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Electronic Structure and the Fermi Surface of PuCoGas and NpCoGas
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Using a relativistic linear augmented-plane-wave method, we clarify energy band structures and
Fermi surfaces of recently discovered plutonium-based superconductor PuCoGas and the isostructural
material NpCoGas. For PuCoGas, we find several cylindrical sheets of Fermi surfaces with large
volume, similar to CeMIns, while for NpCoGas, the Fermi surfaces are found to be similar to those of
UMGas. These similarities are discussed based on the j-j coupling scheme, suggesting some hints for
the superconducting mechanism in HoCoGas-type f-electron compounds.
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Recently superconductivity has been discovered in
PuCoGas [1]. Surprisingly, the transition temperature 7
is 18.5 K, which is the highest among those yet observed
f-electron materials and high enough even compared with
other well-known intermetallic compounds. It has also
been found that PuRhGas becomes superconducting with
T.= 8.7 K [2]. These plutonium intermetallic com-
pounds PuMGas have the same HoCoGas-type tetragonal
structure as CeMIns [3]. Note that superconductivity oc-
curs for M = Ir (T, = 0.4 K) and Co (2.3 K) in CeMIns,
while antiferromagnetic (AF) phase has been found for
M = Rh at ambient pressure. Other isostructural mate-
rials including actinide ions are UM Gas [4] and NpCoGas
[5], but superconductivity has not been reported yet in
both compounds. These HoCoGas-type compounds are
frequently referred to as “115.”

Regarding the superconducting mechanism in the 115
compounds, first let us consider Ce-115. It has been
widely considered that it is unconventional d-wave super-
conductor induced by AF spin fluctuations (see, for in-
stance, Ref. [6]). In fact, there is some evidence such as 77
behavior in nuclear relaxation rate [7] and node structure
measured by thermal conductivity [8]. For the phase
diagram of Ce(Co, Rh, Ir)Ins [9], the AF state is found
to exist adjacent to the superconducting phase. Concern-
ing Pu-115, on the other hand, it is still premature to draw
a definitive conclusion about the mechanism of super-
conductivity, but we envisage two scenarios: One is
phonon-mediated conventional superconductivity, and
the other is unconventional superconductivity with mag-
netic origin. From the experimental facts such as the
Curie-Weiss behavior in magnetic susceptibility and elec-
tric resistivity in proportion to T'33 [1,2], spin fluctua-
tions seem to play a crucial role also in Pu-115. Here we
recall that 5f electrons have an intermediate nature be-
tween localized 4f and itinerant 3d electrons. Namely,
energy scale of 5f electrons should be larger than that of
4f electrons, paving a way to understand the higher 7, of
Pu-115 if we assume the same electronic mechanism for
superconductivity in Ce-115 and Pu-115.
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However, irrespective of the mechanism, there is a
question why Ce-115 and Pu-115 are superconductors,
but U-115 and Np-115 are not. In the phonon mechanism,
all HoCoGas-type materials can be superconducting. In
the magnetic mechanism, U-115 and Np-115 can be
superconducting with relatively high T, similar to those
of PuMGas, but that is not the case. Apparently some key
issue is missing in the phonon mechanism and for the
magnetic scenario, and it is not sufficient to consider
U-115, Np-115, and Pu-115 as simple analogs to Ce-115
with large energy scale, based only on the difference in
itinerant nature between 4f and 5f electrons. In order to
get insights into the mechanism, first we need to clarify
the difference and similarity among electronic structures
of 115 materials.

In this Letter, we calculate energy band structures and
Fermi surfaces for PuCoGas and NpCoGas by applying a
relativistic linear augmented-plane-wave (RLAPW)
method [10]. Then, we compare the results with those
for CeMIns [11] and UMGas [4,12]. For PuCoGas, it is
found that several sheets form cylindrical Fermi surfaces
with large volume, similar to CeMIns (M = Ir and Co).
For NpCoGas, we observe the Fermi-surface structure
with large-volume part and several small pockets, similar
to UFeGas and UNiGas. The similarity between Ce-115
and Pu-115, as well as that between U-115 and Np-115,
can be understood by the difference in f-electron
number based on the j-j coupling scheme. We believe
that the present results provide us with a couple of hints
to consider the mechanism of superconductivity in 115
materials.

In our band-structure calculation, the local density
approximation is used for the exchange and correla-
tion potential, and the spatial shape of one-electron po-
tential is determined in the muffin-tin approximation.
Self-consistent calculations are performed by using the
lattice constants determined experimentally [1,2].

In Fig. 1(a), we show the energy band structure for
PuCoGas along the symmetry axes in the Brillouin zone
in the range from —0.5 to 1.0 Ryd. First note that in
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the vicinity of the Fermi level Er located at 0.446 Ryd,
there occurs hybridization between Pu 5f and Ga 4p
states. Above Er near the M point, the flat 5f bands split
into two groups, corresponding to the total angular mo-
mentum j = 5/2 (lower bands) and 7/2 (upper bands).
The magnitude of the splitting A between the two
groups is estimated as A(Pu) = 1.0 eV, which is almost
equal to the spin-orbit splitting in the atomic 5f state of
Pu. Note that each Pu APW sphere contains about 5.2
electrons in the f state, suggesting that the valence of the
plutonium ion is Pu’™, consistent with the experimental
result [1].
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FIG. 1 (color). (a) Energy band structure for PuCoGas ob-
tained by the RLAPW method. Calculated Fermi surfaces of
PuCoGas for (b) 15th band hole sheets, (c) 16th band hole
sheets, (d) 17th band electron sheets, and (e) 18th band electron
sheets. Colors indicate the amount of 5f angular momentum
character on each Fermi surface sheet and redshift indicates the
increase of the f character. The center of the Brillouin zone is
set at the I' point.
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By using the total density of states at Ef, evaluated as
N(Eg) = 97.3 states/Rydcell, the theoretical specific
heat coefficient y,,,4 is estimated as 16.9 mJ/K? - mol,
while the experimental electronic specific heat coefficient
Yexp 18 77 mJ /K2 - mol [1]. If we define the enhancement
factor for the electronic specific heat coefficient as A =
Yexp/ Ybana — 1, we obtain A = 3.6, which is smaller than
A = 10 for CeColns [11]. Note that the enhancement of
A from unity is a measure of electron correlation effect.
The moderate A in Pu-115 suggests that the correlation
effect in Pu-115 should be weak compared with Ce-115.
Since localized nature is stronger in 4f electrons, the
correlation effect is more significant in Ce-115.

Now we discuss the Fermi surfaces of PuCoGas.
Since the lowest 14 bands are fully occupied, as shown
in Fig. 1(a), the next four bands are partially occupied,
while higher bands are empty. Then, as shown in
Figs. 1(b)—1(e), the 15th, 16th, 17th, and 18th bands cross-
ing the Fermi level construct the hole or electron sheets of
the Fermi surfaces, summarized as follows: (i) The Fermi
surface from the 15th band includes one small hole sheet
centered at the I' point. (ii) The 16th band constructs a
large cylindrical hole sheet centered at the I" point, while
two equivalent small hole sheets are centered at X points.
(iii) The 17th band has a large cylindrical electron sheet
centered at the M point. (iv) The 18th band provides
another cylindrical electron sheet centered at the M point.
Among them, the main Fermi surfaces are determined
from the viewpoints of the Fermi-surface volume and
f-electron admixture. As for the Fermi surface con-
structed from the 18th band, f electrons are not uniformly
distributed on it, as expressed in the color scale. Around
the A point, the f-electron admixture is large, while the p
electron gives a large contribution around the M point.
If we ignore three dimensionality and small-volume
Fermi surfaces, the main contributors are the hole sheet
from the 16th band centered at the I' point and the
electron sheet from the 17th band centered at the M point.

Next let us make a comparison among the results
for Ce-115 [11], U-115 [12], Np-115, and Pu-115. In
Figs. 2(a)-2(d), we show the energy band structures
around Ep for CeColns, UCoGas, PuCoGas, and
NpCoGas, respectively. Note that CeColns, UCoGas,
and PuCoGas are compensated metals, while NpCoGas
is not. We estimate A(Ce) = 0.4 eV, A(U) =0.8¢V,
and A(Np) = 0.95 eV, which are almost equal to the
spin-orbit splittings in the atomic 4f and 5f states for
Ce, U, and Np, respectively. As expected, we obtain
A(Ce) < A(U) = A(Np) =< A(Pu).

We note that the number to label the red and blue
curves increases one by one among compensated metals
in the order of CeColns, UCoGas, and PuCoGas (see the
caption of Fig. 2), corresponding to the increase in the
f-electron number by two per site [see Fig. 2(a)]. Note
also that the shapes of the red and blue curves among
the three compounds are similar to one another, since
overall band structure around the Fermi level is always
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FIG. 2 (color). Energy band structure around Ey for
(a) CeColns, (b) UCoGas, (c) NpCoGas, and (d) PuCoGas. In
(a), (b), and (d), red and blue curves indicate the upper and
lower bands to construct the hole and electron Fermi-surface
sheets, respectively. Those are 14th (red) and 15th (blue) for
CeColns, 15th (red) and 16th (blue) for UCoGas, and 16th (red)
and 17th (blue) for PuCoGas. Note that for (c) NpCoGas, the
bands to construct the two hole sheets, 15th and 16th, are
specified by red and blue curves, respectively. (e) Configu-
rations for f electrons accommodated in three Kramers dou-
blets. Up (down) arrow denotes pseudo-spin-up (-down).

determined by hybridization between broad p bands and
narrow f bands for 115 compounds. For NpCoGas, the
shapes of the 15th and 16th bands, denoted by the red and
blue curves in Fig. 2(d), are almost the same as those of
UCoGas. As deduced from Fig. 2(e), the Fermi level for
NpCoGas is shifted upward such that one f electron is
added to UCoGas. Then, the volume of the Fermi surface
from the 16th bands becomes large and the 17th band
crosses the Fermi level to form small-pocket electron
surfaces.

Let us note that the center of gravity of the j = 5/2
states in CeColns is about 0.4 eV above Ef, while the
center of those in PuCoGas is slightly lower than Ef.
Concerning UCoGas and NpCoGas, the j = 5/2 states
seem to be just at the Fermi energy. This trend is consis-
tent with the number of f electrons in each compound.
The spread of j = 7/2 and 5/2 bands around the M or A
points becomes broad in the order of CeColns, UCoGas,
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and PuCoGas, while it is similar between UCoGas and
NpCoGas, consistent with the difference in 4f- and
5f-electron wave functions.

Here we emphasize that Ce-115 and Pu-115 exhibit
large Fermi surfaces, as shown in Fig. 3(a) and
Figs. 1(b)—1(e). In particular, we see a clear similarity
between main Fermi surfaces of CeColns and PuCoGas,
except for fine structures. Considering only the f-electron
dominant Fermi surface with a large volume, we observe
in common the large hole sheet centered at the I' point
and the large cylindrical electron sheet centered at the M
point. On the other hand, UCoGas has small-pocket Fermi
surfaces, as shown in Fig. 3(b) [12]. Namely, UCoGas is
considered as a semimetal, which seems to be closely
related to the reason why UCoGas does not exhibit super-
conductivity [13]. The semimetallic behavior may origi-
nate from slight overlap among the j = 5/2 f bands
strongly hybridized with p states from Ga ions.

As shown in Fig. 3(c), the Fermi surfaces for NpCoGas
consists of small-pocket parts and a large-volume
contribution. Note that the electronic state of NpCoGas
is similar to UCoGas with one more f electron [see
Fig. 2(e)]. Thus, the small-pocket parts are the rem-
nants of UCoGas, while the large-volume Fermi surface
contains one additional electron. Interestingly, the Fermi
surfaces of UNiGas [4] are quite similar to Fig. 3(c),
since both UNiGas; and NpCoGas; are regarded as
UCoGas with one more electron, if we simply ignore
the difference in the original character, d or f, of the
additional one electron.

As discussed above, due to semimetal behaviors, it
seems natural that superconductivity does not occur in
UCoGas, but for NpCoGas, UNiGas, and UFeGas, a dif-
ferent reason should exist for the absence of superconduc-
tivity since there are large-volume Fermi surfaces. Here
we notice that the number of cylindrical Fermi surfaces is

= B

band 13(ho|e) band 14 (hole)  band 15 (electron) band 16 (electron)

band 16 (electron)

He

band 15 (hole) band 16 (hole)

band 15 (hole)

band 17 (electron)

FIG. 3. Calculated Fermi
(b) UCoGas, and (c) NpCoGas.

surfaces of (a) CeColns,
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one for UNiGas, UFeGas, and NpCoGas, while two (or
three) sheets are observed for Ce-115 and Pu-115. Phe-
nomenologically it seems that such multi-Fermi-surface
structure originating from the multiorbital nature of
the f electron is a key issue for the appearance of super-
conductivity in 115 materials. It will be an interest-
ing future problem to study this point based on a micro-
scopic model.

Finally, let us discuss the similarity in energy band
structures and Fermi surfaces between Ce-115 and
Pu-115. First we point out the electron-hole conversion
relation between Ce?" and Pu®" ions, as easily under-
stood from Fig. 2(e). Note that this issue has been dis-
cussed for many years [14], but recently it has been
refocused from the microscopic viewpoint for f-electron
systems [15]. Thus, Pu-115 can be considered as a hole
version of Ce-115, which is the very reason why common
Fermi surfaces are observed. In order to confirm this
picture, it is instructive to reanalyze the tight-binding
model based on the j-j coupling scheme [15]. To consider
the 115 systems, we include only f and p electrons in the
two-dimensional network composed of Ce and In (Pu and
Ga) ions. The Hamiltonian is given by the sum of
f-electron hopping, p-electron hopping, and f-p hybrid-
ization terms, which are characterized by the Slater in-
tegrals (ffo), (ppo), and (fpo), respectively. Note that
crystalline electric field terms are simply ignored, since
their energy scales are much smaller than the energies
considered here.

In Fig. 4(a), we show the direct comparison between
the RLAPW and tight-binding results for (ffo) =
4500 K, (fpo) = 6000 K, and (ppo) = 18630 K. The
top and bottom of the tight-binding bands are determined
by comparison with the RLAPW ones with a significant
amount of Ga 4p states. The Fermi level for the tight-
binding model is determined so as to include five f
electrons. First, overall features of the bands in the vi-
cinity of Eg are well reproduced by the mixture of broad
p and narrow f bands. Second, magnitude of parameters
for PuCoGas are large compared with those for CeColns,
(ffo) =4400 K, (fpo)=5360K, and (ppo)=
5730 K [11]. Note that the difference in (ppo) between
PuCoGas and CeColns is mainly due to the difference of
Ga4p and In 5p electronic states. Then, we conclude that
5f electrons are more itinerant than 4f ones from the
present results for tight-binding fitting. As shown in
Figs. 4(b)—4(d), the main Fermi surfaces are well repro-
duced by the tight-binding model. Good agreements be-
tween RLAPW and tight-binding results indicate the
validity of the j-j coupling scheme for PuCoGas.

In summary, we have performed the band-structure
calculation for PuCoGas and NpCoGas. The Fermi sur-
faces for Pu-115 are similar to Ce-115 materials, and we
have also observed a similarity between Np-115 and
U-115. These similarities can be understood by the
f-electron number difference based on the j-j coupling
scheme. We believe that a way to understand supercon-
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FIG. 4. (a) Energy band structures for PuCoGas for the tight-

binding model (solid curves) and the RLAPW results (dashed
curves). Fermi surfaces discussed here are (b) 16th, (c) 17th,
and (d) 18th band sheets. Solid and broken curves denote the
tight-binding and RLAPW results, respectively.

ductivity in Pu-115 is to investigate the multiorbital mi-
croscopic model by further adding Coulomb interactions.
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Note added—Fermi surfaces similar to our results
were also obtained by Opahle and Oppeneer [16].
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