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We report a theoretical investigation of the electronic structure of the plutonium-based medium:-high-
superconductor PuCoGeon the basis oéb initio local spin-density functional calculations. We furthermore
report electronic structure calculations of the related actinide compounds PyRRGaGa, UCoGa,
NpCoGa, and AmCoGg PuRhGag is a superconductor as well, whereas the other materials do not become
superconducting. The equilibrium lattice parameters within the tetragonal HgQu®dal structure are well
reproduced for UCoGaNpCoGa, as well as for the three isoelectronic Pu-115 compounds when we assume
delocalized % states. The possibility of a partialf Socalization 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 thedhirution. Our
total-energy calculations predict antiferromagnetic order to be favorable for all three Pu-115 materials, which
is, however, observed experimentally for Pulg@aly. Within the Pu-115 series some small changes of the
bands near the Fermi energy occur, which could be relevant for the superconductivity. A comparisoabof the
initio calculated and the experimental properties clearly supports the picture of delocdlieéetBons for
UCoGa;. The neptunium-based 115 compound is predicted to order antiferromagnetically, which is supported
by experiment. Also, the calculated magnetic mom@85 ug) compares well with the measured moment
(0.84 ug). These findings advocate that the NfsSare still to some extent delocalized in NpCeGén
contrast, for the Am-115 analog the Anfi Blectrons 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 UCoG&e 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 Ce@nthCelrli, however, with a stronger
coupling strength due to a much strongérhiybridization.
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[. INTRODUCTION and studied before the superconductivity in PuCo@as
discovered* The isostructural analogs UCogaand
An exciting new class of Pu-based superconductors waslRhGa, were reported to be nonsuperconducting,
very recently discoveret? The original discovery—drawing temperature-independent paramagriéts, while UNiGa;
worldwide attention—was that of superconductivity in and UPtGag order antiferromagnetically and display a
PuCoGag at an astonishingly high transition temperature ofweakly-temperature dependent magnetic susceptibility above
18.5 K! Before this discovery, no superconductivity in the respective Néel point8:’® Especially from the findings
Pu-based materials was known to exist and most actinidér the Pu-115 materials, it seems that the newly-discovered
superconductors exhibit;'s of less than 2 K. Shortly after superconductivity appears in a class of materials that are on
the initial discovery, superconductivity in the isoelectronicthe verge of magnetic ordering. This observation bears on the
Pu compound PuRhGat aT, of 8.5 K was reported.Un-  possible nature of the pairing mechaniéee, e.g., Ref. 16
der pressure th&, of PURhGg increases to 16 K while that The unprecedented, high as well as the proximity to mag-
of PuCoGag raises to 23 K& The first experimental results netic ordering raises the question if possibly an unconven-
for the isoelectronic PulrGandicate the absence of super- tional pairing could be operative.
conductivity (down to 2 K), but magnetic ordering is in- Three years prior to the report on Pu-based superconduc-
ferred from the susceptibility below 17 KAfter the discov- tivity a related group of heavy-fermion superconductors,
ery of superconductivity in PuCoGaattention has also crystallizing in the same HoCoGatructure, was discovered.
focused on other transuranium compounds, which crystalliz&o this group belong the Ce compounds CeGpleRhln,
in the same tetragonal HoCogstructure. NpCoGaorders — and Celrlg.2’~19CeColn, and Celrla were found to be su-
antiferromagnetically belowy=47 K and does not become perconductors at ambient presstfté? with T.=2.3 and
superconducting.Preliminary results for AmCoGgndicate 0.4 K, respectively, whereas CeRblbecomes a supercon-
this material to be a temperature-independent paramagndtictor (with T,=2.1 K) under pressur&. At ambient pres-
with no sign of superconductivity down to 2%Also, a sure CeRhlg orders antiferromagnetically with an incom-
number of related uranium-115 materials have been preparedensurate spin spiral below the Néel temperatdie
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=3.9 K2° On account of the unusual interplay of heavy-whereas for PuSe and PuTe thEsSappear to be relatively
fermion behavior, magnetic ordering, and superconductivitydelocalized’-3% Very recently, it was shown that the local-

an unconventional pairing mechanism has beenzation degree of the Pufs is important, too, for PuCoGa
envisaged®!® Indeed, very recently several experimental Photoemission experimeffsrevealed a delocalizedf5re-
evidences for unconventional, spin-singlietvave supercon-  sponse near the Fermi energy, as well as a second response at
ductivity in CeRhlg and CeColg were presentet 11 eV binding energy, which was attributed to localizeéid 5
These findings for the Ce-115 superconductors bear certainlates. Here we adopt the delocalized LSDA approach for the
relevance for the physics of the Pu-115 superconductors, thgyhter actinide-115 and the Pu-115 compounds, while we
investigation of which is only just commencing. treat the Am 5 electrons of AmCoGgas core electrons. The
_Undoubtedly, a challenging task for the future is ur!re.“’el.'validity of the LSDA description will be discussed. Where
ing the nature of the unprecedented superconductivity i ossible, we compare calculated electronic structure proper-

PuCoGa. To this end more experimental information is . . : .
; ; ; -fies to the available experimental data. To shed more light on
pressingly needed, which, however, i burdensome to acquu{ e nature of the PufSelectrons in the Pu-115 compounds

because of the radioactivity of Pu and its handling restric-,

tions. Another approach is to investigate the electronic s’trucf-urther comparisons between calculated and measured quan-

ture by first-principles calculations. The underlying elec-titi€s Will be required. As one step in this direction we pro-
tronic structure bears relevance to the superconductivity/ide calculated de Haas-van Alphen frequencies and masses.
since it reveals, e.g., what kind of electrons form the Cooper N the following we first outline our computational ap-
pairs and what the topology of the Fermi surface is. Thes®roach. In Sec. Il we present our obtained results, first for
aspects were studied in two recent short-notdhe PuXGa (X=Co, Rh, and Iy compounds, and subse-
publications?526 The electronic structure calculations pre- duently, for UCoGg NpCoGa, and AmCoGa
dicted the energy bands at the Fermi end(igy) to consist
dominantly of delocalized PufSstates and the Fermi surface
of PuCoGa was predicted to have an anisotropic, quasi two-
dimensional shap®.In contrast, UCoGawas calculated to Our calculations were performed using the relativistic
exhibit rather a three-dimensional Fermi surfa¢&hese are  versiorf!4? of the full-potential local orbital (FPLO)
important aspects, however, in order to obtain a more comminimum-basis band-structure methtdn this scheme the
plete understanding of the electronic structure of thed-component Kohn-Sham-Dirac equation, which implicitly
Pu-115 and related actinide-115 compounds, further eleaontains spin-orbit coupling up to all orders, is solved self-
tronic structure investigations are certainly desirable. consistently. As a basis set Bloch sums of atom-like local
We report here extensivab initio calculations of elec- orbitals are used. The local orbitals are chosen as solutions of
tronic properties of PuXGaX=Co, Rh, and ly, NpCoGa, a single particle Dirac equation in the spherically averaged
UCoGa, and AmCoGa We performed state-of-the-art full- crystal potential and an additional confining potential, which
potential, relativistic total-energy calculations to determineis applied to valence states only. The confining potential con-
the theoretical equilibrium lattice parameters, which we op4ains an orbital dependent variational parameter which is
timized considering different, possible magnetic phases. Fumsed to adjust the local basis states such that the total energy
thermore, we investigate the energy-band structure, the chais minimized. It has the purpose both to compress the local
acter of the states near the Fermi energy, the density of stateslence orbitals and to shift their energy, so that it comes
and the Fermi surfaces. Also, we present calculated de Haaslose to the band centers, thus providing an optimized basis
van Alphen(dHvA) quantities for the Pu-115 compounds for the construction of extended states. For the present cal-
and for UCoGa culations, we used the following basis sets: for U, Np, and
All our calculations utilize the local spin-density approxi- Pu the 5;6s6p6d; 7s7p states were chosen as valence states,
mation (LSDA) to density-functional theory. Because of its while for Ga we used &;4s4p4d. For Co we used the
derivation from the homogeneous electron gas, the LSDA i8d;4s4p states and equivalent sets with higher quantum
appropriate for delocalized electrons. It provides a good deaumbers for Rh and Ir. For the actinides the high-lyirgy 6
scription of the bonding in the early actinide eleméefiteut  and G semicore states are included in the basis. These semi-
precisely for Pu difficulties are known to occur. Right at Pu,core states might hybridize with thel@nd 5 valence states.
a transition occurs in the actinide series from delocalized 5The site-centered potentials and densities were expanded in
behavior in the lighter actinidgg.g., U and Npto localized  spherical harmonic contributions up ltg,,=12. The number
5f behavior in the heavier actinidédm and beyonyl(see, of k-points in the irreducible part of the Brillouin zone was
e.g., Ref. 28 Thus, the behavior of the Puf ®lectrons is 196, but calculations were made also with 405 and up to
often intermediate to localized and delocalized, a situatior2176 k-points to resolve the density of states Egt. The
which cannot easily be captured by theoretical approache®erdew-Wantf parametrization of the exchange-correlation
The prime example of such challenge is elemental Pu. Thpotential in the local spin-density approximatiéhSDA)
a-phase of elemental Pu is rather well explained by LSDAwas used.
calculationgsee, e.g., Ref. 39but for thes-phase of Pu the The actinide-115 compounds all crystallize in the
appropriate approach is still a matter of deb&t€Hybrid-  HoCoGg structure(P4/mmm space groypshown in Fig. 1.
ization effects may modify the localization behavior of the The unit cell of this tetragonal structure can be viewed as
5f's in the case of Pu compounds. It has been found, foderived from the cubic HoGaunit cell, which has been elon-
example, that the Puf5s are rather localized in PuSB, gated along the axis by an extra layer of CoG&eing built

II. COMPUTATION ASPECTS
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FIG. 2. Calculated total energy as a function of volume for
PuCoGg in the paramagneti¢PM), ferromagnetic(FM), and in
two antiferromagnetic phase@F1 and AF2, respectively; see
text).

FIG. 1. (Color onling Crystal structure of PuCoGdleft) and
schematic view of the two considered antiferromagnetic arrange-
ments(see the tejtshowing the magnetic moments on the actinide sShow the calculated total energgrsusvolume for the four
atoms. considered magnetic phases. From Fig. 2 we observe that
AF2 has a lower total energy than AF1. Thus, antiferromag-

in.1° The unit cell has one specific, internal Gaoordinate.  Netic coupling of the nearest-neighboring actinide moments
The three theoretical equilibrium lattice parametars/a, ~ Within one layer is more favorable than ferromagnetic cou-
and the specific Ga coordinate were determined by total- Pling. The Pu-Pu interplane magnetic coupling is very weak,
energy minimization. This procedure was carried out adoptas follows from the near-energy degeneracy of the FM and
ing several possible magnetic phases for the Pu-115 confAF1 phases. This finding is in accordance with the quasi-
pounds. We have considered the paramagr(@h) phase, two-dimensional crystal structure. The computed equilibrium
the ferromagnetic phas&M), as well as two antiferromag- lattice parameters of the AF2 phase are practically the same
netic (AF) phases. Within the HoCoGatructure, which is s those computed for the FM and AF1 phases. The com-

quasi-two-dimensional containing actinide-Ga planes havin@!ted values=4.15 A, ¢/a=1.602, and(Ga)=0.304 com-

a large interplane separation, two of the most essential APare_Well with the experimental lattice parameters,
configurations are as follows. All the actinide atoms within=4-232 A, ¢/a=1.603, andz(Ga=0.312, respectiveff?

one layer can be ferromagnetically ordered alongctiagis,  Adopting the LSDA delocallzgdﬁdescrlptlop leads thus to
but antiferromagnetically coupled to the adjacent layer. Thus2 reasonably good explanation of the lattice parameters of
the antiferromagneti®-vector is(0 0 1/2. This type of an- PuCoGa. The error in the theoretical lattice constéheing
tiferromagnet is denoted here as Afdee Fig. 1 This 1-9% smaller than the experimental o quite typical for
ordering-type has, for example, been observed for UptGa LSDA-based calculations. A lattice constant approaching
The second AF arrangement is that where the nearesfl0Ser the experiment can be expected from generalized gra-
neighboring actinide atoms in one layer are all antiferromagdient approximatioGGA) calculations, which usually im-
netically coupled to one another, whereas the interlayer colRr0Ve on the overbinding of the LSDA. .

pling is ferromagnetic. The-vector is thus(1/2 1/2 0. Susceptibility measurementgrovided so far no evidence
This type of antiferromagnet, which we shall denote as AF2/0r AF ordering in PuCoGa The temperature dependence of
is closely related to the Néel ordering foulidior example, the resistivity, howeyer, show_s an S-like shape_ |r_1Q|cat|ve of
in UNiGag [which hasQ=(1/2 1/2 1/3]. In the latter AF  Scattering due to spin fluctuations. The susceptibility obeys a

structure also the actinide layers are coupled antiferromag]pOd"c'ed .Cur|e-We|ss behavior at elevated temperatures with
netically along thec axis. Previously we calculated the mag- an effective moment. of 0.685. The latter value m@rlcates
netic coupling of adjacent Pu planes to be very weak, local moment lighawor clo_se to that e5xpect_ed fOF &"Ran
therefore we do not expect a significant dependence on thgtefr=0-84us)." The Pd* ion (i.e., 5° configuration has
magnetic modulation along theaxis. one hol_e in the &, subband and is _th_e_r_efore expected to be
magnetic. There are several possibilities why no magnetic
ordering is observed down to about 20 K. It could be that
aboveT, the AF order is dynamically washed out by spin
fluctuations or by Kondo-type screening of the Pu moment.
A. PuCoGas The experimentdl specific-heat coefficient y~60
—-77 mJ/molk is similar or somewhat higher than that of
The first electronic structure results were already pre-5-Pu and four times enhanced compared to thai-&fu (Ref.
sented for PuCoGa(Refs. 25 and 26 which we shall not 47). Thus, many-particle correlations are definitely present.
repeat here. The theoretical equilibrium lattice parameterBelow about 20 K it could be that AF order and supercon-
were not yet determined for the AF2 phase. In Fig. 2 weductivity are competing orders. The occurrence of AF order

Ill. RESULTS
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states(DOS) of PuCoGg in the AF2 phase, for the experimental
lattice parameters. Note that the spin-projected partial DOS of only 19
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.

PuRhGa

0.5

>
at T<T,. could possibly be suppressed by the electron pairf
formation.

In Fig. 3 we show the calculated partial DOS of PuCgGa
in the AF2 phaséfor the experimental lattice constapt$he
partial DOS of the AF2 phase is rather similar to that of the
AF1 phase?® The dominant contribution to the total DOS in
the vicinity of Er stems from the PufSstates. The Co® 40
states are rather localized and occur moderately deep belo
Er, at a binding energy of 1-2.5 eV. The Gp 4tates are
very dispersive, extending from -5 eV to above 5 eV. Near
the Fermi level the main hybridization occurring is that of
Pu 5 and Ga 4 states. 05

The energy bands of PuCogsdepend moderately on the
lattice parameters. Previously we computed the energy band>
and Fermi surface of paramagnetic PuCp@a the theoret-  z
ical equilibrium lattice parametef8.In Fig. 4 we show the E
band structure of paramagnetic PuCg@athe vicinity of
Er for the experimental lattice constants. For a comparison _ys
to be given below, the energy bands of PuRhGad
PulrGa, are also shown in Fig. 4. The bands near the Fermi \
level consist dominantly of PufScharactef® The calcula- e
tions reveal that there is one band crossing alonglith&
direction which is sensitive to changes in the lattice param-
eters and numerical details of the calculation, as well as a FIG. 4. Calculated energy bands of paramagnetic PugoGa
band dispersion about thil point. Changes in the latter PuRhGa, and PulrGg, respectively, for the experimental lattice
band effectually give rise to a modification of the topology of parameters.
the corresponding Fermi surface sheet for PuGoGadifi-
cations of the former band lead to differences within the
corresponding Fermi surface sheets of the three Pu-115 mgortion consisting of arX centered, hole ellipsoid and one
terials. somewhat rectangular hole tube along #hexis. The fourth

The calculated Fermi surface of paramagnetic PuGe&a sheet is a rectangular electron tube alongAkeM —A edge
shown in Fig. 5, for the experimental lattice constants. Theof the Brillouin zone. The fifth sheet is also an electron tube-
colors of the Fermi surfaces indicate the relative sizes of théike structure along thé&—M-A edge. Only the two small
Fermi velocities(i.e., JE/dk) on the sheets. A high Fermi hole pockets have a three-dimensional shape, otherwise the
velocity is expressed by the red color, a small Fermi velocityFermi surface is distinctly two-dimensional. The main modi-
by the dark blue color. There are four bands crosdiag fication of the Fermi surface with the lattice parameters oc-
giving rise to five Fermi surface sheets: A spherically-shapedurs for the fifth Fermi sheet, which, for the theoretical lat-
hole pocket centered at thepoint, a disjunct Fermi surface tice constants was partially open in tze0 plane?® This
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TABLE |. Calculated de Haas-van Alphen frequencikesand
orbital massesn of paramagnetic PuCoGdor 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 Centexband F (kT) m(mg) F (kT) m(my)

a I'(87) 0.741 -0.778 1476 -1.098
B X(89) 0.929 -1.224 1371 -2.494
y I'(89) 4.984 -3.199 4468 -5.720
o Z(89) 6.655 -3.450 5.361 -3.804
¢ M(91) 4.930 4.658 4752 4414
4 A(9]) 6.343 3.921 5.468 3.724
o M(93) — — 1.458 1.973

T A(93) 2.028 1.395 2.248 1.274

FIG. 5. (Color onling Calculated Fermi surface of paramagnetic .
PuCoGg with extremal orbits for a field along theaxis indicated ~PM, FM, and AF2 phases. Since we found the results for the

by Greek letters. Apart from the two small hole pockets athe AF1 and FM phases always to be very close to one another,
point and at theX points, the Fermi surface sheets are pronouncediywe do not show results for AF1 anymore. Also for PURhGa
two-dimensional. Colors depict the size of the Fermi velocity: bluewe find the AF2 phase to have the lowest total energy. The
corresponds to a small velocity, red to a large Fermi velocity. calculated equilibrium lattice parameters age=4.239 A,
c/a=1.590, andz(Ga)=0.298, which are to be compared to

sheet becomes a closed, tube-like surface for the experimeffle experimental data=4.3012 A, c/a=1.594, andz(Ga)

tal lattice parameters. Thus, this Fermi surface sheet becom&$)-3064, respectively. The theoretical lattice paramatey
more two-dimensional for the larger lattice constants. @be Only 1.5% smaller than the experimental one. Investigations
initio calculated Fermi surface is rather simple, therefore iof PURhGag are only just beginning to be undertaken, but so
should not be difficult to identify the various Fermi surface far AF ordering has not been observed@he temperature-
sheets experimentally, for example in de Haas-van A|phe|qiependence of the measured resistivity shows—similar to
measurements. The two-dimensionality of the tubes, e.gPuCoGa—an upturn at about 100 K, typical of spin
would immediately show up in the extremal cross sectiondluctuations: The susceptibility obeys a modified Curie-
once the field is rotated away from tleaxis. Recently, Weiss law with an effective moment 0.6, which is some-
dHvA experiments provided vital information concerning theWhat reduced with respect to the ¥walue? Thus, the
Fermi surface topology of the Ce-115 heavy-fermionPhysical properties of PuRhGare comparable to those of
superconductof&2Y and of some U-115 compounds®®  PuCoGa.

For the Pu-115 materials investigations of the dHVA quan- The calculated DOS of PuRhG& shown in Fig. 7 for
tum oscillations have not been carried out as yet, but experthe experimental lattice parameters. The DOS of the PM
ments are scheduled. In Table | we provide, for future comPhase is rather similar to that of PuCaGahe Fermi energy
parison, calculatéd values for the dHVA frequencids (i.e.,  falls on the right-hand side of a narrowf peak. Magnetic
extremal cross sectionsnd effective masses. The ex-

tremal orbits for a magnetic field along tleeaxis are indi- T e L

= PM
cated in Fig. 5 and labeled with Greek letters. The two closed ~ _ ™'%%T o FM | PuRhGa, 7
hole Fermi surface sheeta and 8) depend significantly on § -44165.06 |- i
the lattice parameters, which, understandably, is related to k:
their relatively small sizes. g ~44165.08 |- .
% -44165.10 |- &
B. PURhGa § 44165.12 i 4
PuRhGg was the second Pu-based material discovered NS 0 Ts 120 i 1%
to become superconducting at 8.5 K. Under pressurgat Volume [AY]

maximally 16 K has been obtainéd.he electronic structure
of PURhGag was not yet investigated. In Fig. 6 we show the  FIG. 6. Total energyersusvolume calculated for the PM, FM,
results of the total energyersusvolume calculations for the and AF2 phases of PuRhGa
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FIG. 7. (Color onling Calculated total and partial DOS of
PuRhGg in the PM phasétop and middle pangland in the AF2
phasgbottom panel for the experimental lattice constant. Only the
spin-projected partial DOS of one AF atom-type is shown.

ordering causes a significant splitting of the gartial DOS
and concurrent reduction of the DOS pealkEat The unen-
hanced specific-heat coefficient of PM PuRBGy
=16.5 mJ/mol K is calculated to be smaller than that of
PuCoGg (which is about 30 mJ/mol ¥ Ref. 25. First
measurements, however, indicate for PuRh&#-value that
is similar to that of PuCoGaRef. 53. If this is confirmed,
the smallerT, of PURhGag could only be due to a pairing
potential that is weaker for PURhGa&s is discussed below,
the pairing potential might depend sensitively on tha
ratio.

The energy bands are shown in Fig. 4. Note, that com-

pared to PuCoGathere exist some small modifications in
the energy bands nedi. Along the I'-X high-symmetry
line there is one ban@o. 89 in our calculationswhich lies

barely aboveEr. 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 sheetnot shown. Consequently, also the
extremal orbits in the=0 plane are different: instead of the
two extremal orbits denoted and v, there is now one large
orbit (denotedy’) centered at th point. The dHVA quan-
tities calculated for PuRhGaare given in Table Il. Except

PHYSICAL REVIEW BO, 104504(2004

TABLE II. Theoretical de Haas-van Alphen frequenciesind
effective massesn of paramagnetic PuRhGacalculated for the
experimental lattice parameters and fbparallel to thec axis. The
symbols labeling the extremal orbits are shown in Fig. 5.

Symbol Centefband F (kT) m (mg)
a I'(87) 1.608 -1.092
v M(89) 13.809 5.295
S Z(89) 6.098 -2.910
I3 M(91) 5.059 3.826
14 A(91) 5.309 2.992
o M(93) 1.541 1.362
T A(93) 1.945 0.987

for the mentioned orbits, the computed dHVA frequencies
and masses are comparable to those of PuG.oGa

C. PulrGas

Very recently, the first experimental data on Puli@e&re
reported! Although more research is definitely required, the
first investigations indicate that PulrGdisplays a physical
behaviordistinctfrom both PuCoGaand PuRhGa PulrGa
does not become a superconductor down to 2 K, instead
antiferromagnetic ordering seems to occur below 17THis
finding indicates a cross-over from weak antiferromagnetic
fluctuations in PuCoGgand PuRhGato a stronger antifer-
romagnetic interaction in PulrGasomething which could
shed light on the origin of the unexpected superconductivity.

In Fig. 8 we present the calculated total energies for
PulrGa. Again the LSDA approach predicts the AF2 phase
to be favored. The calculated equilibrium lattice parameters
area=4.27 A, c/a=1.567, andz(Ga)=0.293, which are to
be compared to the experimental vatues4.324 A, c/a
=1.576, andz(Ga) =0.302, respectively. The equilibrium lat-
tice parameters are thus also in the case of Pulrgtdte
well explained by the LSDA approadithe calculateda is
1.25% smallex. 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
PulrGa. PulrGa also deviates from the Co and Rh com-
pounds for what concerns the susceptibility and resistivity.

-57232.64

-57232.66
-57232.68

-57232.70

Total energy [Hartree]

-57232.72

105 110 115 120

Volume [A]

125 130 135

FIG. 8. The same as Fig. 6, but for PulgGa
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25 TABLE Ill. The same as Table I, but for paramagnetic
20 PulrGa;.
15 Symbol Centeband F (kT) m (my)
10 o 87 0.854 -0.751
5 B X(89) 0.087 -0.836
0 b% M(89) 3.379 -1.742
) Z(89) 7.529 -2.168
25 ——r — & M(92) 4.870 3.099
20 —total ] ¢ A(91) 4.197 2.710
> Pusf |
2 5y o M(93) 1.447 0.907
g 18 Gadp | T A(93) 1.267 1.087
% 10 e T’ k,=0.1293) 1.563 1.075
g g,m’\%
0 ' between theM and A points, thus an additional extremal
04 02 0.0 02 04 orbit—denoted by —occurs on this sheet. The dHVA quan-
15 tities of PulrGg in the PM phase could be highly relevant
10 for investigating the cross-over from the nonsuperconduct-
s ing, antiferromagnetic phase to the nonmagnetically ordered,
5 superconducting phase. For the related superconductor
ok CeRhlny it was discovered that a modest pressure of 16 kbar
was sufficient to surpress the antiferromagnetic order and
-5 induce superconductivity. Exploiting dHvVA measurements
10 ] under pressure, the changes of the Fermi surface in going
A spin down | from one phase to another were thereby investigzted.
-15 . . 1 —
4 -2 0 2 4
Energy [eV] D. UC0oGas
FIG. 9. (Color onling The same as Fig. 7, but for Pulria UCoGa, samples were first prepared and investigated one

decade agé? More recently, results on purer single crystals

At elevated temperatures the susceptibility displays Curiewere reported’ The earlier as well as most recent examina-
Weiss behavior, but the effective moment is estimbtecbe  tions show that UCoGgais a weakly temperature dependent
0.33 ug, Which is thus considerably reduced from the*Pu paramagnet, displaying no Curie-Weiss beha¥8f.In the
value. The S-shaped upturn in the resistivity is found to bdatter respect exhibits UCoGa 5f behavior quite compa-
smaller for PulrGa than for the other two Pu-115 com- rable to that of UGg which constitutes the essential building
pounds. block of the UCoGa unit cell. UGg is known to be an

The partial DOS of PulrGa—calculated for the experi- itinerant § antiferromagnetsee, e.g., Refs. 57-§without
mental lattice parameters—is shown in Fig. 9. As could beCurie-Weiss behavior detected up to 900 K. A remarkable
expected, the DOS is similar to that of the Co and Rh comfeature of UCoGa is its low specific-heat coefficient of
pounds. The DOS & in the PM phase is lower than that of about 5 mJ/mol K (Refs. 5, 9, and 11 In itself, a small
PuRhGg and PuCoGa The calculated, unenhanced y-value has sometimes been regarded as a sign of localized
specific-heat coefficient is only=11.6 mJ/mol K. This is  5f states, but we shall see below that this is not necessarily
a consequence of the sharpgeak in the nonmagnetic phase the case. The dHVA quantum oscillations in UCg®eere
moving successively to a position deeper bewfrom the  recently studied, from which small Fermi surface portions
Co to the Ir compound. The main resonance of thedir 5 were inferred::61
states occurs at a binding energy larger than 2 eV, which is For UCoGg our self-consistent calculations always con-
more than the binding energy of the Cd Jtates in verged to the paramagnetic solution, in agreement with the
PuCoGa. The energy bands of PulrGin the AF2 phase experimentally observed PM ground state. The optimized
have been calculated, but we refrain from showing the bantheoretical lattice parameters aae4.146 A,c/a=1.59, and
structure here for brevity’s sake and also because the expe#(Ga=0.306. These values compare reasonably &b
mental antiferromagnetic structure is not yet known. deviatior) with the experiment&® data a=4.234 A, c/a

For comparison to the other Pu-115 compounds we pro=1.588, andz(Ga)=0.3048, respectively. In Fig. 10 we show
vide in Table Il the calculated dHVA quantities of paramag-the calculated DOS of paramagnetic UCgGahe Fermi
netic PulrGa. The Fermi surface of PulrGas nearly iden- level falls precisely in a quasi-gap of the DOS. This quasi-
tical to that of PuCoGa The Fermi surface sheet due to gap is due to & hybridization and not due to the spin-orbit
band 93(the thinner tube in Fig. 6is somewhat thicker in splitting of thefg;, and f;;, subbands, which occurs 0.7 eV
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DOS [states/eV]
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15

or ] FIG. 12. (Color online The calculated Fermi surface of

5 /_—\/\ UCoGa;. The Fermi surface sheets in the left-hand panel corre-
m

s spond to band No. 87, those in the right-hand panel to band No. 89.
0 -04 . -0.2 0.0 . 0.2 . 0.4
Energy [eV] Recent dHVA measurements detected three extremal or-
bits for UCoGg, which were attributed to small, closed
FIG. 10. (Color onling Calculated total and partial DOS of Fermi surface sheet.The ab initio calculated Fermi sur-
paramagnetic UCoGa adopting the experimental lattice param- face, shown in Fig. 12, does consist of three small, closed
eters. Note that the Fermi level falls in a quasi-gap of the DOS. Fermi surface portiongcentered at thd, X, and T point,
respectively, but in addition there is a tube-like sh&ebn-
Recting the so-called and S point$? in the B2). Another
recentab initio calculation®! 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 th& point. In Table IV the

fﬁ;lyeiglfedd;rri?nzaefimt:z]aeu\r/;:rllinultr% gattr;i Fvsi;?;n:(;?nﬁx"’}reexperimental dHVA quantities as well as the results of our
y ' calculation are given. The calculated dHVA quantities are

ture of Ga 4 states. The corresponding energy-band struc- . . .
ture is shoﬁn in Fig. 11. The u?aniun?&harz%lter of the quite small, however, the dHVA quantities corresponding to

bands is highlighted by the fatness of the respective band

aboveEg. As a consequence, the calculated band-structur
specific-heat coefficient is smally=7.0 mJ/mol ¥, in
agreement with experiment. The measurgdalues range
from about 3.5mJ/molK (Refs. 5 and 11 to

10 mJ/mol K (Ref. 9. Similar to the situation we already
noted for PuCoGa the Co 3 states of UCoGaare practi-

%he Fermi surfaces at thé point and theT point are 2—3
. . ; ; imes larger than the experimental values. These small Fermi
proving that in spite of the quasi-gap the bands algut surfaces are probably sensitive to the lattice constants and

consist mainly of % states. Our band structure is in good |
agreement with that reported recently by Maehgétaal,?® Iék1§zly also to aspects of the band-structure methefd Ref.

except for the location of some bands aboutheoint. Our
result is significantly different from another recent
investigatior?® In our relativistic calculation the USDOS

is spin-orbit split(see Fig. 19 but such a splitting does not
seem to be present in thé BOS of Ref. 55.

Altogether, the physical properties of UCaGare well
explained by the delocalizedf Hescription. This strongly
suggestes that UCog#&s—Ilike UGg—an itinerant 5 ma-
terial.

E. NpCoGas

Only very recently NpCoGgahas been synthesiz&€dhe
first investigations reveal that NpCogxarders antiferromag-

TABLE V. Experimental and calculated de Haas-van Alphen
frequencies- (in kT) and effective masses(in m,) of UCoGa; for

E H parallel to thec axis.

)

E Experiment Calculation

Center(band F |m| F m
87 0.741 0.82 0.566 -0.641
X(87) 0.203 1.3 0.497 -0.831
T(89) 0.166 1.35 0.493 1.539
3(87) — — 0.359 -0.569
FI.G.. .11. Calculated.energy bands of paramagnetic p@dGa S87) . . 0.140 ~0.504
the vicinity of the Fermi level. The amount of ®haracter in each
of the bands is indicated by the fatness of the band. aReference 11.
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FIG. 13. The same as Fig. 6, but for NpCeGa

DOS [states/eV]

netically belowTy=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 vajuef
HMet~1.4 g

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 parametera=4.1322 A, c/a

spin down ]
L

=1.61, andz(Ga)=0.305 correspond fairly we(2.5% devia- 4 2 0 2 4

tion) to the experimental valuéswhich area=4.2377 A, Energy [eV]

c/a=1.602, and z(Ga=0.3103, respectively. This _ _
deviation—being the largest that we found for the studied F!G. 14. (Color onling The same as Fig. 7, but for
actinide-115 materials—could be improved by employingNPCOG.

the GGA approach. The DOS, calculated for the experimen- o

tal lattice parameters, is shown in Fig. 14. In the PM phasd0th the PM and AF2 phases are shown in Fig. 15. In both
the DOS exhibits a sharp peak preciselyEat Such a high ~Phases there are Nif Belated bands that are practically dis-
DOS peak usually indicates an instability that can be rePersionless close to the Fermi energy along some high-
moved by a symmetry breaking, for example, magnetic orSymmetry lines. The amount off &haracter is displayed by
dering. Indeed, the DOS & is much reduced for the FM the fatness of the bands. The energy bands of PM NpgoGa
and AF2 phases. The exchange spliting of the Nstates Were recently calculated by Maehiret al?® Their band
pushes a part of thefSpin up DOS to higher binding ener- Structure is quite S|_m|Iar to ours, with the exception of the
gies, while the spin down DOS is shifted abole. In all ~ bands near thé1 point. A small difference exists also along
three magnetic phases the contribution of the Mg Bomi-  the R—A high-symmetry direction, where in Ref. 26 a band
nates the DOS in the vicinity dq. The unenhanced linear lies belowEg, which is just aboves; in our calculation.

specific-heat coefficient, calculated for the AF2 phasey is  Although it can be anticipated that the Np Blectrons
=30.7 mJ/mol K. This value is half the measured valuye, have a stronger tendency towards localization than those of

~60 mJ/mol K (Ref. 5. U in UCoGa;, the good correspondence between theory and
The calculated magnetic moments of NpCgGa the ~ €xperiment for the main physical properties of NpCeGa

AF2 phase are given in Table V. The calculated orbital mo-Substantiates that the N ehavior is nevertheless cor-

ment on Np compensates to a large extent the spin momerf€ctly captured by the LSDA description.

This we find to be the case even more for NpCeo®Gathe F. AmCoGag

FM phase, where the spin momé€@t86 ug) and orbital mo- i ]
ment(-2.81 ug) nearly cancel each other. T initio cal- Very recently, the first samples Orge AmCoan the
culated magnetic moment on neptunium is Ou85for the ~ H0C0Ga structure have been prepafehmCoGa is a
AF2 phase, which compares surprisingly well to the first
experimental value for the Np momehd,84 ug. This agree-
ment could, however, be fortuitous, as the LSDA often un- .
- . - ._tal lattice constants.
derestimates the orbital moment. In early actinides the size

of the orbital moment is usually larger than the spin moment,

TABLE V. Calculated magnetic spitMg) and orbital moments
(M) (in ug) of NpCoGa in the AF2 phase, adopting the experimen-

N I
as follows from the shape of the neutron form factor. Cor- P co Ga tota
rections to the LSDA as, e.g., the orbital polarizatioare M, (ug) +3.27 +0.33 0.00 +3.60
then needed to improve the size of the orbital moment. (.0 +2.42 0.00 0.00 T2.42

The ab initio calculated band structures of NpCaGa

104504-9



OPAHLE, ELGAZZAR, KOEPERNIK, AND OPPENEER PHYSICAL REVIEW BO, 104504(2004

band structure considerably near thendM points. At the

M point some very dispersive bands are in addition pulled
below Eg. The Fermi surface topology is thus significantly
different from that of PuCoGa Further investigations of
AmCoGgag have to await more experimental information be-
coming available.

IV. DISCUSSION AND CONCLUSIONS

Energy [eV]

From the foregoing results a clear trend in the behavior of
the actinide % electrons in the 115 compounds emerges. The
physical properties of UCoGand NpCoGa 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 AmCg@&w
situation is different: although experimental information is
lacking, we expect the Amf% to be localized. The recent
photoemission stud§ of PuCoGa confirmed the presence
of Pu 5 electrons aEr. However, the photoemission spec-
trum shows a seconfirelated response at a binding energy
of 1.1 eV. The latter response has been interpreted as origi-
nating from semi-localized f5electrons'® Thus, it could be
that in reality some of the f5electrons are quasi-localized
while others are delocalized. Such a scenario has been dis-
cussed earlié?3>for 5-Pu and it could be valid for PuCoGa
as well%® However, we note that in the magnetic phases there
is a substantial exchange splitting of thediates leading to
a 5f contribution at higher binding energig€see Fig. 3.

Energy [eV]

2L

T x W, T 4 Other techniques and more experiments are therefore needed
to establish to what extent thd’s are localized.
FIG. 15. The calculated LSDA energy bands of NpCoBethe Our band-structure calculations predict several properties

nonmagnetic phasétop panel and in the AF2 phasébottom
pane). The fatness of the bands indicates the amount of fp 5
character in each energy band. In the AF2 phase trarount due

to only one Np atom is depicted.

for the Pu-115 compounds that have implications for ex-
plaining the unexpected superconductivity. One of these is
the presence of Puf5states at the Fermi energy. As a con-
sequence, the Puf ®lectrons participate in the Cooper pair
formation?® A second important finding is the predicted AF
temperature-independent paramagnet which does not becoraeder, which does occur for Pulrgarhe observation of AF
superconducting down to 2 K. The former indicates that theorder and the absence of superconductivity in PujriGeli-

Am 5f5;, subshell is completely filled, i.e., thef States are cates the cross-over that takes place in the Pu-115 series.
in a J=0, 5f® configuration, consistent with the absence ofAccording to the calculations, antiferromagnetic interactions
magnetism. We expect the Anf States to be localized in can be expected to be present in all three Pu-115 compounds.
AmCoGa,. In general not much is known about the behaviorA trade-off with the superconducting order will determine
of the Am 5 electrons. So far only Am metal and a few Am which order will become the one with the lowest energy. The
compounds have been investigaf®8364 Photoelectron stronger AF interaction in PulrGamakes antiferromag-
spectroscopy provided evidence for localizeédetectrons in  netism favorable over superconductivity, whereas for the
Am metal?® Only under pressures above 10 GPa have signweaker AF interactions in PuCogand PuRhGasupercon-

of delocalization of the 6 electrons been observélt is  ductivity can prevail over AF order. Possibly the pair forma-
thus reasonable to assume localized 6&lectrons for tion could benefit from the AF spin fluctuations which then
AmCoGa,. Consequently, we have calculated the electronicould be the as yet unidentified unconventional pairing
structure of AmCoGaemploying the % core approach. In mechanism.

this approach, the equilibrium lattice parameters cannot reli- The discovery of AF order in PulrGae-inforces the re-
ably be calculated since important contributions to the totamarkable analogy to the Ce-115 heavy-fermion supercon-
energy are ignored. As also no experimental lattice constan@uctors. Antiferromagnetic order also occurs for one com-
are known we computed the band structure for several sets gpound (CeRhln) in the Ce-115 series, while CeCgland
estimated lattice constaniesults are not shown here for the Celring do not order magnetically but become superconduct-
sake of concisenessOur calculations show that some parts ors at low temperaturé$-1°Under pressure AF ordering can
of the computed band structure are similar to those of thée destroyed in CeRhdnupon which superconductivity sets
other actinide-115 compounds. In the vicinity of the Fermiin. It would be of interest to examine if a similar behavior
energy, however, three bands are missing, which affects thiakes place also in PulrGander pressure. Another analogy
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of the Ce-115 and Pu-115 materials is the very high uppefor PulrGa,. This trend is well reproduced by oab initio
critical field He,. For CeColg the upper critical field exceeds calculations, which give 1.602, 1.590, and 1.567, respec-
the Clogston limi€® however Pauli limiting ofH, does set tively. A linear interpolation of thd, as a function ot/a for
in at low temperatures. Accordingly, the superconducting orPuCoGg and PuRhGaimmediately reveals that for thea
der parameter was determined to exhibit unconventional spiof PulrGa the corresponding, will be zero. Moreover, both
singlet, d-wave symmetry. The upper critical field of the Ce-115 and Pu-115 compounds have the same huge
PuCoGa was reportetito exceed the Clogston limit as well, sloped In T./d(c/a)=80 K, suggesting similar underlying
but, because the required field was too higt74 T) to be  physics®® The sensitive dependence Tif on thec/a ratio in
reached experimentallyd., could not be measured down to the Ce-115 compounds has not yet been explained micro-
zero temperature. It could thus be that for PuCo®auli  scopically. In the quasi-two-dimensional structure the Ce-
limiting also sets in at low temperatures, which would defi-planes are most likely magnetically nearly decoupled. In
nitely provide support for spin singlet, possitdywave pair-  such a situation the AF spin fluctuations would depend deli-
ing. This hypothesis could be tested on PuRhGar which  cately on the interlayer distance. The Pu interlayer coupling
the lowerT, of 8.5 K might allowH,, to be measured down of PuCoGag has been calculated to be very weak as &l
to zero temperature. Once this can be carried out, it wouldFig. 2). One could thus speculate that AF spin fluctuations
also be of interest to measure the crystallographic anisotropglay a role in the Cooper pair formatigsee, e.g., Refs. 19
of He,, which could give clues about the proposed quasi-two-and 70. As we noted before, in the Pu-115 compounds 5
dimensionality of the Fermi surface and possibly concerninglectrons occur at the Fermi energy and are stronger hybrid-
nodes in the gap> Of course, evidence for unconventional ized than the Cas. Although the quasi-particle density of
superconductivity and even the symmetry of the gap coulétates aEe is larger for the Ce-115 compounds, the much
be obtained from various other measurementslear mag-  stronger hybridization of the Puf§ could nevertheless ex-
netic and quadrupole resonance, thermal conductivity, perplain a stronger coupling constant, which would lead to a
etration depth, and specific hga®uch measurements, which higherT..
have not been performed as yet, would ideally require a non-
radioactive?*Pu-115 sample. We note, however, that even in
the case that an unconventional symmetry of the gap would It is a pleasure to thank Joe Thompson, John Sarrao, To-
be discovered, this is not sufficient to conclude that an unmasz Durakiewicz(Los Alamos, NL) and Gerry Lander,
conventional pairing mechanism is responsfle. Franck Wastin, Pascal Boulet, Eric Colineau, Jean Rebizant,
A further analogy to the Ce-115 materials is the dependJean-Christophe Griveau, and Pavel Javorsiyu,
dence ofT, on thec/a ratio. An amazingly sensitive, linear Karlsruhg for valuable discussions and for disclosing infor-
dependence off, on the c/a ratio was found for the mation to us prior to publication. We also gratefully ac-
Ce-115 compound® changes in the/a ratio of only 2%  knowledge discussions with Alexander Shick, Olle Eriksson,
causeT, to change by a factor of five. As is the case for theRoland Hayn, Stefan-Ludwig Drechsler, and Manuel Richter.
Ce-115 series, within the Pu-115 series tlla ratio also  This work was supported financially by the Egyptian Minis-
decreases with an increasing transition-metal ion radiugyy of Higher Education and Scientific Research and the EC,
from 1.603 for PuCoGato 1.594 for PuRhGaand to 1.576  RTN-Network Psi-k f-electron.
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