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ABSTRACT 

Thermodynamic and mechanical properties of rutherfordine, a uranyl carbonate mineral, were 

studied by means of first principle calculations based on density functional theory. 

Thermodynamic properties, including enthalpy, free energy, entropy, heat capacity and Debye 

temperature were evaluated as a function of temperature and compared with experimental data in 

the 300-700 K range. Our calculations show very good agreement with experimental data and, 

based on them, the knowledge of these properties is extended to the temperature range from 0 to 

1000 K, including the full range of thermal stability (0-700 K). The computed values of the heat 

capacity, entropy and free energy at 298 K deviate from experimental values by about 8, 0.3 and 

0.3%, respectively. At 700 K, the corresponding differences remain very small, 3.9, 2.3, and 

1.3%, respectively. The equation of state and mechanical properties were also computed. The 

crystalline structure is seen to be mechanically and dynamically stable. Rutherfordine is shown 

to be a highly anisotropic and brittle material with very large compressibility along direction 

perpendicular to the sheets characterizing its structure. The computed bulk modulus is very 

small, B ~ 20 GPa, in comparison with the values obtained in previous calculations. 
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I. INTRODUCTION 

One of the most relevant issues in nuclear and energetic sciences is the protection of the 

environment. The prediction of the behavior of hazardous materials under diverse environmental 

conditions is extremely important. Fundamental thermodynamic data are the indispensable basis 

for a dynamic modelling of the chemical behavior of contaminant waste components. They are 

needed in order to evaluate the origin and evolution of uranium ore bodies, in developing 

programs for the solution mining of uranium deposits or mine dumps, in the study of spent 

nuclear fuel (SNF) radioactive waste and in the containment of such waste, and may also be of 

importance in reactions within breeder reactors.1-4 The knowledge of precise thermodynamic 

data is basic in the development of geochemical and used fuel degradation models.5 

The enormous importance of the thermodynamic information in the assessment of the safety of 

nuclear waste repositories is reflected by the large number of recent experimental works on this 

topic culminating in large reviews and updates of thermodynamic properties of uranium bearing 

species6-9 and other systems containing related elements.10 Recent studies include, among others, 

the important experimental determinations by means of solubility and calorimetry measurements 

of the thermodynamic properties of uranyl peroxide hydrates,11-14 uranyl carbonate minerals,15 

uranyl phosphate and orthophosphate minerals,16 and uranyl silicates.17-20 While the 

thermodynamic information database of uranium bearing species is very advanced, there are 

many secondary phases for which the corresponding data is inaccurate due to large experimental 

uncertainties.2 Additionally, the range of conditions (i.e., temperature and pressure) for which 

these properties are known is quite limited. 

As noted by Weck et al.,21 the availability of a great amount of information on the formation, 

thermodynamic stability and phase transformations of alteration phases formed at the SNF 
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surface contrasts with the paucity of data regarding the mechanical stability and properties of 

these phases. In fact, saving the theoretical study of the uranyl peroxide hydrates, studtite and 

metastudtite, by Weck et al.,21 no experimental or computational studies reporting data of this 

kind have been carried up to date. Theoretical methods may be advantageous to determine the 

thermodynamic and mechanical properties of these materials, since they are free of the 

difficulties associated to their radiotoxicity. While theoretical solid state methods may be used in 

order to obtain these properties, the calculations required are very complex and expensive.22-23 

For this reason, there are very few such studies and we may cite the recent works by Sassani et 

al.,5 Weck and Kim,24,25 Beridze and Kowalski23 and Weck et al.21.   

Uranium carbonate compounds and their importance in actinide environmental chemistry have 

been reviewed by Clark et al.26. Since carbonate and bicarbonate, present in significant 

concentrations in many natural waters, are exceptionally strong complexing agents for actinide 

ions, carbonate complexes of actinide ions play an important role in migration from nuclear 

waste repositories or in accidental site contamination. Due to the great relevance of uranyl 

carbonates, rutherfordine mineral was studied using experimental and theoretical methods in our 

previous work.27 As far as we are concerned, there is only a previous study28 of this mineral by 

means of solid state theoretical methods. However, the analysis of the results of this work reveals 

that the computed structure is not very precise. Therefore, the bulk modulus extracted from the 

equation of state of rutherfordine mineral reported in that work may be not accurate due to 

structural deficiencies, and deviates largely from the value reported in present paper.  

In this work, we study the thermodynamic and mechanical properties of mineral rutherfordine 

by means of computational density functional theory (DFT) calculations. In this way, we extend 

the previous study of this mineral27 in which the structure, X-Ray powder pattern and Raman 
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spectra were determined using a new norm-conserving relativistic pseudopotential for uranium 

atom. All the thermodynamic properties are evaluated as a function of temperature in the 0-1000 

K range, and compared with experimental data in the 300-700 K range. This paper is organized 

as follows. In Section 2, the methods used are described. In Section 3, the main results of our 

calculations of thermodynamic properties are given and compared with experimental data. The 

computed equation of state and mechanical properties are also reported in this section. Finally, in 

Section 4, the conclusions of this work are given. 

 

II. METHODS 

Rutherfordine unit cell has been modeled using the CASTEP code,29 a module of the Materials 

Studio package.30 The generalized gradient approximation (GGA) with PBESOL functional31-32 

was used. Geometry optimization was carried out using the Broyden–Fletcher–Goldfarb–Shanno 

optimization scheme33-34 with a convergence threshold on atomic forces of 0.01 eV/Å. The 

kinetic energy cutoff employed was 1000 eV and the corresponding k-point mesh35 adopted was 

5 x 3 x 6 (18 K points). They were selected in our previous work27 by performing calculations of 

increasing complexity. The above calculation parameters gave well converged structures and 

were considered sufficient to determine the final material properties. X-Ray powder pattern was 

determined from the optimized structure. Also, in that work we used the linear response density 

functional perturbation theory (DFPT)36-40 implemented in the CASTEP code in order to 

determine the Raman spectra of rutherfordine mineral. All these properties were evaluated for 

two different rutherfordine structures with symmetries Imm2 and Pmmn. For these structures, we 

obtained very close results for the energies and properties and, therefore, we concluded that both 

could be simultaneously present in nature.27 In present work, we have chosen the structure with 
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Imm2 symmetry among these two nearly degenerate structures in order to determine the 

thermodynamic and mechanical properties. 

The phonon spectrum at the different points of Brillouin zone can also be determined by DFPT 

as second order derivatives of the total energy.37 The knowledge of the entire phonon spectrum 

allows the phonon dispersion curves and density of states to be calculated and, from them, the 

evaluation of several important thermodynamic quantities in the quasi-harmonic approximation, 

such as free energies, enthalpies, entropies, specific heats and Debye temperatures.37,41 

Bulk modulus and its pressure derivative were calculated by fitting the lattice volumes and 

pressures to an equation of state. In the present study, the lattice volumes around the equilibrium 

were computed by optimizing the structure at several different pressures between -0.75 and 12 

GPa where negative pressure values mean traction or tension. The results were then fitted to a 

fourth-order Birch-Murnaghan equation of state42 using the computed volume at 0 GPa as V0 

using EOSFIT 5.2 code.43 

Elastic constants, needed for the calculation of mechanical properties and to study the 

mechanical stability of rutherfordine crystal structure, were calculated from stress-strain 

relations. For this purpose, finite deformation technique is employed in CASTEP. In this 

technique, finite programmed symmetry-adapted strains44 may be used to extract individual 

elastic constants from the stress tensor obtained as response of the system to the applied strains. 

For the calculation of elastic tensor, this stress-based method appears to be more efficient than 

the energy-based methods and the use of DFPT.45 

The norm-conserving relativistic pseudopotential46 for uranium atom employed in the 

computations was generated in our previous work.27 This paper and other publications47 may be 

consulted to find details of its construction and behavior for many different uranyl minerals. The 
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pseudopotentials used for C and O atoms in the unit cell of rutherfordine mineral were standard 

norm-conserving pseudopotentials46 given in CASTEP code (00PBE-OP type). 

 

III. RESULTS AND DISCUSSION 

III.1. Thermodynamic properties 

A phonon calculation was performed for the optimized rutherfordine structure (Imm2 

symmetry) and with the same calculation parameters as in our previous work.27 From it, 

thermodynamic properties were evaluated. Figures 1.A, 1.B, 1.C, and 1.D show the isobaric heat 

capacity, entropy, enthalpy and free energy functions, respectively, compared with the 

experimental data of Hemingway1. Finally, Fig. 1.E shows the calculated Debye temperature 

function. More details about the Debye temperature function calculated in this work, are given in 

Appendix B of the Supporting Information. Note that all enthalpy and free energy values have 

been divided by the temperature to express these properties in the same units as entropy and heat 

capacity (J/(K·mol)). 

The value obtained for the isobaric specific heat at zero pressure and 298 K is Cp=115.0 

J/(K·mol), which may be compared with the experimental value of Gurevich et al.48,8 of 

120.1±0.1 J/(K·mol) and that of Hemingway1 of 106.5 J/(K·mol). The agreement is quite good, 

our value being between both experimental values, the deviations being about 4% and 8%, 

respectively. The heat capacity function is compared with that of Hemingway1 in Fig. 1.A in the 

temperature range of 298-700 K. As it can be appreciated, the calculated and experimental 

curves are closely parallel. The computed value at 700 K, near the limit of thermal stability1, 

Cp=153.3 J/(K·mol), differs from experimental value of 147.6 J/(K·mol), by only 3.9%. A 

precise comparison of the specific heat values at selected temperatures is given in Table 1.  
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In order to facilitate the use of the calculated heat capacity function, we have fitted it to a fifth-

order polynomial and the results are given in Table 2. The fit was carried out with 52 points, and 

it should be valid over a large range of temperatures 250-750 K. It has a very small sum of 

squared deviations (SSD) and a very good correlation factor (R). The calculated data may also be 

fitted, as usual, to a Haas-Fisher (HF) polynomial, Cp(T) = a + bT + cT-2+ dT-0.5+ eT2, yielding 

the coefficients a=259.03119 J/(K·mol), b=-0.00101 J/(K2·mol), c=1.06343·106 J/(K-1·mol), d=-

2668.47225 J/(K0.5·mol), and e=-1.28601·105 J/(K3·mol). However, we prefer the polynomial fit 

since the SSD associated to the HF fit is two orders of magnitude larger (0.01091). The 

calculated heat capacity function over the temperature range 0-1000 K is given in appendix A of 

Supporting Information. The last value of Cp calculated at the temperature of 1000 K, Cp=162.8 

J/(K·mol), is still well below the Dulong-Petit asymptotic value, Cp = 3nR = 174.6 J/(K·mol). 

 

Table 1. Comparison of calculated and experimental isobaric heat capacity functions. All values 

are given in units of J/(K·mol). The experimental data are from Hemingway1. 

T(K) Cp
exp Cp

calc 

298.15 106.5 115.02 

360 117.4 124.55 

380 120.5 127.25 

400 123.3 129.78 

420 125.9 132.15 

440 128.4 134.38 

460 130.6 136.46 

480 132.7 138.41 

500 134.68 140.24 
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520 136.5 141.96 

540 138.2 143.56 

560 139.7 145.07 

580 141.2 146.48 

600 142.48 147.81 

620 143.7 149.05 

640 144.8 150.22 

650 145.3 150.78 

700 147.57 153.32 

 

Table 2.  Fifth-order polynomial fit of calculated heat capacity, entropy, enthalpy and free-

energy functions (F(T)= A0+A1T+A2T
2+A3T

3+A4T
4+A5T

5). The Ai coefficients are given in 

J/(K1+i·mol) units. 

 Cp
calc Scalc (HT-H298)calc (GT-H298)calc 

A0 32.31873 -20.33277 -299.5316 279.1873 

A1 0.4175506 0.7833474 2.078814 1.295351 

A2 · 103 -0.5960663 -1.101300 -5.651087 -4.549320 

A3 · 106 0.4846092 1.303643 8.807384 7.502775 

A4 · 109 -0.2220333 -0.9440572 -7.225174 -6.280124 

A5 · 1012 0.04688578 0.2968067 2.418783 2.121575 

SSD 0.00024 0.00051 0.05419 0.04450 

R 1.00000 1.00000 1.00000 1.00000 
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Figure 1. A) Isobaric specific heat; B) Entropy; C) Enthalpy; D) Gibbs free energy; E) Debye 

temperature. All functions are given as a function of temperature. 

 

The computed entropy value at zero pressure and temperature of 298 K is S=143.1 J/(K·mol). 

The agreement with the experimental value of Hemingway1, 142.7 J/(K·mol) is excellent. The 
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value of entropy at 298 K given by Langmuir49 was also 142.7 J/(K·mol). The estimate of 

Lemire and Tremaine50 of 194 J/(K·mol) is ruled out, since it is too large in comparison with 

experimental values and the calculated one. Cordfunke and O’Hare51 gave an estimation of 139 

J/(K·mol). Although the errors are slightly larger at larger temperatures (see Table 3), the 

entropy variation with temperature is very good. The calculated entropy function compared with 

the experimental one is displayed in Fig. 1.B. The differences with respect to Hemingway’s 

experimental values range from 0.3% at 298 K to 2.3% at 700 K. The results of a fifth-order 

order polynomial fit to the calculated entropy, valid from 250 to 750 K, are given in Table 2.  

The calculated entropy function over the full range of temperature, 0-1000 K, is given in the 

Appendix A of Supporting Information. 

 

Table 3. Comparison of calculated and experimental entropy functions. All values are given in 

units of J/(K·mol). The experimental data are from Hemingway1. 

T(K) Sexp Scalc 

298.15 142.70 143.11 

400 176.50 179.10 

500 205.32 209.24 

600 230.61 235.52 

700 252.99 258.74 

 

The calculated enthalpy value at zero pressure and temperature of 298.15 K is H298=70.95 

J/(K·mol). The enthalpy variation with temperature is very good as can be seen in Table 4, where 

the values of enthalpy relative to its value at 298.15 K (HT-H298) are compared with their 

experimental counterparts at 400, 500, 600 and 700 K. The calculated enthalpy function 
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compared with the experimental one is displayed in Fig. 1.C. The computed value at 700 K, (HT-

H298)=79.3 J/(K·mol), deviates from experiment, (HT-H298)=75.8 J/(K·mol) by 4.6%. The results 

of a fifth-order polynomial fit to the calculated enthalpy, valid from 250 to 750 K, are given in 

Table 2.  The computed enthalpy function over the temperature range of 0-1000 K, is given in 

the Appendix A of Supporting Information. 

 

Table 4. Comparison of calculated and experimental enthalpy functions, HT-H298. All values are 

given in units of J/(K·mol). The experimental data are from Hemingway1. 

T(K) (HT-H298)exp (HT-H298)calc 

298.15 0.00 0.0 

400 29.400 31.3 

500 49.382 52.0 

600 64.292 67.5 

700 75.854 79.3 

 

The variation of the free energy with temperature is also good as can be seen in Table 5, where 

the calculated values relative to the enthalpy at 298 K (GT-H298) are compared with the 

corresponding experimental data at 298, 400, 500, 600 and 700 K. Computed values differ from 

experiment by 0.3 and 1.3% at 298 and 700 K, respectively. The calculated free energy function 

compared with the experimental one is displayed in Fig. 1.D, and the results of a fifth-order 

order polynomial fit to the calculated free energy, valid from 250 to 750 K, are given in Table 2. 

The calculated free energy function over the temperature range of 0-1000 K is given in the 

Appendix A of Supporting Information. 
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Table 5. Comparison of calculated and experimental free energy functions, GT-H298. All values 

are given in units of J/(K·mol). The experimental data are from Hemingway1. 

T(K) (GT-H298)exp (GT-H298)calc 

298.15 -142.70 -143.11 

400 -147.10 -147.81 

500 -155.94 -157.20 

600 -166.32 -168.06 

700 -177.14 -179.44 

 

III.2. Equation of state 

Lattice volumes around the equilibrium were calculated by optimizing the structure at 

seventeen different applied pressures. The results are displayed in Fig. 2.  

 

 

Figure 2.  Rutherfordine unit cell volume versus applied pressure. 

 

The calculated data were then fitted to a fourth-order Birch-Murnaghan equation of state 

(EOS) using the computed volume at 0 GPa (193.7 Å3) as V0 using EOSFIT 5.2 code,43 
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𝑃 = 3 𝐵 𝑓𝐸  (1 + 2𝑓𝐸)
5
2 ⌊1 +

3

2
(𝐵′ − 4)𝑓𝐸 +

3

2
{𝐵 𝐵′′ + (𝐵′ − 4)(𝐵′ − 3) +

35

9
} 𝑓𝐸

2⌋ 

 

In this equation,  

𝑓𝐸 =
1

2
[(
𝑉0
𝑉
)

2
3
− 1] 

and B, B’, and B’’ are the bulk modulus and its first and second derivatives, respectively, at the 

temperature of 0 K. The values found for B, B’, and B’’ were B = 19.03 (±0.36) GPa, B’ = 15.34 

(±0.72), and B’’ = –7.43 (±1.32) GPa–1 (χ2 = 0.003). The value obtained for the bulk modulus is 

very different to that computed previously by Matar.28 Since our previous structural and 

spectroscopic results (see Bonales et al.27) and the thermodynamic properties computed in this 

work are in very good agreement with experimental data, we believe that present value of B is 

much more accurate. 

 

III.3. Mechanical properties and stability 

Elastic tensor, needed for the calculation of mechanical properties and to study the mechanical 

stability of rutherfordine crystal structure, was calculated, at the optimized equilibrium structure, 

from stress-strain relations using the finite deformation technique implemented in CASTEP. 

Crystals with orthorhombic symmetry have 9 non-degenerate elastic constants in the symmetric 

stiffness matrix,44,21 which may be written as: 
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𝐶 =

(

 
 
 

𝐶11 𝐶12 𝐶12 0 0 0
𝐶12 𝐶22 𝐶23 0 0 0
𝐶13 𝐶23 𝐶33 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶55 0
0 0 0 0 0 𝐶66)

 
 
 

 

Here, we use the standard Voigt notation for the indices contracting a pair of Cartesian indices 

into a single integer 1 ≤ i ≤ 6: xx → 1, yy → 2, zz → 3, yz → 4, xz → 5, xy → 6. The precise 

values of these constants obtained in our computations are given in Table 6.  

 

Table 6. The nine independent elastic constants in the stiffness matrix for the orthorhombic 

lattice structure of rutherfordine. All values are in GPa. 

C11 C22 C33 C44 C55 C66 C12 C13 C23 

259.88 23.03 165.27 9.85 65.88 15.06 -8.33 72.39 -5.18 

 

For orthorhombic crystals, the necessary and sufficient Born criteria for mechanical stability 

are,52,21 

Cii > 0 (𝑖 = 1,4,5,6) 

C11 C22 − C12 C12 > 0 

C11 C22 C33 + 2 C12 C13 C23 – C11 C23 C23 – C22 C13 C13 – C33 C12 C12  > 0 

 

Since the above conditions are fulfilled by the elastic constants of rutherfordine reported in 

Table 6, its mechanical stability can be inferred. To analyze the stability of the material in a 

complete form we must also study the dynamical stability. A structure is dynamically stable if 

and only all its phonon modes have positive frequencies for all wave vectors.52 The satisfaction 
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of this condition has also been verified from the phonon calculation utilized to determine the 

thermodynamic properties of rutherfordine. 

The fact that C22, the diagonal component of C matrix along b direction, is much smaller than 

either C11 or C33 suggest that thermal expansion of the material will occur predominantly along 

this direction (perpendicular to rutherfordine sheets). The diagonal component C11 is the largest 

(along a direction). A simple view of the elastic constants given in Table 6 shows that 

mechanical properties are very different along the different directions. Therefore, rutherfordine 

crystal structure is highly anisotropic. This anisotropy may be understood from the analysis of 

the structure, illustrated in Figure 3. While rutherfordine sheets, perpendicular to b direction are 

held together with weak van der Waals forces, the atoms within the sets are linked with strong 

UO and CO bonds. 

 

 

Figure 3.  Crystal structure of rutherfordine27. Color code: U-blue, O-red, C-grey. 

Bulk and shear moduli (B and G) of polycrystalline aggregates of rutherfordine crystals were 

determined from the elastic tensor according to Voigt, Reuss, and Hill schemes.53-55 Relevant 

formulae for these approximations may be found in several sources (see for example, Weck et 

al.21). Large differences between these approximations are expected for crystalline systems with 

strong anisotropy, featuring large differences between elastic constants along different directions 

(Weck et al.21). The Reuss scheme gave the best comparison of the computed bulk modulus with 



 17 

that determined from the equation of state, given in previous section. The bulk and shear moduli 

calculated in this approximation together with the values obtained for other mechanical 

properties are given in Table 7. The numerical estimate of the error in the computed bulk 

modulus given by CASTEP code is 0.94 GPa. Our value of bulk modulus, B=17.97±0.94 GPa, 

agrees reasonably with that obtained from the EOS, B =19.03±0.36 GPa. 

 

Table 7. Bulk, modulus, shear modulus, Young modulus, Poisson ratio, Pugh’s ratio, and 

Vickers hardness (B, G, E, ν, D, and H) calculated in the Reuss approximation. Values of B, G 

and E are given in GPa. 

Property Value 

B 17.97 

G 19.47 

E 42.92 

ν 0.10 

D 0.92 

H 9.47 

 

In general, a large value of shear modulus is an indication of the more pronounced directional 

bonding between atoms. Shear modulus represents the resistance to plastic deformation while the 

bulk modulus represents the resistance to fracture. The individual components of bulk and 

Young’s moduli may be derived from the elastic compliance matrix components.56,21 

Compliance matrix is the inverse of stiffness C matrix. The corresponding values are given in 

Table 8. As it can be seen, Bb, is much smaller than either Ba or Bc. Also, the component Eb is 
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much smaller than Ea or Ec. Thus, b direction, perpendicular to rutherfordine sheets, is the most 

compressible and least stiff in agreement with results of the components of elastic C matrix. 

 

Table 8. Bulk and Young moduli components along the crystallographic axes. All values are 

given in GPa. 

 a axis b axis c axis 

B 271.19 21.70 170.06 

E 226.57 22.71 144.75 

 

Pugh57 introduced the proportion of bulk to shear modulus of polycrystalline phases (𝐷 = 𝐵/

𝐺) as a measure of ductility by considering the interpretation of the shear and bulk modulus 

given above. A higher D value is usually associated with higher ductility and the critical value 

which separates ductile and brittle materials is 1.75, i.e. if 𝐵/𝐺 > 1.75, the material behaves in a 

ductile manner, otherwise the material behaves in a brittle manner.56 Poisson’s ratio,57 ν, can also 

be utilized to measure the malleability of crystalline compounds and is related to the Pugh’s ratio 

given above by the relation D = (3−6ν) / (8+2ν). The Poisson’s ratio is close to 1/3 for ductile 

materials, while it is generally much less than 1/3 for brittle materials. As it can be seen in Table 

7, for rutherfordine we find small ratios D and ν corresponding to a brittle material. For 

comparison, both studtite and metastudtite were found to be ductile.21  

Hardness of these systems is computed according to a recently introduced empirical scheme58 

which correlates the Vickers hardness and Pugh’s ratio (𝐷 = 𝐵/𝐺). Vickers hardness, H, of 

polycrystalline rutherfordine is given in Table 7. Its value, about 9.5, corresponds to material of 

intermediate hardness. For comparison, we can compute the hardness of studtite and metastudtite 
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using the elasticity data of Weck et al.21. These systems, characterized by much larger D ratios, 

have much smaller hardness (smaller than one). 

In order to assess the elastic anisotropy of rutherfordine, shear anisotropic factors were 

obtained. These factors provide a measure of the degree of anisotropy in the bonding between 

atoms in different planes and are very important to study material durability. Shear anisotropic 

factors for the {100} (A1), {010} (A2), and {001} (A3) crystallographic planes were computed 

using the formulae given by Bouhadda et al.56. For an isotropic crystal, the factors A1, A2, and A3 

must be one, while any value smaller or greater than unity is a measure of the degree of elastic 

anisotropy possessed by the crystal. The computed values were 0.14, 1.33, and 0.20. Thus, the 

anisotropies are very large in the {100} and {001} planes. The {010} plane, containing 

rutherfordine sheets, is the least anisotropic.  

In the recently introduced universal anisotropy index,59 the departure of AU from zero defines 

the extent of single crystal anisotropy and accounts for both the shear and the bulk contributions 

unlike all other existing anisotropy measures. It must also be noted that AU is independent of the 

scheme used to determine the polycrystalline elastic properties since it is defined in terms of the 

bulk and shear moduli in both Voigt and Reuss approximations. Thus, AU represents a universal 

measure to quantify the single crystal elastic anisotropy. It must be noted that the universal 

anisotropy index is defined in terms of the bulk and shear moduli in Voigt and Reuss schemes 

and therefore it does not change upon selecting a particular scheme.  Rutherfordine is 

characterized by a computed anisotropy index of 8.82, which is a rather large value (AU = 0 

corresponds to a perfectly isotropic crystal). For comparison, studtite and metastudtite exhibit 

anisotropy values21 of 2.17 and 1.44, respectively. 
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IV. CONCLUSIONS 

Thermodynamic and mechanical properties of rutherfordine mineral were studied by means of 

first principle calculations based on density functional theory. These calculations extend the 

knowledge and interpretation of the structure and properties of this uranyl carbonate mineral 

reported in the previous study of this mineral (Bonales et al.27) and illustrate the power of 

theoretical methods as a predictive tool in the research of uranium containing materials.  

All the thermodynamic properties, including enthalpy, free energy, entropy, heat capacity and 

Debye temperature, were evaluated as a function of temperature and compared with 

experimental data in the range of 300-700 K. Our calculations show very good agreement with 

experimental data. These thermodynamic properties were obtained in the extended range of 0-

1000 K, including the full range of thermal stability, up to 700 K1. The computed values of the 

heat capacity, entropy, and free energy at 298 K deviate from experimental values by about 8, 

0.2 and 0.5%, respectively. At 700 K, the corresponding differences remain very small, 3.9, 2.3, 

and 1.3%, respectively.  

The equation of state and mechanical properties were also computed. The crystalline structure 

was shown to be mechanically and dynamically stable. Rutherfordine is shown to be a highly 

anisotropic and brittle material with very large compressibility along direction perpendicular to 

the sheets characterizing its structure. The computed bulk modulus is very small, B ~ 20 GPa, in 

comparison with the values obtained in previous calculations.28 This emphasizes the need of very 

high levels of theory in the computational treatment of uranium containing materials, since 

inaccuracies in the calculations may lead to imprecise results of material properties. A large 

amount of relevant mechanical data of rutherfordine mineral is reported here, including bulk 
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modulus derivatives, elastic coefficients, shear and Young moduli, Poisson ratios, ductility and 

hardness indices and elastic anisotropy measures. 

 

SUPPORTING INFORMATION 

This article contains Supplementary information. The calculated thermodynamic functions of 

rutherfordine (isobaric specific heat, entropy, enthalpy, free energy and Debye temperature) in 

the range of temperature 0-1000 K, are given in a series of tables in Appendix A. Details about 

the Debye temperature function calculated in this work, are given in Appendix B.  
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