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Accurate labeling of the light-actinide O, s edges
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In this short article the accurate labeling of the O,s edges of the light actinides is
addressed. The O4 and Os edges are both contained in what is termed the ‘giant
resonance’ and the smaller ‘pre-peak’ that is observed is a consequence of first-
order perturbation by the 5d spin-orbit interaction. Thus, the small pre-peak in the
actinide 5d — 5f transition should not be labeled the Os peak, but rather the AS=1
peak.
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Actinide materials of are great interest presently to the physics and chemistry
communities due to the intriguing and unique physical properties they exhibit as a result
of the complicated electronic structure of the 5f states. In order to investigate these
states, x-ray absorption spectroscopy (XAS) and electron energy-loss spectroscopy
(EELS) are often employed, particularly transitions from d core states as this directly
probes the f states. Since these transitions are of great importance to understanding
actinide materials, it is imperative that we fully understand the d—f transitions and label
them accurately. Here, the accurate labeling of the O 5 edges for the light actinides is
addressed due to noticeable confusion in the literature and in private communications.
The correct labeling of the edges will be presented along with analysis of calculated
spectra.



Experimental

EELS spectra were collected in standard fashion using a Philips CM300 field-emission-
gun transmission electron microscope and Gatan image filter with a 2k x 2k CCD chip.
For full details of sample preparation and experimental parameters see references 1 and 2.

The O45 EELS edges of Th, U, and Pu metal are shown in Figure 1 as solid grey, where
the background has been removed using an inverse power law extrapolation. First
consider Th. There is a small peak at ~88 eV and a second larger peak at ~101 eV.
Often, the small peak at 88 eV is labeled the Os edge and the large peak at 101 eV is
labeled the O4 edge. The same labeling scheme is frequently used for U, which again
shows a smaller initial peak followed by a larger and broader peak. In each case, this is
incorrect. In reality, the dipole allowed transitions in an LS coupled final state are both
contained in the larger second peak, which is frequently referred to as the ‘giant
resonance’. The smaller peak at lower energy is a dipole-forbidden transition, produced
by the finite spin-orbit interaction. The latter is small compared to the 5d,5f Coulomb and
exchange interaction, which generates energy splittings around 20 eV. This origin of the
pre-peak(s) has in fact been explained in detail for the rare earths [3-5] and the actinides

Core-level photoemission data reported that the 5d,, and 5d;,, sublevels are separated by

7.1, 8.6, and 12.4 eV, for Th, U and Pu, respectively [7]. This agrees reasonably well
with atomic Hartree-Fock calculations for the 5d spin-orbit interaction, which give
splittings of 6.7, 7.9 and 9.3 eV for f', f* and f°, respectively. In the case of Th and U
the separation between the pre-peak and the giant resonance is almost double the
separation of the initial d states reported from photoemission [7]. To look at this in a
more quantitative manner, the second derivative of each O,5 EELS edge can be
calculated and compared to the edge itself. The second derivative of each edge is shown
in Figure 1 as an overlayed black line, and when this is done it seems that the O, and O,
edges are indeed both contained in the giant resonance. For Th there are two peaks in the
second derivative, one for the small initial pre-peak and one for the giant resonance. In
this case, the 5d,, and 5d;, initial states are close enough in energy that they are not
resolved as separate in the giant resonance, partly due to the 2 eV lifetime broadening in
actinide materials [8]. For U, the second derivative again shows two large peaks due to
the pre-peak and the giant resonance. However, there is now a shoulder on the lower
energy side of the giant resonance, which is located at approximately 105 eV. The
difference between the inflection and the peak of the giant resonance is about 7 eV. This
matches the 8.6 eV splitting between the initial d,, and d;, states of U reported by core-
level photoemission quite well [7]. In the case of Pu the second derivative shows two
large peaks that both emanate from the giant resonance alone, one located at about 122
eV and the other located at about 110 eV. These are separated by 12 eV, which is very
close to the 12.4 eV spin-orbit splitting of the 5d,, and 5d,, initial states of Pu reported

by core-level photoemission [7].

The idea that the 5d,,—5f and 5d,,—5f dipole allowed transitions are both contained in
the giant resonance can be further considered by comparison of the U and UO, EELS
spectra. The O4 5 EELS edge of UO, is shown in Figure 2 as before with the spectra in
gray and the second derivative overlayed as a black line. Notice that while the pre-peak
is essentially unchanged from the metal, the inflection on the giant resonance has become
more pronounced. This clearly shows that as the bonding environment changes it is the



inflection that changes and not the pre-peak. Thus, while it is tempting to ascribe the pre-
peak and giant resonance as the Os and O, edges, respectively, this is incorrect. The
electrostatic interactions are at least twice as large and these will completely mix the
spin-orbit split peaks. The mixed spin-orbit split Os and O4 peaks are both contained in
the giant resonance and the small pre-peak is a consequence of first-order perturbation by
the 5d spin-orbit interaction, as we will show below in the theoretical section.

Theoretical

In order to investigate the peak assignment of the O45 edge theoretically we performed
atomic multiplet calculations using the relativistic Hartree-Fock code of Cowan [9],
where we omitted the decay channels. Although it is possible to include the decay
process to reproduce the experimentally observed broadening and asymmetry of the
spectra lines, it only has a small effect on the assignment of the core hole excited states.
Moreover, the precise strength of the different decay channels is difficult to assess and its
investigation is still ongoing [10]. Figure 3 shows the atomic calculations for the
electric-dipole transitions 5d"5 [ — 5d°5 /™! with (black curves) and without (red
curves) 5d core spin-orbit interaction for the ground state configurations with n =0, 1, 2
and 5. The calculational method and parameter values are similar to those in Ref. [11], in
which comparable results are shown. It is immediately clear from the spectra in Figure 3
that if the 5d spin-orbit interaction is switched off, the pre-peak structure vanishes. At the
same time, the peaks within the main structure squeeze in a bit, however their intensities
remain much the same.

With increasing atomic number Z both the 5d spin-orbit and 5d-5f electrostatic interaction
increase, so that the ratio of these two interactions remains approximately the same. This
means that along the 5/ series the final state maintains a similar kind of intermediate
coupling. In the case of the shallow O, s edge this is closer to LS than to jj coupling. The
XAS and EELS spectra can be calculated using the selection rules between initial and
final state with quantum numbers LSJ and L’S’J’, respectively. For electric-dipole
transitions the selection rules are AJ=J —J’ = -1,0,1, with the restriction that J° =J= 0 is
not allowed. In LS coupled basis we have, in addition to the selection rule on J, the
following selection rules: AS=S-S"=0and AL=L-L"=-1,0,1, with L’ =L = 0 not
allowed [14].

We start off with the analysis of the spectrum for 5f % which provides insight due to its
simplicity. The ground state 5f %is 'S, (i.e. L=S=J=0). The final state 54 9Sf "hasL=1, 2,
3,4,5and S =0, 1, among which only the 3D, 3P and 'P states contain a J = 1 level.
From the ground state 'Sy, only transition to the final state 'P; is allowed in LS coupled
basis. When the 5d spin-orbit interaction is switched on, L and S cease to be good
quantum numbers, and levels of the same J value will mix, so that 1P1 mixes with 3D1 and
*P,. This mixing is described by the final state Hamiltonian for J = 1, which is a 3x3
matrix, where the diagonal elements contain the electrostatic interactions and the non-
diagonal elements contain the spin-orbit interaction. Matrix diagonalization gives the
required eigenvalues and eigenstates. The results are shown in Table I using the atomic



values of the spin-orbit and Slater parameters (see caption for values). Table II gives the
results when the spin-orbit interaction is switched off. It is seen that the triplet states (3P1
and °D)) are at the low energy site and the singlet state ('P)) is at the high energy site,
which is due to the strong 5d,5f exchange interaction. For each final state the tables show
the 3P1, D, and 'P; characters (i.e. the square of the wavefunction coefficients). The
spectral intensity of each peak is given by the amount of 'P; character in the final state. In
LS coupling where the 5d spin-orbit interaction is zero, the final state 'P; is pure and this
peak has 100% of the intensity (c.f. Table II). If the core spin-orbit interaction is
gradually switched on, we move from LS coupling to intermediate coupling, and the
intensities of the other two peaks, which are labeled “3P1” and “3D1” according to their
main character, gain some intensity due to the small amount of ' P; character that is mixed
in (see Table I). We can conclude that the states corresponding to the pre-peaks have
mainly triplet character, while the “' P,” state representing the giant resonance has mainly
singlet character.

The above can also be understood from a perturbation type of approach. In the O, s edge
the electrostatic interactions are much larger than the spin-orbit coupling, so that the latter
can be considered as a perturbation. First-order perturbation theory gives then an energy

. . . 2
separation between the triplet and singlet states of AE = \/(AEelecmmc)2+ (AEspin_wbi,)

and a relative intensity for the “forbidden” triplet states of
[ /[ = (AE ) /(ZAEelectrostatic )z ’ Where AE and AE spin-orbit

effective splitting due to the electrostatic interactions and the spin-orbit interaction,
respectively. Comparing this to the values given in Table I, which were obtained from
exact matrix diagonalization, shows that this simple perturbation model holds reasonably
well. Therefore, the relative intensity of the pre-peak structure is a sensitive measure for
the strength of the 54 core spin-orbit interaction relative to the 5d,5f electrostatic
interaction.

are the

triplet singlet spin-orbit electrostatic

The picture for the other light elements /" is similar but becomes rapidly more
complicated with increasing n. The main peaks in the spectrum are due to the allowed
transitions AS =0, AL = -1,0,1. For a ground state f '(*Fs,) the allowed transitions to a
final state in LS coupled basis are ’D 7, ’F ' and 2GJ’, where J’ = 3/2, 5/2 and 7/2. The
matrices for J’ = 3/2, 5/2 and 7/2 have a dimension of 15, 19 and 19, respectively, giving
a total of 53 final states. The small 5d spin-orbit interaction allows “forbidden”
transitions with AS = 1 to final states with quartet spin (S=3/2) which are at lower energy
due to the 5d,5f exchange energy. The splitting within the main peak is due to both
Coulomb interaction and spin-orbit interaction and these cannot be separated.

For f 2(3H4) the dipole allowed transition are to 3G SO ‘H ' and 3 ' states with J’ = 3, 4 and
5. In intermediate coupling, the ground state is a mixture of different LS states, namely
88% 3H4, 1% 3F4, and 11% 1G4. This means that the simple model based on 'p parentage
already begins to break down. Analysis of the pre-peak structure shows that it contains a
mixture of mainly triplet and quintet spin states. Likewise, for the f °(°Hs),) spectrum
(where the matrices for J’ = 3/2, 5/2 and 7/2 have a dimension of 246, 329 and 371,
respectively) the pre-peak is a mixture of different spin states, however the average spin



of the pre-peak is higher than that of the giant resonance. In all cases the pre-peak
intensity increases with the size of the 5d spin-orbit interaction relative to the electrostatic
interactions. Since the spin-orbit interaction of the 5d is about tenfold larger than that of
the 5f shell, the latter has only minor influence. Nevertheless, the angular quantum
number for the 5f states (7=7/2 or 5/2) strongly influences the precise spectral shape of the
pre-peak structure and the position of the giant resonance.

For less than half-filled shell, the “forbidden” states of high spin at lower energies are
always present. The reason for this is that for a ground state 5/ with maximum spin S,
the maximum spin for the final state 54 °5f™" is S+1 for n < 6 and S for n > 7 (c.f. Figure
3 in Ref. [12]). The energy separation between the states with different spins is given by
the exchange interaction. A necessary requirement of a sharp pre-peak is that its decay
lifetime is long: A high spin state has the advantage that there are no, or only a few, states
with the same § into which it can decay. The excited state is then sometimes called
“double forbidden”. Complications in the LS picture arise from the fact that the ground
state is strongly mixed, e.g. Sf3 has 84% S=4 and 16% S=2, and 5/ has 67% S=6, 27%
S=4 [13]. This increased mixing of the spin states causes a decrease in energy separation
between the pre-peak and giant resonance with increasing Z. Furthermore, the simple LS
coupling model starts to break down because the ' P parentage cannot be traced to a single
level [5].

As a further check we also determined the core spin-orbit character of each peak. The jj-
LS transformation matrix [14] enables us to write the three LS states as linear
combination of ds/f7, ds;fsn and ds;fs;, states. Adding together the contributions of f7,
and fs/,, the amounts of core hole ds;, and ds, character for excitation from the ground
state 5/ are given in Table I and IL It is seen that the “’D,” and “'P,” peaks have
strongly mixed j character (~60% : ~40%). This is of course not surprising since it is the
electrostatic interaction, and not the spin-orbit, that is dominant. This clearly shows that
for accurate labeling, the core hole angular momentum j is unsuitable. The “’P,” peak is
rather pure but has negligible intensity.

For the actinide N4s (4d—5f") edge the situation is completely opposite: the spin-orbit
interaction is dominant over the electrostatic interaction, as seen in Table III. The 4ds,,
and 4ds, peaks, or ‘white lines’, are well separated by the large core spin-orbit splitting
that is on the order of 40 eV and considerably larger than the electrostatic interaction. In
this case, j is a good quantum number, whilst the LS states are strongly mixed. The
branching ratio of the white lines ds./(ds, + d3n) = 0.592, which is close to the statistical
ratio of 0.6. Hence the actinide N4s edge is ideally suited for sum rule analysis, which
requires a negligible jj mixing [15].

The experimentally observed splitting in the O45 giant resonance (Figures 1 and 2)
should therefore not be ascribed to the core spin-orbit splitting as seemed by comparison
to the core-level photoemission [7], but rather to the energy splitting of the three dipole
allowed transitions (AL = -1,0,1 and AS = 0). The 5d;,—5f and 5ds,—5f transitions are
completely mixed into these states and, therefore, are both indeed contained in the giant
resonance, but are entirely unresolvable.



The behavior of the actinide O4 5 (5d) edges [11] can be compared to that of the rare earth
Naus (4d) edges [16,17] and the 3d transition metal M, 3 (3p) edges [18]. In all these cases
the core spin-orbit interaction is much smaller than the core-valence electrostatic
interactions. The 4f metals show a pre-peak structure that is rather insensitive to the local
environment [3-5]. The 3d metals show a pre-peak structure that is strongly dependent on
the crystal field and hybridization [16]. Since the 5f localization is between those of 4f
and 3d, we might expect for the actinides to show only a mild dependence on the
environment.

Conclusions

An assignment of the actinide O4s5 edge can be made on the basis of final state LS
coupling, and in doing so it can be shown that the dipole allowed transitions are
contained within the giant resonance. The giant resonance splits into three transitions
that are dipole allowed: AS =0 and AL =-1,0,1 (AL = 1 for 'S ground state), where S and
L are the spin and orbital quantum numbers of the ground state. The 5d spin-orbit
interaction can be considered as a perturbation giving raise to a pre-peak structure
containing AS = 1 states. These states have a lower energy than the AS = 0 states with a
separation determined by the strong 5d,5f exchange interaction. Although this simple
picture begins to break down for n>1, because the ground state and final states are
strongly mixed, a global assignment can still be made on basis of the spin states.
Although atomic calculations are a simplification in the case of solids, they explain the
trend along the series in the actinides rather well and show that the pre-peak observed in
the O, s edge is a dipole “forbidden” transition.
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Tables:

Table |

E(eV) *D\(%) *P\(%) 'P\(%) ds(%) d32(%)
“SP,” -5.30 15.35 84.60 0.06 97.8 2.2
“3D1” -0.27 82.05 14.50 3.45 60.9 39.1
“lPl” 15.75 2.61 0.91 96.49 41.3 58.7

Table I: Calculated eigenvalues and eigenstates for the electric-dipole allowed transitions
Th 51° ('Sy) = 5d °5f " in the presence of spin-orbit interaction. The labels in quotes
«*1p » refers to the main character of each state with relative energy E(eV). The
percentages give the final state decomposition in LS character (*P,, °D, and 'P,) and in
core hole j character (ds;, and d3,). Parameters used in the calculation are T(5d) = 2.70
and C(5f) = 0.21 eV for the spin-orbit interaction and F’= 7.76, F= 494, G' =9.01, G’
=5.56, G° = 3.96 eV for the 80% reduced 54,5/ electrostatic interactions. The spectral

intensity of each peak is equal to the amount of 'P,(%) as given in the column.

Table 11

E(eV) ’D,(%) ’P(%) 'P,(%) ds(%) d3(%)
“pr 282 0 100 0 80 20
“p” -0.32 100 0 0 60 40
“lp” 15.19 0 0 100 60 40

Table II: Calculated eigenvalues and eigenstates for the electric-dipole allowed
transitions Th 5/° ('So) — 5d °5f ' in the absence of spin-orbit interaction in the final
state. Parameters used in the calculation are same as in Table I, except T(5d) = 0 and T(5/)
= 0. The spectral intensity of each peak is equal to the amount of 'P,(%) as given in the
column.




Table II1

E(eV)
“pr-16.49
“lp” .15.06

“lp” 2251

’D,(%)
27.94
31.97
40.10

*Py(%) 'P\(%) ds2(%) d32(%)

71.75 0.31 99.99 0.01
9.15 58.88 99.99 0.01

19.10 40.81 0.01 99.99

Table III: Calculated eigenvalues and eigenstates for the electric-dipole allowed
transitions Th 5/° ('So) — 4d °5f"' for the Nus absorption edge. Parameters used in the
calculation are T(4d) = 15.38 and T(5f) = 0.23 eV for the spin-orbit interaction and F* =
3.54, F* = 1.39, G' = 0.63, G = 0.67, G° = 0.56 ¢V for the 80% reduced 4d,5f
electrostatic interactions. The spectral intensity of spectral peak is equal to the amount of

'P,(%) as given in the column.




Figure captions:

Figure 1: The O, absorption edges for Th, U and Pu metals collected in a TEM (solid
gray). The second derivative is calculated for each spectra and overlayed as a black line.

Figure 2: The O, s absorption edges for UO, collected in a TEM (solid gray). The second
derivative is calculated for each spectra and overlayed as a black line.

Figure 3: Calculated actinide O4 5 absorption spectra with (black thick line) and without
(red/grey thin line) 5d core spin-orbit interaction for the ground state configurations f 0 f
! f*and f°. Atomic values of the Hartree-Fock Slater parameters were used as tabulated
in Ref. [11]. The relative energy refers to the zero energy of the average of the total final
state configuration. The decay channels that give rise to the broadening were not taken
into account, instead all spectral lines were broadened with the same Lorentzian line
shape of I'= 0.5 eV. The pre-peak region and giant resonance are expected to be below
and above ~5 eV, respectively.
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