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We report a comprehensive investigation of the electronic structure and magnetic properties of actinide 218
compounds, which crystallize in the tetragonal Ho,CoGag crystal structure. Specifically, we study experimen-
tally the group of plutonium-based compounds Pu,MGag (with M=Rh, Co, and Fe), which are structurally
related to the unconventional superconductors PuCoGas and PuRhGas and are measured to be nonmagnetic
and nonsuperconducting down to 2 K, yet displaying relatively high linear specific-heat coefficients of 61 to
133 mJ/mol K2, We perform density-functional theory based calculations, in which we apply three different
approaches to access the tendency of 5f electron localization, the local spin-density approximation (LSDA),
LSDA+U, and the 5f open-core approach. For comparison to the above-mentioned compounds we also
investigate computationally the plutonium compounds with M=Ir and Pd, the uranium-based compounds
U,MGag (with M=Co, Fe, Rh, and Ru), as well as Np,CoGag, and Am,CoGag. On the basis of ab initio LSDA
calculations we optimize the equilibrium lattice parameters and the internal fractional coordinates within the
Ho,CoGag crystal structure. The obtained lattice parameters are in relatively good agreement with experimen-
tal values, when we assume delocalized 5f states for all compounds except Am,CoGag. We discuss the
computed electronic structures and the theoretical Fermi surfaces. For the Pu-218 compounds we find that
LSDA calculations, in which the 5f’s are treated as delocalized, predict a magnetically ordered ground state,
whereas LSDA+ U calculations predict a nonmagnetic ground state in accordance with experiment. For the
U-218 compounds the LSDA itinerant 5f approach predicts a nonmagnetic ground state, in accordance with
available experimental data. For Am,CoGag our calculations are consistent with the scenario of localized 5f
electrons. We find that, on account of the elongated tetragonal structure, most of the theoretical Fermi surfaces

are quasi-two-dimensional.
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I. INTRODUCTION

The discovery'? of d-wave superconductivity in PuCoGas
has triggered considerable interest in the electronic proper-
ties of PuCoGas and isostructural actinide 115 compounds
during the last decade.’!> The peculiar nature of the 5f elec-
tron shell, which can display both the itinerant character
typical of 3d electrons and the localized behavior expected
for 4f electrons, is such that the physical properties of these
systems are thought to be governed by the subtle interplay
between a variety of different fundamental interactions, thus
allowing one to explore links between unconventional super-
conductivity, magnetism, and non-Fermi liquid behavior in
proximity to a quantum critical point.!® It must be noticed
that, given the complexity of the subject, experimental and
theoretical investigations are both required, and very often
must be analyzed together to obtain significant results: for
example, while no long-range magnetic order is experimen-
tally observed in PuCoGas, the presence of spin polarization
and strong magnetic correlations has nonetheless been
suggested;” on the other hand, magnetic fluctuations have
been proposed as pairing boson for superconductivity,!*!1>
but no ultimate conclusions can be drawn in absence of di-
rect measurements of the relevant spectral densities.!®

Some other actinide-based intermetallic phases have
gained much less attention, despite being closely related to
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the 115 compounds. One example is the An,MGag family of
compounds, which crystallize in the tetragonal Ho,CoGag
crystal structure consisting of stacked MGa, and two AnGa,
layers, as shown in Fig. 1. Only experimental studies on
some uranium-based 218 compounds have been published so
far,'’-20 establishing U,FeGag and U,RhGag as Pauli para-
magnets with a moderately enhanced linear specific heat
term . Potentially interesting results are expected from in-
vestigations of their transuranium analogs, because the tran-
sition between the delocalization-localization of 5f electrons
along the actinide series generally takes place near
plutonium.

Previously a similarity between Pu-115 and the earlier
discovered?'~>* Ce-115 unconventional superconductors?+-26
has been emphasized.>?”?® Ce has one electron in its 4f shell
and Pu has one hole in its 5f5,, shell. Both Ce and Pu un-
conventional superconductors crystallize in the tetragonal
HoCoGas structure, have a proximity to magnetic
ordering,'*? exhibit an enhancement of T, under pressure,
and display an identical scaling of 7, with the c/a ratio.>*
Hence, it has been suggested that spin fluctuations could be
the unconventional pairing mechanism in both Ce and Pu-
115 compounds.>!3?8 Apart from the Ce-115’s, the Ce-218
compounds have drawn attention.3!-32 The properties of latter
group of materials are very similar to those of the Ce-115’s.
Ce,RhIng, for example, displays heavy-fermion behavior,
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FIG. 1. (Color online) Crystal structure of Pu,CoGag in the
tetragonal Ho,CoGag structure, showing the labeling of the atoms
and the magnetic moments on the actinide atoms in the considered
antiferromagnetic arrangement (see text).

magnetic ordering, which makes way for unconventional su-
perconductivity under pressure,’> whereas Ce,CoGag is a
heavy-fermion superconductor at ambient pressure.’! The
similarities in the physical behavior of the Ce-115’s and Pu-
115’s on the one hand, and the Ce-115’s and Ce-218’s on the
other hand, suggest that the Pu-218’s might reveal interesting
physical properties, too.

For these reasons we have undertaken a systematic study
of the electronic structure, magnetic, and thermal properties
of several 218 compounds. The magnetic susceptibility and
specific heat of Pu,RhGag, Pu,CoGag, and Pu,FeGag have
been experimentally measured, and density-functional theory
based calculations have been performed for these and other
actinide-based isostructural compounds for comparison.

II. EXPERIMENTAL

Pu,MGag (M =Rh, Co, and Fe) samples have been grown
by the Ga-flux method as described in Ref. 33. The crystals
obtained were isolated from the flux and characterized by
SEM, EDX, and x-ray diffraction analysis. They were found
to be of high quality and crystallizing in the tetragonal
Ho,CoGag crystal structure (P4/mmm space group), with
lattice parameters given in Table 1. Magnetic susceptibility
and specific heat measurements were performed on encapsu-
lated samples to avoid contamination, in a commercial Quan-
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TABLE I. Experimentally determined crystallographic, Curie-
Weiss, and specific heat parameters for Pu,MGag compounds (M
=Rh,Co,Fe). Values are provided per mole Pu where relevant.

Pu,RhGag Pu,CoGag Pu,FeGag
a (A) 4316 4.269 4.265
c (A) 11.144 11.063 11.067
C* (emuw/K) 3.11x 1072 2.41%1072 0.98x 1072
X, (emu) 0.22x 1073 0.25x 1073 0.30x 1073
6, (K) -35.7 -58.0 -11.6
et (p) 0.63 0.70 0.38
B (mJ/K*) 0.554 0.100 0.258
v (mJ/K?) 133 98 61

tum Design MPMS-7 and PPMS-9 apparatus, under maxi-
mum applied magnetic fields of 7 and 9 T, respectively. The
measured susceptibility for the Co and Fe compounds (Fig.
2) does not show any magnetic or superconductive transi-
tions down to 2 K; a barely detectable anomaly is present at
about 12 K in the Rh-based sample, but nothing can be de-
tected at the same temperature in the specific heat curve. The
susceptibility y for the three compounds displays a paramag-
neticlike behavior which can be well fitted by a modified
Curie-Weiss law of the form>*
C*
= * + — R 1
X=Xo -6, (1)
over the whole investigated temperature range; the relevant
parameters are listed in Table I. The effective magnetic mo-
ment can be calculated by the formula3*
8(C* - 6,x)°
P B S /4 (U
Mreft = c (2)
and is in all cases reduced (slightly but significantly for M
=Rh and Co, more strongly for M=Fe) with respect to the
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FIG. 2. (Color online) Inverse magnetic susceptibility measured
(with an applied magnetic field of 7 T) for the Pu,MGag compounds
(see legend). Lines are fits to the modified Curie-Weiss law given in
Eq. (1).
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FIG. 3. (Color online) Results of low-temperature specific heat
measurements for Pu,MGag compounds (see legend), given as a
C,/T vs T? plot. Lines are linear fits to Eq. (3).

effective moment value for free Pu** ions. The reduction
could be due to a partially delocalized character of the 5f
electrons or it could be caused by the crystal field. The pos-
sible valency of Pu in several Pu-compounds has been
discussed®>~37 previously in terms of trivalent or divalent Pu.
For the nonmagnetic Pu?* ion the Curie-Weiss behavior of
the susceptibility would vanish, but this we do not observe in
Fig. 2, even though there is a deviation of y for Pu,FeGag.
The Curie-Weiss behavior is compatible with the assumption
that the actinide ions are trivalent (as in the parent 1:1:5
phases). Despite the absence of any transition to an ordered
state, the relatively large negative values of the paramagnetic
Curie temperature ¢, allow to infer that a significant antifer-
romagnetic exchange interaction is present in these com-
pounds.

Specific heat measurements for the three compounds were
virtually unaffected by the magnetic field, and also in this
case no transitions were revealed, although a small anomaly
of unknown origin is visible at low temperatures. Figure 3
shows the low-temperature part, which can be expressed as®®
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FIG. 4. (Color online) Optimization of the fractional

z-coordinate (dimensionless) of Ga(2)
z-coordinate of Pu atom in Pu,CoGag.

with respect to the
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FIG. 5. (Color online) Simultaneous optimization of the frac-
tional z-coordinate (dimensionless) of the actinide layer and of
Ga(2) in U,RhGag and Pu,RhGag.

C,=T+pT". (3)

The obtained values of the Sommerfeld coefficient y (Table
I) suggest that these compounds can be classified as moder-
ately enhanced heavy fermion systems. We note that whereas
fitting the 7> dependence of C,/T works reasonably well for
Pu,RhGag and Pu,CoGag, there is a deviation from linearity
at low temperatures for Pu,FeGag, which corroborates with
its different susceptibility behavior. The origin of this devia-
tion is currently unknown, but it could be an indication of the
presence of magnetic states near to the ground state. The y
coefficient of Pu,FeGag has therefore a larger uncertainty.

Several other An,MGag compounds, viz. Pu,PdGag,
Pu,IrGag, Np,CoGag, and Am,CoGag, were prepared
previously.3® Their lattice parameters were determined,> but
the physical properties of these 218-materials have not been
classified in more detail.

III. COMPUTATIONAL METHODS
A. Electronic structure calculations

The majority of our calculations was performed using the
relativistic version*®*! of the full-potential local orbital
(FPLO) minimum-basis band-structure method.*> In this
scheme the four-component Kohn-Sham-Dirac equation,
which implicitly contains spin-orbit coupling up to all orders,
is solved self-consistently.

For the present calculations, we used the following basis
sets: for U, Np, and Pu the 5f; 6s6p6d; 7s7p states were
chosen as valence states while for Am the 5f states are
treated as core states. This is an approximation, because the
Am 5f states do not completely vanish in the interstitial re-
gion. For Fe and Co we used the 3d; 4s4p states and equiva-
lent sets with higher quantum numbers for Ru, Rh, Pd, and
Ir, while for Ga we used 3d; 4s4p4d. For the actinides the
high-lying 6s and 6p semicore states are included in the ba-
sis. These semicore states have non-negligible tails reaching
the interstitial region or even other atomic spheres. The site-
centered potentials and densities were expanded in spherical
harmonic contributions up to [,.,,=12. The number of
k-points in the irreducible part of the Brillouin zone was 196,
but calculations were made also with 405 and up to 2176
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FIG. 6. (Color online) Optimization of the fractional

z-coordinate (dimensionless) of the Ga(3) layer in U,RhGag and
PLI2RhGag.

k-points to resolve the density of states at the Fermi energy
(Ef). The Perdew-Wang* parameterization of the exchange-
correlation potential in the local spin-density approximation
(LSDA) was used.

Selected systems were also calculated with the WIEN2K
code.** The spin-orbital interaction was included in the sec-
ond variational step (see Ref. 45), and the relativistic local
orbitals extension*® was used. We have employed the orbital-
dependent LSDA+U method with around mean-field
double-counting correction,*’” which correctly reproduced the
nonmagnetic ground state of §-Pu or Pu-115 systems.*34
The muffin-tin radii were set to 2.9, 2.6, and 2.1 Bohr radii
for the actinide, transition metal, and Ga, respectively. The
basis size was determined by the RK,,,=8.0 parameter,
which led to ca 1400 basis functions per formula unit. Fur-
thermore, we used 720 k-points in the irreducible wedge of
the first Brillouin zone (BZ).

B. Structural optimization

The Ho,CoGag crystal structure in which the An,MGag
compounds crystallize is characterized by a stacking of
MGa, and AnGajs layers, see Fig. 1. The An,MGag (An=Pu,
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U, Np, and Am, M=Co, Rh, Ir, Fe, and Pd) have in this
respect a structural similarity with the An-115 compounds
where the tetragonal structure consists of MGa, and AnGas
layers, stacked along the ¢ axis. The unit cell of the An-115
tetragonal structure can in turn be viewed as derived from the
cubic AnGaj; unit cell, which has been elongated along the ¢
axis by an extra layer of MGa, being built in. The unit cell of
An-218 structure can then be derived from that of the An-115
structure by adding an additional AnGas layer, see Fig. 1.

The unit cell has three internal structure parameters,
namely the z-coordinate of the actinide element, z,4,, and the
z-coordinates of the two nonequivalent Ga positions [Ga(2)
and Ga(3) in Fig. 1]. Since these structure parameters are not
yet known from experiments, we have calculated them by
total energy minimization. The structural optimization was
performed using the FPLO code. We have not performed full
relaxations of all free parameters in these structures, rather
we have performed the following steps: First we kept the
lattice parameters a and c fixed at experimentally known
values,?® see also Table I. Then, at fixed positions of the
actinide layer and Ga(3) layer we have varied the z coordi-
nate of Ga(2) atom. Results of this optimization are pre-
sented in Fig. 4. It turns out that there is a rather broad total
energy minimum, with a zg,(,) which is centered almost pre-
cisely around the z,4, position of the actinide layer. Therefore
in all subsequent optimizations we have assumed that zy4,
=ZGa@3)- In the next step we have simultaneously optimized
the z-coordinate of the actinide and Ga(2) atoms at a fixed
position of the Ga(3) layer, see Fig. 5. In the last step of
optimization of internal parameters we have varied the posi-
tion of the Ga(3) layer (see Fig. 6), keeping the actinide and
Ga(2) at their optimized positions from the previous step.
Finally, with the optimized internal parameters we have re-
laxed the lattice constants. This procedure was in addition
carried out adopting several possible magnetic phases for the
plutonium based 218 compounds. We have considered the
paramagnetic (PM) phase, the ferromagnetic phase (FM), as
well as an antiferromagnetic (AFM) phase that is consistent
with the crystal structure unit cell (see Fig. 1). The summary
of optimized and experimental structure parameters is pre-
sented in Table II.

TABLE II. Experimental lattice parameters a and ¢ (from this work, Refs. 18, 19, and 39), ratio of
theoretical and experimental unit cell volumes Vy,/ Ve, and calculated internal structure parameters z4, and

2Ga(3) (see text) of the studied An-218 compounds.

Compound aexp/]’x Cexp! A Vin/ Vexp ZAn 2Ga(3)

Pu,CoGag 4.269 11.063 0.919 0.3058 0.1188
Pu,RhGag 4316 11.144 0.939 0.3070 0.1264
Pu,IrGag 4.322 11.102 0.928 0.3053 0.1259
Pu,FeGag 4.265 11.067 0.912 0.3055 0.1194
Pu,PdGag 4.309 11.217 0.919 0.3083 0.1274
U,FeGag 4.256 10.980 0.935 0.3053 0.1182
U,RhGag 4.297 11.080 0.943 0.3095 0.1249
U,RuGag 4.288 11.062 0.959 0.3068 0.1233
Np,CoGag 4.251 11.021 0.916 0.3078 0.1194
Am,CoGag 4.256 11.165 0.907 0.3075 0.1203
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FIG. 7. (Color online) Optimization of the unit cell volume of
the U,MGag compounds (M =Fe, Co, Rh, and Ru). The total energy
for each individual system has been shifted by a constant value to
bring all energies to a common energy range.

IV. URANIUM 218 COMPOUNDS

The uranium compounds U,MGag with M =Fe, Rh, and
Ru were studied experimentally.'’?° For all three com-
pounds no signs of a magnetic phase transition were de-
tected, despite the fact that the U-U nearest-neighbor dis-
tances in all these compounds are well beyond the Hill limit.
The electronic specific heat y coefficient is relatively low for
these Sf-itinerant compounds, and there is no Curie-Weiss
behavior up to a few hundred Kelvins,'® suggesting rather
wide uranium 5f bands. We have calculated their electronic
structures, including the related M =Co compound, for which
so far only structural data exist.’® In the following para-
graphs, we present a detailed account of our theoretical re-
sults.

All studied U-218 compounds have converged to a non-
magnetic state, in agreement with experimental observations.
The energy vs. unit cell volume curves are shown in Fig. 7.
In agreement with available experiments, we obtain that the
unit cell volume of systems with the 4d transitional metals
Rh and Ru is larger than that of their 3d counterparts Fe and
Co. In general, the theoretical unit cell volumes agree with
the experimental ones within 7%, which is a slight overbind-
ing typical for LSDA density-functional theory calculations.

A concise picture of their electronic structure can be ob-
tained from the plots of their density of states (DOS), Fig. 8.
There we compare the converged paramagnetic DOS of the
studied U-218 systems. These are all closely related. The
dominant contribution to the DOS at the Fermi level comes
from uranium 5f states, particularly from the almost 2 eV
wide 5fs, band, which has a relatively long tail toward
higher binding energies. This is in accord with experimental
observations of medium-high-specific heat y coefficients 52,
43, and 57 mJ K2 per mole of uranium for U,FeGag,
U,RhGag, and U,RuGag, respectively.'®!® The theoretical
values for the unenhanced specific heat are 20, 19, and
15 mJ K=2/mol U, and 21 mJ K~2/mol U for U,CoGay, re-
spectively. These results indicate a modest many-body en-
hancement of the DOS at Fermi level. The Fermi level in all
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FIG. 8. (Color online) Density of states of the U,MGag com-
pounds (with M=Fe, Co, Rh, and Ru). For each compound the
panel contains the total DOS, DOS of U-5f states, DOS of M-d
states, and DOS of Ga-4p states (per formula unit). To enhance
visibility, the DOS of M-d states and Ga-4p states were multiplied
by two.

four systems is inside or close to a local minimum of the
DOS, which is caused by hybridization effects. It is not due
to the spin-orbit splitting of the 5f band into 5f5,, and 5f7,,
sub-bands—that occurs approximately 0.75 eV above the
Fermi level. The 5f7,, bands in all studied U-218 systems
form a narrow peak centered 1 eV above the Fermi level. A
second large contribution to the DOS comes from the transi-
tion metal 3d or 4d states. These form a 2-3 eV wide band,
which is almost completely below the Fermi level for the Fe
and Co 3d transition metals, while for Rh and Ru 4d metals
its main part is 2 eV and more below the Fermi level. The d
band of the transition metals does not seem to hybridize
much with the U 5f bands, which is probably due to their
limited spatial extent and presence of the separating Ga
layer. Finally, the summed Ga 4p band is a wide, almost
featureless band, which shows signs of hybridization with
both the U-5f band and M-d bands. Despite its width, owing
to the eightfold multiplicity of Ga per formula unit, its con-
tribution to the DOS at the Fermi level is comparable to the
DOS of the transition metal, contributing thus to the calcu-
lated 7y coefficient.

A more detailed picture of the electronic structure at the
Fermi level can be inspected from the plot of the band struc-
ture. In Fig. 9, we show, for sake of brevity, only the calcu-
lated bandstructure of U,FeGag. The fatness of bands in Fig.
9 indicates the amount of uranium 5f5,, character (red color),
amount of the almost unoccupied uranium 5f5, character
(blue color) and iron 3d character, which are almost fully
occupied (green color). The DOS around the Fermi level is
dominated by the uranium 5f5, states. There are in total four
bands which cross the Fermi level. The corresponding four
Fermi surface sheets are shown in Fig. 10. Two of them have
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FIG. 9. (Color online) Calculated bandstructure of U,FeGay.
The thickness of the bands is proportional to the character of the
bands: blue, red, and green denote U-5f7,,, U-5f5,,, and Fe-3d char-
acters, respectively.

a rather two-dimensional character, but the other two rather
small sheets, despite the very short ¢* axis, are three dimen-
sional.

U,RuGag also has four Fermi surface sheets with a similar
topology. For U,RhGag and U,CoGag there are only three
bands crossing the Fermi level. Due to the band filling, the
small Fermi surface pockets disappear and also the four tu-
bular Fermi surface sheets (Fig. 10) become smaller and
rounder. Compared to the small Fermi surface of UCoGas
(Ref. 51), the Fermi surface sheets of U,CoGag and
U,RhGag are distinctly larger, which can be explained by a
delicate band filling in UCoGas. They are also more two
dimensional than those of the parent compound UGa; (Ref.
52) and of UCoGas (Ref. 51).

V. PLUTONIUM 218 COMPOUNDS

Our experimental analyses from Sec. II do not indicate
any phase transitions down to 2 K, which makes the Pu-
218’s different from their Pu-115 counterparts. Nevertheless,
using the modified Curie-Weiss law we obtained indications

FIG. 10. (Color online) Fermi surface of U,FeGag, calculated
with the LSDA approach. The labeling of the high-symmetry points
is shown in the top-left panel.
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FIG. 11. (Color online) Optimization of the unit cell volume of
the Pu,MGag compounds (M=Fe, Co, Rh, Pd, and Ir), assuming
paramagnetic (PM), ferromagnetic (FM), or antiferromagnetic
(AFM) order, respectively.

of antiferromagnetic exchange interactions leading to nega-
tive Néel temperatures.

We have evaluated the energy versus unit cell volume
dependence for the PM, FM, and AFM states. These are
shown together in Fig. 11 for all studied systems. Contrary to
the uranium 218 compounds, the LSDA total energy of the
Pu-218’s is lower for the magnetically ordered state. An in-
teresting observation is that the total energies for the FM and
AFM state almost coincide. From this we can conclude that
(i) there is a stronger tendency toward magnetism in Pu-218
compounds compared to U-218 compounds, and (ii) the in-
terlayer exchange coupling between Pu atoms is of negli-
gible size. The second observation can be reformulated in the
following way: if there would be a magnetic ground state in
the Pu-218 compounds, then it would most likely not be the
FM or AFM state studied here, but some more complicated
arrangement of magnetic moments. The magnetic unit cell
would consequently be larger than the here-used elementary
cell of the crystal structure. Due to weak interlayer coupling
it can be expected that thermal fluctuations would easily de-
stroy a long-range magnetic order. New experiments at lower
temperatures will hopefully shed more light on this question.
Note that the weak interlayer coupling is in accord with the
expected two dimensionality of the system, at least from the
magnetic interactions point of view.

In the following part, we focus on the nonmagnetic cal-
culations. The calculated DOS of all studied Pu-218 com-
pounds is summarized in Figs. 12 and 13. A feature common
to all five systems is the placement of the Pu 5f states. The
spin-orbit interaction splits the 5f band into two sub-bands,
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FIG. 12. (Color online) Calculated density of states of nonmag-
netic Pu,MGag compounds (M=Co, Rh, and Ir). For each com-
pound the plot contains the total DOS, partial DOS of the Pu-5f
states, DOS of M-d states, and DOS of Ga-4p states (per formula
unit). To enhance visibility, the DOS of the M-d states and Ga-4p
states were multiplied by two.

5fs, and 5f7,,, which are separated by approximately 1 eV.
The 5f5,, band is almost fully occupied and its major part
lies approximately 0.5 eV below the Fermi level. The DOS at
the Fermi level consists thus mainly of Pu 5f character,
though the total DOS at E it is not very large. At the Fermi
level a non-negligible contribution comes from Ga 4p bands,
which strongly hybridize with d bands of the transition met-
als. The position of the d-band varies for the different ele-
ments. For Pu-218 systems with 3d transition metals (Fe and
Co) the 3d states form an almost 2 €V wide band placed
nearly entirely below the Fermi level with just a weak tail at
higher energies. For the 4d and 5d elements, the d-band lies
2 eV or more below the Fermi level and is typically nar-
rower. E.g., for Pu,PdGag it is centered around —4 eV and
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FIG. 13. (Color online) Density of states of nonmagnetic
Pu,MGag compounds, with M =Fe or Pd. For each compound the
plot contains the total DOS, DOS of Pu-5f states, DOS of M-d
states, and DOS of Ga-4p states (per formula unit). To enhance
visibility, the DOS of M-d states and Ga-4p states were multiplied
by two.
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FIG. 14. (Color online) Density of states of Pu,CoGag and
Pu,RhGag compounds calculated using the LSDA+U exchange-
correlation potential, with U=3 eV and J=0.6 eV). For each com-
pound the plot contains total DOS, DOS of the Pu-5f states, DOS of
Co or Rh d states, and DOS of the Ga-4p states (per formula unit).
To enhance visibility, the DOS of the d states and Ga-4p states was
multiplied by two.

only about 1 eV wide. We note that Pu,FeGag behaves dif-
ferently from the other systems, as it has a 5f peak just at the
Fermi level and as a consequence a high DOS at the Fermi
level. The computed, unenhanced specific heat coefficients
of Pu,CoGag Pu,RhGag, and Pu,FeGag are 24, 35, and
31 mJ K2 per mole Pu, respectively. These are a factor of
two to four smaller than the experimental values given in
Table 1.

A natural question from the theoretical point of view
would be, whether the suggested magnetic ground state is in
fact not a consequence of a failure of the LSDA exchange-
correlation potential. This has indeed been concluded for
some Pu compounds, including &Pu,*® the Pu
monochalcogenides,? and the related Pu-115 compounds.*’
This has been explained from the fact that the LSDA+U
approach favors stronger the j—j coupling limit, which leads
to a nearly filled, nonmagnetic 5fs5,, subshell.*®*° We have
therefore also performed around-mean field (AMF) LSDA
+ U calculations with U=3 eV and J=0.6 eV for Pu,CoGag
and Pu,RhGag systems, at the experimental structure param-
eters. This value of the Coulomb U gave previously im-
proved results for several Pu compounds, including the re-
lated PuCoGas.”*?%3* The LSDA+ U calculations with this
U value indeed converged to a nonmagnetic ground state.
The LSDA+U potential has quite dramatic effects on the
Pu 5f bands, Fig. 14. First, the on-site Coulomb correlations
have enlarged the splitting of the 5f5,, and 5f5,, sub-bands to
4 eV, which corresponds to the sum of on-site Coulomb term
U=3 eV and the spin-orbit interaction strength of 1 eV (see
above). Second, the bands have become wider due to an
enhanced on-site repulsion, exchange interaction, and some
hybridization. The 5f5,, band, which was only about 0.5 eV
wide in the LSDA calculation, is now almost 1 eV wide. The
unoccupied 5f;, band, centered about 3.5 eV above the
Fermi level, is more than 1.5 eV wide. The broadening of the
5fs, band and its slight downwards energy shift results in a
much lower predicted DOS at the Fermi level. The majority
of the DOS at the Fermi level corresponds in the LSDA
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FIG. 15. (Color online) Fermi surface topology of Pu,CoGag
calculated using the LSDA+ U exchange-correlation potential.

+ U calculation to interstitial states, i.e., to highly delocalized
electrons. Note that while the LSDA+ U method arguably
improves the description of the strongly correlated 5f bands,
it is still a static method, i.e., it does not describe quantum
fluctuations. Particularly, it cannot capture the quasiparticle
peak, which can be expected to form at the Fermi level as a
manifestation of many-particle correlation effects. This is,
for instance, very important for reliable predictions of the
electronic specific heat coefficient. To capture the physics of
these phenomena one needs to go beyond the LSDA+U
method, e.g., by means of dynamical mean-field theory
approaches.>° In this sense our LSDA and LSDA+U cal-
culations should be taken as a starting point for understand-
ing these complex materials, and the specific heat coeffi-
cients calculated by LSDA or LSDA+U can serve as an
estimation of the strength of the many-body effects, when
compared to the available experimental values.

Using the LSDA+U approach, we have also calculated
the Fermi surface of Pu,CoGag, shown in Fig. 15. Different
from the nonmagnetic local-density approximation calcula-
tions, in the LSDA+U result we observe 6 bands crossing
the Fermi level, Fig. 16. The lowest one leads to a small hole
surface with volume only for 0.02 states and the highest band
forms a small electron sheet with similar volume. Most of
the bands—corresponding to the four bands with highest
band number—are very two dimensional. Conversely, the
two lowest bands show distinct three-dimensional features.
The lowest band forms a small hole sheet that has an almost
spherical I'-centered shape. L.e., its de Haas-van Alphen fre-
quency should be largely direction independent. The second
lowest band has a much more complicated topology. A pre-
vious LSDA+ U calculation® for the Pu-115 compounds also
revealed a rather two-dimensional Fermi surface, yet with as
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(Color
Pu,CoGag within the LSDA. Thickness of the bands is proportional
to the character of the bands: blue, red and green denote Pu-5f7,,
Pu-5f5),, and Co-3d characters, respectively.

online) Bandstructure of nonmagnetic

well two Fermi surface sheets that are more three-
dimensional, one of these being a small spherical surface
very similar to the one shown in Fig. 15.

The appearance of the three-dimensional features can be
qualitatively explained in the following way. Both families
of actinide intermetallic compounds—the An-115’s and An-
218’s—can be derived from a parent compound AnGas,
which has a face-centered cubic crystal structure. The An-
115 compounds can be formed by inserting an MGa, layer
between two AnGay layers, while An-218 compounds are
formed by alternating two layers of AnGas with one layer of
MGa,. In this sense, the An-218 compounds are somewhat
closer to the parent compound, which has a fully three-
dimensional Fermi surface topology.>’®

VI. NEPTUNIUM AND AMERICIUM 218 COMPOUNDS

The uranium 218 compounds turned out to be nonmag-
netic, despite the expectations based on Hill criterion. For the
plutonium compounds there are no proofs of magnetism. The
Pu-115 counterparts are nonmagnetic. Nonetheless, we have
seen that plutonium 218 compounds appear to have a certain
tendency toward a formation of the magnetic moment, also
demonstrated by non-negligible antiferromagnetic exchange
interactions indicated by negative Néel temperatures and our
LSDA calculations.

Neptunium lies between the uranium and plutonium in the
Periodic Table. Given the itinerant nature of 5f electrons in
the U-218 compounds on one side and the complicated
electron-electron correlations in Pu-218 compounds on the
other side, a priori there does not emerge any clear picture
for what should be the electronic and magnetic structure of
the neptunium 218 compounds. For the related NpCoGas
compound both LSDA calculations and experiments give
that it orders antiferromagnetically.”>!"%¢0 By performing a
paramagnetic calculation for Np,CoGag (not shown) we ob-
serve that a sharp peak develops directly at the Fermi level.
Such a high-DOS peak usually indicates an instability that
can be removed by a symmetry breaking, for example, mag-
netic ordering. Indeed, the DOS at E turns out to be much
reduced for the AFM and FM phases. The exchange splitting
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FIG. 17. (Color online) Spin-up DOS of antiferromagnetic
Np,CoGag. Note the spin-splitting of the two neptunium atoms with
opposite magnetic moment orientations. The spin-down DOS (not

shown) has identical features, only the role of the two neptunium
atoms is interchanged.

of the Np 51 states pushes a part of the 5/ DOS for a selected
spin orientation to higher binding energies, while the
opposite-spin DOS is shifted above E, see Fig. 17. We ob-
serve only one band crossing the Fermi energy along the
high-symmetry lines. In both studied magnetic phases the
contribution of the Np 5f’s dominates the DOS in the vicin-
lty of £ F-

The total energy of the AFM and FM phases is lower than
the total energy of the PM phase, thus favoring a magneti-
cally ordered ground state. The total energies of the AFM
and FM phases are computed to be very close, with the FM
phase being slightly deeper. However, we note that there
could possibly exist other magnetically ordered phases dif-
ferent from the ones that we consider here (cf. Fig. 1). For
the related Np-115 compounds a very rich magnetic phase
diagram has been revealed, consisting of several noncol-
linear AFM and FM phases.”%¢! Similar experimental stud-
ies would be required for Np,CoGag to address this issue
comprehensively, but these have not yet been performed. The
unenhanced linear specific-heat coefficient, calculated for the
PM and AFM phase, is y=68 and y=30 mJ/mol K2, respec-
tively.

Americium is typically nonmagnetic, since in most com-
pounds it has six 5f electrons, which fully occupy the 5f5/,
levels that are separated from the unoccupied 5f5,, levels by
a strong spin-orbit interaction. The 5f5,, levels are usually
located a few electron volts below the Fermi level and thus
do not contribute to the Fermi surface topology. On the other
hand, the 5f;, are empty and located a few eV above the
Fermi level. This typical situation, which originates from the
strong spin-orbit interaction leading to j—j coupling for the
Am atom, is not correctly described by the LSDA, which
places the 5f shell typically in the vicinity of the Fermi level.
Therefore, we have employed the LSDA + U approach and an
open-f-core treatment for the Am,CoGag compound. In the
open-core approximation the 5f electrons are treated as core
states, which means that the hybridization of 5f electrons
with other valence states is neglected. The open-core calcu-
lation leads to a nonmagnetic state, mainly because the 5fs,,
shell is fully occupied. In the LSDA+ U approach the split-
ting between S5fs, and 5f;, is strengthened by the on-site
Coulomb repulsion and as a result, the 5f5/, are fully occu-
pied, while 5f;, are empty—in accord with the open-core
calculation. Thus in both approaches the 5f states are re-
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FIG. 18. (Color online) Paramagnetic DOS of Am,CoGag cal-
culated using the open-core treatment (top) and LSDA+ U approach
with U=5 eV, J=0.6 eV (bottom) for the americium 5f states.
Note the different scale on the vertical axes. The peak 5f DOS of
the LSDA+U calculation around —4 eV in the bottom panel is
approximately 60 states/eV high.

moved from the valence region, and both lead to a nonmag-
netic ground state and a very similar DOS in the vicinity of
the Fermi level, see Fig. 18. The similarity of the DOS sur-
rounding the Fermi level in both calculations,%? confirms that
the 5f states do not influence the Fermi surface topology. It is
also an indirect proof of the validity of open-core approxi-
mation for the electronic structure near to the Fermi level.
The LSDA+U calculation with U=5 eV reveals a narrow
5fs» peak at 4 eV below the Fermi level. The 5f;, states
form a somewhat broader band approximately 3 eV above
the Fermi level. At the Fermi level the DOS is dominated by
itinerant Ga p states. We have verified that a different value
of U does not change the DOS in the vicinity of the Fermi
level, it only shifts the centers of gravity of the 5f5, and
5f7, bands. The Fermi surface topology obtained from the
LSDA+U calculation (and from the f-core approach), Fig.
19, is remarkably similar to the theoretical FS topology of
the related isoelectronic La,RhIng compound,®® which has no
f electrons. The authors of Ref. 63 have concluded, on the
base of de Haas-van Alphen experiments, that the Fermi sur-
face topologies of La,RhIng and Ce,RhIng are very similar,
evidencing the localized Ce 4f character of Ce,RhIng. We
obtain here that this similarity extends also to Am,CoGag; 5f
localization leads to a Fermi surface derived mainly from the
Co and Ga bonding in the Ho,CoGag unit cell.

VII. CONCLUSIONS

We have performed a comprehensive experimental and
theoretical investigation of Pu-based 218 compounds.
Pu,RhGag, Pu,CoGag, and Pu,FeGag are paramagnetic in the
whole investigated temperature range. The relatively large
values of 7y obtained for the Pu-based compounds from low-
temperature specific-heat measurements allow to classify
these compounds as moderately enhanced heavy fermion
systems. Despite the absence of magnetic ordering, the pres-
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FIG. 19. (Color online) Fermi surface of Am,CoGag calculated
using the LSDA+ U approach.

ence of strong magnetic correlations are suggested by the
large negative value of the Curie-Weiss temperature. Accord-
ing to our first-principles LSDA calculations, however, the
antiferromagnetic and ferromagnetic structures are very close
in energy, indicating that there is only a weak interlayer cou-
pling between the actinide layers. More complicated antifer-
romagnetic arrangements may yet need to be studied to get
better insight into the nature of the antiferromagnetic ex-
change interaction indicated by the above-mentioned data.
As the Pu 5f states in the 218 compounds are expected to be
on the verge of the 5f delocalized to localized transition, we
have in addition employed the LSDA + U approach to treat a
moderate degree of Pu 5f localization. The LSDA+U ap-
proach predicts a nonmagnetic ground state for the investi-
gated Pu 218-compounds. Further investigations are conse-
quently required to decide which exchange-correlation
functional provides the best results for the Pu-218 com-
pounds. The fact that the effective magnetic moment is
slightly reduced with respect to the free Pu** one suggest that
at least a partial localization of the 5f electrons is occurring.
This is not inconsistent with the first-principles LSDA calcu-
lations, which reproduced reasonably well the experimental
structural parameters.
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The Pu,MGag compounds are not superconducting down
to 2 K. In this respect, the strong analogy existing between
the Ce-115 and Ce-218 superconductors is not continued in
the Pu-115 and 218 families of compounds, and hence,
PuCoGas and PuRhGas remain unique Pu-based supercon-
ductors. The origin of this difference between the Ce and Pu
analogs is not easily pinpointed. Our calculations show that
the Fermi surfaces of the Pu-218’s are sufficiently different
from those of the Pu-115’s. Compared to the Ce analogs, this
happens because the Pu 5f bands are more delocalized and
dispersive than the more localized and narrower Ce 4f
bands.

For the uranium 218 compounds we observe that the
LSDA, delocalized 5f approach reproduces well the experi-
mental data. We obtained, in agreement with experiment, a
nonmagnetic ground state and the structural parameters are
well described. The densities of states of the studied uranium
218 compounds were calculated and their band structures
and Fermi surface topologies were analyzed. U,CoGag and
U,RhGag are predicted to have three Fermi surface sheets,
whereas four Fermi surface sheets are predicted for U,FeGag
and U,RuGag. For each compound at least one of the sheets
has a three-dimensional character.

The closely related Np,CoGag is predicted to have a mag-
netically ordered ground state. Our calculations predict an
essentially localized state for Am,CoGag. An account of the
f-electron localization, an electronic structure very similar to
the related Ce-218 systems is obtained, which is also re-
flected in the similarity of their Fermi surfaces. The basic
characteristics of the crystallographic, electronic, and mag-
netic structures of actinide 218 compounds obtained here are
expected to be of a great value for future studies of this
intriguing (and so far underexplored) class of compounds.
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