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Competition between delocalization and spin-orbit splitting in the actinide 5f states
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Synchrotron-radiation-based x-ray absorption, electron energy-loss spectroscopy in a transmission electron
microscope, multielectronic atomic spectral simulations, and improved first-principles calculations (general-
ized gradient approximation in the local density approximation) have been used to investigate the electronic
structure of the light actinides: a-Th, @-U, and a-Pu. It will be shown that the spin-orbit interaction can be
used as a measure of the degree of localization of valence electrons in a material. The spin-orbit interaction in
the light actinide metals a-Th, a-U, and a-Pu, has been determined using the branching ratio of the white line
peaks of the N, s edges, which correspond to 4d— 5f transitions. Examination of the branching ratios and
spin-orbit interaction shows that the apparent spin-orbit splitting is partially quenched in «-U, but is strongly
dominant in a-Pu. These results are fully quantified using the sum rule. This picture of the actinide 5f
electronic structure is confirmed by comparison with the results of electronic structure calculations for a-Th,
a-U, and a-Pu, which in turn are supported by a previous bremsstrahlung isochromat spectroscopy experiment.
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I. INTRODUCTION

Understanding the behavior of 5f electrons remains an
important and unachieved goal of condensed-matter physics.
Recently, there has been a surge of interest in the actinides,
particularly plutonium, driven by the variety of exotic behav-
iors exhibited by these systems, prompting both theoretical
and experimental investigations of 5f metals and
compounds.''% Intriguingly, investigations of these exotic
behaviors, such as the profoundly large increase in atomic
volume that occurs at plutonium,”!? or the discovery of Pu-
based superconductivity,®~® or observation of previously un-
measured quantities such as the phonon dispersion in Pu,?=
all point back to the 5f electronic structure as the cause or
origin of the anomalies and strange behavior. However, to
unravel the enigma of actinide electronic structure, it is nec-
essary to quantify the central event within the actinide series,
the localized-itinerant transition of the 5f electrons. The 5f
electrons behave in a localized or correlated fashion for the
heavy actinides but in a more delocalized manner for the
light actinides, with a nexus in the vicinity of Pu and Am.
There has yet to be a quantitative and definitive determina-
tion of this phenomenon, leaving it as an unanswered ques-
tion of actinide condensed-matter physics. Resolving this
question will facilitate both a wider understanding of the
exotic behaviors of the actinides and a significant refinement
of the theoretical framework of computational models of the
actinides.

To quantify the competition between spin-orbit splitting
and delocalization, our experimental and simulated spectra
will be analyzed in terms of what is called a branching ratio
and spin-orbit interaction.''~!* By comparing experimental
results with spectral simulations arising from three different
types of atomic models, the spin-orbit interaction can be
used as a local probe for the competition between spin-orbit
splitting and delocalization in the valence band of a material.
Transition metals, rare earths, and actinides exhibit high-
intensity peaks at the threshold of absorption edges called

1098-0121/2005/72(8)/085109(11)/$23.00

085109-1

PACS number(s): 71.10.—w, 71.20.Gj, 71.27.+a, 71.28.+d

white lines, that are due to electric dipole transitions from
core states to the empty states of the valence band. The
branching ratio of the white lines is directly related to the
expectation value for the spin-orbit operator in the valence
states. Using multielectronic, atomic spectral simulations,
which include angular momentum coupling and Coulomb
and exchange interactions, it is possible to predict the re-
sponses of a core-level spectrum within various coupling
schemes. By comparing experimental results with the predic-
tions of the multielectronic atomic models, a measure of the
degree of localization of the valence electrons can be estab-
lished. In the actinides, this can be pursued using either the
3d or 4d initial state,'® but not the 5d, as the spin-orbit sepa-
ration in the 5d manifold is too small, in the order of
10 eV." In the case of the 4d initial state, the spin-orbit
splitting is on the scale of 40-50 eV and the white line for
each 4d— 5f transition is clearly resolved, making the N, s
edge suitable for branching ratio determination.

It is the focus of this paper to quantitatively determine the
relative impact of the spin-orbit splitting and delocalization
in the actinide 5f states, using the degree of spin-orbit inter-
action in the 5f states of the light actinides via the branching
ratio of the white lines present in the Ny 5(4d— 5f) transition
and state-of-the-art calculations of the valence band density
of states. The spectral analysis will be achieved using elec-
tron energy-loss spectroscopy (EELS) in a transmission elec-
tron microscope (TEM), synchrotron-radiation-based x-ray
absorption (XAS), and multielectronic atomic spectral simu-
lations. These results will then be discussed within the con-
text of the projected density of states of these actinides, in-
cluding generalized gradient approximation (GGA) local
density approximation (LDA) calculations of the electronic
structure of a-Th, a-U, and «a-Pu, which include a more
exact treatment of spin-orbit splitting in the 5f states.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

EELS experiments were performed using a Phillips
CM300 field-emission-gun TEM, equipped with a Gatan im-
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aging filter for the collection of spectra. Since the accelerat-
ing voltage of the TEM was 300 keV and much larger than
the energy of the N5 transitions for Th, U, and Pu, the
electron transitions are justified as electric dipole.'> (This
assertion will be experimentally verified via direct compari-
son with the corresponding x-ray absorption spectra.) EELS
spectra were recorded in imaging mode using a collection
angle of 6 mrad, which allowed the 000 beam and the first-
order reflections to contribute to the spectra. All spectra were
reproduced numerous times using a sample thickness of ap-
proximately 0.5 inelastic mean free paths, as calculated by
the zero-loss and plasmon peaks. Background removal was
performed using a log-polynomial extrapolation and various
window placements to ensure correct and consistent back-
ground extrapolation. Multiple spectra were recorded,
aligned, and summed to optimize the signal-to-noise ratio
and to maintain optimal energy resolution of about 1 eV.
Samples were 99.9% pure and were prepared via either elec-
tropolishing or ion milling. While Th and U could be handled
directly, all Pu work was performed in a glove box, and the
samples were transported in a vacuum-transfer holder due to
the toxic nature of the metal. The full procedure for Pu
sample preparation is described by Wall et al.'® and Moore et
al.'” There was a small amount of oxide on the surface of the
TEM samples, but it was negligible in comparison to the
approximately 50 nm of metal sampled through transmission
of the electron beam. The XAS spectra were collected in
total-yield mode, using a 30 mg sample of purified a-Pu, at
the Advanced Light Source. The details are provided
elsewhere.!®!1” Needless to say, the experiments with Pu
were hampered by its high level of radioactivity and chemi-
cal toxicity, and strong tendency to react.

We will show here results of two different types of calcu-
lations, namely, (1) atomic calculations to obtain ground-
state properties and their excitation spectra and (2) density
functional calculations for the density of states in the ground
state. The atomic spectral simulations are based upon earlier
work by Thole and van der Laan.'"-'3!° While the underly-
ing single-electron physics is the same in each of the three
models, the differences arise when electrons are allowed to
interact or “tangle.” The impact of this will be described
below.

An improved version of density functional theory (DFT)
in the generalized gradient approximation?® has been used in
the present work to study the electronic and magnetic struc-
ture for thorium, uranium, and plutonium. Importantly, all
calculations were performed with the full-potential, Dirac
relativistic (j,m;)-basis, spin-polarized (collinear with the Z
axis as an axis of quantization) linearized-augmented-plane-
wave method?! (RSPFLAPW) and the real crystal structures
were used: a-Pu is monoclinic, a-uranium is orthorhombic,
and a-thorium is fcc. As a result of this exact treatment,
spin-orbit splitting in the 5f states is treated in a more fun-
damental manner and knowledge of the j-state parentage of
the states within the 5f density of states DOS is retained. As
will be shown below, this retention of parentage information
is of great importance. The calculational parameters such as
the number of k points, size of the basis set, and others, were
chosen in such a manner that the convergence of the total
energy was better than 1 mRy/atom. 30 irreducible k points
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have been used for a-Pu, 105 for a-U, and 195 for «a-Th.
The size of the basis set was about 450 functions/atom for
a-Pu, and about 200 functions/atom for a-U and a-Th. Re-
sults for the eight different sites in a-Pu are shown in Fig. 1,
including two different cases: nonmagnetic (NM) and anti-
ferromagnetically (AF) aligned Pu. While it is well known
that there is no experimental evidence for the existence of a
magnetic moment in Pu, significant physical insights can be
gleaned from such computational simulations. Moreover, in
Ref. 21 the following was pointed out. “There are many
configurations (generally speaking with magnetic order) in
the electronic system of a-Pu, which have almost equal en-
ergies. These configurations are characterized by different
directions of magnetic moments in the atoms. When the tem-
perature increases (above absolute zero), the system fluctu-
ates between them in such a manner that the magnetic mo-
ments of the atoms are equal to zero on average.” Thus, even
in the “magnetic” model of a-Pu, the net moment on each Pu
atom is zero. This subject will be discussed in more detail
below.

III. DISCUSSION

The Ny s5(4d—5f) white line spectra (XAS, EELS, and
spectral simulation) are shown in Fig. 2 for a-Pu.' For com-
parison, the M, s(3d—4f) white line spectra (XAS, EELS,
and spectral simulations) for Ce are also included. Accom-
panying each set is the single-crystal diffraction pattern taken
in the TEM in concert with the EELS measurements, directly
confirming the phase of each sample. The spin-orbit- split
initial states (4ds;, and 4d5, in Pu and 3ds,, and 3d5, in Ce)
are clearly resolved for each metal as a pair of white lines.
While the Ce exhibits a significant fine structure, none is
resolved for either edge in Pu because the intrinsic lifetime
broadening is about 2 eV for both core levels in Pu.'*??
Along the actinide series from Th to Pu the 4d5,, peak pro-
gressively reduces in intensity relative to the 4ds,, peak due
to the fact that selection rules require that a ds,, core-level
electron can only be excited into an fs, level.!>!® Because of
the low 4f occupation in Ce, such a strong relative reduction
in the ds, peak intensity is not observed in Ce. (However, a
similar but weaker trend is also observed for rare earths,
where the ground state is still far enough from LS coupling
to give a significant effect. This trend in the peak ratio is very
clearly visible in Fig. 1 of Ref. 23. In the case of Ce com-
pounds, the trend in the branching ratio has been used to
obtain the relative population of the spin-orbit split states.?*)
Thus the decrease in intensity of the Pu 4d5,, peak in Fig. 2
illustrates a progressive filling of the 5fs, level along the
actinide series, as previously observed.'>?> While our a-Pu
EELS spectrum is self-confirmed by our a-Pu XAS spec-
trum, our a-U EELS spectrum (not shown; see Ref. 19) can
be confirmed by comparison to the a-U XAS spectrum in
Fig. 3 of Ref. 22. In fact, the small features observed in the
background of the EELS spectra, between the much larger
4dy), and 4ds, peaks, are similar to those reported in Ref.
22.

We may now use the areas beneath the N, (4ds,— 5f)
and the N5 (4ds,—5f) white line peaks to calculate the
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FIG. 1. (Color) Calculations of the density of states for a-Pu are shown here, as described in the text. States below the Fermi level
(negative energies) are occupied and states above the Fermi level (positive energies) are unoccupied. The Fermi level is at 0 eV. See Ref. 21.

085109-3



TOBIN et al.

Energy (eV)

870 875 880 885 890 895 900 905 910 915

Ce 3d — 4f
y-Ce [110] EELS
XAS
EELS
—
S |caLc
<
N
2 =~ =~
o —
w2
= Pu 4d — 5f
P2
+—
=
||

a-Pu [100] EELS

770 780 790 800 810 820 830 840 850 860 870
Energy (eV)

FIG. 2. White line spectra a-Pu (Nys5,4d—5f) and Ce
(My5,3d—4f) acquired by EELS in a TEM, XAS, and spectral
simulation are shown here. A single-crystal diffraction pattern from
each metal is presented, confirming the phase being examined by
EELS. For Ce, the 3ds), peak is near 884 eV and the 3d;,, peak is
near 902 eV. For Pu, the 4ds,, peak is near 798 eV and the 4d;),
peak is near 845 eV (Ref. 14). Note the significantly different en-
ergy scales for Ce and Pu.

branching ratio (B), which is summarized in Table I and
plotted in Fig. 3 as a function of the number of 5f electrons
(n). Here we have used n=0.6 for Th,?® 3 for U,?’ and 5 for
Pu.?’

Before going on to a consideration of the branching ratios
versus 5f occupation number, a brief digression on 5f occu-
pancy is appropriate. In general, determining the number of
5f electrons in an actinide atom or ion is an involved and
often controversial process. In the case of uranium com-
pounds and intermetallics, the effect of varying oxidation
state can easily be seen in the spectra in Fig. 2 of Kalkowski
et al.”> For U compounds, covalency?® and transfer interac-
tions with the 64 levels* remain subjects of discussion.
However, in this study we are primarily concerned with
“pure” or elemental actinides: Th, U, and Pu. In the case of
Th, we have used n=0.6. This number is close to the value of
n=1/2 proposed by Baer and Lang,?® based upon their inter-
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pretation of the work of Skriver and Jan.>* However, given
the Th experimental branching ratio, our calculations reveal
that there must be a 5f occupation of 0.6 or greater in order
to have a non-negative 5f,,, occupation. Thus, we have used
n=0.6 for Th in this work. For Pu, the situation is even more
clear-cut. A value of n=5 is consistent with a number of
theoretical works (Ref. 25 and references therein, and Ref.
31) and is strongly supported by the analysis of our x-ray
absorption and electron energy loss spectra for a lower-lying
transition (54— 5f) in Pu, as described elsewhere.”> The
value of n=>5 for Pu also is consistent with the consensus
viewpoint expressed in the spectral review by Naegele.?’
Thus, for Pu, there is strong evidence for n=5. Finally, let us
consider the controversial case of elemental U. At one point
it was proposed that n=0 for U, but in 1980 it was demon-
strated by Johansson et al.’? that n>0 for U. Around the
same time, a number of works came out in favor of n>2 for
U.26:31.333% In the more recent past, there seems to be some-
thing of a consensus that n=3 approximately for U, as illus-
trated in the works of Zangwill and Liberman® and Laub-
schat, Grentz, and KaindI* as well as the spectral review by
Naegele.?” Nevertheless, in recognition of the past controver-
sies, we have put horizontal error bars of £1/2 on all experi-
mental data points in both Figs. 3 and 4(a).

Figure 3 contains the branching ratios for the EELS spec-
tra of aTh, a-U, and a-Pu,' and the a-Pu XAS
spectrum,'®1° as well as that for a-U XAS from Kalkowski
et al.?*> For comparison, branching ratios derived from the
simulated spectra shown in Fig. 2 of Ref. 13 are also in-
cluded. These results are from an atomic, multielectronic
model. The branching ratio for the 4d— 5f transition of the
actinides is defined as

B=Aspl/(Asp +Asp), (1)

where As;, and As), are the integrated intensities of the 4ds,
and 4ds,, peaks, respectively. Examination of Fig. 3 shows
that the calculated branching ratios for n=0-5 exhibit a
roughly linear dependence. The experimental branching ra-
tios for Th and Pu are near this line with their error bars
intersecting the line, but the B of uranium falls well below it,
even including the error bars. The branching ratio of U lies
closer to the ideal statistical value of By=3/5: it will be
shown below that this means that the U 5f states are more
itinerant and that the apparent spin-orbit splitting is partially
quenched. On the other hand, Pu lies at a value of B more
consistent with the strong spin-orbit interaction of the inter-
mediate coupling model of the 5f states, confirming a depar-
ture from an LS coupling behavior.'??® It will also be shown
that while the B value of Th agrees nicely with the interme-
diate coupling model prediction, the 5f occupation of Th is
small enough that either LS, jj, or intermediate coupling will
accurately describe the state. In order to demonstrate the va-
lidity of these assertions, it is necessary to consider the
branching ratios more analytically.

Within a sum rule model,''='3!? it is possible to express B
as follows:
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TABLE I. The values for the number of 5f electrons (n), the branching ratio (B), the statistical value (By), the spin-orbit operator (w
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110)
>

the number of 5f electrons in the 5/2 level, ns,,, and the number of 5f electrons in the 7/2 level, ny,,, used in Figs. 2 and 3. The XAS data
are from Refs. 18 and 22. (w!!1%)C is the spin-orbit operator expectation value obtained using the calculated B, from the intermediate coupling

theory. The peak ratio for XAS U is reported on p. 2675 of Ref. 22.

n B (w') nsp nip By (who)e
Calculations in intermediate coupling 0 0.592 0 0 0 0.592
1 0.634 -1.33 1 0 0.586
2 0.680 -2.57 1.96 0.04 0.594
3 0.723 -3.50 2.79 0.21 0.596
4 0.760 -4.04 3.45 0.55 0.598
5 0.817 —4.88 423 0.77 0.600
Statistical distribution n 3/5 0 3nl7 4nl7 3/5
JJ coupling n<6 3/5+(8n/15nh) —-4n/3 n 0 3/5
Experiment
EELS—Th 0.6* 0.623 -0.77 0.59 0.01 0.589 -1.16
XAS—U (Kalkowski ef al.) 3b 0.676 -2.09 2.18 0.82 0.596 -2.20
EELS—U 3b 0.685 -2.34 2.28 0.71 0.596 -2.45
XAS—Pu (Tobin et al.) 5¢ 0.813 -4.79 4.20 0.80 0.600 -4.79
EELS—Pu 5¢ 0.826 -5.09 4.32 0.67 0.600 -5.09

*Reference 26 reports a Th 5f occupation of 0.5. However, given the Th experimental branching ratio, our calculations reveal that there must
be a 5f occupation of 0.6 or greater in order to have a non-negative 5f7,, occupation.

PReference 27 p. 226: ny=3—&; assume that £ — 0, then ny— 3.
‘Reference 27 p. 226: np,=5-¢&; assume that £—0, then np,— 5.

B=B,- (2/5)x. 2)

By is the statistical value, which equals 3/5 in the absence of
core-valence interactions. x is proportional to the effective
spin-orbit interaction per valence hole, or more precisely,

+EELS
3 X A Stobin er al. PRB 2003)
ZIE:XAS(Kulkowski et al. PRB 1987)

071 oCALC

0.69 —t—
(_ __ _Statstical Value: By=0.6_ __ __ _
0.59
0 1 2 3 4 5 6

FIG. 3. (Color) The branching ratio (B) as a function of the
number of 5f electrons (n). The ideal statistical value of the branch-
ing ratio for the 5f states (By), which is 3/5 or 0.6, is shown along
the bottom of the plot.

x=(w"%n, = [117/2 (4/3)n2/2]/(n7/2+nh/2) (3)

Here, n;,n,%, and n,’> are the number of holes in the 5f,

f7/2, and 5 levels respectively. (Note that n,=14-n,
h 2=8-n,, and nh 2=6—-ns),, for comparison with Table I.)
(w'% is the spin-orbit interaction expectation value.

The branching ratio depends on two parameters: the an-
gular part of the valence spin-orbit interaction and the core-
valence interaction.”>3 If we neglect the core-valence inter-
action, then the branching ratio is a sum rule that is exact for
all coupling schemes: LS, jj, and intermediate. When the
core-valence interactions are included, then B, will be af-
fected. For instance, in the 3d and rare earth metals the ap-
plication of the spin-orbit sum rule is hampered by a large
core-valence interaction. However, in the case of the ac-
tinides the core-valence interactions in the N-edge and
M-edge spectra are sufficiently small that the spin-orbit sum
rule applies. Our calculations show that B, varies between
only 0.59 and 0.60 for the actinide N edge,'” meaning that
the EELS and XAS branching ratio is proportional almost
solely to the expectation value of the spin-orbit interaction.
(See Table 1.)

We may now examine the issue of electron coupling more
closely using the spin-orbit operator (w'!%), which is a
coupled tensor (one-particle operator) for the orbital and spin
moments of the shell coupled to a total moment of order zero
(scalar),'® and it follows from Eqs. (2) and (3) that

(W% =~ 3(B - By)ny, 4)

where n;, is the total number of holes in the 5f state (n,
=14—n). In Table I, the spin-orbit operator (w''%) is shown
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FIG. 4. (Color) (a) A plot of the expectation value of the spin-
orbit operator (w'!%) as a function of the number of 5f electrons (1).
The three different electron coupling schemes are plotted; LS (short
dash), jj (long dash), and intermediate coupling (solid). Notice how
U falls directly on the LS curve, while Pu falls directly on the
intermediate coupling curve. (b) A plot of the Wigner-Seitz atomic
radius as a function of the actinide metal series (after Ref. 10). (c)
lustration of our simple model of the Pu 5f electronic DOS, with
n=>5. See text for details.

for the experimental and simulated data points. For the ex-
perimental values, the statistical value of By=3/5 was used.
In the case of the calculated values from the intermediate
coupling model, the calculated B, values (0.59-0.60) were
utilized. Using the nonstatistical values of B, with the experi-
mental data caused only a negligible effect, as shown in
Table I under (w!'%)C, with the superscript C standing for
“corrected.” The experimental and calculated (w''") values
are plotted in Fig. 4(a), along with the results from Ref. 13
for three different electron coupling schemes: LS (short
dash), jj (long dash), and intermediate coupling (solid). No-
tice that while the results for U are well approximated by an
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LS coupling scheme, Pu (w'!% values are almost directly on
the intermediate coupling curve. This explains why band cal-
culations such as the simple local density approximation
work well with U, but fail for Pu, as will be discussed further
below.

Another way to address this question of angular momen-
tum coupling is to look at the occupation of the 5fs, and
5f7» manifolds. However, it should be noted that this is not
an independent proof but merely another way to view the
problem. We can define a fractional occupation D as follows:

D = nypl(ng + nsp) = (417) + 3w/ 7n), (5)

with n;,, and ns,, obtained from Eq. (3):
nyp=(4/T)n + (3/7)<Wl 10>, (6)
Nsp=Nn—N7p;. (7)

From this, we can trivially calculate n,,, and ns,,. The results
are shown in Table I, as well as the predictions for the two
limiting cases, the statistical value model and the jj coupling
model. Again, the 5f occupation values of Th and Pu are
consistent with the intermediate coupling model result, but
the n4,, and ns;, values of U have substantially deviated from
the predictions of the intermediate coupling case.

The enhanced population in the 5f7, manifold and the
reduced population in the 5f5,, manifold in U make sense. It
has been demonstrated many times that the simpler LDA-
type computational models work well to explain the photo-
emission spectra and other experimental results for
uranium.?627-38 If a delocalization perturbation is overlaid
upon a pair of spin-orbit-split manifolds of states, perturba-
tion theory says that the previously separated states within
each manifold may mix. In this case, states within each pure
5/2 and 7/2 manifold mix beyond the level associated with
the intermediate coupling scheme, to a level comparable to
an LS coupling scheme. Thus, although U is a delocalized-
perturbed intermediate coupling scheme system, it acciden-
tally looks like a Russell-Saunders (LS) case, making it a
good candidate for analysis with the simpler LDA-type com-
putational models.

When we examine the plot of atomic radius (or atomic
volume) with respect to actinide element in Fig. 4(b),'0 we
can see that the upturn that occurs just before Pu is coinci-
dent with the turning off of the delocalization perturbation to
the intermediate coupling scheme. The shutting off of the
delocalization perturbation to the intermediate coupling
model would explain much of the underlying cause of the
success of the recent sophisticated but sometimes unortho-
dox modeling of Pu electronic structure. These improved ap-
proaches include the ad hoc localization of the 5f states,>
inclusion of magnetic polarization in both &-Pu (Refs. 21, 40,
and 41) and a-Pu,2'*? a strongly relativistic, spin-orbit-split
model,*? and Kondo-type electron correlation.? It is also con-
sistent with recent experimental work that reports localiza-
tion effects in 5-Pu.** Finally, the turning off of the delocal-
ization perturbation to the intermediate coupling states
occurs prior to the large volume change between «-Pu and
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a-Am, suggesting that electronic changes are occurring well
before the Pu volume anomaly.

Thus, our simple picture of the Pu 5f electronic structure
can be summarized in the illustration shown in Fig. 4(c).
There exist two lobes to the 5f density, one (nominally 5f,)
crossing the Fermi level and mainly occupied and the other
(nominally 5f5,,) above the Fermi level and essentially un-
occupied. Of course, there is mixing between the upper and
lower lobes, such that the “5f5,,” lobe has some 5f;, char-
acter and the “5f5,,” lobe has some 5f5,, character. However,
if the mixing perturbation is weak, then the lower lobe
(“5fs;,”) will retain a maximum occupation number of ap-
proximately 6 and the upper lobe (“5f7,”) will retain a
maximum occupation number of approximately 8. For «
-Pu, we estimate that n=35, so the lower lobe (“5fs,”) is
almost completely filled, with only one hole above the Fermi
level. The upper lobe (“5f5,,”) is essentially empty. The next
question is the following: Is the above simple, spectroscopi-
cally derived model supported by any calculations of the 5f
density of states? The answer is yes, as will be discussed
below.

However, it is first necessary to consider the issue of the
nonmagnetic nature of Pu. Despite the report of Meot-
Reymond and Fournier,” there is no hard experimental evi-
dence for a permanent magnetic moment in Pu, consistent
with earlier reports.***’ However, recent magnetic
susceptibility*>*® and specific heat measurements*’ do point
toward an internal complexity in the electronic structure
which might be due to spin and orbital polarization of the 5f
states, with a net cancellation on each and every Pu atom. To
achieve such a cancellation, there are many possibilities, in-
cluding the following: Kondo shielding,**° noncollinearity
of vectors,’! spin fluctuations,’? and averaging over nearly
degenerate states,”! which is in fact a mathematical approxi-
mation to the concept of spin fluctuations. It is the averaging
over degenerate states and hence spin fluctuations which lies
at the core of the goal of the calculations presented in Fig. 1,
under the column entitled “Antiferromagnetic.” Thus, while
a nominal AF alignment is utilized in the calculation, the
model strives for a net zero moment on each individual Pu
atom, approximating what may be a dynamical shielding
with an averaging over several nearly degenerate but static
states.

Thus consider what is observed in Fig. 1. The unit cell of
a-Pu has 16 atoms, with two each of eight different types.*?
Clearly, there are two well-defined lobes, with the Fermi
level (E=0 eV) crossing the lower lobe (“5fs;,”), in each
panel for both the AF and nonmagnetic cases. The AF case
has a lower energy minimization than the NM case, but both
have roughly the same relative volume (see Fig. 2 in Ref.
21). In fact, the NM case does look slightly more like our
simple model shown in Fig. 4(c).

As was already indicated in the work by Sadigh, Soder-
lind, and Wolfer,*? the localized moments in a-Pu are either
dynamically screened in such a way as to not respond to
applied magnetic fields, or the total magnetic moment is zero
due to cancellation of spin and orbital contributions. In the
present RSPFLAPW-based calculations there is some evi-
dence for both of the above possibilities. First, two calcula-
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tions with different orientations of the moments on atoms
(both of them are AF type) have resulted in practically the
same total energies. Quite possibly, there are other magnetic
orderings (configurations) in a-Pu with almost the same en-
ergies, and the true ground state of a-Pu can be expressed as
a linear combination of these configurations. DFT is a one-
particle theory, and there can only be one of the configura-
tions in the calculation. This circumstance may be a reason
for some disagreements between calculated equilibrium
properties of a-Pu and experimental ones. Another effect of
a possible mixing of magnetic configurations may consist in
screening of the local magnetic moments, which have been
obtained in AF calculations. If it is true, this effect explains
the possible temperature independence of magnetic suscepti-
bility in @-Pu.*> Second, in our calculations the spin mag-
netic moments are always directed opposite to the orbital
magnetic moments on all of the atoms, though the cancella-
tion is not complete in the calculations. In relation to this
fact, it is interesting to consider the differential (with respect
to energy) spin and orbital magnetic moments as shown in
Fig. 5, in which the differential spin moments are dashed
(green) and orbital moments solid (red). The meaning of
these functions is that they, after being integrated to the
Fermi energy, give correspondingly the local spin or orbital
magnetic moments on the atom in question. The analysis of
them and the corresponding magnetic moments, as shown in
Table II for all of the eight different atoms in «@-Pu, tells us
that a lowering of the Fermi level would result in a more
complete cancellation between spin and orbital magnetic mo-
ments. The lowering of the Fermi level might be a result of
more localized behavior for some states than is in our calcu-
lations. So, it is quite possible that the Fermi level is artifi-
cially too high in our calculations due some restrictions re-
lated to the GGA and in reality there may be a complete
cancellation of spin and orbital magnetic moments.

Similar nonmagnetic calculations have been performed
for @-Th and a-U, as shown in Fig. 6. These calculations
include the identification of the 5% and 57’ contributions.
The two-lobe structure is clearly visible in the case of «
-Th and this is consistent with bremstrahlung isochromat
spectroscopy (BIS) result of Baer and Lang,”* shown as an
inset in Fig. 6. Because of the high energy (1487 eV) of the
transition used in BIS, the BIS spectrum can provide a fairly
accurate if somewhat broadened picture of the unoccupied
density of states above the Fermi level. (Thus in comparing
BIS to the DOS calculations here, one should only look at
the calculated DOS above the Fermi level. In BIS, the spec-
tral transitions are forbidden to states below the Fermi level,
leading to a sharp drop-off or step at the Fermi level (E
=0 eV) in the BIS data. This can be misleading in the case of
the U BIS. In U, the sharp Fermi edge cutoff at 0 eV causes
the BIS spectrum to be truncated and makes it appear to be
more “two lobed” than it actually is. Again, BIS measures
only the unoccupied DOS, not anything below the Fermi
level.) In the case of thorium, it is clear that only a limited
amount of mixing of the 5f%? and 5f7/* states is occurring. In
the middle panel, the corresponding results are shown for a
-U. Again, there is a strong agreement between the calcu-
lated DOS and the BIS of U, if the “1 eV” broadening of the
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BIS measurements is taken into account, with peaks at 1/2
and 2 eV and a minimum near 1 eV, relative to the Fermi
level at 0 eV. Here again, the impact of increased relative
delocalization in U can be observed: instead of two strongly
lobed features as in Th and Pu, the DOS of U is “smeared
out,” above and below the Fermi level and there is a strong
mixing and diminished separation of the 5/ and 57> con-
tributions.

Finally, in the lowermost panel of Fig. 6, the DOS of a
representative atom from a-Pu is shown, with a breakdown

0 1
Energy (eV)

into states composed of 5f%? and 5f” origin. Clearly, the
lower lobe is predominantly of 5f%2 character and the upper
lobe is predominantly of 5f7/> character, but significant mix-
ing is occurring, consistent with the intermediate coupling
model used in the spectral analysis above and our illustration
shown in Fig. 4(c). As can be seen in Table III, this trend is
observed in all eight of the atomic sites in the a-Pu unit cell.
Thus it is obvious, even in a-Pu, that the delocalization per-
turbation is a secondary effect relative to the spin-orbit split-
ting of the 5f states.

TABLE II. Nominal spin and orbital magnetic moments on each site type within the a-Pu unit cell.

Atom 1 2 3
M i -0.46 2.22 -2.62
My, 0.18 -1.00 0.99

-0.94

5 6 7 8
2.20 -2.80 —2.44 3.54
-1.09 1.24 1.03 -1.65
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TABLE III. Percentage angular momentum character of the
lower lobe (peak 1) and upper lobe (peak 2) in the density of states

of a-Pu.

Atom Peak s p d f(5/2) f(772)
1 1 1.3 1.6 14.9 53.1 29.0

2 1.4 34 14.8 21.8 58.6

2 1 1.5 2.0 13.7 534 29.5

2 1.1 3.1 16.1 21.9 57.7

3 1 1.5 2.0 14.2 51.4 30.9

2 1.1 3.2 153 23.2 57.2

4 1 1.6 2.1 13.5 54.2 28.7

2 1.0 3.2 159 21.3 58.5

5 1 1.5 2.1 13.7 53.7 29.0

2 1.0 3.1 15.9 21.7 58.3

6 1 1.5 2.0 13.8 52.1 30.6

2 1.1 3.1 16.1 22.7 57.0

7 1 1.4 2.0 14.1 51.3 31.2

2 1.2 3.1 154 23.5 56.9

8 1 1.6 2.4 11.9 51.8 324

2 0.8 2.7 17.9 232 55.3
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FIG. 6. (Color) DOS of a-Th, a-U, and a-Pu, as described in
the text. The Th and U BIS data, shown as insets, are from Baer and
Lang (Ref. 24). The blue vertical lines with numerical annotations
in the a-Pu calculation correspond to various occupations () of the
Pu 5f states. For Pu, n=5.

IV. CONCLUSIONS

In itinerant metals, such as the 3d series, the spin-orbit
interaction is quenched by the band structure and the crystal

field, which make its value small. On the other hand, in
localized rare earth metals the 4f spin-orbit interaction is not
quenched, but will be close to the Hund’s rule ground-state
value. For the actinides, our results show that a picture with
an intermediate coupling model skewed toward a jj limit,
and with a delocalization perturbation, is appropriate, and
that in using the sum rule we are able to quantify this. Be-
cause of its low occupation, the Th result is consistent with
all three angular momentum coupling schemes: LS, interme-
diate coupling, and jj. The Pu results clearly point to the
necessity of an intermediate scheme, with a strong jj incli-
nation. The U results, while superficially pointing toward an
LS picture, are in fact indicative of an intermediate coupling
model with delocalization effects. The improved GGA LDA
calculations support these conclusions drawn from the spec-
troscopic study and indicate that the spin-orbit splitting of
the 5f states is on the scale of 1.5-2 eV, as shown in Figs. 1
and 6. A key result here is that simplistic models that work
well for U, e.g., simpler LDA-type models with delocaliza-
tion and LS coupling, must fail for Pu. Between U and Pu,
the delocalization perturbation effectively becomes almost
negligible, although the broadening of the lobes observed in
Figs. 1 and 6 suggest that remnant hybridization and delo-
calization are occurring. For Pu, modeling that diminishes
delocalization effects will be most appropriate.?!-3-43 Finally
and most importantly, while some level of delocalization and
concomitant hybridization with the d states must be occur-
ring in Pu,>® 5f delocalization is a secondary effect relative
to the 5f spin-orbit splitting for Pu.
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