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Electronic structure calculations combining the local density approximation with an exact
diagonalization of the Anderson impurity model show intermediate 5f°-5f6-valence ground
state and delocalization of the 5f> multiplet of the Pu atom 5f-shell in PuCoGas, and §-Pu.
The 5f-local magnetic moment is compensated by a moment formed in the surrounding
cloud of conduction electrons. For PuCoGas and §-Pu the compensation is complete and
the Anderson impurity ground state is a singlet. This can be important for analyses
of the superconducting pairing mechanism in PuCoGas. It is likely that in PuCoGas
unconventional d-wave superconductivity is mediated by the 5f-states valence fluctuations,
rather than antiferromagnetic fluctuations.
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RESUME

Les méthodes de calcul des structures électroniques qui combinent I'approximation
de densité locale avec une diagonalisation exacte du modeéle d'impureté d’Anderson
prévoyaient, pour §-Pu et pour PuCoGas, un état fondamental de valence intermédiaire
5f°-5f8, ainsi qu'une délocalisation de la couche électronique 5f du Pu. Le moment
magnétique local 5f est compensé par un moment formé dans le milieu des électrons de
conduction. Pour PuCoGas et §-Pu, cette compensation est compléte et I'état fondamental
de l'impureté d’Anderson est un singulet non magnétique. Ce résultat peut avoir des
conséquences importantes sur I'analyse des mécanismes de couplage de Cooper dans
PuCoGas. Il est possible que la supraconductivité non conventionnelle de symétrie d dans
PuCoGas soit véhiculée par des fluctuations de valence des états 5f plutot que par des
fluctuations magnétiques.
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1. Introduction

In order to realize the full potential of nuclear power while minimizing associated risks for society and environment,
there is a need to solve many problems in the material science of actinides, by advancing the comprehension of their
physical and chemical properties at the microscopic level.

Theoretical modeling of the electronic, structural, and magnetic character of heavy-actinide materials and their 5f-
manifold states is very difficult. The standard electronic structure tools of solid state physics, based on density functional
theory (DFT), cannot indeed be taken as a reliable vehicle to describe actinides and their compounds. The unique phys-
ical properties of these heavy elements originate from the character of the 5f electrons, at the verge of a localization-
delocalization instability, and require many new body tools and concepts.

Here, we present some attempts to provide a material-specific theory by including the rotationally invariant multi-orbital
Coulomb interaction in the relativistic DFT approach, taking into account spin-orbit coupling. In particular, we describe
the results of correlated band theoretical calculations such as (i) the static local (spin) density plus Coulomb U (LDA +
U) and (ii) the dynamical LDA + Hubbard-I (LDA + HIA) and LDA + Exact Diagonalization (LDA + ED) approximations,
implemented in the full-potential linearized augmented plane wave basis (FP-LAPW).

In what follows, we focus on Pu-based metallic materials where the relativistic effects play a very essential role for the
band structure and interaction components of the model. First, we discuss the applications of LDA + U, LDA + HIA, and
LDA + ED to the electronic structure and photoemission of §-Pu, showing that multiplet transitions need to be incorporated
into the electronic structure calculations in order to reproduce experimental data. Next, we consider the electron correlation
effects in the Pu-115 family (PuCoGas and related materials), and compare them with those in elemental plutonium.

PuCoGas exhibits superconductivity below a critical temperature of 18.5 K, which is one order of magnitude higher
than for typical heavy-fermion compounds. The electron-pairing mechanism in the Pu-115 family is still obscure, and is the
subject of heated debates. It is suggested that fluctuations of the residual magnetic moment as well as valence fluctuations
are key ingredients of the superconductivity in these compounds.

2. Non-magnetic ground state of §-Pu

It is commonly accepted that 5f-electrons in light actinides form rather broad conduction bands, whereas for the heavy
actinides the 5f states are atomic-like. The atomic volume is an important indicator of the nature of the 5f-electronic states.
Withdrawing the 5f states from the bonding and confining them in the ionic core leads to a significant volume expansion.
On the plot of atomic volumes of elements, Pu (a) represents a continuation of light actinides, with the decreasing branch
resembling the parabolic behavior of transition metals. On the other hand, heavy actinides, starting with Am (Z = 95),
display a higher volume and a contraction with increasing the atomic number similar to the one displayed by lanthanides.
Johansson [1] described this situation as a “Mott transition in the 5f-electron subsystem” taking place between Pu and Am
when moving along the Periodic Table.

Plutonium exhibits six allotropic modifications at ambient pressure, some of them of very low symmetry (monoclinic).
There is little doubt that this anomalous behaviour is related to the 5f electronic states, being at the border between
the localized, non-bonding, behaviour and the bonding situation of electronic bands. §-Pu, with a volume intermediate
between those of w-Pu and Am, represents therefore the cross-over regime, where the electron-electron correlations play
a prominent role. Katsnelson et al. [2] linked the broadening of the 5f band to the “atomic collapse” characterizing the
transformation from the high-temperature expanded and the low-temperature compressed phases of Pu.

Ab-initio electron energy calculations based on Density Functional Theory (DFT) in the Local Density (LDA) or Generalized
Gradient (GGA) approximations account generally well for basic properties of metallic systems. Numerous variants of this
successful paradigm were applied to Pu phases. The most conspicuous failure is the case of §-Pu calculations, which in-
evitably lead to magnetic ordering. The fact that the lattice expansion due to magnetism yields approximately correct values
of the volume, and the intransigence on magnetic order implied by DFT theory, both within LDA and GGA approximations,
led to speculations about magnetic ordering of §-Pu. But experimental findings (magnetic susceptibility has a character of
weak Pauli paramagnet—a paramagnetic state is also evidenced—, °Ga NMR results [3], and neutron scattering [4]) contra-
dict this conclusion.

The challenging question about the absence of magnetism in the §-Pu phase cannot be answered by DFT theory. At first,
this problem was addressed making use of a well-known L(S)DA 4+ U method. Generally, LDA 4+ U calculations account for
the on-site correlations between the f electrons in a more realistic way than LSDA calculations. First applied to §-Pu by
Savrasov and Kotliar [5], it also leads to a magnetic solution. Contrary to [5], we applied to §-Pu a different version of the
LDA + U method, namely one that is based on the original LDA + U total energy functional of Ref. [6]. We show that when
the LDA + U of Ref. [6] is reformulated in a spin and orbital rotationally invariant form, it yields a basically non-magnetic
8-Pu with S; -0 and L, — 0 [7].

The correlated band theory L(S)DA + U method consists of the local spin-density approximation (LSDA) augmented
by a correcting energy of a multiband Hubbard-type Eee and a “double-counting” subtraction term Eqc, which accounts
approximately for an electron-electron interaction energy already included in LSDA. The form of “Coulomb-U" correction
to the LDA is not uniquely defined, and the most commonly used is the version of LDA + U total energy functional in a
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Table 1

Ground-state spin Mg, orbital M, and total Mj = Ms 4+ M; magnetic moments (in ug) in é-Pu calculated for an antiferromagnetic configuration at the
experimental lattice parameter a = 8.760 a.u. using LSDA, and AMF-LSDA + U (U =4 eV) models. Also given are the equilibrium volume Veq (in (aw)?)
and the bulk modulus B.

Model Ms M| M Veq B (kbar)
LSDA 4357 —2.020 2337 13 6.8 761
AMF LSDA + U ~0 ~0 ~0 1815 314
Experiment N/A N/A 0 168 299

so-called “fully localized” limit (FLL) [5], in which the double-counting term Eq. is taken to satisfy an atomic-like limit of
the LDA total energy.
Historically, the first LDA 4+ U functional is often called as an “around-mean-field” (AMF) limit of the LDA + U. In this
AMF-LDA + U limit [6,8] the interaction energy takes the form:
1
e =5 D Syl valVEelya, va) = (1, vV va, v2) [onys s, (1)
Y1,Y2,Y3:V4

where V€€ is an effective on-site “Coulomb-U" interaction. The combined spin-orbital index y = (mo) is composed of the
angular m and spin index o, and

1
1
8”71’}/2 =Nyy, — ”015)/1,}/2’ n’ = m m;lnma,ma, (2)

where 1y, ,, is the on-site f-occupation matrix in the spin-orbital space that has to be defined with respect to the chosen
localized orbital basis set, and n? is an average spin-orbital occupation.

We note that the essential feature of Eq. (1) is the presence of spin-off-diagonal elements of the on-site occupation
matrix ny,y, = Nm,o;,mya,» Which are in general non-zero in the presence of spin-orbit coupling (SOC).

Spin Mg, orbital M, and total M; magnetic moments calculated for the Pu atom within the LSDA (see Table 1) are in
a very good agreement with previous LSDA calculations. The total f-state occupation ns = 5.06 corresponds to the 5f state.
We performed the AMF-LDA + U calculations starting from the LSDA values of charge and spin densities, and on-site spin
and orbital occupations, using U =4 eV and an exchange interaction J = 0.7 eV, which are in the range of the commonly
accepted values for Pu [5]. Without any constraint, the calculations converged to an almost zero magnetic moment, with
remaining Ms and |M;| less than 0.01 wp. We also performed calculations starting from a different FLL-LDA + U anti-
ferromagnetic ground state and obtained essentially the same results. One can then conclude that the AMF-LDA + U yields
a fundamentally non-magnetic §-Pu, in accordance with experimental observations. Importantly, the 5f occupation ng is in-
creased substantially, from n¢~ 5 in LSDA and FLL-LDA + U to nf = 5.44 (see Table 1), meaning that there is a substantial
deviation from the 5f> ionic state. We mention that AMF-LDA + U yields Veq=181.5 eV and B =314 kbar, values that are
in a very good agreement with experimental data.

The dependence on the value of Coulomb-U of the spin (Ms), orbital (M), and total (M;) moments calculated within
the AMF-LDA + U is as follows: for small values of U (= J), §-Pu is magnetic with sizeable Ms and M; moments that
almost cancel each other. As the U value is increased to 1.5 eV, the local moments Ms and M; disappear and §-Pu is
non-magnetic for realistic values of the Coulomb-U (from 3 to 5 eV).

An important criterion for the assessment of results of electronic structure calculations is given by electron spectro-
scopies. Although some techniques, such as Bremsstrahlung Isochromate Spectroscopy (BIS), have not yet been applied to
Pu, experiments have been performed using high-resolution Ultraviolet Photoelectron Spectroscopy (UPS), mapping the elec-
tronic structure down to about 10 eV below Ef, and X-ray photoelectron spectroscopy (XPS) [9,10], which gives information
on the screening of the deep core-hole by conduction electrons.

Valence-band spectra of §-Pu and a handful of other Pu-based systems studied so far exhibit invariably three narrow
features, one at Eg or in its close vicinity, the other two at 0.5 and 0.85 eV below Eg, which are called A, B, and C,
respectively. Valence-band photoelectron spectra reflect to some extent the density of occupied states in the ground state
(DOS). A comparison with the bulk experimental UPS [9,10] (see Fig. 1(a)) shows that LDA + U places the 5f manifold
approximately 0.9 eV below the Fermi energy (Eg), in accordance with the experimental C peak position, while it does not
resolve correctly the experimental features A and B at the Er edge.

In order to fix this deficiency, we extend the LDA + U procedure described above towards the DMFT to account for the
multiplet transitions that are necessary for a correct description of photoemission excitation spectra. We use the multiorbital
HIA, which is suitable for incorporating the multiplet transitions in the electronic structure, as it is explicitly based on the
exact diagonalization of an isolated atomic-like f-shell.

We construct the multi-orbital Anderson impurity Hamiltonian [11],

oo
Himp = E [ek]mm/ blmgbkm’a/ + E effijwfmo
kmm/’ mo
oo
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Fig. 1. (Color online.) The §-Pu fDOS from AMF-LDA + U and LDA + HIA calculations (left panel); total fDOS and js/2, j7/2 projected DOS from LDA + ED
(right panel). Experimental PES (arb. units) are taken from Ref. [10].
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1
+ 5 Z Umm’m”m”’f;af,;rl/grfm’”a’fm”a, (3)
m/r/r’z’m”,
m oo
where f;,g creates an electron in the 5f shell and b;rm creates an electron in the “bath” that consists of those host-band
states that hybridize with the impurity 5f shell. The energy position € of the impurity level, and the bath energies ¥
are measured using the chemical potential . The parameters & and Acp specify the strength of the SOC and the size of
the crystal field at the impurity. The parameter matrices V¥ describe the hybridization between the 5f states and the bath
orbitals at energy eX.
Once the first and fourth terms are neglected, the Hamiltonian Eq. (3) is reduced to the atomic Hamiltonian H?'. This
corresponds to the Hubbard-1 approximation. Exact diagonalization of H3|v) = E,|v) is performed to obtain all possible
eigenvalues E, and eigenvectors |v). The atomic Green function is calculated as follows:

woqo o1 Il o [V) WL g li0)
[ @]pm, @ =5 2

mimy; V’MZ+(E;L_,U«NM)—(EV—MNU)
x [exp(—=B(Ey — uNy)) + exp(—B(E, — uNy))], (4)
and the atomic self-energy is evaluated as:
’ ’ -1 /
[Z4@ ] = 2mmdoor —EA- 970, —[(6"@) T m,- (5)

The LDA + U Green function is evaluated for the self-consistent LDA 4+ U solution making use of LDA + U eigenvalues
and eigenfunctions calculated in the full-potential LAPW basis,

1 -1
Cov@ =y [[dkz+ = Hotlo ~ v.0) ™ (6)
BZ
Next, we evaluate the static Weiss field Gy (z2):
_ -1
@ =(C L@+ Viw@) . 7)

Then we insert the HIA self-energy, calculated for the same number of correlated electrons as given by LDA + U, into
this “bath”, and calculate the new Green function
-1 -1
@ =([9%"@] +ae-2u@) ", (®)

where A€ is chosen so as to ensure that n=7~"1Im f” dETr[G(E)] is equal to a given number of correlated electrons.
In Fig. 1(a) we show the f-projected DOS (fDOS) from AMF-LDA + U together with the spectral density calculated from
Eq. (8). For 8-Pu, the AMF-LDA + U fDOS manifold at around —1 eV transforms into a set of multiplet transitions with



644 A.B. Shick, |. Koloren¢ / C. R. Physique 15 (2014) 640-647

high value of spectral density at Eg. There is a good agreement between the HIA calculated fDOS and the experimental PES.
While LDA + HIA calculations explain well the experimental PES, the ground state of the f-shell manifold is not a singlet,
then the absence of magnetism and temperature-independent magnetic susceptibility remains unexplained.

To proceed further, we extend our procedure, and account for the hybridization between f- and non-f states in the
Hamiltonian Eq. (3) [12]. In order to determine the bath parameters V¥ and €¥, we assume that LDA represents the non-
interacting model. We then associate the LDA Green function Gipa(z) with the Hamiltonian of Eq. (3) when the coefficients
of the Coulomb interaction matrix are set to zero (Umpmm~ = 0). The hybridization function A(e) is then estimated as
A(e) = —%ImTr[GED]A(e +i8)] [13]. Also we assume that the most important hybridization is the one occurring in the
vicinity of Eg, and that the hybridization matrix is, to a good approximation, diagonal in the {j, j,} representation, so that
we only need to specify one bath state (six orbitals) with eg?:g /2 and V;fj; /20 and another bath state (eight orbitals) with

efj /2 and V}‘:} /2- Then the bath parameters V;‘, and the bath-state energies ef are chosen to approximately reproduce the

. 5/2 7/2
LDA 5f-states occupations n;’~ and n;’*.
The band Lanczos method [14] is employed to find the lowest-lying eigenstates of the many-body Hamiltonian Hjpp

and to calculate the one-particle Green’s function [Gimp(z)]gm‘,” in the subspace of the f orbitals at low temperature (kT =
1/500 eV). The self-energy [2(2)]3,1”1‘,’/ is then obtained from the inverse of the Green’s function matrix [Gimp].

Once the self-energy is known, the local Green’s function G(z) for the electrons in the solid is calculated. Then, with the
aid of the local Green function G(z), we evaluate the occupation matrix ny,,, = —< Im f_E;O dz[G(2)]y,y,. The matrix ny,,,
is used to construct an effective LDA + U potential V, which is inserted into Kohn-Sham-like equations:

[~V2+ Vipa(®) + Vy +E(-5) | L (1) = L DL (1). 9)

These equations are iteratively solved until self-consistency over the charge density is reached. In each iteration, a new
Weiss field Gg(z) Eq. (7), and a new value of the 5f-shell occupation are obtained from the solution of Eq. (9). Subsequently,
a new self-energy X'(z) corresponding to the updated 5f-shell occupation is constructed. Finally, the next iteration is started
by evaluating the new local Green’s function, Eq. (8).

In the case of §-Pu, the hybridized ground state of the impurity is a non-magnetic singlet with all angular moments
of the 5f plus bath cluster equal to zero (S =L = J =0). It consists of (nf) =5.21 f states and (np,,) = 8.79 bath states.
In a pictorial way, we can imagine that the magnetic moment of the 5f shell (for which we get Sf = 2.11, Ly = 4.21,
Jf=2.62) is completely compensated by the moment carried by the electrons in the conduction band. As the value of the
5f magnetic moment fluctuates in time, because of the intermediate valence electronic configuration, this compensation
must be understood as dynamical in nature. The 5f-orbital projected DOS is shown in Fig. 1 and is in good agreement with
the experimental photoemission spectra. Notice that the multiplets for the atomic f® configuration (f® — f° transition, lying
closer to E) are better resolved than for the f> part of the spectrum (f° — f* transition).

Analogously to the intermediate valence rare earths [15], the magnetic susceptibility is anticipated to behave as
x ~ 1/(T + Tg), where the temperature Tg describes fluctuations between 5f and conduction band electron states. Tg.
corresponds indeed to the broadening of the quasi-particle resonance near Er due to valence fluctuations [16]. As the
ground state of the impurity is a singlet, we estimate T¢ using a renormalized perturbation theory of the Anderson

model [11], Tg = —JTTZZ[A(EF)/Nf], where [A(EfF)/N¢] is the hybridization per orbital at Ef, and Z is a quasi-particle
weight (Z = (Tr[N(Ep)(1 — dﬁf))|€:EF]/Tr[N(EF)])‘1). For §-Pu, we get Tf =63 meV (~ 750 K). Since T¢. is high, x re-
mains constant for T < Tg, as observed experimentally.

3. Electronic and magnetic character of Pu-atom in PuCoGas

The intermediate-valence and non-magnetic character of the 5f-shell can play an important role in stabilizing the su-
perconducting state exhibited by PuCoGas below a critical temperature T. of 18.5 K [12]. The unconventional character
of superconductivity in this compound [17,3] is now generally accepted, but the microscopic mechanism responsible for
electron pairing remains unknown [18]. The d-wave symmetry of the superconducting gap in PuCoGas has been proven by
point-contact spectroscopy experiments [19], which also provided the first spectroscopic measurements of the gap ampli-
tude and of its temperature dependence.

Keeping in mind a failure of DFT in the case of §-Pu, it can be expected that LDA/GGA does not provide a reasonable
description of the electronic structure for this strongly correlated material. Below, we report electronic structure calculations
of PuCoGas performed by combining LDA with the exact diagonalization (ED) of a discretized single-impurity Anderson
model, making use of the same approach as that described above for the case of §-Pu [12]. The calculations were carried
out assuming a paramagnetic state with crystal structure parameters for PuCoGas taken from Ref. [17]. The Slater integrals
were chosen as Fp =4.0 eV, and F, =7.76 eV, F4 =5.05 eV, and Fg = 3.07 eV. They correspond to commonly accepted
values for Coulomb U =4.0 eV and exchange | = 0.64 eV. The SOC parameter £ = 0.29 eV for PuCoGas was determined
from LDA calculations. CF effects were found to be negligible and Acr was set to zero.

The ground state of the cluster formed by the 5f shell and the bath is a non-magnetic singlet with all angular moments
of the 5f-bath cluster equal to zero (S =L = J =0). It consists of (nf) =5.30 f states and (npae) = 8.70 bath states. The
magnetic moment of the 5f shell (for which we get Sf=2.18, Lf = 4.05, Jf=2.43) is completely compensated by the
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Fig. 2. (Color online.) The PuCoGas total fDOS and js/2, j7/2 projected DOS from LDA + ED (left panel); the total DOS, Co-dDOS, and Pu-fDOS in comparison
with the experimental PES (arb. units) (right panel).

moment carried by the electrons in the conduction band. The 5f-orbital projected DOS is shown in Fig. 2(a). Below Fermi
energy, Eg, the DOS exhibits the three-peak structure typical for Pu and for a number of its compounds. As in the case of
§-Pu, it can be noticed that the multiplets for the atomic f® configuration (f® — > transition, lying closer to Ef) are better
resolved than for the > part of the spectrum (f> — f* transition).

The comparison between the DOS and experimental photoemission spectra [20] is shown in Fig. 2(b). The three-peak
structure is not resolved in the experiment which shows only the A peak at the Fermi edge. We cannot claim a quantitative
agreement between the DOS and the experimental PES. The shape of the total DOS corresponds fairly well to the exper-
imental photoemission spectra. Moreover, the calculations suggest that B- and C-peaks of Pu-5f states are masked by the
signal coming mainly from Co-d-states. These are spread over the region from Eg to &~ 3.5 eV.

The band structure resulting from the solutions of Eq. (9) is shown in Fig. 3 together with the corresponding quasi-
particle Fermi surfaces (FS). There are four sheets (I-IV) composing the FS: sheets I and II are fairly three-dimensional and
sheets IIl and IV are two-dimensional. Close similarities are revealed between these sheets and the Fermi surfaces from the
previous LDA [21] and AMF-LDA + U calculations.

The role of the electronic structure in determining superconductivity depends on the mechanism. First, we estimate the
possibility for electron-phonon-interaction-mediated superconductivity. The Drude plasma energy £2, = 3.5 eV is calculated.
Now, assuming that the temperature dependence of electrical resistivity is due only to the electron-phonon interaction,
we can estimate the electron-phonon coupling A¢; from the Bloch-Griineisen transport theory, employing an approximate

expression [22] % ~ %kgkn that relates the electrical resistivity p to the electron-phonon coupling strength. Making
p

use of the experimental room-temperature value of p, we estimate the electron-phonon coupling A at & 2.5 for PuCoGas.
Inserting A¢; = 2.5 into the McMillan formula [23] and assuming the Coulomb pseudopotential ;* to be between 0.0 and
0.2, we obtain an estimate for the superconducting transition temperature T. in the range 27-39 K, which is not too far from
the experimental value T. = 18.5 K. This observation would support the strong electron-phonon coupling mechanism of
superconductivity in PuCoGas. However, recent point-contact spectroscopy measurements [19] are pointing out the d-wave
symmetry of the superconducting gap, making the electron-phonon-coupling-mediated superconductivity unlikely.

It has been argued that, in some cases, superconductivity can be driven by Fermi-surface nesting. Nesting, which indi-
cates instability in the FS, can give rise to a spin-density wave or a charge-density wave. The shape of FS shown in Fig. 3
suggests a possibility of either Q-nesting between [7, 0, k;] and equivalent k-points of FS-II sheet or Q2-nesting between
the hole-like FS-1 around the I = (0, 0, k;) point and electron-like FS-3 around the M = (;r, i, k;) point. This q ~ (T, 1, k;)
nesting-like feature can lead to a peak in the spin/charge susceptibility, and promote the anti-ferromagnetic or charge fluc-
tuations to develop. The Q1 nesting instability will promote the d,>_ . type of pairing. Recent point-contact spectroscopy
measurements [19] are pointing out the d-wave scenario.

The Q3 nesting would correspond to the so-called s+ superconductivity, similar to the case of Fe-based superconductors
[24]. The strength of the pairing interaction depends on the joint density of states. For Q, nesting, it would mean a high
value of the product of the DOS near I' = (0,0,k;) and M = (i, ,k;) points. As follows from the band structure, it
is not the case for PuCoGas. On the other hand, a possibility of Q; nesting instability, together with experimental data
in [19], support the d-wave scenario. The presence of a 5f local moment dynamically compensated by the surrounding
conduction electrons, together with the °—f® intermediate-valence ground state in PuCoGas, opens an attractive possibility
for valence-fluctuation-mediated superconductivity, in a similar way to the case of heavy-fermion superconductors [25].

To summarize, the LDA + ED calculations show an intermediate 5f°-5f%-valence ground state and delocalization of the
5f> multiplet of the Pu atom 5f-shell in PuCoGas, and 8-Pu. The 5f-local magnetic moment is compensated by a moment
formed in the surrounding cloud of conduction electrons. For PuCoGas and §-Pu, the compensation is complete and the
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Fig. 3. (Color online.) The PuCoGas band structure with f-band character (top); the Fermi surface (bottom) from LDA + ED.

Anderson impurity ground state is a singlet. Our findings can be important for understanding the superconductivity in the
“115” family of the materials.
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