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Density functional study of PuC and PuCg 7500 25

Rong Yang, 2*2 Zhe Zhang® and Bin Tang®

We study the structural, magnetic, electronic, thermodynamic and elastic properties of PuC and
PuCq 750025 Using density-functional theory (DFT) and DFT + U. The nonmagnetic (NM), ferromagnetic
(FM) and antiferromagnetic (AFM) configurations are considered in this work. Total energy results
obtained with DFT + U indicate that PuCq 7500 .25 has an AFM ground state, matching the AFM nature of
stoichiometric PuC. Calculated electronic properties reveal a new density of states peak in PuCq 7500 2s,
a consequence of C/O substitution in PuC. Thermodynamically, PuCq 5O .25 exhibits higher enthalpy
difference (Hr—Hagg), entropy difference (St—Sx9g) and heat capacity (C, and Cp) than PuC at the same
temperature; elastically, it is predicted to be harder, owing to the stronger ionic character of Pu-O
versus Pu—C bonds. Crucially, the formation energy of the oxygen-substitution defect is calculated to be
highly spontaneous (—5.11 eV), revealing the fundamental driving force for the oxidation and chemical
aging of PuC. These results are intended to provide a valuable reference for further theoretical and
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1. Introduction

Nuclear energy attracts wide interest owing to its high effi-
ciency, low pollution, and abundant reserves. However,
plutonium (Pu), an important nuclear material, slowly reacts
with ambient atmospheric components (e.g., O,, CO, CO,),
forming aging products that impact its long-term stability and
performance.” Binary products like Pu oxides, hydrides, and
carbides have been extensively studied.>** In contrast, inves-
tigations into ternary products, such as PuC;_,O,, remain
scarce. For PuC;_,O,, experimental observations (via XPS)"**
and limited theoretical studies (e.g., thermodynamic stability
via machine learning," lattice constant formulas'’) have been
reported. Critical gaps remain in understanding its funda-
mental properties: magnetism, thermodynamics and elas-
ticity. These are essential for application assessment. More
importantly, the atomic-scale mechanism of aging is unex-
plored, particularly the role of O-substituted C defects (the
most common defect type). Defect formation energy and its
correlation with material properties remain unknown.

To address these gaps, this work focuses on PuC;_,O, (x =
0.25). This composition is selected because it contains
a medium amount of oxygen, similar to what forms during
early stages of aging. At this stage, the competition between
Pu-C and Pu-O bonding becomes very clear. This makes it an
ideal model system to reveal the initial effects of oxygen
incorporation. We systematically investigate the crystal
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experimental investigations of PuC and PuCgp 75Q0¢ 5.

structure, magnetism, electronic structure, thermodynamic
properties, and elastic constants of PuC; ,O, (x = 0.25).
Notably, to clarify the atomic-scale aging mechanism, we
calculate the formation energy of oxygen-substituted carbon
defects for the first time and correlate it with the material's
fundamental properties.

Since Pu is located at a special site where the transition of 5f
electrons from itinerancy to localization occurs,'® it poses
a considerable challenge to the theoretical research on
PuC;_,O,. In this paper, we use the traditional density func-
tional theory (DFT), DFT plus the Hubbard U (DFT + U)
approach to describe PuC; _,O,. As for the value of U.y param-
eter, we adopt a value of 4 eV. This value is widely validated in
theoretical studies on Pu-based compounds'®~** for reproducing
experimental properties reasonably. We thoroughly discuss the
sensitivity of key results to Ue (tested at 3, 4, 5 eV) in the main
text, confirming conclusion robustness. Integrating perfect
crystal and point defect studies, this work aims to build
a fundamental property-aging mechanism correlation for
PuC;_,Oy, providing theoretical insights for predicting and
managing plutonium aging.

The rest of this paper is organized as follows. In Section 2, we
give the computational details of this study. In Section 3, we
present our results and discussion. First, we validate our
method through calculations of the crystal structures and
magnetic properties of PuC and PuC, 7500.,5. We then report
the electronic structures, thermodynamic properties (from 0 to
1000 K), and elastic constants of both systems. Finally, the
formation energies of O-substituted C defects in PuC are
analyzed. In Section 4, we summarize some general
conclusions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Computational details

All calculations are performed using the Vienna ab initio
simulation package (VASP) version 6.3.0 (ref. 22) code. The
exchange-correlation functional is used GGA Perdew-Burke-
Ernzerhof (PBE) formalism* and the local spin-density
approximation (LSDA).>* These functionals are selected due to
their established and widespread application in the first-
principles study of plutonium carbides and related
compounds.*>**?*? The Hubbard model is used to treat strong
correlations within the LSDA + U?® and PBE + U methods. We set
the parameter U.s = 4 €V, which is generally used in Pu-based
compounds.”?" The robustness of key results is tested with
Uegr values of 3 eV and 5 eV. In the antiferromagnetic (AFM)
calculations, we take the 1 — k AFM configuration consisting of
alternating spin-up and spin-down ferromagnetic sheets along
the [100] direction.

We use a 2 x 2 x 1 conventional fcc supercell (containing 4
formula units, 8 atoms) for calculations on the basic bulk
properties of PuC and PuC, ;500.,5. The key justifications for
selecting this supercell are as follows: first, it preserves PuC's
intrinsic fcc symmetry, ensuring an accurate representation of
bulk material properties without artificial size effects. Second, it
allows for the direct modeling of PuCy ;50,5 by replacing one C
atom with one O atom, achieving the exact x = 0.25 stoichi-
ometry for early-stage oxidation studies. Third, it balances
computational cost and accuracy for calculating thermody-
namic and elastic properties. For the calculations of defect
formation energies in PuC, a larger 2 x 2 x 2 supercell (64
atoms) is used. This larger size reduces spurious interactions
between periodic images of the isolated oxygen defect, which is
critical for obtaining converged and accurate defect formation
energies.

Rigorous convergence tests determine the appropriate plane-
wave energy cutoff and k-point meshes, ensuring that total
energies are converged to within 1 meV per atom. The results
are summarized in Tables 1 and 2. For the 8-atom supercell,
a cutoff energy of 500 eV and a 7 x 7 x 7 K-point grid are
selected. These settings achieve the following convergence: 0.7
meV per atom (cutoff energy), 0.01 meV per atom (k-point
mesh), and ionic forces <0.001 eV A™*. For the 64-atom defect
supercell, a cutoff energy of 400 eVand a2 x 2 x 2 k-point mesh
are sufficient, converging the total energy to within 0.8 meV per
atom and 0.3 meV per atom, respectively.

Table 1 Convergence of total energies with respect to the cut-off
energy

8-Atom supercell 64-Atom supercell

Cut-off energy ~ E—Egoo Cut-off energy ~ E—Esqo

(eV) (meV per atom)  (eV) (meV per atom)
300 21 200 23

400 7 300 8

500 0.7 400 0.8

600 0 500 0

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Convergence of total energies with respect to k-point mesh

8-Atom supercell 64-Atom supercell

E_E8><8><8
(meV per atom)

E_E3x3x3

k-Point mesh k-Point mesh (meV per atom)

5X5X%X5 5.38 1x1x1 2.5
6 X6 X6 1.31 2 X2x2 0.3
7 X7 X7 0.01 3xXx3x3 0
8 x8x8 0 — —

3. Results and discussion
3.1 Structural and magnetic properties

PuC has a NaCl-type structure, in which the 4a Wyckoff posi-
tions are occupied by Pu atoms and the 4b ones by C atoms. The
known experimental lattice constant of PuC is 4.965 A%’
Experimental works*?® indicate that an anti-ferromagnetic
transition occurs at 100 K in PuC. Fig. 1 shows the structure
of PuCy 7500,5. For the PuC, ;5005 System, Pu atoms are
divided into two categories, as illustrated in Fig. 1. We refer to
the Pu atoms near the O atom as Puy, and those far away as Pu,.

The reliability of DFT + U calculation is highly sensitive to the
choice of the U.¢ parameter. To ensure a valid U value, we set
Uesr = 4 €V for Pu's 5f orbitals. This choice is justified by theo-
retical studies on Pu-based compounds,>' which show it
reasonably reproduce key experimental properties (e.g., lattice
constants, magnetic ordering). To confirm the robustness of our
results, we systematically test U values of 3, 4 and 5 eV. Details
of this analysis, including its impact on the lattice constant (a
central structural property), are presented at the end of this
section.

Based on the relative total energy values E.. of PuC for the
nonmagnetic (NM), ferromagnetic (FM) and antiferromagnetic
(AFM) phases given in Table 3, it is evident that the total ener-
gies of the FM phase are lower using the LSDA and PBE
methods. This suggests that the LSDA and PBE methods predict
PuC to be in the FM state, which is not consistent with the
available experimental result.”**® On the other hand, LSDA + U
and PBE + U calculations indicate that PuC is AFM, in

Fig. 1 The crystal structure of PuCq 7500 25. Blue (big) balls represent
Pu atoms, brown (small) balls represent C atoms, and red (small) balls
represent O atoms. The two distinct Pu sites are labeled: Pu; (near O)
and Pu, (far from O).
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Table 3 Compilation of data on nhonmagnetic (NM), ferromagnetic (FM) and antiferromagnetic (AFM) states of PuC and PuCg750¢ 25! lattice
constant (A), relative energy E,e (eV per PUC/PuCq 7500 25), total magnetic moment u; and band gap (eV). The Hubbard parameter Ueg is 4.0 eV.
Those results are compared to experimental data (ref. 27) and other theoretical values (ref. 16, 17, 20 and 25)

a()/A ,U'mt/,uB Erel (eV) Egap (ev)
Compound Method NM M AFM* NM M AFM NM M AFM NM FM AFM
PuC LSDA 4.702 4.851 4.847 — 15.730 0.000 2.59 0.00 0.26 0.0 0.0 0.0
LSDA + U 4.807 4.987 4.976 — 18.023 0.000 17.73 2.44 0.00 0.0 0.0 0.0
PBE 4.799 4.988 4.984 — 16.481 0.000 4.75 0.00 0.45 0.0 0.0 0.0
PBE + U 4.916 5.129 5.117 — 18.824 0.000 21.12 3.13 0.00 0.0 0.0 0.0
Expt.*” 4.965 — — —
Ref. 20 — 5.043 5.115 — 17.400 — — — 0.0 0.0
Ref. 25 — — 4.910 — — —
PuCy 7500.25 LSDA 4.708 4.858 4.854 — 16.606 0.000 2.95 0.00 0.13 0.0 0.0 0.0
LSDA + U 4.868 5.008 4.987 — 18.701 0.000 14.68 0.26 0.00 0.0 0.0 0.0
PBE 4.809 4.998 4.991 — 17.478 0.000 5.35 0.00 0.37 0.0 0.0 0.0
PBE + U 5.037 5.141 5.107 — 18.759 0.000 15.29 0.17 0.00 0.0 0.0 0.0
Ref. 17 4.968 — — —
Ref. 16 4.979 — — —

“ A small tetragonal disorder with @ = b # ¢ is found in AFM states.

agreement with experiment. The results imply that strong
correlation effects exert a significant influence on the magne-
tism of PuC. Similarly, the LSDA + U and PBE + U methods
predict PuCy ;50,5 to be in the AFM state, while the LSDA and
PBE methods predict it to be in the FM state. Thus, our results
indicate that substituting one oxygen for one carbon does not
alter the magnetism in PuC.

As expected, the lattice constant increases when Hubbard U
is included. The reason is that the localization of Pu's 5f elec-
trons is enhanced with the introduction of Hubbard U, which
weakens the crystal cohesion and thus leads to an increase in
the lattice constant. Compared with the experimental data® for
AFM PuC, the discrepancy is merely 0.22% for LSDA + U but
reaches 3.06% for PBE + U. This significant discrepancy
demonstrates the superiority of LSDA + U over PBE + U for these
materials, as PBE + U overestimates the degree of 5f electron
localizations. The fundamental difference stem from how the
methods handle electron behavior. LSDA + U maintains
a balanced description of electron localization and mobility that
matches the actual electronic structure of plutonium
compounds. In contrast, the PBE functional inherently over-
screens 5f electrons. When combined with the Hubbard U
correction, this effect is exaggerated, causing excessive electron
localization that weakens atomic bonding and leads to exces-
sively large lattice constants. This advantage of LSDA + U is
further confirmed by comparing with other theoretical studies.
Table 3 shows that the lattice constant of PuC, 550, .5 predicted
by LSDA + U agree well with other theoretical values.'®'” By
contrast, PBE and PBE + U consistently overestimate the lattice
constants of PuC and PuCy 750, ,5 compared with experimental
and theoretical results. This systematic overestimation provides
direct evidence that these methods over-localize 5f electrons
and underestimate their bonding contributions. Therefore,
LSDA + U is more suitable for PuC and PuCy ;50,5 than PBE +
U, at least in terms of predicting lattice constants. In both LSDA
+ U and PBE + U schemes, our calculated lattice constants of FM

48298 | RSC Adv, 2025, 15, 48296-48305

states are larger than those of AFM states for both PuC and
PuCy ;500.25. The optimized lattice constants in AFM states are
closer to the experimental or other theoretical values, which
suggests that the ground states of PuC and PuCg ;50,5 are
likely AFM. Notably, PuC's AFM nature has been confirmed by
experimental studies.*®?*®

Of all the methods, LSDA + U yields very accurate lattice
constants. For example, for PuC in the AFM state, its calculated
value of 4.976 A deviates from the experimental value by only
0.011 A. Additionally, when comparing our results with other
theoretical values (HSE*® and SIC-LSD**), we find that the lattice
parameters obtained by LSDA + U are much better, suggesting
that the present method (LSDA + U) has an advantage over the
others in describing PuC. For PuCg;50¢.,5, Ganguly et al
provide the lattice constant value of 4.968 A according to
Vegard's law, and R. Z. Qiu et al.*® give a value of 4.979 A using
a machine-learning scheme. Our LSDA + U-calculated lattice
constant for the AFM state of PuCg_50q.,5 is 4.987 A, which is
close to these results. This suggests that LSDA + U method is
also suitable for describing PuCg 7500 »s5.

In the sequence PuC — PuC, 50,5, the calculated lattice
parameters show an expansion in all methods. For instance, the
lattice parameter of PuC, 50, »5 calculated via LSDA + U for the
AFM state is expanded by 0.011 A compared to that of PuC. It
means that the substitution of carbon atoms by oxygen atoms
leads to lattice expansion. The observed lattice expansion has
also been reported by Ganguly et al.”” and R. Z. Qiu et al.*®

At the end of this section, Table 4 summarizes the lattice
parameters of PuC and PuC, ;50,5 calculated with U values
of 3.0, 4.0, and 5.0 eV. For PuC, the deviation from experimental
data is minimized at 4.0 eV (0.22%), compared to 0.54% at
3.0 eV and 0.60% at 5.0 eV. For PuC,,50g.,5, our calculated
lattice parameter at 4.0 eV (4.987 A) is also closest to the
previously reported theoretical values.® This Ues value is
consistent with previous theoretical studies on Pu-based
compounds.”>* For the oxygen-substituted system, which

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Lattice parameter of AFM PuC and PuCg 750025 calculated
using the LSDA + U approach, and comparison to experimental (ref. 27)
and theoretical data (ref. 16)

ao/A
Compound Method 3.0eV 4.0 eV 5.0 eV
PuC LSDA +U 4.938 4.976 4.995
Expt.”” 4.965
PuCy 7500.25 LSDA + U 4.957 4.987 5.007
Ref. 16 4.979

lacks experimental lattice data, we further validate Ueg = 4.0 eV
by analyzing the sensitivity of oxygen-induced lattice expansion
to U.g variations. The calculated expansion rates are 0.38% at
3.0 eV, 0.22% at 4.0 eV, and 0.24% at 5.0 eV. This low sensitivity
confirms that the structural effect of oxygen substitution
remains consistent under small changes in Ueg, reinforcing the
reliability of 4.0 eV. We also compare the performance of
different exchange-correlation functionals (PBE, PBE + U,
LSDA, and LSDA + U). Only LSDA + U with Uy = 4.0 eV
reasonably reproduces experimental lattice constants and
magnetic ordering for PuC and PuC, ;50 55, while other func-
tionals show significant deviations. Therefore, the LSDA + U
method with a Uy parameter of 4.0 eV is employed in all
subsequent calculations.

3.2 Electronic properties

The total and partial densities of states for PuC and PuCg 7500 25
in LSDA + U are depicted in Fig. 2 and 3, with all energy scales
uniformly referenced to the Fermi level (Ex = 0 eV) for direct
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comparison. Key features (e.g., peak positions, band edges) are
labeled explicitly in the figures to clarify their correspondence
with electronic states. The total DOS curves of both systems
cross Ep with nonzero occupation of Pu 5f electrons. This
indicates that both PuC and PuC, ;50,5 are metals, which is in
agreement with the calculated band gaps (Table 3). For PuC and
PuCy 750925, the DOS of Pu atoms is mainly dominated by the 5f
partial DOS and the Pu d orbits contribute little to the total DOS.
The near-Fermi regions of PuC and PuC, ;50,5 are made up
mainly of Pu 5f states, which is similar to the other 5f metal
carbides. The experimental valence-band spectra® of PuC are
characterized by the presence of three sharp peaks within 1 eV,
located at the Fermi energy Er, and at 0.50 and 0.85 eV. We note
that our calculated DOS of PuC also has three sharp peaks
located at 0.02 eV, 0.36 eV and 0.66 eV.

For PuC, peak A is mainly composed of C 2 s states, and peak
B is separated from the following C 2p band by a gap of about
2.64 eV. While for PuC, ;50 .,s, the band structure of peaks A
and B is similar to that of PuC, except for the emergence of
a new peak C between them. The new peak is caused by
a hybridization between Pu 5f/6d states and O 2p states (Fig. 4).
This indicates that the substitution of carbon atoms by oxygen
atoms would “break” some Pu-C bonds and “form” some Pu-O
bonds. In order to obtain further understanding of the elec-
tronic structure and analyze the Pu-O and Pu-C bonds. The
difference charge densities along the (010) plane are plotted in
Fig. 5. The blue and orange zones represent the loss and the
gain of charge. We can observe that the Pu atoms lose charge,
the C and O atoms have gained charge. This clearly suggests
that there is net charge transfer from the Pu atom to the C and O
atom, indicating that the Pu-C and Pu-O bonds have ionic
character. The electron transfer observed in the charge density
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Fig. 2 (Color online) Total and partial densities of states for AFM PuC in LSDA + U (Uegs = 4.0 eV) framework. The Fermi level is the vertical line
through £ = 0.
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Fig. 4 Partial densities of states for the Pu 6d/5f and O 2s/2p of AFM
PUuC7500.25 in LSDA + U (Uegt = 4.0 eV) framework.

difference plot is quantified by the Bader charge analysis. As
shown in Table 5, each Pu atom loses 1.28|e| and this charge is
transferred to C atom in the PuC system. From Fig. 1 and Table
5, in the PuCy 75025 System, each Pu atom far from the O atom
(Puy) still loses 1.28|e| (transferred to the C atom), while each Pu
atom near the O atom (Pu,) loses 1.38|e| (transferred to the O
atom). Thus in the PuCy ;50,5 System, the ionic character near
the O atom is stronger than that in the PuC system.

For PuCy ;7500 .25, the crystal symmetry is destroyed with the
substitution of carbon atoms by oxygen atoms. Thus, we need to
distinguish the partial densities of states (PDOSs) of different C
atoms and Pu atoms. To provide an unambiguous description
defined by the three-dimensional structure, we label the atoms

48300 | RSC Adv, 2025, 15, 48296-48305

(Color online) Total and partial densities of states for AFM PuCq 7500 25 in LSDA + U (Uegs = 4.0 V) framework. The Fermi level is the vertical

according to their crystallographic coordinates. We assign the
labels Pu1, Pu2, Pu3, and Pu4 to the four plutonium atoms at
coordinates (0, 0, 0), (0, 0.5, 0.5), (0.5, 0, 0.5), and (0.5, 0.5, 0),
respectively. As shown in Fig. 6, the 6d PDOSs of different Pu
atoms are similar, while the two main peaks of 5f PDOSs of Pul
and Pu2 are further separated than those of Pu3 and Pu4. The
near-Fermi regions of total DOS are dominated by the 5f PDOS
of Pu; and Puy. Fig. 7 shows that the 2s and 2p PDOSs of
different C atoms are similar.

-0.35
-0.3
-0.25

-0.2

-0.15
-0.1
-0.5
0

0.5

1,0

15

Fig. 5 Contour plots of charge density difference along the (010)
plane in LSDA + U (Uegr = 4.0 eV) calculations of AFM PuCq 7500 2s.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Calculated Bader charges (Qg) and Bader volumes (Vg) for AFM PuC and AFM PuCg 7500 25 in LSDA + U (Uegs = 4.0 eV) framework

Compound Qg (Puy)/e Qg (Puy)/e Qg (C)le Qg (O)/e Vi (Puy)/A® Vg (Puy)/A® Vi (C)/A° Vi (0)/A°
PuC 14.72 — 5.28 — 19.77 — 12.89 —
PuCy.7500 25 14.72 14.62 5.28 7.38 18.92 18.66 12.83 11.81
7 T T T T T T T 7 T T T T T 1 T
4 1 |
6 Pu2 6d : i 6. Pu4 6d : i
Pu2 5f : Pu4 5f :
5 Pu1 6d | - 54 Pu3 6d X -
s 1 Pu1 5f : ~ Pu3 5f
< 4 \ < 3 4
) 1 £
<L 3 | @ 34
3 | 2
o . fa)
2+ 1 2 -
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1
0 T 1 T 0 T i T id T v 1 T
10 -8 6 -10 -8 6 4 2 0 2 4
Energy(eV) Energy(eV)
Fig. 6 (Color online) site-projected densities of states of AFM PuCgq 7500 25 for different Pu atoms in LSDA + U (Uegs = 4.0 eV) framework. (a) Pul

(0, 0, 0) and Pu2 (0, 0,5, 0.5); (b) Pu3 (0.5, 0, 0.5) and Pu4 (0.5, 0.5, 0). The Fermi level is the vertical line through E = 0.

3.3 Thermodynamic properties

For fuel materials, a thorough understanding of their thermo-
dynamic properties is of particular importance. However,
available thermodynamic data for plutonium carbides have
significant uncertainty due to insufficient experimental data.**
The thermodynamic properties of PuC and PuC, ;50,5 are
investigated herein using phonon density of states obtained via
the quasiharmonic approximation (QHA).**> The internal energy
AE, Helmholtz free energy AF, entropy S, and constant-volume
specific heat capacity C, are given, respectively, by*®

AE = 2N JWL w coth = (w)d(w) 1)
I YT )®
AF = 3nNk Tr nd2sinh (=) Leaony @)
IR YT ) |8

h(" | aw hw . hw
S= 3}1N§ JO {mcothm—ln{z Slnh(szT> }:|g(m/)d(ﬂ))

¢, = 3Nt [L ( (4)

3 hw aw )g(w)d(w)

2
2
ZkBT) ese (ZkBT

where w is the phonon frequency, g(w) is the normalized
phonon DOS, N is the number of unit cells, kg is the Boltzmann
constant and 7% is the reduced Planck constant. The enthalpy
change is expressed by the equation:** AH = AE + PAV, where E
denotes internal energy, P is pressure and V represents volume.
For solid and liquid phases, the PAV term is negligible in

© 2025 The Author(s). Published by the Royal Society of Chemistry

comparison to AE. Moreover, with the equilibrium pressure set
to zero, it follows that AH = AE.

The enthalpy changes (H—H,9g) with increasing temperature
are presented in Table 6. For PuC, our calculated values are in
good agreement with experimental data.*® However, a notable
temperature-dependent deviation exists. At 427.6 K, the calcu-
lated value is 7% higher than the experimental value, whereas it
is 7% lower at 921.7 K. This reverse discrepancy is primarily
attributed to the inherent limitations of the QHA, particularly
its neglect of electronic thermal contributions and anharmonic
phonon effects.*® At a moderate temperature like 427.6 K, the
overestimation arises mainly because the model fails to fully
reproduce the finite-temperature amplitudes of low-frequency
phonons within its 7 = 0 K harmonic framework. Addition-
ally, the neglect of electronic excitations, though minor, plays
a non-negligible role. At 921.7 K, the underestimation is
dominated by significant anharmonic effects such as phonon-
phonon scattering, beyond the scope of the QHA framework. Thus,
it is the temperature-induced emergence of these anharmonic
processes that drives the observed breakdown. The deviation is
further increased by the growing importance of omitted electronic
contributions and higher-order anharmonic effects at high
temperature. Volume effects from thermal expansion also
contribute to the overall error, but their role is secondary to the
effects previously described. Table 6 also lists our calculated values
of PuCy;500,5 at selected temperatures. Specifically, oxygen
substitution in PuC leads to a greater enthalpy difference (H;~H,os)
at the same temperature relative to pure PuC. This phenomenon
can be explained using fundamental thermodynamic relation-

ships: Hy — Hyos = szgsx Cp(T')dT . Since H;~H,os is the integral
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(Color online) Partial densities of states of AFM PuCgq 750 5 for different C atoms in LSDA + U (Ugss = 4.0 eV) framework. The Fermi level is

Table 6 Our calculated Hr—Hagg (kJ mol™) of PUC and PuCq 7500 25 in LSDA + U (Ueg = 4.0 eV) framework, along with the corresponding

experimental data (ref. 34)

Compound Method 4252 K 427.6 K 525.2 K 530.1 K 628.0 K 7332 K 825.2 K 830.5 K 921.7 K

PuC LSDA + U 6.075 6.183 10.940 11.171 15.970 21.175 25.715 25.991 30.520
Expt.>* 5.990 5.745 11.054 11.006 16.460 22.108 28.049 27.416 32.626

PuCo.500.25 LSDA + U 6.999 7.110 11.826 12.032 16.844 22.786 26.631 26.858 31.425

of Cp,, and oxygen substitution increases C;, (as shown in Table 7),
the H;—H,og of PuCy 750,25 is therefore more significant than that
of pure PuC at the same temperature.

Table 7 presents our calculated values of S;~Syos (J K™
mol ") and heat capacity (J K" mol ") for PuC and PuCy 750, »5
using the QHA. Kruger and Savage® calculated the constant-
pressure specific heat capacity (Cp) of PuC using the equation
(Cp = 13.08 + 11.44 x 10 *T — 3.232 x 10°T *) proposed by
Maier and Kelley.*” The relationship between C}, and C, is given
by the following equation:*®

14 P
= Cv”(ﬁ)p(ﬁ)V

where « denotes the volume thermal expansion coefficient, B is
the bulk modulus, V represents the volume, and T is the abso-
lute temperature. From Table 7, the entropy difference S;—S,9g
calculated in this work can also be compared with other theo-
retical results.*® In terms of heat capacity, the agreement
between our calculations and the data from Kruger and Savage®*
is not as good as that observed for S;—S,95. Beyond the limita-
tions of the QHA, our calculations only account for vibration
entropy (derived from phonon modes) and neglect the elec-
tronic contribution to entropy. This oversight leads to a growing

=C,+&BVT

V=Vo(T)

(5)

48302 | RSC Adv,, 2025, 15, 48296-48305

discrepancy between our results and Kruger and Savage's data®®
as temperature increases. Furthermore, as indicated by eqn (5),
the C, values differ from the C, values, with the difference
becoming more pronounced at high temperature. At high
temperature (over 800 K), our calculated C, for PuC tends to
a constant value of 49.6 ] K~* mol ™", which is very close to the
Dulong-Petit limit. The Dulong-Petit law* states that C, = 3N x
R, where N is the number of atoms per formula unit and R is the
gas constant. For PuC, each formula unit contains two atoms,
giving a theoretical value of 49.9 ] K™' mol '. Notably, the
deviation between our calculated value and this theoretical
limit is only 0.6%. The C, of PuC, ;50,5 also approaches the
classical limit (49.9 J K~ mol ") at high temperatures, as ex-
pected from the Debye model. At the low temperature, our
calculated C, for PuC, 50,5 is higher than that of pure PuC.
Local lattice distortions from oxygen substitution are respon-
sible for the enhancement. They generate additional defect
vibrations that the standard Debye model does not capture. The
increase in entropy similarly stems from the structural disorder
induced by these point defects. To quantitatively understand
these thermal properties, the Debye temperatures (6p) of PuC
and PuC, ;50,5 are derived from the phonon DOS. Fitting the
DOS to the Debye model (gp(W) = 9 Nw?/wp for w < wp) gives fp

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Our calculated S7—S.05 (J K™ mol™) and heat capacity (J K2 mol™) of PuC and PuCq 7500 25 in LSDA + U (Ueg = 4.0 eV) framework,

along with other theoretical values (ref. 34)

S1=Sa05 (J K~' mol™")

Heat capacity (] K~* mol )

Compound T (K) LSDA + U Other* C, (LSDA + U) C, (other)**
PuC 400 13.622 13.209 48.177 48.154
500 24.451 24.369 48.785 51.665
600 33.377 24.369 49.163 53.797
700 41.025 42.427 49.397 55.260
800 47.681 49.909 49.481 56.388
900 53.462 56.514 49.572 57.308
1000 58.816 62.742 49.624 58.102
PuCo 750025 400 14.047 — 48.459 —
500 24.938 — 49.048 —
600 33.992 — 49.438 —
700 41.657 — 49.708 —
800 48.063 — 49.799 —
900 53.855 — 49.845 —
1000 59.277 — 49.890 —

values of 271 K for PuC and 258 K for PuC, 750 »5. The 6 of PuC
(271 K) is consistent with the experimental value of 270 + 15 K
for PuC, ¢;.*° For PuC,,50,.,5, a smaller , indicates a softer
lattice and stronger low-frequency phonon vibrations. This is
consistent with the additional defect modes caused by oxygen
substitution, and it explains the observed increase in low-
temperature heat capacity.

3.4 Elastic properties

The elastic properties are evaluated using the “stress-strain
technique” based on the applied strains of +0.002. The stress is
determined as a function of the strain, with internal coordi-
nates optimized for each small strain, and the elastic constants
are obtained from the derivatives of stress with respect to strain.
Because the structures of PuC and PuC, ;50,5 belong to cubic
symmetry, there are only three independent elastic constants
C11, C1, and Cy,. From the obtained elastic constants, the elastic
modulus can be further derived by the Voigt formalism: the
shear modulus G = (Cy; — Cy, + 3C44)/5, Young's modulus Y =
9BG/(G + 3B) and Poisson's ratio ¢ = (B — 2G/3)/(2B + 2G/3),
where B is the bulk modulus defined by B = (Cy; +2C;,)/3. Table
8 lists all elastic constants and associated quantities.

For cubic crystals, the necessary conditions for mechanical
stability are given by (C1; — C15) > 0, (Cy1 +2Cy,) > 0, C1; > 0 and
Cyy > 0. Our calculated elastic constants satisfy all these
conditions, confirming that PuC and PuC, ;50,5 are elastically

Table 8 Calculated elastic properties of PuC and PuCg 750¢ 25 in LSDA
+ U (Uer = 4.0 eV) framework. G is shear modulus in GPa, Yis Young's
modulus in GPa, ¢ is Poisson's ratio, B is bulk modulus in GPa, and G/B
is ratio between shear modulus and bulk modulus

System Ci1 Cis Cus G Y a B G/B
PuC 225.72 139.94 50.72 47.59 130.49 0.37 168.53 0.28
PuCy 750005 228.81 126.97 66.29 60.20 160.56 0.33 160.92 0.37

© 2025 The Author(s). Published by the Royal Society of Chemistry

stable. From Table 8, PuC, ;50,5 exhibits larger G and Y
compared to PuC, indicating enhanced hardness. This trend
can be explained by the atomic-scale bonding behavior, as
shown by Bader charge analysis in Table 2. In PuC, each Pu
atom transfers 1.28|e| to the C atom, reflecting the intrinsic
ionic character of the Pu-C bond. In PuCg ;50025 OXygen
substitution leads to differentiated charge transfer. Pu atoms
near the O atom (Pu,) lose 1.38|e|, and this is 0.1]e| more than
Pu in PuC. The extra charge is transferred to the O atom (Qg (O)
= 7.38¢). Pu atoms far from O (Pu,) retain the same 1.28|e| loss
as in PuC, transferred to C atoms. The increased charge transfer
for Pu, confirms stronger ionic character in Pu-O bonds than in
Pu-C bonds. This intensifies electrostatic attraction between
ions, strengthens bonding, and leads to higher G and Y values.
The fact that only Pu, is affected indicates that hardening is
localized around oxygen defects, consistent with the moderate
difference in elastic moduli. The reliability of our computa-
tional approach is supported by the bulk modulus of PuC. Our
calculated result of 168.53 GPa is in reasonable agreement with
the previously reported value of 172 GPa (SIC-LSD*). For
PuCy ;500.5, B is slightly lower (160.92 GPa), likely due to local
lattice distortion from O substitution. This trend is consistent
with Bader volume analysis. Pu; in PuCy ;5005 has a smaller
volume (18.66 A®) than Pu in PuC (19.77 A%). This compression
around the oxygen defect may lead to a lower resistance to
volume deformation. The G/B criterion can be used to predict
the ductile and brittle behavior. According to Pugh's empirical
rule,” a value higher than the critical G/B ratio of 0.57 is asso-
ciated with brittleness, while a lower value corresponds to
ductility. Our results show that both PuC and PuC, ;50,5 have
G/B ratios below 0.57, confirming they are ductile materials.
However, PuC is relatively more ductile compared to
PuC, 750 .,5. This difference is also related to bonding nature.
The stronger ionic character of Pu-O bonds restricts atomic slip
and thus reduces ductility, whereas the more metallic Pu-C
bonding facilitates plastic deformation. The calculated

RSC Adv, 2025, 15, 48296-48305 | 48303
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Poisson's ratios are between 0.25 and 0.45 for typical metals,
further supporting their ductile nature.

3.5 Formation energy of O-substituted C defects

The thermodynamic stability for oxygen substituting in PuC is
assessed by calculating the defect formation energy (Eform)
within a PuCy ;50,25 model system. This energy quantifies the
energetic cost of replacing a carbon atom with an oxygen atom
and reflects the likelihood of defect formation. E¢om, is given by:

Eform = Edefective — Lperfect + MCc — Mo» (6)

where Egefective and Epersect are the total energies of the supercell
with and without the defect, respectively;uc and uo are the
chemical potentials of carbon and oxygen, referenced to
graphite and an isolated O, molecule. The calculated formation
energy is —5.11 eV, indicating that oxygen substitution is
a highly spontaneous process. This large energy gain at the
atomic scale drives the macroscopic oxidation of PuC. Our
result is consistent with the large negative reaction enthalpy of
—1000 kJ mol " (= —10.36 eV per formula unit) for PuC + O, —
PuO, + C.* This agreement validates our computational
approach and establishes oxygen incorporation as the key first
step. The spontaneity originates from the electronic structure of
the Pu-O bond. As revealed by our Bader charge analysis, the
charge transfer from Pu to O (1.38|e|) is greater than that in the
Pu-C bond (1.28]e|). The stronger ionic character enhances the
bond strength, as reflected in the highly negative Efyy,. The
large negative formation energy of —5.11 eV demonstrates that
PuC is intrinsically unstable towards oxygen ingress. Even
under low oxygen partial pressure, thermodynamics strongly
favors the dissolution of oxygen into the lattice and the
formation of a PuC, ;50,5 solid solution. This atomic-scale
finding quantitatively explains PuC's tendency to degrade over
time and highlights the necessity of controlling its exposure to
the atmosphere.

4. Conclusions

This work reveals the initial stage of plutonium carbide aging by
investigating PuC and PuC,;50¢,5. We demonstrate that
oxygen substitution is thermodynamically inevitable, as evi-
denced by its large negative formation energy (—5.11 eV). This
central result provides the atomic-scale driving force for the
degradation process. The oxygen substitution introduces a new
peak in the density of states (DOS). The new DOS peak is caused
by hybridization between Pu 5f/6d states and O 2p states. Bader
charge analysis further demonstrates that Pu ions near the O
atom in PuC, ;50,5 are ionized somewhat stronger than those
in the PuC system. At the same temperature, the oxygen
substitution in PuC causes greater values of Hy—H,o5, S7=S29s, Cp
and C, relative to pure PuC. Furthermore, the calculated elastic
properties reveal that PuC, ;50,5 is anticipated to be harder
than PuC, a result consistent with the fact that the Pu-O bond
has notably stronger ionic character than the Pu-C bond. Since
PuC, ;5005 is an important corrosion product of plutonium
during chemical aging, we expect that our studies on its
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structure and physical properties can help evaluate the actual
performance of plutonium.
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