〉| H
a,b
c2 /Hc

c2

I 0.5 0.2 1.3 2.0 1.5
II 1.3 0.4 2.5 2.8 1.1
III 0.8 0.2 1.0 3.0 3.0
IV 0.5 0.1 0.9 3.0 3.3
Total 3.1 0.9 2.3 3.6 1.6
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FIG. 2. (Color online) LDMA calculated energy bands of
PuCoGa5 corresponding to FS-I and FS-II plotted in a plane cutting
the Brillouin zone at kz = π/c. The Fermi energy plane is also shown
(top); DOS for the FS-I and FS-II bands (bottom).

visible. The occurrence of the pseudogap of approximately
0.15 eV separating the FS-I and FS-II bands correlates with
these two peaks. The orbital character of the DOS indicated in
Fig. 2 shows that most of the contribution to FS-I comes from
Pu-f , Co-d, and Ga-p states, while FS-II consists mostly of
Pu-f , Co-d, and interstitial states. None of these features are
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found for the bands that form the 2D-like Fermi sheets III and
IV. The f character is further reduced in the FS-III and FS-IV
bands with most of their spectral weight coming from Pu-f ,
Co-d as well as from interstitial states.

Very recently, a hybridization gap27 in the DOS of PuCoGa5

was observed in a pump-probe optical study.28 The size of
the gap was estimated about 4–5 meV, and its origin was
attributed to the 2D-like Fermi surface sheets III and IV
displaying dominant 5f character as obtained in the earlier
LDA calculations.4 Our results are qualitatively consistent
with the presence of a (pseudo)gap in the spectrum and show
that it is connected to the 3D-like components of the Fermi
surface (FS-I and FS-II). The experiments28 can hence be
alternatively interpreted in terms of hybridization between
f and non-f states near EF , rather than in terms of delo-
calization of Pu 5f electrons.

D. Implications for superconductivity

Once the band velocities and the density of states at
the Fermi level are known, the Drude plasma energy �p =√

1
3�2

x + 1
3�2

y + 1
3�2

z can be calculated. The individual direc-
tional components �i are given as

�2
i = e2

2π2

∫
BZ

d3k v2
i δ[E(k) − EF ], (8)

which leads to numerical values �x = �y = 4.2 eV, �z =
2.75 eV, and �p = 3.8 eV. Using the Drude plasma energy,
and assuming that the temperature dependence of electrical
resistivity is only due to the electron-phonon interaction, we
can estimate the electron-phonon coupling λtr from the Bloch-
Grüneisen transport theory. At sufficiently high temperatures
(T � 0.7 × �D , i.e., above 170 K in the case of PuCoGa5) we
can employ an approximate expression29

�ρ

�T
≈ 8π2

h̄�2
p

kBλtr (9)

which relates the electrical resistivity ρ and the
electron-phonon coupling strength. Taking the experimental
resistivity32 at T = 300 K of ≈240 μ� cm, and removing
the residual value ≈30 μ� cm, we get the remarkably large
λtr = 2.5.

First-principles LDA phonon calculations30 give a sub-
stantially smaller value of λ = 0.7. Repeating the procedure
outlined in the preceding paragraph for the LDA band
structure5 yields �p = 2.2 eV for the Drude plasma energy
and λtr = 0.8 for the electron-phonon coupling, which is quite
close to λ = 0.7 derived from the LDA phonon calculations.30

It illustrates the validity of Eq. (9) for semiquantitative estimate
of the electron-phonon coupling strength. Apparently the
LDMA λtr enhancement over its LDA value is due to an
increase of the Drude plasma energy �p, which in turn is
caused by an increase of Fermi velocity, Eq. (7), when the
Coulomb U is included. Generally, the electrons at EF become
faster as their f character is reduced.

To further assess the reliability of the LDMA and LDA
estimates for the λtr parameter, we can turn to the comparison
of experimental and calculated phonon spectra.31 It was found
that the conventional LDA/GGA band theory is not sufficient
to accurately reproduce the lattice dynamics in PuCoGa5.
Better agreement with experimental data is achieved when
Coulomb U = 3 eV (the same as used in our calculations) is
included. It is therefore reasonable to assume that the larger
electron-phonon coupling deduced from the LDMA electronic
structure captures the reality better than the smaller LDA
estimate.

Putting λtr = 2.5 into the McMillan formula,33 and assum-
ing the Coulomb pseudopotential μ∗ = 0.0–0.2, we obtain
an estimate for the superconducting transition temperature Tc

in the range 27–39 K, which is not too far from the experi-
mental value Tc = 18.5 K. This observation supports a strong
electron-phonon coupling mechanism of superconductivity in
PuCoGa5 in line with the model recently proposed in Refs. 32
and 34.

Additional support for electron-phonon origin of super-
conductivity in PuCoGa5 can be found in similarities with
MgB2 noticed already in the first LDA calculations.4 Both
compounds have Fermi surfaces composed of 2D and 3D
sheets and the transition temperature appears to scale with the
masses of the constituent atoms, namely T

MgB2
c /T PuCoGa5

c ≈√
MGa/MB.
The electron-phonon interaction is always attractive. Con-

ventional wisdom thus suggests that it would preferably lead
to s-wave pairing. At first glance, it contradicts the results
of Refs. 2 and 20 which show no evidence for a Hebel-
Slichter coherence peak in the spin lattice relaxation rate T1

−1

measurements. This absence points to unconventional, likely
d wave, superconductivity in PuCoGa5. It is often used as
argument against electron-phonon interaction and in favor
of an antiferromagnetic spin-fluctuation mediated pairing.
Nevertheless, there are several scenarios where electron-
phonon interaction induces unconventional superconductivity
as well. Non-s-wave pairing can occur as a result of an
interplay of spin and orbital fluctuations with electron-phonon
interaction.35 Alternatively, the s-wave channel in the electron-
phonon mediated superconductivity can be suppressed by a
strong on-site Coulomb interaction, which again leads to an
unconventional pairing.36 While we do not present here the
microscopic mechanism for superconductivity in PuCoGa5,
we emphasize that the electron-phonon mechanism is not
impossible.

As a next characteristic of the superconducting state we
estimate the in-plane/out-of-plane anisotropy ratio for the
upper critical field H

a,b
c2 /Hc

c2 assuming that it is proportional to
the ratio of the Fermi velocities |〈vx,y〉|/|〈vz〉| (see Table III).
There is almost no anisotropy in Hc2 for Fermi sheets I and II,
and a very pronounced anisotropy for sheets III and IV. Since
very high magnetic fields are needed to reach Hc2 in PuCoGa5

at low temperatures, it is difficult to make a comparison with
experiment. Recently, the upper critical field was carefully
measured in PuRhGa5, which displays lower Hc2 values than
PuCoGa5.37,38 Experimental anisotropy ratios of Hc2 were
found to fall in the range of 1.8 to 2.0 showing a reasonable
agreement with our estimates.
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FIG. 3. (Color online) Spectral density (including multiplet tran-
sitions) of PuCoGa5 provided by LDMA with U = 3 eV. Experimen-
tal PE spectrum (arb. units) from Ref. 40 is shown for comparison.

E. Valence-band photoemission

Valence-band photoemission (PE) data obtained with vari-
ous photon energies39 exhibit a relatively low f -state intensity
at the Fermi level EF , while most of the f -related emission
is located in the energy range 0.5–3 eV below EF . One
representative PE spectrum is shown in Fig. 3. These data were
obtained on sputter deposited films. They differ somewhat
from the earlier PE results40 that were obtained on a laser-
ablated surface and display a weak but noticeable f peak
near EF . The occurrence of this sharp peak is consistent
with predominantly f character of DOS at EF seen in LDA
calculations4 and was used to argue in favor of the importance
of f electrons for the emerging superconductivity. This feature
close to the Fermi level remains visible in the results of
Ref. 40 with substantially reduced intensity. Also the shape
of the Pu-4f core level spectra, with weak intensity at the
“well-screened” position, are compatible with a moderate
f density of state at the Fermi level.39

The difference between the data of Refs. 40 and 41 can
be due to a small excess of Ga at the surface of the samples
used in Ref. 41. The Ga excess can be well monitored using
ultraviolet photoelectron spectroscopy (UPS) of Ga-3d core-
level lines. The Ga segregation at the surface is shown to
produce a small shift in the energy positions of the Ga-3d

states which is seen in UPS.39 In this case, the spectra are in
agreement with the data obtained from samples used in Ref. 41.
Avoiding the Ga enrichment leads to a reduction of the Fermi
level emission. These observations allow us to assume that
the enhanced peak40 at EF is not, at least to some extent, an
intrinsic property of PuCoGa5.

Comparison between the theory and PE experiments is
often taken as an important criterion of truthfulness of
the electronic structure calculations. The use of the single-
particle LDA DOS to compare with the PE spectrum would
assume weak electron correlations among the 5f states in
PuCoGa5. For 5f states at the borderline between the localized
and itinerant behavior neither LDA nor static-mean-field
LDA+U theories are sufficient to accurately describe the
photoemission,41 since these approximations entirely miss the
experimentally observed atomic-like multiplets.

The LDMA has been demonstrated to be capable of
describing the multiplet transitions in elementary actinides
rather well.8 In Fig. 3 we show the total and f -projected
spectral density for the Pu atom in PuCoGa5 as provided by
LDMA calculations. The f states are mostly concentrated
in the binding energy range 0.5–2 eV with additional small
satellites found at around 3 eV. Their positions are overlapping
with the Co-d states located in the range 0.5–2.5 eV. No
significant peak in the f -projected spectral density is found in
the vicinity of the Fermi level, only a small contribution from
the f states remains at EF . Overall, our calculations are in fair
agreement with experimental PE spectra.39

IV. CONCLUSIONS

Our correlated band theory calculations show that the LDA
picture of the electronic structure dominated near the Fermi
level by delocalized 5f electrons is modified when the electron
correlations are taken into account more accurately. Both the
LDA+U and LDMA calculations indicate that the plutonium
f shell is different from the f 5 configuration. We obtain the f -
shell occupation nf ≈ 5.3 implying an intermediate-valence
state of Pu in PuCoGa5 and PuRhGa5 compounds. An explicit
account for the Coulomb repulsion in the 5f shell leads to
a reduction of the f character of the electronic states at the
Fermi level compared to LDA, and gives an indication of
a substantial hybridization between f and non-f states. It
is shown that correlated band theory reproduces the correct
nonmagnetic ground state and provides a good description
of electric-field gradients and valence-band photoemission
spectra for PuCoGa5 and PuRhGa5 compounds. The calculated
electronic spectrum displays a pseudogap that could be related
to the hybridization gap observed in recent experiments.28 Our
findings can be important for understanding the superconduc-
tivity in these materials.
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