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Failure of Russell-Saunders Coupling in the 5f States of Plutonium
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Using high energy–electron energy loss spectroscopy, transmission electron microscopy, and
synchrotron-radiation-based x-ray absorption spectroscopy, we provide the first experimental evidence
that Russell-Saunders (LS) coupling fails for the 5f states of Pu. These results support the assumption
that only the use of jj or intermediate coupling is appropriate for the 5f states of Pu. High energy–
electron energy loss spectroscopy experiments were performed by use of a transmission electron
microscope and are coupled with image and diffraction data; therefore, the measurements are
completely phase specific.
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TABLE I. LS versus jj coupling: for two particles (1,2) and
four angular momenta (l1; l2; s1; s2).

LS jj

L � l1 � l2 j1 � l1 � s1
S � s1 � s2 j2 � l2 � s2
L and S are then summed to form the total angular
momentum J. For heavier elements with larger nuclear

J � L� S J � j1 � j2
The nature of Pu 5f electronic structure is still under
debate [1–7]. Many of the complications are derived from
the necessity of explaining the phase-specific behavior of
Pu and Pu alloys, particularly the low-symmetry mono-
clinic � phase and the high-symmetry fcc � phase.
Experimentally, there are severe impediments, such as
the present inability to grow large single crystals and the
radioactive and chemical hazards of the materials.
Theoretically, electronic structure calculations that have
turned out reliable for all other metallic systems have
failed for Pu because the 5f electrons are on the border-
line between localized and itinerant behavior. Recent
advances, including the application of dynamical mean-
field theory to �-Pu [2] and generalized gradient approxi-
mation to �-Pu [3] and to �-Pu and �-Pu [4], have begun
to pave the way to better understanding of Pu 5f elec-
tronic structure. However, despite these efforts and earlier
theoretical treatments [8], there is still a considerable lack
of experimental data to support assumptions made in the
computational framework. One of these critical issues is
the degree to which the interaction of the spin and orbital
angular momenta in the 5f states must be included in
such calculations.

In the foundation of each of the above models [2–4]
there are two limiting cases for the coupling of angular
momenta in multielectronic systems: Russell-Saunders
(LS) coupling and jj coupling. For a simple, two-electron
system, these can be expressed as shown in Table I [9]. For
atoms where the spin-orbit coupling is weak, the inter-
actions between the orbital angular momenta of individ-
ual electrons is stronger than the spin-orbit coupling
between the spin and orbital angular momenta. It can be
assumed that the orbital angular momenta of the individ-
ual electrons add to form a resultant orbital angular
momentum L, and that the individual spin angular mo-
menta add to form a resultant spin angular momentum S.
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charge, spin-orbit interactions begin to overshadow the
interactions between individual spins or orbital angular
momenta. Therefore, the spin and orbital angular mo-
menta of each electron couples to form individual electron
angular momenta. These individual electron angular mo-
menta, j1; j2; j3; . . . , are then summed to give the total
electron angular momenta J.

Historically, the Russell-Saunders approach has been
shown to be generally highly successful with the rare
earths [10], and because of this early modeling of acti-
nides was based on a nonrelativistic approach, i.e., ne-
glecting spin-orbit splitting [5]. However, over the last
20 years calculations have shown that there should be a
considerable spin-orbit split in the 5f states of the acti-
nides and that jj or intermediate coupling schemes more
accurately match the behavior of such metals [8]. In this
Letter, we present the first experimental evidence for the
failure of Russell-Saunders coupling in the 5f states of
plutonium via the absence of prepeak structure at ener-
gies below the main continuum peak of the O4;5 absorp-
tion edge of plutonium.

High energy–electron energy-loss spectroscopy (HE-
EELS) results acquired using a transmission electron
microscope (TEM) are shown for �-Th, �-U, �-Pu, and
�-Pu in Fig. 1. The Th and U samples were produced at the
Ames Laboratory and at Oak Ridge National Laboratory,
respectively, each of which was at least 99.9% pure. The
Pu sample was an alloy with dilute Ga doping and con-
tained a two-phase mixture of � and �. The � phase was
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FIG. 1. The O4;5 (5d ! 5f) HE-EELS edges from �-Th, �-U,
�-Pu, and �-Pu acquired by use of a TEM. These spectra were
collected at an accelerating voltage of 297 keV and an energy
resolution of 0.8 eV.

FIG. 2. (a) A bright-field TEM image acquired near a
�110��jj�100�� zone axis showing an � plate in a � matrix.
(b) A �110� diffraction pattern from � and (c) a �100� diffrac-
tion pattern from �, each with a number of reflections indexed.
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formed by cooling a sample of pure � phase to 153 K for
10 h, causing a � ! � martensitic phase transformation.
Since the � ! � phase transformation was martensitic,
i.e., diffusionless, both phases had identical composition.

A TEM provides the capabilities of imaging and dif-
fraction, which ensures HE-EELS spectra are acquired
from a single phase. The ability to differentiate the � and
� regions of Pu is illustrated in Figs. 2(a)–2(c). A two-
phase mixture of �-Pu and �-Pu is shown in the bright-
field image in Fig. 2(a), where an � plate is the dark band
contained in the surrounding bright � matrix. Diffraction
patterns acquired from a single-crystal area of � and �
are shown in Figs. 2(b) and 2(c), respectively. A field-
emission-gun electron source, such as the one used in
these experiments, can produce an electron probe small
enough to record spectra and diffraction patterns from an
area with a radius of 5 A. Upon examination of the scale
bar in Fig. 2(a), it is obvious that the problem of sampling
multiple phases when recording spectra is alleviated.
Furthermore, HE-EELS in a TEM is bulk sensitive, and
the electron transitions are justified as dipole because the
primary energy of the electron beam is 297 kV, much
larger than the energy of the O4;5 transitions for Th, U,
and Pu [11]. There was a small amount of oxide on the
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surface of the TEM samples, but it was insignificant in
comparison to the approximately 50 nm of metal sampled
through transmission of the electron beam.

The salient feature of the O4;5 HE-EELS edges in Fig. 1
is the disappearance of the small prepeak below the main
continuum peak when moving along the 5f series from
�-Th to �-U to �-Pu and �-Pu. This is direct evidence for
the necessity of jj coupling in Pu, since the absence of a
prepeak correlates to the filling of the 5f5=2 sublevel in
the 5d105f5 ! 5d95f6 transition.

Synchrotron-radiation–based x-ray absorption spec-
troscopy (XAS) and photoelectron spectroscopy mea-
surements were performed at the Advanced Light
Source to support these results (experimental details are
described elsewhere [12]). The Pu O4;5 XAS absorption
edges (5d ! 5f) for �-Pu and �-Pu in Fig. 3(a) are quite
similar to the HE-EELS edges reported in Fig. 1. The
similarity between HE-EELS and XAS can be further
confirmed by comparing our U and Th HE-EELS to the
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FIG. 3. (a) The O4;5 (5d ! 5f) absorption edges from �-Pu
and �-Pu acquired by XAS using synchrotron radiation. (b)
Core-level photoemission spectra from a large polycrystalline
�-Pu sample and a polycrystalline �-Pu sample. These spectra
were collected with a photon energy of 850 eV, an analyzer pass
energy of 6 eV, and an energy resolution of 0.2 eV.
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XAS of �-Th by Aono et al. [13] and of �-U by Cukier
et al. [14]. In both the HE-EELS and the XAS O4;5
absorption edges of Th and U the prepeak is present. In
the case of Pu, both the HE-EELS and the XAS of the Pu
5d ! 5f transition exhibit only the large continuum
structure with no prepeak, a shift of approximately 1 eV
between �-Pu and �-Pu, and a peak leading edge in the
region of 110 eV.

In the case of the XAS samples, in situ phase determi-
nation was made via the photoelectron spectroscopy of
the Pu 4f levels, as shown in Fig. 3(b). The double
component structure of each spin-orbit split peak, with
a shoulder or broad maximum following the sharper line,
has been shown previously [15] to be a reliable means of
differentiating the �-Pu and �-Pu phases. These XAS
measurements were performed at a photon energy of
h� � 850 eV and a kinetic energy of about 430 eV.
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Therefore, they are bulk sensitive with a mean free path
of approximately 22 A. Plutonium oxidizes notoriously
fast, yet measured surface contamination due to O was
small meaning the �-Pu and �-Pu spectra were hardly
influenced [12].

Now, let us return to reconsider the HE-EELS and
XAS spectra in detail. The analogous transition in the
rare earths is 4d104fN ! 4d94fN�1. For nearly all of the
rare earth element series [16], the same N4;5 spectral
shape is observed: a sharp, prepeak structure at lower
energies followed by a broad continuum peak at higher
energies. This behavior has been explained previously by
Dehmer et al. [17], Starace [18], and Sugar [19]. The
Coulombic and exchange interactions between the par-
tially occupied 4d and 4f final state levels drive the
splitting of these angular-momentum-coupled states,
generating energy splittings on the scale of 20 eV. The
prepeak structure can persist as individual peaks, but at
higher photon energies where the outgoing electron can
actually escape, coupling to the continuum generates a
large, broad peak that is often referred to as the giant
resonance [20]. Sugar predicts that for 4f13, only a single
line should be observed. The best observation of the end of
series behavior is in Yb and YbO [21]. Yb (4f14) shows no
edge or line, but YbO (4f13) exhibits a single, fairly broad
peak. Thus, the characteristics of filling the rare earth 4f
shell are the loss of prepeak structure at an initial state of
4f13 and the absence of any feature at an initial state of
4f14. If one applies this logic to Figs. 1 and 3(a), the
conclusion is inescapable: In Pu the 5f5=2 level is being
filled by the 5d10�5f5=2�5 ! 5d9�5f5=2�6 transition. In the
4f levels of the lanthanides, the only filling effects that
are observed are at the end of the series. (Half filling is
possible but does not seem to be important: it may be
obfuscated by the effects of multiple 4f valencies and
interactions with the 5d6s manifold.) However, the data
here show that in the actinides the filling can be seen to
occur midseries, when the (5f5=2) occupation goes from 5
to 6 in the process of XAS or HE-EELS [see the inset in
Fig. 3(a)].

This interpretation is supported by several other pieces
of experimental evidence. First, the prepeaks in Th and U
are each singular and not particularly sharp. This is
consistent with trends at the end of the rare earth series,
not the beginning, where the prepeaks tend to be sharper
and greater in number [16]. Second, the interpretation of
the large broad peak with two steplike features on the low
photon energy side in Pu as part of the metallic contin-
uum structure is consistent with the observation and
appearance of the M2 and M3 absorption edges in Ni
[22] and the L2 and L3 edges in Al [23], which are
examples of closely spaced edges in other metals. Third,
the observation in the second case implies that the spin-
orbit splitting of the initial states (5d3=2 versus 5d5=2)
should be reflected in the width of the giant resonance
in Th, U, and Pu. In fact, this is observed: the giant
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resonance becomes progressively wider in going from Th
to U to Pu, where the value of the binding energy (BE)
difference (BE 5d3=2 	 BE 5d5=2) is 7.1, 8.6, and 12.4 eV,
respectively [24]. Fourth, there is evidence that the filled
�5f5=2�6 exists in the Am ground state and affects its
properties [25,26]. Fifth, other non-f systems have also
exhibited evidence of the transition from LS to jj cou-
pling [27,28].

This interpretation of 5f electronic structure has inter-
esting implications. For example, it would explain the
bremstrahlung isochromat spectroscopy (BIS) results of
Baer and Lang for Th and U [29]. BIS can provide a
measure of the unoccupied density of states above the
Fermi level. Both U and Th exhibit a large, broad doublet
in the BIS spectrum, with the larger peak at higher
energy. In the Th spectrum (5f0, Refs. [16,29]), the dou-
blet is well above the Fermi energy, while in the U
spectrum (5f3, Refs. [16,29]), the low energy peak of
the doublet is cut by the Fermi energy. The splitting
between the doublet peaks is about 2 eV. An analysis of
spin-orbit splitting in various series and levels predicts a
spin-orbit splitting in the actinides 5f states of about 1 to
3 eV [30]. Our results substantiate the calculated 5f
density of states of Th, U, �-Pu, �-Pu, and Am by
Pénicaud [26]. In Fig. 6 of Ref. [26] it is shown that the
spin-orbit split 5f5=2 	 5f7=2 doublet for Th, U, �-Pu,
and �-Pu is approximately 2 eV, widens in energy with an
increase in atomic number, and moves from the unoccu-
pied states above the Fermi level to the occupied states
below the Fermi level with an increase in atomic number.
In both �-Pu and �-Pu the 5f5=2 peak is almost entirely
below the Fermi level while the 5f7=2 peak is above the
Fermi level. Pénicaud’s results also show that the filling of
the 5f5=2 shell is progressive and is complete at Am. This
is in contrast to the rare earths where because of the
interaction of the 4f and 5d6s manifolds, the f states
do not necessarily fill monotonically [16]. Our results also
corroborate the viewpoint of Söderlind [31] that the up-
turn which occurs just before Pu in the graph of atomic
volume versus atomic number is due to filling of anti-
bonding states in the 5f5=2 subshell. Finally, and most
importantly, these results confirm calculations that there
is considerable spin-orbit splitting of the occupied and
unoccupied 5f states of Pu, solidifying that spin-orbit
splitting cannot be neglected in the Hamiltonian for the
5f states of Pu and the other actinides.
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