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Abstract
Valence-band photoelectron spectra of Pu2C3 and PuC0.85 reveal the same type
of 5f features below the Fermi level as observed for the majority of other Pu
systems. They appear at the same energies (0–0.1, 0.5, and 0.85 eV) and their
intensity is higher for Pu2C3 than for PuC0.85. We deduce that they can be
attributed to the 5f5 final-state multiplet originating in the 5f6 component of the
ground state. The higher 5f occupancy (5.48), calculated in Pu2C3, explains its
non-magnetic character.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Three Pu carbides are known to be thermodynamically stable at room temperature. Besides
Pu3C2 with structure and other characteristics unknown, there is PuC1−x , forming with the
NaCl type of structure, and Pu2C3, crystallizing in a bcc (body-centred cubic) structure [1].
The carbon-deficient Pu monocarbide should contain random anionic vacancies similar to other
actinide monocarbides, leading to estimated boundary concentrations PuC0.78–PuC0.89 [2].
The stoichiometry variations are reflected in various values of the lattice parameter and
magnetic ordering temperature [3], but there is no doubt that PuC1−x at the C-rich limit
undergoes a magnetic phase transition at ≈100 K, leading to a simple antiferromagnetic
structure with Pu moments along the (0, 0, 1) direction [4]. In contrast to that, Pu2C3 is
paramagnetic, with a susceptibility χ0 that increases weakly with decreasing temperature T ,
reaching 0.63×10−8 m3 mol−1 (lower than in any of the structure modifications of Pu metal) in
the low-T limit. The Pu–Pu spacing, dPu−Pu, is somewhat higher in the monocarbide (350 pm)
than in Pu2C3 (336 pm), both being in the range close to the Hill limit (≈340 pm) [5]. This
critical spacing separates compounds, in which the large Pu–Pu overlap suppresses the tendency
to band magnetism, from those with higher dPu−Pu, in which magnetic order is possible. Such
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a situation as in the Pu carbides can therefore give detailed insight into the reason for the
non-magnetic behaviour of certain Pu compounds, while their U and Np counterparts (U2C3

and Np2C3 in this case) are magnetic [3]. As discussed in [6], besides the variations in
dPu−Pu, there can be a varying strength of 5f-ligand hybridization and/or varying 5f occupancy,
which can determine the magnetic character of Pu-based systems. The aim of the present
study is to investigate how the basic features of electronic structure, revealed by photoelectron
spectroscopy, vary between PuC1−x and Pu2C3, and how they correlate with spectra of other
non-magnetic Pu systems, such as PuSe, PuTe or δ-Pu.

2. Experimental details

Thin layers of Pu carbides were synthesized in situ by sputter co-deposition using the sputter
source for microtargets, modified into a two-target setup. High-purity Ar was used as a sputter
gas. The stoichiometry was tuned by varying the voltages for the Pu and C targets and
monitoring the respective ion currents, varying typically in the range 0.1–10 mA. The setup
was analogous to that used previously for depositing U–C layers [7]. The Pu–C ratio was
quantified using x-ray photoelectron spectroscopy (XPS, see below). Si wafers cleaned by
heating to 673 K and sputtering by Ar ions of 1 keV energy were used as a substrate. The time
of sputter deposition (typically 40 s at a deposition rate 0.1 nm s−1) was sufficient to produce
layers thick enough to cover the whole information depth of the photoelectron spectroscopy (at
least ten monolayers). Varying the temperature of the substrate between 123 and 523 K did not
yield any significant differences in photoelectron spectra.

Photoemission data were collected using a spectrometer equipped with a Leybold LHS-10
analyzer, an x-ray source providing Al Kα radiation (hν = 1486.6 eV) and an ultraviolet (UV)
source (HeI and HeII radiation, hν = 21.22 eV and 40.81 eV, respectively). The Au Fermi edge
and Au-4f7/2 line were used to calibrate the spectrometer energy. The sputter deposition was
carried out in the preparation chamber of the spectrometer and the layers were never exposed
to normal atmosphere. All spectra given were corrected for the transmission function of the
spectrometer.

3. Results

3.1. X-ray photoelectron spectroscopy

The stoichiometry of the deposited layers was determined by means of XPS, using integrated
intensities (subtracting the Shirley background) of Pu-4f and C-1s core-level lines. The values
obtained were analysed considering both empirical sensitivity factors and, after correction for
the transmission function of the spectrometer, the theoretical photo-ionization cross-section
values (both methods are discussed for actinides in [8]). Experience with, for example, actinide
nitrides [9] shows that the latter method underestimates the concentration of the light element
by about 30%, which is analogous to the present situation with the Pu–C system. Therefore
here we give stoichiometries determined on the basis of the empirical sensitivity factors. The
relative precision (estimated as 10%) is negatively affected by a very weak intensity of the C-1s
line (about 40 times weaker than the 4f7/2 line used for the comparison).

By varying the deposition currents for the Pu and C targets, we were able to tune the
stoichiometries of the deposited layers in a reproducible way between PuC0.50 and PuC1.80.
Figures 1 and 2 demonstrate the concentration variations of the C-1s and Pu-4f lines. At
the lowest C concentration, the C-1s line is quite narrow, located at binding energy (BE) of
282.6 eV (marked by the vertical dashed line). Approaching the stoichiometry of the range of
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Figure 1. C-1s XPS spectra of Pu–C layers for varying stoichiometry. The dashed line
indicates schematically the energy shifts towards lower BE values for lower C concentrations up
to approximately PuC and the opposite shift of the spectral weight for higher C concentration.
The upper panel demonstrates the second component, attributed to graphite, appearing for very
high C concentration. Before decomposition into the two spectral features, the secondary-electron
background was subtracted in this case.

stability of PuC1−x , the C-1s line broadens markedly and its centre of weight shifts towards
lower binding energies, to approximately 281.5 eV. The broadening can be associated with the
structural disorder in the cubic phase due to the C vacancies. With a further increase in the
C concentration, the spectral weight is gradually moved back by 1 eV for PuC1.5. Increasing
the C concentration even more, a second feature develops at a BE of 284.8 eV, which can be
attributed to the pure carbon (graphite), known to be manifested at this BE [10].

Figure 2 shows the variations in concentration of the Pu-4f spectra, consisting of the 4f5/2

and 4f7/2 doublet split due to the spin–orbit interaction, compared with the spectra of α-Pu and
PuN. One can immediately distinguish that in all the Pu–C systems the main spectral response
is located at binding energies much higher than the main line in α-Pu (422.2 eV for 4f7/2,
which is the more intense line, with better resolved details for the majority of Pu systems),
and it roughly coincides with that of PuN (423.6 eV) [9]. For high Pu concentrations, it is
broader than in PuN, which can again be understood as being due to the disorder in the PuC1−x

phase. The spectrum corresponding to PuC0.51 is broadened even more: one can even suspect
the presence of two unresolved, roughly equal features.

The energy of the maximum is in fact a little (by 0.3–423.9 eV) shifted with respect to
PuN, and a further shift (to 424.5 eV) is recorded for concentrations around PuC1.50 and higher.

3



J. Phys.: Condens. Matter 19 (2007) 476201 T Gouder et al

410420430440450

0

200

400

600

800

1000

1200

1400

1600

PuC0.51

PuC0.67

PuC0.84

PuC1.05

PuC1.18

PuC1.54

PuC1.70

PuC1.78

PuN

α-Pu

4f5/2 4f7/2

In
te

ns
ity

 (
ar

bi
tr

ar
y 

un
its

)

Binding energy (eV)

Figure 2. Pu-4f spectra for the same Pu–C concentrations as shown in figure 1, compared with α-Pu
(bottom) and PuN (top). The dashed and dotted lines show the shift of the maxima of the 4f7/2 lines
with C concentration.
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Figure 3. Comparison of Pu-4f spectra obtained for two selected concentrations in a higher-
resolution mode. The dotted lines mark the maxima of the difference spectrum, plotted at the
bottom. The full line indicates the position of the 4f7/2 peak for α-Pu.

At the same time, the 4f7/2 peak becomes noticeably asymmetric. It was discussed in [9] that the
shift of the 5f lines towards higher BE values (with respect to the pure actinide metal) depends
on the ionicity of the compound and the hybridization of the 5f states with the electronic states
of ligands. In this framework, the Pu carbides follow a similar pattern as is found in actinide
nitrides, with higher nitrides exhibiting an even larger BE shift than the mononitrides [9]. (Pu
does not form any higher nitride, but this tendency was observed for U and Th [9].)

To distinguish better the real shape of the 4f emission, we performed additional scans with
enhanced energy resolution (≈1.0 eV compared to ≈1.3 eV for the standard setting). The
results are shown in figure 3. The shape, especially of the 4f7/2 peak in the C-rich Pu–C, is
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clearly indicative of two poorly resolved features, with the weaker one, approximately at the
energy of the α-Pu peak (shown by a full line), forming a pronounced shoulder on the low-BE
side of the more intense feature.

Comparing the results on sputter deposited films with the equilibrium phase diagram, one
has to bear in mind that the product of sputter deposition can be far from thermodynamic
equilibrium. In particular, the deposited material can accommodate much broader off-
stoichiometry in the form of lattice imperfections and, for certain stoichiometries, the expected
phase separation may be hindered. Consequently, there is, in general, uncertainty about the
correspondence to the phases known from the Pu–C phase diagram. In the present study,
the high-C part of our system is relatively well defined. The fact that pure graphitic carbon
segregates if the C concentration exceeds PuC1.5 is strongly suggestive that Pu2C3 is indeed the
last (under the conditions used) C-rich phase that can be obtained. Although the C-deficient
PuC does not form congruently, its high temperature of formation (≈1650 ◦C) indicates its
high stability, and we may also expect that it will form during the sputter deposition process in
the proper cubic structure, at least in the concentration range given by the phase diagram, or
perhaps encompassing a broader concentration range, similarly to UN [11] or US [12]. This
corresponds to the range where both the C-1s and Pu-4f spectra are fixed at particular energies,
but broadened due to the lattice disorder.

The least information can be deduced about the Pu-rich part. Although the PuC0.51 data
could correspond to the Pu3C2 bulk phase, the fact that this phase forms only below 575 ◦C
suggests a low enthalpy of mixing and then a low probability of forming. Alternatively, we
may speculate about C diluted in some of the Pu phases or strongly under-stoichiometric PuC.
Due to the poor definition of the material that is studied, this part of the phase diagram was not
included in further study using UPS.

Due to the difficult handling of transuranium materials, no structural studies using x-ray
diffraction have been undertaken. Crystallinity of the deposited phases has to be expected,
especially for deposition on a heated substrate, on the basis of comparison with detailed
structure studies of UN, U2N3 [11] and US [12]. The most direct analogy can be drawn with U–
C compounds prepared under practically identical conditions [7]. While the crystal-structure
parameters of the sputter-deposited material (such as residual strain, microstrain, texture) differ
from a conventional bulk material of the same composition, photoelectron spectroscopy as a
typical local-probe technique is rather insensitive to such details.

3.2. Valence-band UPS

Ultraviolet photoelectron (UPS) studies using two different photon energies (HeI, 21.22 eV,
and HeII, 40.81 eV) can distinguish the emission from the 5f states. The important fact is
that, while the 5f photoexcitation cross section is negligible for HeI, it is strongly enhanced
in HeII, which makes the 5f emission dominate the valence-band spectra. Figure 4 displays
the HeI and HeII spectra of PuC0.85 and PuC1.51, denoted as PuC1−x and Pu2C3, respectively.
While PuC0.85 is representative of the whole concentration range from PuC0.81 to PuC1.12 (here
the differences are negligible), the spectra of Pu2C3 also represent well all materials with still
higher C concentration.

As in most of other Pu systems [6, 9, 13, 14], the HeII spectra are characterized by the
fingerprint of a triplet of sharp features, located at (or slightly below) the Fermi energy EF

(feature A), and at 0.50 (B) and 0.85 eV (C) BE. The last one seems to be slightly shifted
closer to EF (to 0.80 eV) for PuC0.85. Although the 5f character in all three features clearly
dominates, the Fermi level is also well distinguished for the HeI spectra, suggesting a non-
negligible non-f contribution in analogy to the situation in Pu metal. In addition, we have to

5



J. Phys.: Condens. Matter 19 (2007) 476201 T Gouder et al

6 4 2 0

1000

0

2000

3000

1000

0

2000

3000

Binding energy (eV)

In
te

ns
ity

 (
ar

bi
tr

ar
y 

un
its

)
In

te
ns

ity
 (

ar
bi

tr
ar

y 
un

its
)

Figure 4. UPS valence-band spectra for the HeI (black or bottom) and HeII (blue or top)
photoexcitation for two films, identified as belonging to pure phases PuC0.85 and Pu2C3. The dash–
dotted lines indicate energies of the triplet of lines (mostly) of the 5f type of emission.

assume a 5f intensity in the energy range around 2 eV BE, overlapping perhaps (as the variations
in cross section with photon energy suggest) with the C-2p states. In HeII, this emission is more
pronounced, forming a shoulder to the peak C in Pu2C3. It is less noticeable for PuC1−x , which
may be due to a higher contribution of C-2p, or due to a certain shift of the 5f intensity in this
range towards EF. The emission from the C states may be compared to the U–C system [7],
in which the C-2p emission (not overlapping with the 5f states) appears at 2.5 eV for UC0.8,
whereas it is displaced to 6 eV for C concentrations from UC1.3 upwards. In Pu2C3, the C-2p
states clearly dominate the spectra at higher BE, from 4 eV onwards, which is also the energy
range of the 2p emission in graphitic C [10]. Therefore we cannot decide if a small amount
of graphite, possibly segregated at the surface due to its excess over the Pu2C3 stoichiometry,
also contributes in this energy range. Any small O contamination can also show up as the O-2p
emission at 5.5 eV, visible both in HeI and HeII, but the fact that the Pu–C layers around the
1:1 stoichiometry are practically O-free does not leave much space for any O contamination to
be present in Pu2C3.

4. Discussion and electronic-structure calculations

The observed valence-band spectra of both Pu carbides are similar to most of the Pu-based
metallic systems studied so far. Although the intensities may vary, the triplet within 1 eV
below EF is observable for most clean (i.e. oxygen-free) surfaces. Only PuSb, with presumably
a well-defined 5f5 localized ground state (for which the 5f emission in this energy range is
practically absent [13, 15]), and α-Pu [16] (which can be considered as a 5f band system),
represent two exceptions. Because the binding energies of the triplet lines are practically
invariable (while their intensity can vary strongly and they dominate the valence-band spectra
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Figure 5. Comparison of the HeII UPS spectra for the two Pu carbides from figure 4 with δ-Pu
and PuN. The thick vertical bar indicates an approximate energy position of further 5f emission in
PuC0.85 and Pu2C3.

in PuSe [15] and PuTe [13]), it was recognized [9, 15] that they cannot be associated with
any particular energy bands. Instead, multiplet excitations belonging to a final state, or many-
body effects, were considered as plausible general mechanisms responsible for the three lines.
Although a simple comparison with the calculated 5f atomic spectra [17] reveals a conspicuous
similarity, only recent Hubbard I (HIA) calculations [18], connecting the atomic correlations
with the underlying electronic structure of the crystalline solid, demonstrated that the calculated
energies and intensities of the 5f5 final-state multiplet lines correspond to the observed features
in δ-Pu. The LDA + U ‘around mean field’ calculations of the ground state, which serves as
the basis for Hubbard I, leads to an 5f occupancy higher than 5.0 (nf = 5.44 in pure δ-Pu [19]),
and it is therefore the admixture of the 5f6 component into the 5f5 ground state which gives
rise to the final-state 5f5 multiplet. Following the suggestion that the 5f6 component suppresses
magnetism in Pu compounds (appearing for the 5f5 ground state) [6], it is tempting to relate
the more intense triplet features in Pu2C3 compared to those in PuC0.85 (based on the intensity
of the feature at EF) to a higher 5f occupancy in the former case, which would be responsible
for the non-magnetic character of Pu2C3. It is also interesting to point out a closer similarity of
Pu2C3 and δ-Pu (both non-magnetic) HeII spectra seen in figure 5, whereas PuC0.85 resembles
more the PuN (magnetically ordered) spectrum [9].

To examine the 5f occupancy (nf), we performed the LDA + U calculation for PuC,
representing for simplicity PuC0.85 (with a lattice parameter of 9.414 bohr) and Pu2C3. For PuC,
we considered various types of magnetic ground state: ferromagnetic (FM) structure, simple
antiferromagnetic structure with moments along (0, 0, 1) (AFM, deduced from experiment),
and the forced non-magnetic (NM) state making use of two different flavours of the LSDA+U
method, namely the around-mean-field (AMF) and the fully localized limit (FLL) forms of
double counting (see [19] and references therein for further details).

The LSDA + U calculations of PuC always yield an FM state lower in total energy than
the forced NM state, indicating the formation of a local magnetic moment on the Pu atom,
with a calculated total energy gain (due to the moment formation) of 74 mRyd (FLL) and
46 mRyd (AMF) per unit cell. While for both the forced NM-AMF and NM-FLL states the
nf = 5.23 counts are practically the same, the AMF-FM yields nf = 5.11 and the FLL-FM
nf = 4.99. The values of the Pu spin (MS), orbital (ML ) and total (MJ ) magnetic moments
strongly depend on the choice of the type of double counting (see table 1). The nf count and
magnetic moments are practically equal in the FM and AFM magnetic states. The resulting
FLL values, MJ = 0.8–0.9 μB, are compatible with the estimate based on neutron diffraction
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Table 1. Calculated occupation of the 5f-manifold (nf), local spin (MS), orbital (ML ) and total
(MJ ) magnetic moments (in μB) for an Pu atom, assuming different types of magnetic states (FM—
ferromagnetic, AFM—antiferromagnetic, NM—non-magnetic) and different types of LDA + U
double counting (AMF—‘around mean field’, FLL—‘fully localized’ limits) in PuC and Pu2C3.

nf MS ML MJ

PuC

FM-FLL-LDA + U 4.99 −2.99 3.79 0.80
FM-AMF-LDA + U 5.11 −0.60 2.32 1.72
AFM-FLL-LDA + U 4.97 −2.82 3.71 0.89
AFM-AMF-LDA + U 5.11 −0.61 2.45 1.84
NM-FLL-LDA + U 5.23 0 0 0
NM-AMF-LDA + U 5.23 0 0 0

Pu2C3

AMF-LDA + U 5.48 0 0 0

data (0.7–0.8 μB [4]), whereas the values for the ‘around mean field’ calculation, MJ ≈ 1.7 μB,
are too large.

The total and f-projected LDA + U densities of states (DOS) and LDA + HIA spectral
densities (SD) for PuC are shown in figure 6(a). The Hubbard I approximation used here is
based only on excitation within the Pu-5f manifold, capturing the 5fn → 5fn−1 processes.
Not included remain the interaction of the non-f electrons with the photohole (conduction-
electron screening processes) as well the f-electron screening (5fn → 5fn processes), which
can contribute if some itinerancy of the 5f states is preserved. The calculated spectral densities
do not include photoexcitation matrix elements, which can in general be energy dependent.
Nevertheless, the 5f cross section dominates for the photon energies over 40 eV for actinide
atoms [20]. This, together with the fact that the calculated features correspond to quasi-intra-
atomic excitations including the f-states, gives a justification for using the calculated spectral
density for a semi-quantitative analysis of the valence-band spectra.

A comparison with the experimental UPS spectra shows that the LDA + U DOS does
not describe correctly the experimental photoelectron spectra of PuC—a large part of the f-
manifold is wrongly located in the 2–4 eV binding energy range. When the multiplet transitions
are included with the help of LDA + HIA, the f-manifold is correctly shifted towards EF. Still,
LDA + HIA fails to describe fully the experimental PES, and no peak is found at EF. In fact,
the absence of the peak is directly related to the f5 character of the calculated PuC ground state
obtained in the calculations.

Assuming that the calculated value n5f ≈ 5.0 cannot be far from reality, we can ascribe the
inconsistency to the insufficiency of HIA to describe fully the photoemission process mentioned
above. Besides that, there is an insufficiency of LDA + HIA in the description of many-body
physics, leading to heavy quasi-particles. This means that, although no multiplet transition
appears at the Fermi level, the experimentally observed peak can be due to many-body physics,
remaining beyond the framework of LDA + HIA [18]. Besides these fundamental reasons, the
difference between the observed and calculated spectral densities can also be due simply to the
vacancies in the C sublattice (not considered in the calculations), which could eventually shift
the 5f charge balance.

For Pu2C3, the situation is different. The FLL-LDA + U calculation always yields a
strongly magnetic state, in contradiction to the experimentally observed paramagnetic ground
state. On the contrary, the AMF-LDA + U yields practically zero magnetic moments on Pu
atoms, and nf = 5.48. The increase in f-count is mostly complemented by the decrease in

8
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Figure 6. Density of states and spectral density (total—full line, f-projected—dashed line) for
(a) PuC (FLL-LDA + U , real antiferromagnetic structure) and (b) Pu2C3 (AMF-LDA + U ). The
vertical dashed line indicates the Fermi level.

the occupation of the Pu-6d states by about 0.4/Pu. We note that all calculations assume a
collinear spin MS magnetic moment alignment. However, since the crystal structure of Pu2C3

is non-centrosymmetric, various non-collinear structures could in principle develop; these are
left for further consideration.

In figure 6(b) we show the LDA + U DOS and HIA spectral density. LDA + U gives
most of the Pu-5f DOS at around 1 eV binding energy. At variance with PuC, there are non-
f-states (mostly the p-states of carbon) in the region 3–5 eV, in qualitative agreement with
the UPS spectra shown in figure 4. When the multiplet transitions are included by means of
LDA + HIA, the universal A, B, and C peaks appear at binding energies of 0.08, 0.44, and
1.01 eV. These features are consistent, within the expected accuracy, with the observed UPS
spectra shown in figure 4. In contrast to the experiment, the calculations yield practically no
f-state shoulder at around 2 eV in binding energy. With an increase in binding energy, there
are predominantly C-2p states together with 5f emission due to unresolved f5 → f4 multiplet-
transition lines at energies up to 8 eV, in agreement with the UPS spectra of figure 4. Here we
assume that the lifetime broadening due to the limited lifetime of the photohole smears details
progressively with increasing BE.

The fact that Pu2C3 with a 5f occupancy clearly exceeding 5.0 is better described by the
AMF-LDA + U calculations, while PuC with an occupancy close to 5.0 is better described by

9
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the FLL-LDA + U , does not need to be purely accidental. This can be understood as follows:
different flavours of LDA + U , namely AMF and FLL, represent different constraints. In the
case of FLL-LDA + U , one variationally searches for a f-manifold solution that is as close as
possible to the single Slater determinant state with integer local occupations in an atomic-like
localized basis. Hereby FLL-type double counting has an advantage in the situation close to 5f
integral occupancy and is better suited to the 5f5 configuration of PuC.

Instead, in the case of AMF-LDA + U , the variational minimization drives the solution
to the single Slater determinant in a Bloch wave band-like basis, allowing non-integer local
occupations of the f-manifold. This method is therefore suitable for describing the solution
which consists of a superposition of 5f5 and 5f6 single determinant states. This is why the
mixed-valence 5f-manifold with nf = 5.48 is better suited to Pu2C3 and is quite analogous to
δ-Pu [18, 19].

Here it must be stressed that the non-magnetic character of such Pu systems is not due to a
close proximity to the non-magnetic 5f6 state, as misinterpreted for the LDA + U calculations
of δ-Pu in [21]. The LDA + U method, complemented by HIA, provides such a level of
electronic-structure description that the suppression of magnetism is correctly captured for
the 5f occupancy below ≈5.5, while the high spectral density at the Fermi level explains
the enhancement of the electronic specific heat and other quantities related to the strongly
correlated nature.

5. Concluding remarks

We have shown that LDA + U calculations can describe correctly the variations in magnetic
properties between PuC1−x and Pu2C3. The main difference consists of the partial occupancy
of the 5f6 states in the latter compound. Supplemented by Hubbard I calculations of spectral
density, the calculations qualitatively explain the dominant features of photoelectron spectra as
related to 5f5 and 5f4 final-state multiplets, which proves the strongly correlated character of
the Pu-5f states. Hereby it provides a better understanding of a broad class of Pu compounds,
describing within a uniform theoretical approach (without free parameters) photoelectron
spectra as well as the type of ground state and the size of magnetic moments.
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