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INTRODUCTION

The Minor Actinides (such as Np, Am and Cm) accumulated in the nuclear reactor are considered as the most important part
of the long-life radioactive waste. Their burning in the new generation nuclear reactors is proposed to reduce the required volume
for the waste definitive proposal M. Actinide based materials possess interesting physical behavior due to the existence of 5f
electrons and have attracted extensive attentions 28, Observation of a high energy peak in the inelastic neutron scattering cross
section is a clear indication of the localized nature of the 5f states °\. The corrosion behavior of nuclear materials has been often
unusual and difficult to interpret because of the complex electronic structure of the actinide elements and their radioactivity.
Plutonium (Pu) element is a reactive metal whose surface does easily oxidize to Plutonium dioxide (PuO,) when exposed to air and
moisture 1, PuO, is a chemically stable Pu oxide, which shows no sign of reaction when exposed to air (11 Chemical properties
of the actinide compounds are not characterized by only 5f electrons but also by 6d or 7s electrons, so that it is very complicated
to clarify their behavior. Therefore, understanding of the valence state of Americium (Am) in the oxide nuclear fuel is one of the
key issues for the management of oxide nuclear fuels. To evaluate the behavior of Am in the oxide nuclear fuel, the local and
electronic structures around Am atom provide indispensable information, because the valence state of Am strongly affects the
chemical potential of oxygen and thermal properties of the fuels 1213,

Different physical properties of (AmO,) have been investigated in experiments ever since 1969 4. Americium has high
and lasting radio toxicity that can cause problems especially in view of the long term safety issues for the final disposal of
radioactive waste. It is, therefore, better to recycle Am into a reactor and to transmute it into stable or less-toxic nuclides. Thus,
Am-containing oxides are considered as promising transmutation devices %1€, Among the MAs, Americium presents a major
concern because of the extremely high oxygen potentials of Am-containing oxides 721, Their oxygen potentials are indispensable
data for safe irradiation in a reactor. Among them, (Pu, Am)0,-X is a candidate form for the Am-containing oxide for both fast
reactors 7! and accelerator driven sub-critical systems 22, Therefore, it is important to evaluate the properties of the MA oxides.
However, there is only a little information on the properties for the MA oxides; in addition they are limited to a few properties, or a
small temperature range. This is because of the difficulties associated with the high radiation fields. Since, the recycled fuel will be
widely used in the future, it is necessary to develop a new technique to evaluate the thermophysical properties of the MA oxides.
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Recently, minor actinides (MAs), especially Am, have become of special concern for the establishment of a future nuclear fuel
cycle that is compatible with the requirements for a reduced environmental burden and sustainable energy supply 2. To reduce
the potential long-term hazard of radioactive wastes, transmutation of MAs is considered to be an important option for the future
nuclear fuel cycle 4. Within the framework of the studies on nuclear waste transmutation, it is important to study the chemical
thermodynamic properties (among others) of the minor actinide (MA) compounds. The minor actinide oxides as composites with
MgO or solid solutions with UO, or stabilized ZrO, are considered as fuels for transmutation . Therefore, the local and electronic
structures around the Am atom in the oxide fuels are providing indispensable information because the valence state of Am
strongly affects the oxygen potentials and thermal properties of the MA-MOX fuels 4,

In this study we do concentrate on the fundamental properties linked with different states s, p, d and f, but our main focus
is on the 5f electrons. Actinide materials have been extensively studied due to their interesting physical behaviors of the 5f
states and always attracted particular attention because of their importance in nuclear fuel cycles ?42°, Plutonium mixed oxides
(MOX) have several isotopes with different decay constants. In present work the lattice constants, electronic, Bulk moduli, band
structures, total and partial density of states of actinide oxides are calculated using the linearized augmented plane wave (LAPW).

COMPUTATIONAL METHOD

In order to investigate the structural and electronic properties of PuO, and AmO, at ground state, we do perform the First
principle simulations which have been carried out using the WIEN2k code 331, |n this work, full potential linearized augmented
plane wave (FP-LAPW) method B2 within the generalized gradient approximation (GGA) 2% are used to solve the Kohn-Sham
equations, to estimate the structural, electronic and magnetic properties of PuO,, AmO,,. The linearized augmented plane waves
(LAPW) and augmented plane wave with local orbitals (APW + |0) are adopted as basis because the highest efficiency is found for
a mixed basis set. Plutonium (6s? 7s2? 6p° 6d? 5f°), Americium (6s2 7s26p°® 642 5f7), Uranium (6s? 7s2? 6p° 6d*5f°) and Oxygen (2s?
2p*) are dealing with valence states. For the quantum mechanical understanding, the Density Functional Theory 3435 calculations
have been performed by employing the local density approximation (LDA) ¢! to describe the electron exchange and correlation or
the generalized gradient approximation B (GGA) for the exchange-correlation functional. Semi-core states are included so that
more accurate results can be achieved.

For the exchange-correlation potential we used the form derived by Perdew et al. 138, Basis functions are expanded
simultaneously as spherical harmonic functions (inside non-overlapping muffin-tin (MT) spheres centred at atomic sites) and as
plane waves in the interstitial region. The 1-expansion (azimuthal quantum number) of the non-spherical potential and charge
density inside MT spheres is carried out up to 11 = 10. The plane waves are expanded up to a cut-off parameter, k__, fulfilling
the relation RMT kmax = 8, where RMT is the average radius of MT spheres.

RESULTS AND DISCUSSION

The electronic properties of crystalline AmO, and PuO, materials are investigated by using the spin polarized electronic band
structures with GGA method. The calculated band structures of AmO, and PuO, materials are presented in the Figures 1a-2b. It
is clear from the Figure 1a that there exists the band gap of 3.2 eV for the spin up of AmO,,. It is clearly seen that the Fermi level
crosses the valence band. This crossover shows that AmO, material is metallic in nature. For PuQ,, it is clear from the Figure 2a
that Fermi level also crosses the valence band and there exists a band gap of 2.8 eV above the Fermi level and this shows that
the PuO, material is also metallic in nature. Figures 1b and 2b have the calculated band structures for the spin down states of
AmO, and PuO,, respectively. These figures show that there exist the band gaps of 1.6 and 0.01 eV for the spin down for AmO, and
PuO,, respectively. These figures show that the Fermi level crosses the valence band. These crossovers show that these materials
are metallic in nature in case of both spins.
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Figure 1. Spin polarized band structure of AmO,: (a) majority spin and (b) minority spin.
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Figure 2. Spin polarized band structure of PuO2: (a) majority spin and (b) minority spin.

This theoretical investigation of PuO, and AmO, materials shows that the difference in lattice constant can be seen clearly
in their band gaps for the both materials. The band gap for the majority spin can be seen 3.2 and 2.8 eV for PuO, and AmO,,
respectively. The value of difference in majority spins for these materials is 0.4 eV. In case of minority spin the band gap is 1.6 and
1.0 eV for PuO, and AmO,, respectively. Difference of band gap of PuO, and AmO, is 0.6 eV for the minority spin. The 5f electronic
states of these actinides in AmO, and PuO, materials have the largest overlap due to contribution of oxygen-2p states. However,
these values are different from the other works on PuO, #9441,

The calculated spin polarized total density of states for PuO, and AmO, are shown in the Figure 3a and 3b, respectively. For
PuO,, itis clear from the figure that the states in the energy range -7.41t0 -2.5 eV are due to the incomplete O-p state with a small
contribution of the Pu-6d state. Therefore, it is sure that this region has majority contribution of O-p state. The obtained electronic
states show metallic character with considerable 5f state disturbing at the Fermi energy with 6 electrons in f state. There is an
energy shift lies between the range: 1.25 to 2.8 eV. It can be observed an energy shift that occurs in the conduction band which is
due to the contribution of p-state of the oxygen in the above mentioned range. The repulsion can be observed in the range: 2.9 to
9.8 eV for the both O and Pu atoms. For AmO,, similar pattern can be seen in the range: -7.41 to -2.5 eV. The majority contribution
in this region is due to the O-p state and minority contribution is due to 6-d state. Therefore, metallic behavior of AmO, material
can be observed in this region because of 5f states disturbing at the Fermi energy with the contribution of 7 electrons in f-state.
The similar pattern can be seen for PuO, which is due to the presence of 6-d states. The only change in their peaks of f states is
due to the difference of electrons in f-states of PuO, and AmO, materials.
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Figure 3. Spin dependent total and partial density of states for (a) PuO2 and (b) AmO,,.

Figure 4 carries the comparison of the f-sates for both materials. It is clear from the graph that the dominant peak is of the
Am atom in the region of -0.8 to -0.65 eV. The decrease can be observed from valence band to the conduction band and a phase
shift is clearly observed in the conduction band. There is a small distortion found when phase shift occurs for both materials. In
case of Pu the peak of the f-state shifted towards the Fermi level and interested factor is observed when it does shifts to spin
down. A narrow gap of 0.6 eV for Pu and 0.15 eV for Am is found when it does the phase shift.

Figure 5 shows that there is an overlapping for Am-d and Am-p states of the oxygen in the region of -7.5 to -2.5 eV and
repulsion can also be seen in this region for all states. But the interesting result can be seen in the region of -1 to 2.6 eV. There
is a sudden change in the energy before the Fermi energy and it goes to decrease. A shift can be found from one spin to another
in the above said region and same shift can be observed in Figure 4.
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Figure 4. Spin dependent total and partial density of state of f-state of Am and Pu.
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Figure 5. Repulsion of Am 6p, 6d-states and O-2p-state for both spins of the AmO,,.

Figure 6 shows that there is an overlapping for Pu-p and Pu-d states in the range of -7.5 to -2.5 eV and repulsion can also be
observed in this region for all states. Interesting result is seen in the region -1.0 to 2.6 eV. There is a sudden change in the energy
before the Fermi energy and it tends to decrease. In this region a shift can be found from one spin to another spin.
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Figure 6. Repulsion of Pu 6p, 6d-states and 0-2p state for both spins of the PuO,,.

The interesting feature of these materials is the crystal field splitting which describes two sets of degeneracy. These two

states are doubly degenerate ‘eg’
lower-energy orbitals (d_, d and d_) are collectively referred to as t, state and the two higher-energy orbitals (d ,and d
Xy’ Txz yz 2g 72 X2-y2

state and triply degenerate 1, g’
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state. The total density of states is projected onto atomic d orbitals. The bandwidth of the AmO, for e, state is 3.5 eV and for t2g
state is 1.9 eV with centered at 5.25 and 8.45 eV, respectively. The difference between these two centers is 3.2 eV which is the
crystal field splitting for AmO, material. The bandwidth of the PuO, for e, state is 3.4 eV and for t,, state is 4.7 eV with centered
at 4.7 and 8.16 eV, respectively. The difference between these two centers is 3.46 eV, which is the crystal field splitting for PuO,
material.The calculated lattice constant in this study for AmO, and PuQ, are 5.3263 and 5.305 A, respectively. The experimental
lattice constants are 5.380 and 3.5401 A for AmO, and PuQ,, respectively. These calculated values are 1% less for AmO, and
1.778 % less for PuO, as compared to the experimental values “>*°.. This shows that a comparable result is obtained. The results
of these calculations clearly shows that the metallic 5f states have been found, in other words the metallic 5f states might affect
the surface chemistry either with hybridization or transfer change from/to electronic states (Table 1).
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Figure 7. Partial density of state of d, d-eg, d-t2g states of Pu for both spins.
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Figure 8. Partial density of state of d, d-eg, d—t2g states of Am for both spins.

Table 1. Calculated values of lattice constants, bulk moduli, and band gap energies for AmO, and PuQ,1*%4°],

Compounds Calculations Lattice Constant (A) Bulk Modulus (GPa) Band Gaps (eV)

327
AmO This work 5.3263 225.9977 1.64

2
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Other Calculations 5.380"
{2.8 T
Pqu This work 5.305 220.5339 1.04
Other calculations 5.3901*"
CONCLUSIONS

We concluded that the Fermi energy of the AmO, and PuO, materials are 0.80561 and 0.78551 eV, respectively. The spin
dependent structures show that the energy crosses the Fermi level which shows the both actinide oxides are metallic in nature.
In case of AmO, material, the peak of the density of states (DOS) is higher and away from the Fermi level in the conduction band
as compared to PuO, material. When we studied the states of both materials, an interesting feature is observed during the phase
shift of spins that clear energy gap can be observed in the case of PuO,, while for the AmO, a minor gap in energy has been
found. More or less, all properties of both compounds are same, except for 5f states, which make AmO, material more stable and
radioactive as compared to PuO, material. The crystal field splitting shows the energy gap for e, and t2g states. The value of crystal
field splitting is 3.2 and 4.6 eV for AmO, and PuO, materials, respectively.

REFERENCES

Wang Y, et al. Control of Surface Functional Groups on Pertechntate Sorption on Activated Carbon. SciTech Connect.
Savrasov SY, et al. Correlated electrons in delta-plutonium within a dynamical mean-field picture Nature 2001;410:793-795
Albers RC. Condensed-matter physics: An expanding view of plutonium. Nature. 2001;410:759-761

Hecker SS, et al. Simple technique for determining forming limit curves. Mater Trans A 1975;35 2207.

o LR

Moore KT, et al. Rampant changes in 5f52 and 5f7/2 filling across the light and middle actinide metals: Electron energy-
loss spectroscopy, many-electron atomic spectral calculations, and spin-orbit sum rule. Phys Rev B 73 2007;76:033109.

6. Prodan ID, et al. Lattice defects and magnetic ordering in plutonium oxides: A hybrid density-functional-theory study of
strongly correlated materials. J Chem Phys 2005;123:014703.

7. Prodan ID, et al. Electronic structure: Wide-band, narrow-band, and strongly correlated systems-Assessment of
metageneralized gradient approximation and screened Coulomb hybrid density functionals on bulk actinide. Phys Rev B
2006;73:45104-45104.

8. Prodan ID, et al. Electronic structure: Wide-band, narrow-band, and strongly correlated systems-Covalency in the actinide
dioxides: Systematic study of the electronic properties using screened hybrid. Phys Rev B 2007;76:33101-33101.

9. Kern S, et al. Crystal-field transition in PuO2. Vigil Phys Rev B 1999;59:104.

10. Cooper NG. Experimental electronic heat capacities of a— and 6—Plutonium; heavy-fermion physics in an element. Journal
of chemistry 2000;26:01-50

11. Weigel F, et al. The Chemistry of the Actinide Elements. Chapman & Hall, New York 1986;1:680.
12. Otobe H, et al. Oxygen potential measurements of Cm0.09Pu0.9102-x by EMF method. J. Am. Ceram Soc 2010;9:1981.
13. Nishi T, et al. Thermal conductivities of (Np,Am)N and (Pu,Am)N solid solutions. J Nucl Mater 2008;373:295.

14. Karraker DG. Hypersensitive transitions of six-, seven-, and eight-coordinate neodymium, holmium, and erbium chelates. J
Chem Phys 1975;63:3174.

15. Chauvin N, et al. Optimisation of inert matrix fuel concepts for americium transmutation. J Nucl Mater 1999;274:105.

16. Yoshimochi H, et al. Fabrication technology for MOX fuel containing AmO2 by an in-cell remote process. J Nucl Sci Technol
2004;850:129.

17. Chikalla TD and Eyring L. Phase relationships in the americium-oxygen system. J Inorg Nucl Chem 1967;29:2281.

18. Otobe H, et al. Oxygen Potential Measurement of Americium Oxide by Electromotive Force Method J Am Ceram Soc
2008;91:1981.

19. Otobe H, et al. Thermochemical and thermo physical properties of minor actinide compounds. J Nucl Mater 2009;389:68.
20. Osaka M, et al. Oxygen potentials of (U0.685Pu0.270Am0.045)02-x solid solution. Alloys Compd 2005;397:110.

21. Osaka M, et al. A high-performance thermoelectric bulk material with extremely low thermal conductivity. J Nucl Mater
2006;357:69.

22.  Wallenius J. Ab initio formation energies of Fe-Cr alloys. J Nucl Mater 2003;320:142.

RRJOMS | Volume 4 | Issue 1 | March, 2016 62



23.

24,
25.
26.
27.

28.

29.
30.

31.

32.
33.
34.
35.

36.
37.

38.
39.

40.

41.

42,

43.

44,

45,
46.

e-ISSN:2321-6212
p-ISSN:2347-2278

Aizawa K. Carbonic anhydrase and CO2 concentrating mechanisms in microalgae and cyanobacteria Prog. Nucl Energy
2002;40:349.

Nishi T, et al. Thermal conductivity of neptunium dioxide. J Nucl Mater 2008;373:295.
Thiriet C and Konings RJM. Chemical thermodynamic representation of AmO2-x. J Nucl Mater 2003;320:292.
Heathman S, et al. A High-Pressure Structure in Curium Linked to Magnetism. Science 2005;309:110.

Prodan ID, et al. Covalency in the actinide dioxides: Systematic study of the electronic properties using screened hybrid
density functional theory. Phys Rev B 2007;76:033101.

Atta-Fynn R and Ray AK. Does hybrid density functional theory predict a non-magnetic ground state for 6-Pu?. Phys Rev B
2007;76:115101.

Moore KT and Laan VG. Nature of the 5f states in actinide metals. Rev Mod Phys 2009;81:235.

Schwarz K and Blaha P. An Augmented Plane Wave + Local Orbitals Program for Calculating Crystal Properties. Comput.
Mater Sci 2003;28:59

Blaha P, et al. Electronic structure calculations of solids using the WIEN2k package for material sciences. Computer Physics
Communications 2002;147:71-76

Andersen OK. Linear methods in band theory. Phys Rev B 1975;12:3060.
Wu Z and Cohen RE. More accurate generalized gradient approximation for solids. Phys Rev B 73 2006;73:235116.
Kohn W and Hohenberg P. Inhomogeneous Electron Gas. Phys Rev B 1964;136:664.

Sham LJ and Kohn W. Nobel Lecture: Electronic structure of matter—wave functions and density functionals. Phys Rev B
1965;140:1133.

Ceperley DM and Alder BJ. Ground state of solid hydrogen at high pressures. Phys Rev Lett 1980;45:566.

Wang Y and Perdew P. Pair-distribution function and its coupling-constant average for the spin-polarized electron gas. Phys
Rev B 1922;45:13244.

Perdew JP, et al. Generalized Gradient Approximation Made Simple. Phys Rev Lett 1996;77:3865.

Prodan ID, et al. Covalency in the actinide dioxides: Systematic study of the electronic properties using screened hybrid
density functional theory. Phys Rev B 2007;76:033101.

Sun B, et al. Ground-state properties and high-pressure behavior of plutonium dioxide: Density functional theory calculations.
J Chem Phys 2008;128:084705.

Andersson DA, et al. Crystal and Electronic Structures of Neptunium Nitrides Synthesized Using a Fluoride Route. Phys Rev
B 2009;79:024110.

Jomard G, et al. Structural, thermodynamic, and electronic properties of plutonium oxides from first principles. Phys Rev B
2008;78:07512.

Zhang P, et al. Ground-state properties and high-pressure behavior of plutonium dioxide: Density functional theory
calculations. Phys Rev B 2010;82:144110.

Nakamura H, et al. Rotational isotropy breaking as proof for spin-polarized Cooper pairs in the topological superconductor
Cu x Bi 2 Se 3. Phys Rev B 2010;82:131-155.

Buijs K, et al. Neutron diffraction study of 243Am02. J Inorg Nucl Chem Suppl 1976;4:209.
Clark DL, et al. The Chemistry of the Actinide and Transactinide Elements. Springer 2008;2:1027.

RRJOMS | Volume 4 | Issue 1 | March, 2016 63



	ABSTRACT
	For Correspondence 
	INTRODUCTION

