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By the local density approximation with on-site Coulomb repulsion U (LDA+U) method with spin-orbit
coupling (LDA+ U+ SO) the magnetic state and electronic structure have been investigated for plutonium in §
and « phases and for the Pu compounds PuN, PuCoGas, PuRh,, PuSi,, PuTe, and PuSb. In agreement with
experiment we found for metallic plutonium in both phases a nonmagnetic ground state with Pu ions in f°
configuration with zero values of spin, orbital, and total moments. This result is determined by a strong
spin-orbit coupling in the 5f shell. It leads to the clear splitting of 5f states into /> and f7/> subbands even in
the LDA calculation. The Fermi level is in a pseudogap between them, so that the f? subshell is already
almost completely filled with six electrons before Coulomb correlation effects are taken into account. The
competition between spin-orbit coupling and the exchange (Hund) interaction (favoring a magnetic ground
state) in the 5f shell is so delicately balanced that a small increase (less than 15%) of the exchange interaction
parameter value from J5=0.48 eV obtained in the constrained LDA calculation would result in a magnetic
ground state with nonzero spin and orbital moment values. For the Pu compounds investigated in the present
work, a predominantly f% configuration with nonzero magnetic moments was found in PuCoGas, PuSi,, and
PuTe, while PuN, PuRh,, and PuSb have the /> configuration with sizable magnetic moment values. Whereas
the pure jj coupling scheme was found to be valid for metallic plutonium, an intermediate coupling scheme is
needed to describe the 5f shell in Pu compounds. The results of our calculations show that the exchange
interaction term in the Hamiltonian should be treated in a general matrix form for Pu and its compounds.
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I. INTRODUCTION show a number of anomalies,!”-!8

including softening of the

In actinide elements the Coulomb interaction of the 5f
electrons is of the same order as the bandwidth and spin-
orbit coupling. Their interplay results in the complicated
physics of 5f compounds' where both theorists and experi-
mentalists still have plenty of work. Among the actinides, the
element plutonium seems to be the most intriguing,* despite
numerous works and the 60 years passed since the Pu
discovery.*?

The electronic properties of plutonium show an excep-
tional example of a system with 5f electrons on the edge
between localization and itinerancy.>® Experimental work’
gave jj coupling for Pu 5f electrons or an intermediate cou-
pling close to jj type.® A theoretical model for the interme-
diate coupling scheme was suggested for PuSb by Cooper et
al’®

Many experiments have been carried out to shed light on
plutonium electronic structure. For &-plutonium, the most in-
vestigated of all metallic Pu phases, photoemission spectros-
copy (PES) revealed special features of the valence
band,'®'2 in particular, a sharp peak at the Fermi level.
X-ray, high-resolution  ultraviolet,'> and  resonant
photoemission'* spectroscopy measurements accompanied
by Pu 4f core-level spectra show a more localized character
of the 5f electrons in the 6-Pu phase compared with the «
phase. The sharp peak at the Fermi level is indicative of a
strong many-particle nature and heavy-fermion behavior of
5f electrons. The electron mass enhancement is usually char-
acterized by the inferred Sommerfeld coefficient 7y
=50 mJ mol~' K2 for 6-Pu,' versus y=17 mJ mol~' K2 for
a-Pu.'® The phonon dispersions and elastic moduli of 5-Pu
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transverse [111] modes,'” suggesting an unusual electronic
structure and phonon-electron interaction for the 5f electrons
in plutonium (modern calculation results®® qualitatively pre-
dicted the experimental data). No evidence for ordered or
disordered magnetic moments in plutonium in either é or «
phase is found in experiments.>*?!

Ab initio calculations of the electronic structure for pluto-
nium have been done by many authors.??> The standard local
density approximation?® (LDA) as well as the generalized
gradient approximation?* (GGA) have been implemented.
The full-potential linearized augmented plane-wave
(FLAPW) method with GGA correction and Gaussian-type-
orbital fitting function (LCGTO-FF) methods were used to
reproduce the zero-pressure experimental volumes and bulk
modulus of Pu in the row of all actinides.”> The obtained
results show better agreement with the experiment than, for
example, the linear muffin-tin-orbitals (LMTO) GGA
method?® but fail when used with Pu. Even with the proper
second-variational approach to 6p states,?’ the experimental
volume of 8-Pu is still unattainable.”® Another limitation of
all these methods, as was realized later, is the inability to
reproduce correctly the electronic structure of plutonium due
to neglect of Coulomb correlation effects.

To improve the LDA approximation the LDA+U
method® was used, which explicitly takes into account the
strong Coulomb repulsion between S5f electrons by adding a
Hubbard-like term to the LDA Hamiltonian. The calculation
of the electronic structure for fcc Pu by the LDA + U method
with GGA correction was performed in Ref. 30. The authors
showed that for the standard set of Slater integrals®'-3? and
Coulomb parameter U=4.0 eV the calculated value of the
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equilibrium volume agrees better with the experimental data.
The resulting band structure suggests that Pu has five local-
ized f electrons with substantial orbital and spin moment
values. Another local spin density approximation with on-
site Coulomb repulsion U (LSDA + U) calculation with GGA
correction gave similar results for different Coulomb param-
eter values.’

In contrast to the experimental data, which clearly show a
nonmagnetic state of plutonium,>*?! an antiferromagnetic
ground state was found for fcc Pu in many calculations.?*-37
A fully relativistic spin-polarized calculation for the fcc plu-
tonium phase was performed in Ref. 38. In another work
(Ref. 39) it was shown that “switching off” the hybridization
leads to better agreement with experiment for the equilib-
rium volume in &-Pu. For the augmented plane-wave basis
(FLAPW),*® Kutepov et al.*! using the fully relativistic spin-
polarized method with GGA approximation obtained large
orbital and spin moments. An antiferromagnetic ordered state
was found to be lower in the total energy of the system
compared with a nonmagnetic one for both @- and &-Pu
phases.*14?

Another scheme was proposed by Eriksson et al.*’ The
plutonium 5f electrons were divided into localized and delo-
calized ones. The self-interaction correction (SIC) LSDA
method*~*7 was used to calculate volumes and total energies
of the Pu ion in different configurations (with different
valencies**%). In contrast to experiments,” an LS-coupled
ground state was found to be lower in the total energy for
any configuration of the Pu ion*® and the f* was configura-
tion energetically preferable. For many binary Pu compounds
the SIC LSDA calculations showed that the experimental
data are better described by the model of coexisting localized
and delocalized electrons.*’ In particular, by the same ap-
proach a valency +5 was found for the Pu ion in PuN and +3
in PuTe and PuSb.** The Pu ion in plutonium dioxide was
obtained in the f* configuration.*®® A similar hybrid
scheme, the disordered local moment method,’! gave quali-
tative agreement with the photoemission spectrum for
5-Pu.?

Experiments suggest the presence of significant correla-
tion effects for 5f electrons in plutonium. Dynamical mean-
field theory>3->° (DMFT) is a powerful tool in studying such
effects. Merging of the LDA-based methods with DMFT
gave a new calculation scheme—the LDA+DMFT
method.’®=® Its application to the plutonium problem>®>
gave a better agreement with photoemission experiments and
a double-minimum curve of the total energy as a function of
volume.

In this paper we present the results of calculations by the
LDA+U with spin-orbit coupling (LDA+ U+ SO) method of
the electronic structure and magnetic properties for metallic
plutonium in the a and & phases and a series of Pu com-
pounds, namely, PuN, PuCoGas, PuRh,, PuSi,, PuTe, and
PuSb. The exchange interaction (spin-polarization) term in
the Hamiltonian was implemented in a general nondiagonal
matrix form. This form is necessary for the correct descrip-
tion of 5f electrons for the case of jj coupling and interme-
diate coupling schemes which we have found to be valid in
pure metallic Pu and its compounds. For metallic Pu in both
& and « phases, our calculations gave a nonmagnetic f°
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ground state with six f electrons in the fully occupied j
=5/2 subshell and spin, orbital, and total moment values
equal to zero. This result is in agreement with experimental
data for metallic plutonium,?' but we have found a magnetic
ground state for all Pu-based compounds investigated in this
work. For the present investigation we have chosen pluto-
nium compounds with formal Pu ion valency +3 (PuN and
PuSb) and +2 (PuTe) and also intermetallic compounds
where the valence state of Pu ion is not obviously defined.
All calculated Pu compounds have magnetic moments on Pu
ions with £, f°, or mixed configurations. In our work we
were considering a magnetic state problem. Reference to
equilibrium volume and volume transition can be found in
other papers.®’ A strong competition between spin-orbit cou-
pling and exchange interactions with a delicate balance was
found to determine the magnetic state of Pu and its com-
pounds.

The organization of this paper is as follows. Section II
describes the LDA + U+ SO method used in the present work.
In Sec. III results of calculations for metallic &- and a-Pu
phases are discussed in detail. Then Sec. IV describes appli-
cations of the LDA+U+SO method to various plutonium
compounds, including PuN in Sec. IV A, PuCoGas in Sec.
IV B, PuRh, in Sec. IV C, PuSi, in Sec. IV D, PuTe in Sec.
IV E, and PuSb in Sec. IV F. Section V summarizes the pa-
per.

II. METHOD

The strong spin-orbit coupling in actinides together with
magnetism and Coulomb interactions cause a problem that is
not present for materials without 5f electrons. For 3d- and
4f-element compounds, relatively weak spin-orbit coupling
results in a Russell-Saunders coupling (LS coupling) scheme
with S and L operators well defined. Then the basis of LS
orbitals, which are eigenfunctions of both spin S and orbital
L moment operators, is a good choice. In this case it is
possible to define the quantization axis in the direction of the
spin moment vector so that the occupation and potential ma-
trices will be diagonal in the spin variables. When the spin-
orbit coupling is stronger than the exchange (Hund) interac-
tion, the jj coupling scheme is valid with a well-defined total
moment J, but not spin S and orbital L. moments. In this
case, the basis {jm;} of the total moment operator eigenfunc-
tions is the best choice. The matrix of the spin-orbit coupling
operator is diagonal in this basis but not the exchange inter-
action (spin-polarization) term in the Hamiltonian.

The situation for 5f electrons is more complicated. The
strengths of spin-orbit coupling and exchange interaction are
comparable so that both aforementioned limits—LS coupling
and jj coupling schemes—are not valid and an intermediate
coupling scheme is needed to describe the 5f shell in ac-
tinides. In this case the occupation matrix is diagonal neither
in {LS} nor in {jm;} orbital bases and both terms in the
Hamiltonian—spin-orbit coupling and exchange
interaction—should be taken in a general nondiagonal matrix
form.

In the LDA+U method® the energy functional E; .,
depends on the charge density p(r) and the occupation ma-
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trix nzf’;, In our case it is the 5f occupation matrix because
correlation effects are taken into account for 5f plutonium
orbitals. The LDA + U method in a general form nondiagonal
in spin variables was defined in Ref. 61:

E;pavulp(r).{n}] = E psl p(r) | + Ey[{n}] - E,[{n}], (1)

where p(r) is the charge density and E; [ p(r)] is the stan-
dard LDA functional. The occupation matrix is defined as

mm mm

, 1 (EF ,
n’  =—— f Im G ,(E)dE )
n

where Gf;fr;,(E)=(ms|(E—I:I,_DA+U)‘1|m’s’) are the elements
of the Green’s function matrix in the local orbital basis set
(m is the magnetic quantum number and s the spin index for
the correlated orbital). In the present work this basis set was
formed of LMT orbitals from the tight-binding LMTO
method based on the atomic-spheres approximation
(TB-LMTO-ASA).%? In Eq. (1) the Coulomb interaction en-

ergy Ey[{n}] term is a function of the occupation matrix
SS,

n
mm'?

1 r.r
Eu[{n}]=§ 2 |V fm' om0
{m},ss’

co! oo
= (" |Voo|m" sm "y 3)

mm'  m"m

where V,, is the screened Coulomb interaction between the
correlated electrons. Finally, the last term in Eq. (1) correct-
ing for double counting is a function of the total number of
electrons, in the spirit of the LDA which is a functional of
total charge density

Euln})= JUNN=1) = INN-2), @)

where N:Tr(n;;;n,) is the total number of electrons in the
particular shell. U and Jy are the screened Coulomb and
Hund exchange parameters which can be determined in the
constrained LDA calculations.®*%* The screened Coulomb in-
teraction matrix elements (m,m”|Vee|m’ ,m") can be ex-
pressed via parameters U and Jj (see Ref. 29).

The functional Eq. (1) defines the effective single-particle
Hamiltonian with an orbital-dependent potential added to the
usual LDA potential,

. (5)

A A !
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In this paper we used the method abbreviated as LDA
+U+SO0O which comprises the LDA + U Hamiltonian Eq. (6),
nondiagonal in spin variables, with spin-orbit coupling term,

Hiparv+so=Hipavu + Hsos

ﬁ]soz)\L'S, (7)

where A\ is the parameter of spin-orbit coupling. In the LS
basis the SO coupling matrix has nonzero matrix elements
both diagonal (Hyp),:,, and off diagonal (Hso),Tn’/l,m and
(Hso)ij,m in spin variables (in complex spherical
harmonics)®

N ————
(Hso)y = SN+ m)(=m+ D)(8y101),

N ——————
(Hso)y! = N m) U =m+ 1D(8,1,).

(HSO):;,S",m = Nms §m',m’ (8)

where /m are the orbital quantum numbers, and the spin in-
dex s=+1/2,-1/2.

These formulas are written in the {LS} basis set. The
LDA+U+SO formalism described above is invariant to the
unitary transformation of the orbital basis set. In the case of
5f elements the {jm;} basis of eigenfunctions of total mo-
ment J is appropriate for the description of the jj coupling
type. In our work all calculations were performed in the {LS}
basis set; then the resulting Green’s function matrix Eq. (2),
if necessary, was transformed into the {jm;} basis using stan-
dard formulas.

The exchange interaction is originally a part of the Cou-
lomb interaction [the second term in Eq. (3)]. In the case
when the spin moment operator S is well defined, so that
density and potential matrices can be made diagonal in spin
variables, it is convenient to define the spin-polarized density
and spin-polarized potential. In the most general form the
exchange interaction allowing noncollinearity of the spin po-
larization was introduced in density functional theory®
(DFT) by von Barth et al.%”% and used later in Refs. 69 and
70,

62

+ ch(r;PJ;l)) 40

{(— V4 V() + f & plr')

=7

+ l;xc(r;p,n?) . 5'} U.(r)=g;¥,(r) 9)

where W,(r) are one-electron spinors, o; are Pauli matrices,
V,.(r) is the external potential, and &; are eigenvalues. The
exchange-correlation potentials determined as variational de-
rivatives over space charge density p(r) or magnetization
vector m(r) are
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FIG. 1. (Color online) Partial /> and f7/> contributions to 5f band densities of states of S-plutonium calculated with the LDA (a) and

LDA+U+SO (b) method.

5Exc[p’n_%] s

5Exc[p’n_:l] 5Exc[P,m] o
s bxc(r) = = m
op(r)

Sn(r) ~ om

(r).

(10)

ch(r) =

The exchange interaction is described here by the local mag-

netic field I;XC which acts on all orbitals in the same way. The
potential matrix in the LS basis for this field is diagonal in
spin variables if the quantization axis is chosen along the

direction of l;xc.

A strong spin-orbit coupling in the 5f shell produces an
occupation matrix Eq. (2) and the corresponding potential
matrix Eq. (6) which cannot be made diagonal in spin vari-
ables by rotation of the quantization axis. Such a rotation
should be done in the direction of the spin moment vector, so
that only S, components were present, while the S, and S,
components (responsible for terms in the Hamiltonian off
diagonal in the spin variable) were set to zero. This is pos-
sible in the case where the LS-coupling scheme is valid and
the spin moment operator S is well defined, which is true for
3d- and 4f-element compounds, but not for the 5f electrons
of actinides. For the latter materials the LS coupling scheme
is not valid, but the jj coupling or intermediate coupling
schemes.

That means that the widely used*®*' form of the spin-
polarized potential based on the LSDA cannot be applied for
actinides, because the LSDA neglects terms in both spin den-
sity and potential that are off diagonal in spin variables.
Those terms appear due to spin-orbit coupling [Eq. (8)] and
suppress spin moment formation while the exchange (Hund)
part of the Coulomb interaction prefers a fully spin-polarized
state with occupation and potential matrices diagonal in spin
variables. Competition between the spin-orbit coupling and
exchange interaction determines the magnetic state of the 5f
shell. Neglecting potential terms that are off diagonal in spin
variables in the methods using the LSDA potential enhances
the tendency to spin moment formation. (In Sec. III we show
that neglecting potential terms off diagonal in spin variables
in the LDA + U+ SO method results in a very strong increase
of the calculated spin and orbital moment values.) This fact
could explain why an antiferromagnetic ground state with a
large value of the spin moment was obtained in fully relativ-

istic spin-polarized method calculations,3%4!

with experimental data.>*?!

in disagreement

1. METALLIC PLUTONIUM
A. 6 phase of plutonium

Phase diagram of plutonium is the most complex of all
elements.”! Of special interest is the fcc & phase of Pu (a
=4.636 A). A phase transition from the & phase to the low-
temperature monoclinic a-plutonium phase (a=6.183 A, b
=4.824 A, ¢=10.973 A, and B=101.79°) is accompanied
with a very large (19%) volume contraction.

In the LDA+U calculation scheme the values of direct
(U) and exchange (J) Coulomb parameters should be deter-
mined as the first step of the calculation procedure. It can be
done in an ab initio way via constrained LDA
calculations.%*% In our calculations the Hund exchange pa-
rameter Jy was found to be J5;=0.48 eV, much smaller than
the value used in previous LDA+U studies.> The obtained
Coulomb repulsion parameter value U=3.84 eV is in good
agreement with the previously used U=4 eV 2030597274 The
Coulomb interaction parameters describe a screened Cou-
lomb interaction between 5f electrons and hence crucially
depend on the channels of screening taken into account in
the constrained LDA calculations. That is true for the direct
Coulomb parameter U, but the exchange Coulomb parameter
Jy corresponds to the difference of the interaction energy for
the electron pairs with the opposite and the same spin direc-
tions. As the screening process is defined by the charge but
not the spin state of the ion, the screening contribution is
canceled for the exchange Coulomb interaction and the pa-
rameter Jy does not depend on the screening channel choice.
For example, for 3d-element compounds, the direct Coulomb
interaction parameter varies from 8 eV for late transition
metal oxides (NiO and CuO) to 3 eV for the beginning of the
row (Ti and V oxides). At the same time the exchange Cou-
lomb parameter Jy is in the range 0.85-0.95 eV for the
whole 3d row. In our constrained LDA calculations we have
found that Jy is equal to 0.48 eV within the accuracy
0.01 eV for both metallic Pu phases and for all plutonium
compounds investigated in the present work. Physically, a
much smaller value of the Hund parameter Jy for Pu 5f
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FIG. 2. (Color online) Total energy as a function of volume for
fee Pu calculated with various values of Coulomb parameter U (V5
corresponds to the experimental volume value for Pu in the &
phase). Arrows indicate minima of the curves giving equilibrium
volume values. The calculated equilibrium volume is equal to the
experimental value for the curve with U=2.5 eV.

compared with the corresponding values for 3d, 4d, and 4f
orbitals, where Jy is in the range 0.7—1 eV, can be under-
stood by taking into account the more extended spatial range
of the 5f orbitals, compared to the above-mentioned orbitals.
In our constrained LDA calculations it was supposed that
the f shell is screened by s, p, and d electrons, so that the 5f
electrons were considered to be completely localized and did
not participate in the screening. The LDA calculations with
spin-orbit coupling taken into account show [Fig. 1(a)] well-
separated subbands corresponding to the total moment values
j=5/2 and 7/2 with the Fermi level crossing the top of the
j=5/2 band. This splitting of the 5f shell into almost filled
72 and empty 7> subshells can justify an additional screen-
ing of /2 electrons by f”?> ones. In the constrained LDA
calculations with this screening channel taken into account,
the Coulomb parameter value was obtained as U=0.44 eV.
Plutonium is considered to be on the edge between the
completely localized 5f electrons of americium and their
itinerant nature for early actinides, so that neither limit, com-
pletely localized or totally itinerant, is appropriate for Pu 5f
electrons. The correct value of U should be somewhere in
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between the values calculated in those two limits (3.84 eV
without any f electrons participating in the screening and
0.44 eV for full /7 screening). As an additional requirement
to determine the U value we have chosen equality of the
calculated equilibrium volume of fcc Pu to the experimental
value of the & phase (see Fig. 2). This requirement is satisfied
for U=2.5 eV and we used this Coulomb interaction param-
eter value in the LDA + U+ SO calculations for metallic Pu in
both a and & phases and for all Pu compounds investigated
in this work.

The LDA+U+SO calculations for metallic Pu in the &
phase gave a nonmagnetic ground state with zero values of
spin S, orbital L, and total J moments. The occupation ma-
trix Eq. (2) has six eigenvalues close to unity (see in Table I
the row corresponding to J;=0.48 eV) and is nearly diago-
nal in the {]m]} basis of eigenfunctions of total moment J.
That gives an f° configuration of the Pu ion in the jj cou-
pling scheme. In Fig. 1(b) the partial densities of states for
2 and 7 subshell orbitals are presented. In agreement
with the occupation matrix analysis one can see an almost
completely filled /2 band with the Fermi level at the top of
it, and an empty f7’? band. The separation between the cen-
ters of these bands is =4 eV.

The origin of this nonmagnetic LDA+ U+ SO solution can
be traced to the results of standard LDA calculations without
Coulomb correlation correction but with spin-orbit coupling
taken into account [see Fig. 1(a)]. The 5f band is split by
spin-orbit coupling into well-pronounced > and 7> bands
with a separation between their centers =1.5 eV. The Fermi
level is in the pseudogap between subbands, closer to the top
of the /2 band. Comparing Figs. 1(a) and 1(b) one can see
that taking into account Coulomb correlations via the LDA
+U correction potential Eq. (6) does not change the band
structure qualitatively. The only effect is that the separation
between subbands increases from 1.5 to 4 eV, which corre-
sponds to the value of U=2.5 eV. Another effect of Coulomb
interaction is the almost pure orbital character of > and f7/?
bands in the LDA+ U+SO calculations compared with a sig-
nificant admixture of f>? orbitals to the nominally f”> band
and vice versa in the LDA results [Fig. 1(a)]. One can say
that the nonmagnetic J=0 solution with the f>> subshell
filled with six electrons and an empty 7> band is already

TABLE 1. Electronic configuration of Pu ion 5f shell in §-plutonium calculated with the LDA+ U+SO method (U=2.5 eV) for various
values of the Hund exchange parameter J;;. The largest values of the occupation matrix off-diagonal elements (OD) in {LS} and {jm;} basis
sets are given in the second and the third columns. The seven largest eigenvalues of the occupation matrix are presented from the fourth to
the tenth columns. Columns from eleven to thirteen show the calculated values for spin (S), orbital (L), and total (/) moments (Ref. 75). The
last four columns contain partial contributions of f> and f° configurations and types of coupling for the 5f shell of plutonium ion (see the text

for explanations).

Jy (V) ODy.q OD{jmj} Largest eigenvalues S L J 7P 70 Jj LS
0.40 0.431 0.022 0.041 0.885 0.885 0.910 0.910 0.910 0.910 0 0 0 0 1.00 1.00 0.00
0.43 0.432 0.021 0.041 0.886 0.886 0.911 0.911 0.911 0.911 0 0 0 0 1.00 1.00 0.00
0.48 0.433 0.008 0.040 0.889 0.889 0.912 0.912 0.912 0.912 0 0 0 0 1.00 1.00 0.00
0.49 0.435 0.019 0.040 0.889 0.890 0.912 0.912 0.913 0.914 0.083 0.099 0.016 0.01 099 097 0.03
0.50 0.433 0.127 0.041 0.880 0.884 0.909 0.918 0.918 0.925 0.582  0.692 0.110 0.04 096 0.81 0.19
0.55 0.412 0.279 0.045 0.838 0.884 0.912 0.929 0.938 0.945 1.369 1.640  0.271 0.11 0.89 054 046
0.60 0.392 0.346 0.050 0.823 0.888 0.916 0.935 0.949 0.956 1.746  2.064 0318 0.13 0.87 041 0.59
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FIG. 3. (Color online) Experimental [PES spectra for & and
a-plutonium with 2v=41 eV and T=80 K (Ref. 10) and angle-
integrated PES for PuSb at 15 K (Ref. 126)] and calculated (thin
line) photoemission spectra for metallic Pu in § and « phases and
for PuSb.

“preformed” in the LDA. The role of Coulomb correlations
in the LDA + U method is to make it more pronounced with
a pure orbital nature of the bands and increased energy sepa-
ration between them. Usually, applying the LDA+ U correc-
tion to the LDA method leads to orbital polarization and
hence to nonzero values of spin and orbital moments, in
contrast to our S=0, L=0, and J=0. In our case even the
LDA solution shows the f shell almost polarized into six
fully occupied j=5/2 orbitals and eight almost empty j
=7/2 orbitals, and the LDA + U potential does not change the
already existing orbital polarization.

Photoemission spectroscopy is the direct tool for investi-
gation of electronic structure. The total densities of states
obtained in our LDA+U+SO study were multiplied by the
Fermi function corresponding to the temperature of experi-
ment and broadened with a 0.2 eV Lorentian to account for
the instrumental resolution (see Fig. 3). With the exception
of the sharp peak near the Fermi level the overall agreement
between experimental and calculated spectra for 5-Pu is sat-
isfactory. This peak is usually considered as a sign of strong
many-body effects, which can be described by the DMFT
(see Refs. 59 and 58) but not by the static mean-field ap-
proximation which is the basis of the LDA+U method.
However, the LDA+U can reproduce the lower and upper
Hubbard bands, into which the partially filled f band is split
by Coulomb interaction. Indeed, the peak at =1 eV in the
experimental spectrum corresponding to the lower Hubbard
band is well described by the calculated spectrum.

Our results are in agreement with the experimental data
showing the absence of ordered or disordered magnetic mo-
ments for plutonium in both § and a phases.>*?! However,
all previous electronic structure calculations gave a magnetic
(usually antiferromagnetic) state lower in energy than the
nonmagnetic one. To clarify this problem we have carried
out an investigation of the stability of our nonmagnetic
ground state toward the parameters of the calculations. The
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influence of the different approximations for the exchange
interaction term in the Hamiltonian was investigated as well.

As the first step we varied the value of the exchange Cou-
lomb parameter J around the J5;=0.48 eV value obtained in
our constrained LDA calculations. In Table I the results of
the LDA+U+SO calculations with Jy values in the range
from 0.40 to 0.60 eV are presented. One can see that even a
15% increase of the Jy value is enough to result in a mag-
netic ground state with sizable values of spin and orbital
moments. However, the total moment value remains very
small, less than 0.3 up.

In addition to the moment values, in Table I we show
values of the largest off-diagonal elements of the occupation
matrix Eq. (2) in {LS} and {jm;} bases. As one can see, for
Jy=0.48 eV obtained in the constrained LDA calculations,
the {jm;} basis is the most appropriate with the largest off-
diagonal elements values less than 0.01, while in the {LS}
basis these values are very large (more than 0.4). That can be
interpreted as a pure case of jj coupling with a well-defined
total moment (J) but not spin (S) and orbital (L) moments.
With increase of the Jy value the off-diagonal elements in
the {jm;} basis grow rapidly and for J;=0.60 eV become
comparable with the off-diagonal elements in the {LS} basis,
making the jj coupling scheme not valid any more. As the
off-diagonal elements in the {LS} basis are still very large
(=0.4), the LS coupling scheme is also not appropriate and
an intermediate coupling scheme is needed to describe the
magnetic solution.

The eigenvalues of the occupation matrix Eq. (2) pre-
sented in Table I show six orbitals with occupancies close to
unity for all values of J. Considering that, one can conclude
that the Pu ion is predominantly in the f® configuration in the
magnetic as well as in the nonmagnetic state. Only nonmag-
netic ground states corresponding to values of the Hund pa-
rameter J,;<0.48 eV can be interpreted as a pure f° configu-
ration in the jj coupling scheme. Magnetic solutions for Jy
>(.48 eV correspond to a predominantly f® configuration in
an intermediate coupling scheme.

In order to estimate how close a calculated state is to one
of the pure states (f° or f° configurations, in the jj or LS
coupling schemes) we propose the following simple formula
using calculated values of spin (S), orbital (L), and total (J)
moments. The total moment value is the same in both cou-
pling schemes (jj or LS): J=0 for f° and J=5/2 for f5. If we
have a mixed state (1-x)f°+xf° then x can be defined as x
=J/2.5. The spin S and orbital Z moment values for the f°
configuration are equal to zero in the jj coupling scheme and
§=3, L=3 in the LS coupling scheme. For the f° configura-
tion they are S=5/14~0.36, L=20/7~=2.86 in the jj cou-
pling scheme and S=5/2, L=5 in the LS coupling scheme.
One can define a mixed coupling scheme with a contribution
of jj coupling equal to y and of LS coupling corresponding to
(1-y). In this scheme the calculated values of orbital and
spin moments will be

L=x[2.86y+5(1—y)]+ (1 =x)[0y+3(1-y)], (11)

S=x[0.36y +2.5(1 =y)]+ (1 =x)[0y +3(1 —y)]. (12)

These formulas allow us to determine the coefficient y.
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TABLE II. Electronic configuration of Pu ion in d-plutonium calculated with the LDA + U+ SO method as a function of the 5f band shift

value A. (Notations are the same as for Table 1.)

A (eV) ODy OD{,-mj} Largest eigenvalues S L J V& 7o Jj LS
0 0.433 0.008 0.040 0.889 0.889 0.912 0.912 0.912 0.912 0 0 0 0 1.00  1.00 0.00
0.14 0.431 0.012 0.040 0.879 0.879 0.906 0.906 0.906 0.906  0.023  0.029  0.006 0 1.00 099 0.01
0.27 0.431 0.044 0.040 0.864 0.866 0.897 0.900 0.903 0.905 0.210 0.286 0.076  0.03 097 093 0.07
0.41 0.427 0.188 0.042 0.642 0.865 0.919 0.919 0.934 0.942 0920 1.700 0.780 031 079 0.70 0.30
0.82 0.432 0.256 0.043 0.254 0.910 0.924 0.942 0.954 0.959 1316 3.040 1.724 0.69 031 056 044
1.36 0.419 0.256 0.040 0.086 0.886 0.886 0.938 0.947 0.962 1378 3.609 2.231 0.89 0.11 053 047

The values of the coefficients x and y calculated in this
way are shown in Table I. For values of the Hund parameter
Jy=<0.48 eV they correspond to the pure f® configuration in
a 100% jj coupling scheme. With increase of the Jy value
the contribution of LS coupling increases, and for J close to
0.60 eV both coupling schemes gave approximately equal
contributions, demonstrating a clear sample of an intermedi-
ate coupling scheme. However, the configuration is still pre-
dominantly f® with not more than 10% admixture of f°.

Not only the strength of the exchange interaction param-
eter Jy is crucial for the magnetism of the 5f shell in metallic
Pu. The Fermi level is at the top of the f'> band [see Fig.
1(a)] and a small shift of the relative energy position of the
5f and other states might lead to redistribution of electrons
between 5f and spd bands and hence change the f configu-
ration and magnetic state of the Pu ion. To investigate this
effect we ran the LDA+ U+ SO calculations with a constant
positive potential A acting on the 5f electrons, which should
result in a charge flow from 5f bands to spd bands (see Table
I1). Even a relatively small value of the shift (A=0.41 eV) is
enough to produce a well-pronounced magnetic ground state
with a sizable admixture of f° configuration (about one-
third). For a shift value equal to 1.36 eV the Pu ion is in a
pure f° configuration with very large values of spin, orbital,
and total moments.

These constrained LDA+ U+ SO calculations demonstrate
that the relative position of the 5f and other bands is of great
importance for the resulting configuration and magnetic state
of the Pu ion. Later we will show that in all plutonium com-
pounds investigated in this work we obtained a magnetic
ground state in contrast to the nonmagnetic one for metallic
Pu.

In order to study the influence of the different approxima-
tions for the exchange interaction term in the Hamiltonian
first we performed the LSDA+U (the electron density and
LDA potential were used in spin-polarized forms) calcula-
tions with the same Coulomb interaction parameter values as
in Ref. 30 [the exchange parameter value corresponds to
Jy=0.85 eV (Ref. 32) and U=4 eV]. In this calculation a
strong magnetic state with a configuration close to f> was
obtained in agreement with the results of Ref. 30. The 5f
band dispersion is presented in Fig. 4(a) (the width of the
band curve is proportional to the contribution of 5f states to
the band). It agrees well with the corresponding figure in
Ref. 30. Decreasing the Coulomb exchange parameter value
Jy from 0.85 to 0.48 eV (obtained in our constrained LDA
calculation) gave a magnetic solution with spin §=2.5 but

the 5f configuration is now closer to f° than to f° (the Fermi
level [Fig. 4(b)] is now above the top of the band which was
cut by the Fermi level in Fig. 4(a)). As the next step we used
the LDA+U+SO calculation scheme Egs. (1)—(8) with a
non-spin-polarized electron density and the LDA potential
but keeping the Hund parameter J5=0.85 eV (Refs. 30 and
32) [see Fig. 4(c)]. In this calculation we found a magnetic
ground state (§=2.5, L=2.7, and J=0.2) with a configuration
close to f°. Only the calculation by the LDA + U+ SO method
with the Coulomb exchange parameter value obtained in the
constrained LDA calculations (J,=0.48 eV) gave [see Fig.
4(d)] a nonmagnetic state with S=0, L=0, and J=0.

In Sec. II we noted that the use of a spin-polarized poten-
tial based on the LSDA is equivalent to neglecting exchange
potential terms off diagonal in the spin variables and hence
increases the tendency to spin moment formation. To check
this we have performed the LDA+ U+ SO calculations with
the terms off diagonal in the spin variables in the LDA+U
potential [Eq. (6)] set to zero (U=2.5 eV and J;=0.48 eV).
As a result we indeed obtained a magnetic ground state (see
Table III) which is close to the results of the LSDA+U
calculations.’*>° To compare with the results of the fully
relativistic spin-polarized calculation we performed the
LDA+U+SO calculations with the terms off diagonal in
spin the variables in the LDA+U potential [Eq. (6)] set to
zero using the value of the Coulomb parameter U=Jy
=0.48 eV. In Ref. 76 it was shown that U-Jy can be re-
garded as an effective Coulomb interaction parameter U, in
the LSDA+ U calculations, so the choice of U=Jy is equiva-
lent to U,;=0. Such calculations gave a solution with large

TABLE III. Calculated values for spin, orbital, and total mo-
ments from the LDA+U+SO calculations with the elements off
diagonal in the spin variables in the potential matrix Eq. (6) set to
zero. For comparison the results of the LSDA and LSDA+U cal-
culations are presented (Ref. 75).

Method S L J

LDA+U+SO (U=2.5 eV,Jy=0.48 eV) 243 357 114

LSDA+U (Ref. 33) 250 370 1.20
LSDA+U (Ref. 59) 255 390 145
LDA+U+SO (U=Jy=0.48 eV) 1.70 230  0.60
LSDA (Ref. 41) 204 175 029
LSDA (Ref. 33) 2.11 1.94  0.17
LSDA (Ref. 38) 225 240 0.15
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FIG. 4. (Color online) (a) Band structure of 5-Pu (the width of the line shows the contribution of the 5f states to the particular band) from
the LSDA + U calculations with Coulomb parameter values U=4 eV and J;=0.85 eV. (b) The same as (a) but for J;=0.48 V. (c) The same

as (a) but by

the LDA+U+SO method

(U=4 eV and J5=0.85 eV). (d) Same as (c) but for J;=0.48 eV (see text).

values of spin and orbital moments (see Table III) similar to
the LSDA results.

B. a phase of plutonium

A transition from the J to the « phase can be described as
a volume contraction by 19% and a monoclinic distortion of
the fcc lattice. We performed the LDA+ U+ SO calculation
for the fcc lattice with the volume per Pu atom correspond-
ing to the a phase. That allowed us to separate the influences
on the electronic structure and magnetic properties of the
volume contraction and lattice distortion. The result is the
same nonmagnetic solution, S=0, L=0, and J=0 in the f(’

148 e e
sof @ " et
60
40

201

PDOS [states/eV cell]

0

Energy [eV]

32 1 0 1 2 3 4

configuration, as was obtained for the & phase. Variation of
the Hund parameter J; has shown that for Pu in the fcc
structure with the volume of the a phase the nonmagnetic
solution is a little more stable than for the &-phase volume
(while in the latter case even a 15% increase of Jy was
enough to produce a magnetic state, for the a-phase volume
a 20% increase is needed).

The LDA+U+SO calculation for the real monoclinic
crystal structure of the « phase (see Fig. 5) also gave a non-
magnetic ground state with S=0, L=0, and J=0 in the f°
configuration. Compared with the results for the & phase
(Fig. 1) one can see that the bands become broader [Fig.
5(a)] due to the smaller volume and hence increased hybrid-

100 T

f Pu-f (j=7/2) T
80 (b) — Puf(j=5/2)
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1 | IR - 1
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FIG. 5. (Color online) Partial > and "> contributions to 5f band densities of states of monoclinic a-plutonium calculated with the LDA

(a) and LDA+U+SO method (b).
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+U+SO0.

ization strength. Consequently the f>'> and 7> bands have
much more mixed character compared with the J-phase
bands [Fig. 1(a)]. However, after taking into account Cou-
lomb interaction in the LDA+ U+ SO calculations [Fig. 5(b)]
the band structure becomes very similar to the case of the &
phase [Fig. 1(b)]. The f*> and f”’> bands have now pure
orbital character. The f¥? band is almost completely filled
with the Fermi level at the top of it, and the f7/2 band is
empty. The separation between the centers of the bands is
~4 eV.

The calculated photoemission spectrum (see Fig. 3) is not
very different from the corresponding curve for the & phase
except that it is smoother and does not show higher- and
lower-energy shoulders. The sharp peak near the Fermi level,
which is stronger in the experimental spectrum for the
a-phase than for the §-phase spectrum, is missing as in the &
phase. Again, we expect that DMFT can solve this
problem.’3->> But the peak in the experimental spectrum at
~1 eV corresponding to the lower Hubbard band is well
described by the calculated spectrum.

As we have shown above, the calculation scheme pre-
sented here is different from those used in previous investi-
gations of plutonium electronic structure and magnetic prop-
erties. A resulting nonmagnetic ground state (Pu ion in the f%
configuration with the jj coupling scheme) was not obtained
in the other calculations. In order to check the validity of our
method we performed calculations for a series of Pu com-
pounds. The main aim of these calculations was to investi-
gate the magnetic properties for these compounds and to

compare the results with the available experimental data.

IV. PLUTONIUM COMPOUNDS
A. PuN

Plutonium mononitride crystallizes in a rock salt-type
structure with a=4.905 A.”7 Neutron diffraction showed no
long-range order or magnetic moments larger than 0.25u.7%
From the magnetic susceptibility and specific heat measure-
ments an antiferromagnetic transition at Ty=13 K was
proposed.” According to another magnetic susceptibility
curve, PuN is a Curie-Weiss paramagnet with
Meff-=1.08,u3.80 The electronic structure of PuN was calcu-
lated in the L(S)DA with and without relativistic
correction.?! The SIC LSDA method showed that valency +5
is energetically preferred in the model with partially local-
ized 5f electrons of the Pu ion.*

Figures 6(a) and 6(b) show the total and partial f densities
of states of PuN obtained in our LDA with spin-orbit cou-
pling calculation (when the Coulomb interaction correction
was switched off). The nitrogen 2p states are strongly hy-
bridized with the Pu f states and the Fermi level is located
inside the j=5/2 subband. While the j=5/2 and 7/2 sub-
bands are well separated from each other [see Fig. 6(b)], they
do not have pure orbital character, with a strong admixture of
Jj=5/2 states to the formally j=7/2 subband. The results of
the LDA+ U+ SO calculation are presented in Figs. 6(c) and
6(d). In contrast to the metallic Pu case the Coulomb inter-
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TABLE IV. Electronic configuration of Pu ion in various plutonium compounds calculated with the LDA + U+ SO method. (Notations are

the same as for Table I).

Compound ODy 5y OD{/-mj} Largest eigenvalues S L J I 7° JJ LS
PuN 0.436 0.239 0.118 0.162 0.923 0.930 0.960 0.965 0.978  1.279 3.339 2.060 0.82 0.18 057 043
PuCoGas 0.426 0.226  0.029 0.796 0.883 0.897 0.922 0.939 0.941 1.144 1.594 0450 0.18 0.82 0.62 0.38
PuRh, 0.348 0.302  0.127 0.525 0.610 0.883 0.908 0.924 0.927 1.546 3421 1875 0.75 025 046 0.54
PuSi, 0.441 0.142  0.070 0.907 0.916 0.939 0.949 0.960 0.962 0.692 0.829 0.137 0.05 095 0.77 0.23
PuTe 0.441 0.253 0.026 0.895 0.904 0.908 0.928 0.940 0.946  0.907 1.069 0.162 0.06 094 0.70 0.30
PuSb 0.453 0.320  0.046 0.127 0.959 0.961 0.973 0.981 0.982  1.583 3.650 2.067 0.83 0.17 044 0.56

action correction has not only increased the energy separa-
tion between j=5/2 and 7/2 subbands, but also led to the
splitting of the j=5/2 subband into occupied and empty
states [see the peak of j=5/2 character just above the Fermi
energy on Fig. 6(d)]. As this split-off band contains one elec-
tron per Pu ion, one can conclude that our results correspond
to the configuration f° in agreement with the formal Pu va-
lency +3 in PuN.

In Table IV (the first row corresponds to PuN) the calcu-
lated values for spin, orbital, and total moments are pre-
sented. The total moment J=2.218 is close to the ideal value
j=5/2 for the f> configuration. The five largest eigenvalues
of the occupation matrix also show a well-defined f° con-
figuration. The analysis of the occupation matrix off-
diagonal elements shows that in the {jm} basis the values of
those elements are nearly two times smaller than the corre-
sponding values for the {LS} basis. That corresponds to the
intermediate coupling scheme closer to jj coupling. The
analysis based on the calculated values for spin, orbital, and
total moments [see Eq. (12) in Sec. IIT A] gave 89% of f>
and 11% of f° configuration with 57% of jj and 43% of LS
coupling.

In order to compare our results with the experimental
magnetic measurement data we should obtain the magnetic
moment value using calculated values of spin (S), orbital (L),
and total moments (J). In the cases when spin-orbit coupling
is weak and the Russell-Saunders coupling (LS coupling)
scheme is valid the total magnetic moment value can be

calculated as
M,,=2S+L. (13)

However, for strong spin-orbit coupling when the j;j or inter-
mediate coupling scheme should be used, this problem be-

comes much more complicated. There is no general solution
of this problem for the intermediate coupling scheme, and
for jj coupling it can be solved only for free ions in pure
configuration. An effective paramagnetic moment obtained
from susceptibility measurements using the Curie-Weiss law
can be calculated as

J—
Meopr=gNJ(J + 1) . (14)

The problem is to define the Landé g factor which can be
calculated for pure f° and f° configurations in the LS or jj
coupling scheme. As for the f configuration total moment
J=0, one needs to calculate the g factor for the f5 configu-
ration only. For the ground state of the f° configuration in the
Jjj coupling scheme the Landé factor is g;;=6/7~0.86. In
the LS coupling scheme its value is g;¢=2/7=0.29. As the
latter value is nearly three times larger than the former, g;;
and g;¢ can give only upper and lower limits of the g factor
for the case of intermediate coupling.

In Table V the values of effective paramagnetic moments
calculated using Eq. (14) are presented. In addition to ,u,ffs,
and ,ugff calculated using Landé factors g, and g, respec-
tively, we have calculated their weighted value ;L;;‘j: using
the relative weights of LS and jj coupling obtained from Eq.
(12).

The results for PuN (the first row of Table V) gave ngﬁ}‘
=1.54up, in reasonable agreement with the experimental
value pg'=1.084p.

B. PuCoGas

Since first reported in 2002 by Sarrao et al.,%? the super-

conductor PuCoGas has attracted special attention, being the
first Pu-containing superconductor in the well-known super-

TABLE V. Values of effective paramagnetic moments (in Bohr magnetons up) calculated from the total

calc

moment value J in jj and LS coupling schemes ,uf;f and ,u,gff and their weighted value g, in comparison

with experimental data Mij}” (see text).

Compound J Jji LS ,u,;;f ,LLiijf /.LZ?;C meff Ref.
PuN 20600 057 043 216 072 1.54 1.08 80
PuCoGas 0450 062 038 069 023 052 0.68 82
PuRh, 1875 046 054 199  0.66 1.27 0.88 99
PuSi, 0.137 0.77 0.23 0.34 0.11 0.23 0.54 101 and 103
PuTe 0.162 0.70 0.30 0.37 0.12 0.30

PuSb 2.067 0.44 0.56 2.16 0.72 1.35 1.00 122
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FIG. 7. (Color online) (a) Total and partial densities of states of PuCoGas calculated in the LDA. (b) Partial > and 7> contributions
in Pu 5f band for PuCoGas from the LDA calculations. (c) The same as (a) calculated by LDA+ U+SO. (d) The same as (b) calculated by

LDA+U+SO.

conductor class of “115” materials.®33 Its superconducting
(SC) temperature 7.=18.5 K is an order of magnitude higher
than for other 115 superconductors.?*83 The specific heat co-
efficient value y=77 mJ mol~! K2 and Curie-Weiss behav-
ior of the magnetic susceptibility with wu,,=0.68up are in-
dicative  of  unconventional  superconductivity  in
PuCoGas.3289-% Tanaka et al.”' used the periodic Anderson
model to describe the d-wave superconducting state of
PuCoGas. Its isostructural counterpart PuRhGas shows
analogous properties but with a lower value of the SC tran-
sition temperature 7,=8 K.%?

PuCoGas crystallizes in the tetragonal P4/mmm space
group with a=4.232 A and ¢=6.782 A.82 An electronic
structure calculation of PuCoGas was performed in the fully
relativistic full-potential method of local orbitals.” In that
work the paramagnetic state has a total energy value substan-
tially higher than the ferromagnetic and antiferromagnetic
(AFM) solutions.

The LDA calculation without spin-orbit coupling
showed the Fermi level crossing the Pu 5f band manifold
without any splitting. Another calculation by the relativistic
LAPW method” gave a Fermi surface analogous to that of
the CeMIns series. The microscopic model for compounds
with f ions in the jj-coupled state was extended to PuCoGas
in Ref. 96. Antiferromagnetic order was proposed in the elec-
tronic structure calculation in Refs. 97 and 98.

In PuN 5f bands are only present at the Fermi level while
the fully occupied N p band is situated substantially lower
[Fig. 6(a)]. In contrast to that, in PuCoGas the Co d and Ga
p bands cross the Fermi level in addition to the 5f bands of

83,94

Pu [see Fig. 7(a)] so that the 5f states contribute only one-
third to the density of states value at the Fermi energy. This
fact leads to a very complicated general band structure for
this compound [Fig. 6(a)] but the partial 5f density of states
presented on Fig. 6(b) shows well-pronounced f¥? and f7
subbands with =~1.5 eV separation between them. This pic-
ture is very close to the results for the § phase of metallic Pu
[Fig. 1(b)] but with a larger overlapping of f>'> and " sub-
bands and the position of the Fermi level a little deeper in-
side the /%2 band. This is the effect of a stronger hybridiza-
tion of 5f orbitals with Co d and Ga p states in PuCoGas
compared with metallic Pu.

Due to the Coulomb interaction correction in the LDA
+ U+SO0 calculations [Figs. 6(c) and 6(d)] the separation be-
tween the f°'> and f”> subbands is up to 4 eV; the orbital
character of the bands becomes almost pure as in metallic Pu
[Fig. 1(d)]. In Table IV (the second row corresponds to
PuCoGas) the calculated values for spin, orbital, and total
moments are presented. The Pu ion for our solution is pre-
dominantly in the f configuration but with a significant
(18%) admixture of f° configuration. Sizable values of spin
and orbital moments together with a relatively small value of
the total moment gave an intermediate coupling scheme
closer to jj coupling; as in PulN.

We would like to note that, in spite of a band structure for
5f states very similar to that of metallic Pu [compare Figs.
7(b) and 1(b)] in the LDA calculations, the LDA+U+SO
calculations scheme gave a magnetic ground state for
PuCoGas in agreement with experimental data.3>80-89 In
Table V (second row) the values of the effective paramag-
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netic moments calculated using Eq. (14) are presented. The

weighted value ,LLZ?][»CZO.Sz,U,B is smaller than the experimen-

tal pug'=0.68up, Which is very close to the uﬁ}f=0.69,u,3
calculated with the Landé g factor g;; obtained in the jj

coupling scheme.

C. PuRh,

PuRh, crystallizes in the Laves structure (C5) a
=7.488 A% From the magnetic susceptibility®® PuRh, is a
Curie-Weiss paramagnet with p,;,=0.88ug, ©,=—-49 K, and
Xmax=4.4> 1073 emu mol~!. According to the specific heat
results with y=145 mJ mol~! K2 and 6,=190 K, PuRh,
was classified as a “middle-weight” fermion system without
temperature dependence of 7y in the region of low
temperatures. '

The dominant contribution to the PuRh, band structure
gives a broad partially filled Rh d band [Fig. 8(a)]. Pu 5f
states [Fig. 8(b)] show significant hybridization with the Rh
d band. However, the general feature common to metallic Pu
and all Pu compounds investigated in this work, the separa-
tion into %2 and f”?> subbands, can still be seen here [Fig.
8(b)]. The position of the Fermi level inside the f>> band, as
in the PuN case [Fig. 6(b)], shows that the resulting configu-
ration should be close to f5 Indeed, the LDA + U+ SO calcu-
lations gave [Figs. 8(c) and 8(d)] the f*% states split into
occupied and empty bands. In contrast to the PuN case [Fig.
6(d)] the empty f>'> band is not narrow but rather broad and
has a two-peak structure due to the strong hybridization with
Rh d states.

In Table IV (the third row corresponds to PuRh,) the cal-
culated values for spin, orbital, and total moments are pre-
sented. In agreement with the aforementioned density of
states analysis, the Pu ion is predominantly in the f° configu-
ration with a significant admixture (25%) of f° configuration.
Large values of spin moments suggest an intermediate cou-
pling scheme closer to LS coupling. In Table V (the third
row) the values of the effective paramagnetic moments cal-
culated using Eq. (14) are presented. The weighted value
M;‘;}‘: 1.27up is larger than the experimental ,u,f;?’ =0.88up,
which still lies within the hmlt.s of uly= 1L.S99,U,B and ,u,ﬁj‘;
=0.66pp, closer to the LS coupling value .

D. PuSi,

The structural and magnetic properties of PuSi, were re-
ported by Boulet et al.'®' although this phase was earlier
investigated in Ref. 102. This compound crystallizes in the
tetragonal ThSi, type (space group I4,/amd) structure with
a=3.9707(3) A and ¢=13.6809(5) A.'%! The PuSi, suscepti-
bility curve shows Curie-Weiss behavior'®1% with p,
=0.54up, ©,=-58 K, and x(=2.3 X 107> emu mol™".!! The
almost field-independent resistivity shows a broad maximum
at 18 K suggesting strong spin fluctuations.'®!

The LDA electronic structure [Fig. 9(a)] shows a broad
deep pseudogap with a very small density of states value on
the Fermi level. This pseudogap separates the f*> and 7/
subbands [Fig. 9(b)] and the position of the Fermi level ex-
actly in the pseudogap gave a completely filled f°'> band and
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hence a pure f° configuration could be expected. Indeed, the
LDA+U+SO calculations gave [Figs. 9(c) and 9(d)] a solu-
tion with the same type of band structure as without the
Coulomb interaction correction except for increased energy
separation between > and f7/> subbands.

In Table IV (the fourth row corresponds to PuSi,) the
calculated values for spin, orbital, and total moments are
presented. The Pu ion is in nearly pure f® configuration with
a small (5%) contribution of the f> configuration. The rela-
tively small values of spin and orbital moments suggest an
intermediate coupling scheme very close to pure jj coupling.
The weighted value of the effective paramagnetic moment

calc _

Meor =0.23up (Table V) is smaller than the experimental
ME;‘?’=O.54MB.
E. PuTe

PuTe crystallizes in the NaCl-type structure with a
=6.183 A. The resistivity shows narrow-gap semiconductor
behavior and the electronic specific heat coefficient has a
high value y=60 mJ mol~' K~2.!% In another work'®® the
value of y=30 mJ mol~! K2 was reported. While the formal
valency of Pu in PuTe is equal to +2, an intermediate valent
Pu?*-Pu’* state in this compound was proposed.!?®-1% The
magnetic and optical properties of PuTe show a number of
peculiarities.''"12 A structural phase transition from the
NaCl to the CsCl phase was proposed from resistivity
measurements.'!3

The electronic structure of PuTe was calculated by the
Dirac equation-corrected ASA,"* relativistic LAPW,!!®> and

ASW LSDA.''® From these calculations, the f/> and f>?
subbands are split by 1 eV (Ref. 114) (or 0.3 eV in Ref.
115). The results strongly depend on the spin-orbit coupling
strength.!'® Based on the Mdssbauer spectra results,'” the
magnetic transition going from PuSb to PuTe with the van-
ishing of local moments was suggested.

The results of the LDA and LDA+ U+ SO calculations are
presented in Fig. 10 and in Table IV (the fifth row corre-
sponds to PuTe). The electronic structure and magnetic state
are very similar to those for PuSi,, only the pseudogap is not
so well developed. The nearly pure f® configuration corre-
sponds to the formal Pu valency +2 with small values of
magnetic moments described by 30% admixture of LS cou-
pling to the jj coupling scheme. The arguments against va-
lency +2 in Refs. 106-109 were based on the very large
ionic radius value for the Pu?* ion. However, in spite of the
formal configuration f© in our results, the total number of 5f
electrons is equal to 5.65 (effect of the strong hybridization
of 5f orbitals with Sb p states), which corresponds to the
intermediate valency Pu?*-Pu’*. Another interesting fact is
that on going from PuTe to PuSb the number of 5f electrons
decreases from 5.65 to 5.16, two times smaller than expected
from the formal valency difference. The very small value of
magnetic moment obtained in our calculations (Table V)
agrees well with a nonmagnetic state of Pu ions in PuTe.!!”

F. PuSb

From magnetization measurements and neutron experi-
ments an antiferromagnetic spin structure was found in PuSb
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with a strong (001) anisotropy and ordering temperature
75 K.118:119 A preferable intermediate coupling type closer to
LS type was proposed in Ref. 120 (the model of a wave
function consisting of 90% LS- and 10% jj-coupled wave
functions''® gave the possibility for an AFM transition, leav-
ing strong anisotropy). The neutron diffraction experiment
reveals a low-temperature Pu ion magnetic moment wu
=0.75u perpendicular to the ferromagnetic (001) planes
with Néel temperature 7y=85 K and a first-order transition
to the incommensurate ferromagnetic phase.!'%-12%-121 The ef-
fective magnetic moment of the paramagnetic phase from
susceptibility was estimated as w=1.0uz.'*> A model of lo-
calized 5f electrons with weak hybridization to conducting
electron states was proposed.'?!123 Electrical resistivity
shows metallic behavior with a Kondo-like broad maximum
at 106 K.'?* X-ray photoelectron spectroscopy and high-
resolution valence-band ultraviolet photoelectron spectros-
copy showed a strong localized nature of 5f Pu electrons in
PuSb and a pronounced f° configuration.'?’

Results of the LDA and LDA+U+SO calculations are
presented in Fig. 11 and in Table IV (the sixth row corre-
sponds to PuSb). The electronic structure and magnetic state
are very similar to those of PuN, according to the formal
valency +2 for Pu in both compounds.

We have calculated the photoemission spectrum for PuSb
(see Fig. 3). The agreement with the experimental curve'?® is
rather good. The main peak at =1.5 eV corresponding to Pu
5f states [see Fig. 11(c)] is reproduced quite well.

In Table V (the sixth row corresponds to PuSb) the values
of effective paramagnetic moments calculated using Eq. (14)

are presented. The calculated Mz’l}c=1.35,u3 is close to ex-

expt

perimental value w7 =1.00up.

V. CONCLUSION

In this work we present the results of a theoretical inves-
tigation of the Pu ion magnetic state in metallic plutonium
and plutonium compounds. In contrast to all previous theo-
retical studies but in agreement with experimental measure-
ments we have found for metallic Pu in both a and & phases
a nonmagnetic ground state with f® configuration of the 5f
shell in the pure jj coupling scheme. The strong spin-orbit
coupling for 5f electrons results in a splitting of the f band
into a well-separated almost occupied f*? subband and
empty 7> subband giving a preformed f° configuration. Tak-
ing into account the Coulomb interaction via the LDA+U
potential does not change this nonmagnetic ground state.

We have shown that the approximately equal strength of
spin-orbit coupling and exchange interaction, whose matrices
cannot be made simultaneously diagonal in the same basis
set, does not allow us to use the simplified diagonal forms of
the corresponding Hamiltonian terms. That is also true for
the spin-polarized potential used in the LSDA. Only a gen-
eral nondiagonal matrix form of exchange interaction is ap-
propriate for 5f electrons.

We have also calculated a series of plutonium compounds
with different formal valencies; and the calculated magnetic
moments values agree well with experimental data.
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Comparison of the calculated and experimental photo-
emission spectra shows that the LDA+U+SO method based
on static mean-field approximation is able to reproduce Hub-
bard bands, but it fails to form the quasiparticle peak at the
Fermi energy. The more elaborate DMFT is needed here. The
results obtained in the LDA+U+SO calculations could be
used as a basis for further DMFT studies.

Note added. Recently, Shick et al. in Ref. 127 reported a
nonmagnetic ground state for 6-Pu obtained in the around-
the-mean-field version of the LDA+ U method.
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