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a b s t r a c t

A series of lattice inversion pair potentials are used to evaluate the phase stability and site preference

for uranium intermetallics U6Fe16Si7 and its interstitial carbide U6Fe16Si7C. The calculated preferentially

occupation site of the Si atom is found to be the 4a site. Interstitial C atom can only be located on the 4b

site. Calculated lattice constants are found to agree with a report in the literature. It is noted that the

total and partial phonon densities of states are first evaluated for the U6Fe16Si7 and U6Fe16Si7C

compounds. The analysis for the inverted potentials explains qualitatively the contributions of different

atoms to the vibrational modes.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

New ternary intermetallic compounds containing uranium, a
transition metal and an element of the p-block have attracted
widespread attention for the study of fundamental aspects of
magnetism [1–5]. Examples of complex magnetic behaviors and
rich magnetic phase diagrams are legion. It is commonly assumed
that the variety of magnetic phenomena of the U-based
compounds is due to the specific nature of the 5f electrons, which
cover a wide range between localized and itinerant behaviors. The
degree of delocalization (or localization), which occurs either via
the direct overlap of the 5f-electron shells of the neighboring U
atoms, or the 5f-ligand hybridization, governs the magnetic
properties. In recent years, Chen et al. have performed a
theoretical study on the structural properties for the rare-earth
compounds with 4f electron and actinide compounds with 5f

electron [6–15]. The method combining interatomic potentials
with different crystal structures is a shortcut but effective way to
investigate the structural stability and the site preference. It is
accepted that the local atomic environment determines if the
energy of a compound is low enough to form a compound with a
certain structure. In this work, the interatomic potentials acquired
ll rights reserved.
by Chen’s lattice inversion method are used to investigate the
lattice constants and site preference of the new uranium and iron
intermetallics, U6Fe16Si7 and U6Fe16Si7C. In addition, the phonon
density of states (DOS) of these uranium intermetallics is
evaluated, from which the Debye temperatures are obtained.
2. Computational method

The atomistic simulation has been widely used in the
investigation of the properties and behaviors of various materials.
One of the key problems in atomistic simulation method is the
determination of the interatomic potentials. On the basis of
Möbius inversion in the number theory, Chen et al. proposed a
concise inversion theorem to obtain intermetallic pair potentials
from the cohesive energy curves [16,17]. And it has been applied
successfully to study the phase stability, the site preference of
ternary additions, the lattice dynamics, and so on. In our previous
works [11,13–15], the methods of obtaining the potentials have
been reported in detail. The inverted pair potentials from the
cohesive energy are approximately expressed as Morse function

FðxÞ ¼D0ðe
½�gðx=R0�1Þ� � 2e½�ðg=2Þðx=R0�1Þ�Þ ð1Þ

where D0, R0, g are potential’s parameters. For the reader’s
convenience, several important potential parameters are listed in
Table 1.

www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2009.09.023
mailto:qianpinghu@sohu.com


ARTICLE IN PRESS

P. Qian et al. / Journal of Solid State Chemistry 182 (2009) 3289–32933290
3. Phase stability and site preference

Experiments [18] have pointed out that U6Fe16Si7 and
U6Fe16Si7C crystallize with the ternary ordered variant of the
Th6Mn23-type, commonly referred as Mg6Cu16Si7 and with a novel
‘‘filled’’ variant of this type of structure, respectively. In order to
study the effect of Si atoms on the structure stability of U6Fe16Si7

compounds, we investigated theoretically the substitution beha-
viors of Si in U6Fe23�xSix compounds with the Th6Mn23-type
structure. In a typical crystal cell with four U6Fe23�xSix molecular
formulas (116 atoms per unit cell), there are four nonequivalent
sites 32f1, 32f2, 24d, 4b for Fe or Si and one site 24e for Th atoms. In
the simulation process, firstly the virtual binary U6Fe23 structure
can be considered as intrinsic structure of U6Fe23�xSix com-
pounds. And based on the atomic sites and lattice parameters of
any existing experimental [19–21] structure close to Th6

Mn23-type with the Fm ~3m (No. 225) cubic space group, initial
U6Fe23 is constructed within Accelrys Cerius 2 modeling software.
Then we introduced relaxation governed by the energy minimiza-
tion process, using conjugate gradient method with a cut-off
radius of 14 Å. Once the energy minimization process based on
inverted pair potential carried out, the initial structure will reach
a stabilized structure with minimized cohesive energy, provided
Table 1
Part of Morse parameters of the conversed pair potentials.

R0 (Å) D0 (eV) g

U–U 3.9415 0.6624 7.3445

Fe–Fe 2.7361 0.7640 8.7529

C–C 2.8178 0.3854 7.1673

Si–Si 3.4427 0.3835 7.3164

U–Fe 3.2024 0.8835 8.6841

U–Si 3.4088 0.7352 8.4856

U–C 3.0005 0.9739 8.1970

Fe–Si 2.7334 0.6632 8.2601

Fe–C 2.4901 0.7214 7.9375

C–Si 3.0976 0.3934 6.5905

Table 2
Atomic parameters of U6Fe23.

Atom Wyckoff position x y z

U 24e 0.2806 0 0

Fe(1) 32f1 0.1181 0.1181 0.1181

Fe(2) 32f2 0.3257 0.3257 0.3257

Si(1) 24d 0 1/4 1/4

Si(2) 4b 1/2 1/2 1/2
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Fig. 1. Energy and tolerance variation in U6Fe23�xSix with Si oc
that the initial model can be identified as the existing Th6

Mn23-type structure with Fm ~3m space group. The atomic sites of
the final U6Fe23 structure are evaluated and listed in Table 2.

Based on the binary compounds U6Fe23, the dependences of
the cohesive energy and tolerance of U6Fe23�xSix on the content of
ternary addition are evaluated. In order to reduce statistical
fluctuation, we adopt the model of 3�3�3 periodical super-cell,
containing 3132 atoms. The calculated cohesive energy and
tolerance of U6Fe23�xSix are shown in Fig. 1 when Si atoms
occupy the 32f1, 32f2, 24d and 4b sites, respectively. The tolerance,
which represents the atomic derivation distance can be viewed as
the errors in the process of determining the space group of the
compound, is an assistant criterion. Numerous calculations show
that, when the tolerance is much larger than 0.6 Å, the structure
does not exist in experiments. It is found in Fig. 1 that the cohesive
energies of U6Fe23�xSix except for x=1.00 are similar when Si
atoms occupy different sites. But the tolerance is so large that the
U6Fe23�xSix compounds with the structure of Th6Mn23 could not
be stable. When x=1.00, the energy of the 4b sites rapidly rises
and the tolerance suddenly drops down to 0.01 Å. This is because
the Si atoms at the particular sites are all substituted, and the
structure of the system is very symmetric.

The newest experiment [18] shows that Si atoms are seated in
24d and 4a sites in U6Fe16Si7 compound. To check this, we
calculate the cohesive energies and tolerances of Si atoms
substituting for Fe at each site including 32f1, 32f2, 24d and 4a

sites. The calculated results are plotted in Fig. 2. The figure clearly
shows that within xo1.00 the cohesive energy is lower when Si
atoms are substituted for Fe at the 4a sites than for ones at the
24d, 32f1 and 32f2 sites, and the tolerance is acceptable. So, in the
calculation, Si atom preferentially occupies the 4a site based on
the cohesive energy and tolerance considerations when xo1.00.
Within the composition range x 4 1.00, four Si atoms have
already occupied the 4a sites based on the above analysis, so the
remaining Si atoms can only occupy the 24d, 32f1 or 32f2 sites. The
cohesive energies and tolerances are lowest when Si atoms are at
24d sites. So when x41.00, Si atoms prefer the 24d sites besides
four Si atoms occupying the 4a sites. The first silicon atoms to
enter the structure fill a high percentage of the 4a sites, after
which, occupation of the 24d sites begin, which is consistent with
the Mg6Cu16Si7-type structure in the experiment [18]. The
calculated results also show that the cohesive energy of
U6Fe23�xSix increases with the increase of Si content, which
indicates that the addition of Si decreases the stability of U–Fe–Si
systems.

Further, the relationship of the cohesive energy of U6Fe16Si7Cx

and the content of interstitial C atoms are investigated, where
seven Si atoms occupy the 24d, 4a sites and the C atoms the 4b

sites randomly. The calculated average energies of U6Fe16Si7Cx are
�7.2709, �7.2599, �7.2477, �7.2332 and �7.2166 eV/atom for
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x=0.00, 0.25, 0.50, 0.75 and 1.00, respectively. The structure
calculations of U6Fe16Si7Cx retain Fm ~3m symmetry within a
tolerance range of 0.01–0.10 Å. The case of C atoms occupying
other interstitial sites is unstable, and the carbon cannot retain its
original structure. It means that C atoms only occupy interstitial
4b sites in the interstitial carbide U6Fe16Si7Cx, which is very much
consistent with the experimental results [18].

According to the results for the site preference, the lattice
constants and the atomic positions of U6Fe16Si7 and U6Fe16Si7C are
calculated when Si atoms are in 24d, 4a sites and C atoms in
interstitial 4b sites. Calculated lattice constants and atomic
positions of U6Fe16Si7 and U6Fe16Si7C are listed in Table 3
together with the experimental data from the literature [18].
Table 3 shows that our results agree with the experimental data.

The stability of U6Fe16Si7 and its interstitial carbide is
investigated by a high temperature disturbance using molecular
dynamics. The simulation temperature range is 100–700 K with a
step of 200 K. For each temperature and at 1 atm pressure
calculations are performed for 40 000 steps with a time step of
2.0�10�15 s. During the simulation, the constant-NPT ensemble
[22] is used, and the extended system with thermostat and
barostat relaxation time of 0.10 ps is adopted. After reaching
equilibrium, the crystal symmetry retain the initial Fm ~3m cubic
space group within a certain tolerance range at finite tempera-
tures of 100–700 K. Lattice constants are found to change very
0
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Fig. 2. Energy and tolerance variation in U6Fe23�xSix with Si oc

Table 3
Lattice parameter a and atomic positions of U6Fe16Si7 and U6Fe16Si7C with the experim

Compounds a (Å) U, 24e, x Fe(1), 32f1, x

U6Fe16Si7 11.9693 (11.7206) 0.2999 (0.2859) 0.1186 (0.1212

U6Fe16Si7C 12.1081 (11.7786) 0.2866 (0.2894) 0.1206 (0.1222
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Fig. 3. Phonon densities of states
little with respect to the temperature variation and the phase
stability is thus verified.
4. Lattice dynamic simulations

Phonon density of states (DOS) reflects the lattice dynamic
properties, from which some important thermodynamic parameters
can be derived. In this subsection, with the inverted interatomic
potentials, the total DOS as well as the partial DOS of U6Fe16Si7 and its
interstitial carbide U6Fe16Si7C intermetallics are firstly studied at an
atomistic level. The calculated result (Fig. 3) exhibits the contributions
to DOS of distinct atoms. It is seen that the highest frequency of
U6Fe16Si7 is 9.77 THz, and two localized mode whose frequencies are
higher than 7.56 THz. From the partial DOS it may be inferred that the
vibrational modes are mostly excited by Fe atoms in the range of
3.31–7.06 THz. U largely contributes to modes with lower frequencies.
The high frequency localized modes are almost excited by Si atoms. In
the U6Fe16Si7C compound, the phonon densities of states are similar
with that of U6Fe16Si7. C, however, only contributes to modes at
11.99 THz.

One can analyze qualitatively the vibrational modes from
interaction potentials (Fig. 4) and the nearest neighbor distances
between the atoms. For U6Fe16Si7 four Fe atoms are present at the
32f1 site, four Fe atoms are at the 32f2 sites and four Si atoms are
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at the 24d sites around U. Distances between U–Fe (32f1), U–Fe
(32f2) and U–Si (24d) are 2.856, 2.981 and 3.051 Å, respectively. As
shown in Fig. 4, the potentials change steeply at these distances
which means U reacts strongly with Fe and Si at these distances.
The mass of U is much larger than that of Si and is thus assumed
motionless relative to the Si atom. Some Si atoms are restricted to
the ‘potential well’ FU–Si(r). This might be the reason for the
appearance of Si-localized modes that correspond to the higher
transected frequency. U atoms only contribute to lower frequency
vibrations in the U–Si ‘potential well’ because of their large atomic
mass. Furthermore, the nearest distance between Fe and Si is
2.450 Å and Fe thus reacts strongly with these Si atoms. This
means that the Si atoms contribute to higher frequency modes
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because of the light Si. The mass of Fe is approximately twice
larger than that of Si, so Fe atoms can be strongly excited by more
modes with lower frequency than the Si atoms due to the heavy
mass of Fe. Comparing with the contribution of U atom to the low
frequency modes, as Fe atom is lighter than U atom, the Fe atom
mostly contributes to the spectra in the range of 3.31–7.06 THz.
For U6Fe16Si7C the optic modes are far separated from the acoustic
modes and have very high frequencies which are due to the large
mass difference in the atoms and the strong force constants
between nearest neighbors U and carbon atoms.

Furthermore, the specific heat, vibrational entropy and Debye
temperature can be obtained by the calculated phonon DOS. Fig. 5
gives the calculated lattice specific heat, vibrational entropy and
Debye temperature of U6Fe16Si7 and U6Fe16Si7C as a function of
temperature. The figure clearly shows that the values of the
specific heat and vibrational entropy are larger for U6Fe16Si7C than
that for U6Fe16Si7. The Debye temperature reflects the property of
the materials at the lower temperature and lower frequency. For
TE0 K, the Debye temperatures of U6Fe16Si7 and U6Fe16Si7C are
340 and 315 K, respectively. Apparently, the Debye temperature
decreases when interstitial C atoms are introduced into the
U6Fe16Si7 compound. Therefore, C may play an important role in
the lower-temperature properties of these materials.
5. Conclusion

In the present paper, structural properties of U6Fe16Si7 and its
interstitial carbide U6Fe16Si7C are investigated by using the intera-
tomic pair potentials obtained with the lattice inversion method.
Calculated results demonstrate that Si atoms preferentially occupy 4a

sites. Interstitial C atoms only occupy 4b interstitial sites in U6Fe16Si7C.
The calculated results reported correspond well to the available
experimental data. Again, we utilize these potentials to evaluate the
thermodynamic properties of these actinide compounds.
0
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

S 
(3

N
K

B
)

Temperature (K)

U6Fe16Si7
U6Fe16Si7C

ture (K)

100 200 300 400

200 300

U6Fe16Si7
U6Fe16Si7C

d Debye temperature of U6Fe16Si7 and U6Fe16Si7C.



ARTICLE IN PRESS

P. Qian et al. / Journal of Solid State Chemistry 182 (2009) 3289–3293 3293
Acknowledgments

The authors would like to thank Professors F.M. Yang and J.K.
Liang at Institute of Physics in the Chinese Academy of Sciences
for interesting discussions and encouragement. The work was
supported by the 973 Project in China (no. 2006CB605101) and
the National Nature Science Foundation of China (Grant no.
50971024).

References
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