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Abstract 

     The aim of this paper is to investigate the influence of multi-valency of americium in its oxide 

for the lowering of the thermal conductivity and the uncertainty in measurement. In the present study, 

thermal conductivity of non-stoichiometric americium oxide was evaluated up to 2000 K by the 

non-equilibrium molecular dynamics calculations using the Born-Mayer-Huggins interatomic 

potential with the partially ionic model. The oxygen-to-americium ratio (O/Am) was varied from 1.6 

to 1.9, which corresponded to the variation of the ratio of Am
3+

/Am
4+

. So, we prepared potential 

parameters for both Am
3+

 and Am
4+

. The calculated thermal conductivity of non-stoichiometric 

americium oxide decreased with an increase of temperature, and the degree of the temperature 

dependence became smaller with a decrease of the O/Am ratio. This was mainly caused by the 

phonon-scattering due to oxygen vacancies induced with Am
3+

 ions. Comparing two supercells in 

which (1) short-range ordered Am
3+

 clusters were contained and (2) Am
3+

 ions were randomly 

distributed, the thermal conductivity of the former seemed to be somewhat lager than that of the 

latter.  
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1. Introduction 

     For a nuclear fuel cycle, minor actinides (MA: Np, Am, Cm) are the key elements because 

these are possible to be used as MOX containing MA, or disposed a transuranic waste. In a novel 

concept for the nuclear transmutation system, these MA might be used as a target fuel, e.g. CERCER 

(ceramic-ceramic) or CERMET (ceramic-metal) fuel. Especially, americium isotopes have the high 

and lasting radiotoxicity. In addition, an americium ion shows the multi-valency in the oxide form 

from the view of a chemical property [1]. For high temperatures like a fuel operating temperature, 

the oxidation state of the americium ion is sensitive to oxygen partial pressure. As a result, the 

americium oxide often forms to be the mixture of dioxide and sesquioxide. Therefore, there were 

sometimes discrepancies among the empirical, semi-empirical and theoretical assessments [2-11]. 

For example, the literature data of the thermal conductivity of americium dioxide varied from ca. 3 

to 9 W·m
-1

K
-1

 around 300 K [3,9,10]. 

     We have evaluated various thermal properties of actinide oxides, e.g. uranium oxides and 

plutonium oxides and their solid solution by the molecular dynamics (MD) simulation so far [12-14]. 

Recently, thermal properties of stoichiometric AmO2 and Am2O3 have been reported [15]. And also, 

other researchers have demonstrated the validity of MD simulation for the analyses of thermal 

properties such as thermal expansion, heat capacity, thermal conductivity and so on [10,12,13]. 

Especially for the thermal conductivity, we have developed non-equilibrium MD (NEMD) method 

as the alternative simulation technique for equilibrium MD (EMD) method and have evaluated the 

effect of oxygen non-stoichiometry in oxide fuels [14]. In the present study, we therefore performed 

NEMD simulations for non-stoichiometric americium oxide AmO2-x (x < 0.5) in order to 

systematically investigate thermal conductivities. 
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2. Molecular dynamics simulation 

2.1. Interatomic potential function and non-equilibrium molecular dynamics simulation 

     In the present study, the MXDORTO program customized for the calculation of the thermal 

conductivity in non-equilibrium system was used in the MD simulation, and the original code was 

developed by Kawamura et al. [16]. Here we employed the Born-Mayer-Huggins (BMH) 

interatomic potential with the partially ionic model (PIM) to each ion pair in crystals. The 

interatomic potential function consists of three terms of Coulomb interaction, repulsive short-range 

interaction and van der Waals interaction. 
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where f0 (= 6.9511×10
-11

 N) is an adjustable parameter. Potential parameters, ai, bi and ci, are 

associated with an ion of type i. In Eq. (1), zi is the effective charge of a type i ion, and an ionic 

bonding of 67.5% is assumed for each ion in the present simulated system [12-15,17,18]. In order to 

calculate the thermal conductivity of non-stoichiometric americium oxide, we needed the potential 

parameters for both Am
4+

-O
2-

 and Am
3+

-O
2-

 systems. In the previous study [15], these potential 

parameters were determined to reproduce lattice structures, thermal expansions and bulk moduli 

experimentally obtained for fluorite AmO2 and cubic bixbyite Am2O3 crystals [1,2,5-7,19-21]. 

Potential parameters summarized in Table 1 were adequate for AmO2, however these gave a little 

small bulk modulus of Am2O3. 

     As one of the alternatives to the EMD method, the homogeneous NEMD one proposed by 

Evans [22] was applied to calculate the thermal conductivity in the present study. It gave the small 

errors of the thermal conductivities than the EMD at low temperatures. Errors in the EMD 
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calculations were originated from the large fluctuation of the auto-correlation function of the heat 

fluxes [15]. As described below, the NEMD method can be kept away from such a drawback. In the 

homogeneous NEMD scheme, dynamics of the particles in the simulated cell are governed by the 

following equations of motion: 
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where iq


 and ip


 are the generalized coordinate and momentum of i-th particle, vi the velocity, 

iF


 the force, extF


 the perturbed external force field parameter coupled with iD


 the tensor 

parameter. Here, iD


 means the deviation energy of i-th particle from average of energy in the 

N-particle system [23]. For  )0,0,( extext FF 


, the thermal conductivity in x direction is written by 
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Therefore, in the NEMD scheme, the thermal conductivity is defined as the proportional constant 

between the time-averaged energy current (heat flux) and the perturbed external force field 

parameter. In the above equations, )(tjE


 is generally written by 
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The energy current in the Coulomb system for the present study was given by Bernu [24]. In the 

EMD, the calculation of the auto-correlation functions of energy currents expressed in Eq. (5) was 
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required, but not required in the NEMD [15]. 

 

2.2. Supercells and simulation procedure 

     In the present study, we prepared two types of supercells for AmO2-x crystal. One is the 

supercell contains the short-range ordered cation clusters, which are tetrahedrons consisting of Am
3+

. 

Hereafter, this supercell is called SC1 and is shown in Fig. 1 (a). For the initial configuration of the 

SC1 supercell, 1/8 unit cell of bixbyite Am2O3 (Am
3+

 ions: 4, O
2-

: 6) and a unit cell of fluorite AmO2 

(Am
4+

 ions: 4, O
2-

: 8) were mixed for the specified O/Am ratio because the lattice constant of 

bixbyite is about twice as large as that of fluorite. Thus, cubic SC1 supercell consisted of less than 

1500 ions but number of cations was strictly 500. The other is one in which Am
3+

 ions were 

randomly substituted for Am
4+

 ions on cation sub-lattice sites of 555 fluorite unit cells, which 

means the positions of Am
3+

 ions were given by random numbers generated by a computer. 

Subsequently, O
2-

 ions were removed in accordance with the amount of Am
3+

 ions. This supercell is 

called SC2 and is shown in Fig. 1 (b). According to the phase diagram of Am-O system, in the O/Am 

range between 1.6 and 1.9, fluorite AmO2-x dominates above roughly 1100 K, however bixbyite 

Am2O3+y and fluorite AmO2-x coexists at low temperatures [25]. Unfortunately, experimental results 

are rather restricted for studies of the phase diagram. Of course, the configurations of lattice defects 

are not understood sufficiently for this system. Therefore, although two types of supercell described 

above might not reflect the defect configuration actually formed in the real crystal, we made such an 

assumption, i.e. SC1 and SC2.  

     The homogeneous NEMD calculation was performed under the periodic boundary conditions, 

and temperature of the system was controlled with the Nóse thermostat. The thermostat mass was 

110
-13

 kg·m
2
 [16]. Following the initial relaxation calculation with 210

4
 steps (= 40 ps), the 

NEMD simulation was performed for 510
4
 steps (= 100 ps) in the NVT ensemble for 5 or 6 
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different Fext values and directions of x, y and z. During the calculation, the supercell shape was kept 

to cubic even for the system including oxygen vacancies. 

 

 

3. Results and discussion 

     Fig. 2 shows the O/Am dependence of lattice constant of AmO2-x around 300 K. In this figure, 

the experimental result and Vegard’s law, which is predicted by a mixture of bixbyite and fluorite, 

are plotted, together with the results obtained from NEMD calculations. The experimental result by 

Chikalla clearly shows the coexistence of hyperstoichiometric bixbyite and stoichiometric fluorite 

[25]. Our calculated results are in good agreement with experimental one and Vegard’s law, and the 

lattice constants of SC1 and SC2 increase with a decrease of O/Am ratio, which is that the 

substitution of Am
3+

 with inducing oxygen vacancies results in an increase of the lattice constant. 

The difference in lattice constant between SC1 and SC2 are rather small. Such a tendency was 

caused from an expansion of the distance between nearest-neighbor (NN) oxygen ions. The pair 

correlation function of O-O shows in Fig. 3. Although the difference between SC1 and SC2 cannot 

be observed, NN distance apparently increases with decreasing O/Am ratio. 

     The thermal conductivities of non-stoichiometric oxides were evaluated by NEMD 

calculations. The calculated thermal conductivity was determined by Eq. (4). For AmO1.8, the 

relationship between the time-averaged heat flux and the perturbed external force field parameter is 

shown in Fig. 4. The value of the heat flux increases with respect to Fext, which means the linear 

response between the heat flux and Fext. When too large Fext was applied to the system, the linear 

response broke down. The slope of the linear relation observed decreases with an increase of 

temperature because of phonon-phonon interaction (Umklapp process) at high temperatures. 

     In the previous study, we reported that the calculated thermal conductivity of AmO2 was 
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comparable with that of UO2 [26] and was inversely proportional to temperature, whereas that of 

Am2O3 was ca. 0.8 W·m
-1

K
-1

 regardless of temperature [15]. The calculated thermal conductivities 

of AmO2-x are shown in Fig. 5, together with the literature data. The low thermal conductivity less 

than 1.0 W/m/K was measured for AmO2-x by Schmidt, where oxygen deficiency x was unclear [8]. 

Recently, the temperature dependence of thermal conductivity of AmO2-x was reported by Nishi et al. 

[3]. The reported O/Am ratio varied from 1.73 to 1.90. The MD calculation seems to be comparable 

with experimental data measured by Nishi et al. [3], and predicts that the O/Am ratio is near 1.5 for 

Schmidt’s experiment [8]. At the O/Am ratio of 1.9, the calculated thermal conductivity clearly 

decreases with an increase of temperature for both SC1 and SC2. With decreasing the O/Am ratio, 

the thermal conductivity decreases, and the degree of the temperature dependence also decreases, 

which means that at high O/Am ratios, both Umklapp process and phonon-defect interaction 

contribute to the lowering of thermal conductivity, whereas at low O/Am ratios, the phonon-defect 

interaction dominates. Furthermore, from the point of view of the defect configuration, the thermal 

conductivity of SC1 is higher than that of SC2 for the O/Am = 1.9 at low temperatures but is almost 

same for small O/Am ratios. Fig. 6 shows the oxygen coordination number (CN) of Am
3+

 or Am
4+

 

ion, which figures out the local defect configuration around a cation. At 300 K, the initial 

configuration still remains even after the relaxation calculation because oxygen cannot move around 

in the supercell (Fig. 6 (a)). As a result, the difference in CN for SC1 can be clearly observed 

between Am
3+

 and Am
4+

. On the other hand, such a difference cannot be observed for SC2, and CN 

is almost same as one given by ideal solid solution, i.e. random distributions of Am
3+

 ions and 

oxygen vacancies. At 2000 K (Fig. 6 (b)), the difference in CN between SC1 and SC2 becomes small 

because oxygen can easily move around. However, the defect configuration of SC1 still remains at 

2000 K. Therefore, although a local configuration of defects is different between SC1 and SC2, the 

thermal conductivity is almost same for the O/Am ≤ 1.8 at even low temperatures. It seems that the 
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oxygen deficiency, x, simply effects the thermal conductivity of AmO2-x, where x ≥ 0.2. Here, 

oxygen vacancy and Am
3+

 ion, both contribute to oxygen deficiency. Although the interatomic 

potential function is different between Am
4+

 and Am
3+

 ions, both ions occupy the cation sub-lattice 

sites and cause little alteration of its lattice structure. On the other hand, oxygen vacancies cause the 

significant alteration of anion sub-lattice structure. Therefore, it is highly possible that oxygen 

vacancies more contribute to the lowering of thermal conductivity than Am
3+

 ions if the phonon 

dispersion of AmO2 is almost kept even for the system where some defects are introduced, i.e. 

AmO2-x. The following discussion is also based on this hypothesis. 

     In general, the thermal conductivity can be expressed in (A + B·T)
-1

, where A and B are 

constants, T is temperature. A is the thermal resistance caused by the phonon-defect interaction while 

B·T is one caused by the phonon-phonon interaction. The values of A and B, which are estimated 

from thermal conductivities in Fig. 5, are plotted as a function of the O/Am ratio in Figs. 7 (a) and 

(b), respectively. Our calculated results show that A of stoichiometric AmO2 is almost zero and 

increases with a decrease of the O/Am ratio, which is interpreted that oxygen deficiency strongly 

effects the lowering of thermal conductivity at the wide range of the O/Am ratio. These results mean 

that the thermal conductivity of stoichiometric AmO2 well obeys the above thermal resistance model. 

Furthermore, the thermal resistance A of cubic Am2O3 is not zero, which means that if the lattice 

structure of AmO2 is ideal fluorite, that of Am2O3 is considered to be deformed fluorite or fluorite 

including defects. It is because the crystal structure of Am2O3 is bixbyite and positions of Am and O 

ions except for oxygen vacancies in Am2O3 are almost same as those of fluorite AmO2. On the other 

hand, B values for O/Am = 1.9 are comparable with that of AmO2, whereas at O/Am ≤ 1.8, these 

values are almost same as that of Am2O3. Hence, in the Am-O system, the temperature dependence 

of thermal conductivity is rapidly decreased with an increase of oxygen deficiency, and as a result, 

the thermal conductivity of AmO2-x approaches to that of Am2O3. 
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4. Conclusions 

     In the present study, the thermal conductivity of AmO2-x was evaluated by NEMD simulation 

using the BMH potential function with the PIM. The thermal conductivity was obtained as the 

proportional constant between the energy current and the perturbed external force field parameter in 

the homogeneous NEMD system. The calculated results were almost comparable with experimental 

results obtained from AmO2-x. Considering the O/Am ratio dependence, the thermal conductivity 

calculated from NEMD simulation decreases with an increase of temperature at O/Am ≥ 1.9 and 

almost constant with respect to temperature at O/Am ≤ 1.8, which means that both phonon-phonon 

and phonon-defect interactions contributes to the lowering of thermal conductivity at high O/Am 

ratios and the phonon-defect interaction dominates it at low O/Am ratios. From the point of view of 

defect configurations, under the condition of O/Am = 1.9 and low temperatures, SC1 supercell with 

Am
3+

 tetrahedron clusters has higher thermal conductivity than SC2 supercell in which Am
3+

 and 

oxygen vacancies were randomly distributed. For other conditions, almost comparable results were 

obtained for SC1 and SC2 supercells. This is the reason why the partially coherent phonon 

propagates in crystal for the former condition since the local defect configuration still remains, 

whereas the phonon propagation is strongly disturbed by defects, i.e. oxygen vacancies, under the 

latter condition. 
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Figure captions 

Fig. 1. Simulated supercells in which (a) tetrahedron consisting of Am
3+

 contained (SC1); (b) Am
3+

 

randomly distributed (SC2). Large green ball stands for O
2-

, small blue one Am
4+

 and light blue one 

Am
3+

. Each enlarged image of defect configuration is also shown here.   

 

Fig. 2. Lattice constants of AmO2-x as a function of the O/Am ratio around 300 K. 

 

Fig. 3. Pair-correlation function (PCF) of O-O ions as a function of distance for (a) SC1 and (b) SC2 

supercells. 

 

Fig. 4. Heat flux of AmO1.8 as a function of perturbed external force field. 

 

Fig. 5. Thermal conductivity obtained from NEMD calculation for AmO2-x as a function of 

temperature. 

 

Fig. 6. Oxygen coordination number (CN) as a function of O/Am ratio for (a) 300 K and (b) 2000 K. 

 

Fig. 7. A (a) and B (b) constants as a function of O/Am ratio. Here, the temperature dependence of 

thermal conductivity is given by (A + B·T)
-1

. 
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Table 

Table 1. Potential parameters of the Am-O system 

Ion zi ai [nm] bi [nm] ci [J
0.5

 ·nm
3
·mol

-0.5
] Reference 

Am
4+

 2.7 0.1282 0.00373 0.0 [15] 

Am
3+

 2.025 0.1271 0.00301 0.0 [15] 

O
2-

 -1.35 0.1847 0.01660 1.294 [17,18] 
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