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Diffusion Monte Carlo study of actinide monohydrides and monofluorides
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Ground state total energies, bond lengths, bond dissociation energies, and dipole moments for early actinide monohydrides and monofluorides
have been calculated by using the diffusion Monte Carlo (DMC) method with LC-BLYP functional. The calculated results are compared
with previous theoretical calculations at various levels of theory. Our results show that the DMC method employing LC-BLYP functional at
the optimal value of the range separation parameter is capable of providing a reasonable description of early actinide containing molecules
and their bonding properties.
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1. Introduction

Theoretical prediction of electronic structure calculations of
actinide containing systems remains quite a challenge for
quantum chemistry. Several complications prevent standard
quantum chemical approaches from being successful in this
field in all aspects. On one hand, relativistic and the elec-
tron correlation effects become important in heavy elements
and should not be neglected in accurate calculations. On the
other hand, the presence of several open shells with different
main and angular quantum number,i.e. 5f, 6d, 7s, and 7p
orbitals are comparable in energies and therefore the bond-
ing can take place with any of these orbitals which add addi-
tional complexity for quantum chemical calculations for sys-
tems containing these elements.

Many researches have studied the electronic structure
of systems containing actinium and lawrencium due to the
stability provided by zero and fully populated 5f shell, re-
spectively. In 1998 all electron and valence-only ab initio
electronic structure calculations were performed on both ac-
tinium and Lawrencium monohydrides and monofluorides by
Küchleet al. [1]. Furthermore, theoretical calculations of ac-
tinium monohydride and monofluoride [1-5] were carried out
at various levels of theory.

Systems with unfilled f electrons, of course, are far more
challenging. In fact, actinide oxides have the largest share
of study, despite studies of actinide hydrides and fluorides
are quite rare. The electronic structure of actinide monox-
ides were studied by Attila Kovaács and co workers [6]. In a
related work, Elliset al. [7] investigated the electronic struc-
ture of actinide monoxides and dioxides by molecular clus-
ter methods based on the first principles one-electron local
density theory. On the other hand, a considerable amount of

theoretical works [8-14] has been devoted to understanding
the electronic structure of uranyl ion[UO2]2. In 1983 Krauss
and Stevens [15] also carried out SCF calculations using a
relativistic effective core potential for uranium monohydride
and monofluoride and their ions.

Quantum Monte Carlo (QMC) methods are among the
most accurate numerical methods to predict relatively accu-
rate properties of quantum systems. Besides its favorable
scaling with system size, any arbitrarily complex wave func-
tion can be used because the integrals are evaluated numer-
ically. Although there are many different QMC approaches,
diffusion Monte Carlo (DMC) remains the most accurate one.
Few decades ago diffusion Monte Carlo DMC method has
been successful for calculating accurately the ground state
properties of many light atoms and molecules. However,
QMC applications to actinide systems are very limited. Re-
cently we have tested the performance of the standard B3LYP
and the long-range corrected LC-BLYP functionals for both
the ground and the excited states of lanthanides and ac-
tinides [16].Our calculations have indicated that applying the
long range corrected scheme to BLYP functional at a value
of the range separation parameterµ equals 0.35 clearly im-
proves the ground state results of 5f actinides.

In this work, and based on our earlier finding, we ap-
ply the DMC method employing the LC-BLYP functional at
the optimal value ofµ to investigate the electronic structure
and bonding of monohydrides and monofluorides of early ac-
tinides. Very little theoretical information is available for
the monohydrides and monofluorides of actinide elements
and the experimental data is still missing. Moreover, to our
knowledge this is the first time that a QMC technique has
been used to predict the electronic structure of molecules
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containing 5f-actinides. Only recently, Shi Guoet al. [17]
have employed quantum Monte Carlo method to study the
electronic structure properties for thorium halide molecules.

The basic form of the wave function that we used is the
Slater-Jastrow wave function which is considered the most
common and simplest one. In the next section, we outline a
brief description of the DMC method. The results are then
presented and discussed. Finally, we give the conclusion of
this work.

2. Computational methods

Diffusion Monte Carlo method has been extensively de-
scribed in the literatures [18-20] so we give here a brief de-
scription of it. The diffusion Monte Carlo (DMC) method is
a stochastic projector method for solving the imaginary time
many-body Schr̈odinger equation:

− ∂

∂τ
ψ(R, τ) =

(
−1

2
∇2 + V − ET

)
ψ(R, τ) (1)

whereτ is the imaginary time,τ = it andET is the energy
offset.

Importance sampling with a trial wavefunctionψT (R) is
used to improve the statistical accuracy of the simulation and
this is can be achieved by multiplying Eq. (1) byψT (R) and
rearranging

− ∂f(R, τ)
∂τ

=
1
2
∇2f(R, τ)

+∇[f(R, τ)vD(R)] + [EL − ET ]f(R, τ) (2)

wheref(R, τ) = ψ(R, τ)ψT (R) interpreted as a probability
density andEL(R)(ĤψT (R)/ψT (R)) is the local energy.

This equation can be simulated with a random walk hav-
ing diffusion, a draft, and a branching step and may be written
in the integral form:

f(R, τ + ∆τ) =
∫

G(R, R′;∆τ)f(R, τ)dR (3)

where the Green’s functionG(R, R′;∆τ) is a solution of the
same Eq. (2) and can be interpreted as a probability of tran-
sition from a state R to R’. It is possible to use MC method
to solve the integral in Eq. (3) but the difficulty is that the
precise form ofG(R,R′;∆τ) is not known. Fortunately the
comparison of the Schrödinger equation with the diffusion
equation gives us a clue about how one might approximate
the unknown Green’s function.

The evolution during the long time intervalτ can be gen-
erated repeating a large number of short time stepsτ . In the
limit τ → 0 one can make use of the short time approxima-
tion for Green’s function [21]:

G(R, R′;∆τ) ≈ (2π∆τ)−3N/2

× exp
[
− (R−R′ −∆τ∇ ln |ψT |2)2

2∆τ

]

× exp[−∆τ [EL(R′) + EL(R)− 2Et]/2] (4)

But due to the fermionic nature of electrons, the wave-
function must have positive and negative parts and this is
opposite with the assumed nature ofψ which is a probabil-
ity distribution. So the fixed-node approximation [22] had
been used to deal with the fermionic antisymmetry which
constrains the nodal surface ofψ to equal that of the anti-
symmetric trial wavefunctionψT .

In this work, we report predicted calculations of the
ground state energies, bond lengths, dissociation energies,
and dipole moments for some actinide monohydrides and
monofluorides using the DMC method. The Slater determi-
nants were obtained from DFT calculations using the quan-
tum chemistry program Gamess [23]. We made use of the
pseudopotential of Burkatzki and co-workers [24] for H and
F atoms, which it was constructed for use in QMC and was
proved to be quite accurate, while for all actinides CRENBL
ECP basis set [25] was used. All QMC computations were
performed with Qwalk code [26]. The DMC calculations
were performed with a target population of 2000 walk-
ers. These calculations were performed with a time step of
τ = 0.001H−1 which leads to negligible time step error.

3. Results and discussion

Table I summarizes the DMC ground state energies for ac-
tinide monohydrides (AnH) and monofluorides (AnF) com-
puted with the LC-BLYP functional at the optimal value of
µ together with the ground state energies of atoms estimated
in our earlier work [16]. Bond lengths, dissociation energies,
and dipole moments for AnH and AnF estimated using DMC
along with other computed values available in the literature,
are reported in Tables II and III.

Let us first check the monohydrides. From Table II it is
obvious that our calculated AcH bond length is in reasonable
agreement with that reported by Dolg and also close to Laer-
dahl et al. value using relativtsting SCF method, but it un-
derestimates the value estimated by Pyykkö via Dirac-Fock
One-Centre (DFOC) Calculation [4] by about 0.168Å. On
the other hand and based on our result together with the re-
sults estimated using DFOC [4] and relativistic SCF meth-
ods [2,26], we suggest that the results cited by Küchleet al.
and Honget al. of AcH bond length seem to be too low. We
believe that the long bond length of AcH is most likely due to
the involvement of the 6d orbital in bonding with no contri-
bution from the 5f orbital. It is well known that 6d orbital un-
dergoes a large expansion due to relativity which is expected
to influence its chemical bonding. In addition, comparing our
value of AcH dissociation energy to previous quantum chem-
ical results, our result of 3.52 eV is the same value reported
by Küchle and Dolg using CCSD method and is compare well
with those found in the other theoretical studies.

Looking at the bond lengths in Table II it can be seen that
there are marked shortening of the bond length of ThH which
is the shortest bond length across all hydrides under study. In
fact, two views were offered for describing the electronic
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TABLE I. Ground state energies computed within DMC for actinides monohydrides and monofluorides. All energies are in Hartrees.

Atoms Energy Hydrides Energy Fluorides Energy

Ac -29.4749 AcH -30.1043 AcF -53.9219

Th -35.6445 ThH -36.2475 ThF -60.1322

Pa -42.6880 PaH -43.3222 PaF -67.1717

U -51.3280 UH -51.9108 UF -75.7757

Np -60.6486 NpH -61.2165 NpF -85.1060

Pu -71.4135 PuH -71.9856 PuF -95.8194

characteristic of thorium hydride. The first view suggests that
Th 5f orbital is particularly filled [31-37] and the other view
suggests that the Th 6d electrons dominate in bonding [38].
In light of the significant shortening for either ThH or ThF
bond lengths estimated in the present study, we believe that
the bonding in thorium is dominating by the 5f orbital which
causes this noticeable shortening. Moreover, one can also
observe that there is a decrease in bond strength from. AcH
to ThH despite the shortening of the bond. In fact, relativis-
tic bond length reduction does not necessarily imply that the
bond becomes stronger, as one would expect in the case of
bonding in the first row of the periodic table.

From Table II, it is also apparent that there is a small
decreasing trend for the bond length of PaH, UH, and NpH
molecules, giving evidence of a further transition towards lo-
calization of the 5f electrons across the three hydrides. With
respect to the dissociation energies, as one might expect, pro-
tactinium monohydride has the largest dissociation energy
which reflects the fact that Pa atom has the largest electroneg-
ativity among all actinides under study. As we will see below,
nearly similar effect has been observed for its monofluoride.

Comparing our results of UH with the available refer-
ence data, one can see that our estimated U-H bond length
(2.144Å) is much closer to the values provided by RECP,
SCF and CASSCF methods than those obtained by the other
available theoretical methods. Our estimated dissociation en-
ergy of UH is 2.26 eV which is the same value reported using
PP/SOCI calculation. Besides, we believe that the dissocia-
tion energy of UH obtained with RECP, SCF (1.93 eV) seems
to be too low. Unfortunately, there does not appear to be any
published work for the monohydrides of Th, Pa, Np, and Pu.
It is also interesting to note that the small difference in bond
length between PaH and UH, in contrast in the case of flu-
orides, showing the important role of actinides 6d participa-
tion for covalent interactions that becomes more effective at
bonding than the 5f orbital. It is worth noting here that sev-
eral authors [39,40] have suggested the participation of the
6d orbitals in covalent bonding for actinides.

From Table II it is also noticeable that on passing from
uranium to neptunium the bond length stays nearly constant,
supporting that starting from Np there is a decrease in the
5f participation. This view will be more confirmed and dis-
cussed in detail in the case of monofluoride. At the same

TABLE II. Bond lengthsRe, dissociation energiesDe, and dipole
momentsµ computed within DMC for actinide monohydrides to-
gether with the available reference data.

method Re De µ

AcH DMC 2.203 3.52 2.77

Rel., SCF26 2.187

Rel.,SCF2 2.183

Rel., MP22 2.129

DFOC4 2.371

CCSD1 2.132 3.52

CCSD(T)1 2.125 3.63

MRACPF1 2.130 3.60

AE, DFT, ZORA3 2.159 3.57

AE, DFT, DKH3 2.163 3.58

DHF2 2.04

ThH DMC 2.088 2.08

PaH DMC 2.147 3.65 2.00

UH DMC 2.144 2.26 1.76

RECP, SCF15 2.160 1.93

CASSCF29 2.159

DKH/MRCI+Q29 2.017 2.99

PP/SOCI3 2.022 2.26

RECP, PBE27 1.99

DFT28 1.994

NpH 2.143 1.85 2.04

PuH 2.121 1.96 3.08

time we observe unexpected significant shortening of PuH
bond length. One might expect a slight contraction for this
bond length according to the decreasing trend of the 5f par-
ticipation across the series. This marked shortening may be
probably due to some contributions from the contracted 7s
or 7p electrons for PuH bonding particularly the probability
of 7s and 7p electrons involvement in chemical bonding in-
creases in the direction Pu〉Np〉U. Any way, this effect finds
confirmations in some papers. For example, Bing-Yunet
al. [41] investigated the electronic and structural properties
of stoichiometric and non-stoichiometric face-centered cubic
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Pu hydrides (PuHx, x = 2, 2.25, 2.5, 2.75, 3) by employing
the Full potential linearized augmented plane wave methods
combined with Hubbard parameter U and the spin-orbit ef-
fects. They observed a similar abnormal lattice contraction
of plutonium hydrides solid which they attributed it to the
enhanced chemical bonding and the size effects involving the
interstitial atoms. It is also interesting to note that with in-
creasing the atomic number along the actinide series, we no-
tice a considerable drop in De for the monohydrides of Np
and Pu which can be interpreted in terms of the strong spin-
orbit coupling especially for Pu case which it is well known
to weaken the bond.

We now tern to the discussion of the results obtained for
monofluorides, which are listed in Table III. Our AcF bond
length is somewhat higher than the previous quantum chem-
ical results. This deviation can be explained by the differ-
ent basis sets used. Again, the long bond length of actinium
species can be attributed to significant contribution of 6d or-
bital which dominants in AcF bonding with no contribution
from f orbital. On the other hand, our calculatedDe for AcF
is 7.07, in good agreement with the all electrons calculations
reported by Honget al. [3] using either Zora or DKH cal-
culations however, it underestimates the values reported by
Küchle and Dolg.

As can be seen in Table III, the bond length gets shorter
up to UF, and then the trend reverses for NpF and PuF. The
shortest An-F distances is obtained for UF which is computed
as 2.006Å lower than the value yielded using density func-
tional theory by 0.016̊A.

TABLE III. Bond lengthsRe, dissociation energiesDe, and dipole
momentsµ computed within DMC for actinide monofluorides to-
gether with the available reference data.

method Re De µ

AcF DMC 2.192 7.07 3.50

Rel.,SCF26 2.139

Rel., SCF2 2.142

Rel., MP22 2.131

DHF2 2.04

AE, DFT, ZORA3 2.163 7.00

AE, DFT, DKH3 2.165 7.02

CCSD1 2.119 7.49

CCSD(T)1 2.118 7.65

MRACPF1 2.119 7.68

ThF DMC 2.058 8.17 2.58

PaF DMC 2.047 8.06 2.69

UF DMC 2.006 7.08 2.43

DFT, SO-ZORA42 2.022

Zeka.43 2.01

NpF DMC 2.083 7.35 1.95

PuF DMC 2.100 5.95 4.37

A similar observation has been previously reported
by Guellaumont [42] using relativistic density functional
method on some complexes containing actinides and nitro-
gen. He found that the shortest bond length is between
U and N and he attributed this trend to the presence of
covalent effects in the metal-ligand decreases in the order
U 〉 Pu〉 Am ≈ Cm.

Furthermore, Johann Hlinaet al. too [44] confirmed that
uranium-metal bonds are significantly shorter than any other
characterized d-f block bimetallic even though ligand flexes
to allow a variable U-M separation. The origin of this marked
shortening of the bond length up to UF can be traced back to
the common actinide contraction which results from a large
contribution of 5f-electrons to bonding. One can conclude
from these results that the U 5f orbitals play the primary role
in the ionic bonding in line also with the DFT calculations of
Minasianet al. [45] who predicted a large 5f contribution to
bonding in UCl−2

6 and UOCl−1
5 . At this point it is important

to point out that our result for UF provides additional confi-
dence to the significant U 5f orbital participation in bonding
especially in the case of fluorides due to the strong 5f overlap
with the high electronegative fluorine.

Another important effect to note in Table III is the un-
expected increase in the NpF and PuF bond lengths. The
reason of this effect originates entirely from the decreasing
contribution of 5f electrons to bonding. From our point of
view, even in the case of small participation of 5f-electrons in
bonding, the actinide contraction is negligible since the An-
F bond is more rigid than An-H bond which causes the ob-
served increasing in the bond length particularly in the case of
PuF. A previously theatrical study of Moritzet al. [46] sup-
ports our view who explained the minor actinide contraction
in the actinide-fluorine bond length than their counterpart in
actinide-oxide to the more rigidity of An-F bond. A simi-
lar behavior has been also observed by Wang and Schwarz
in their paper [47] on some lanthanide diatomics. Their
density functional calculations for lanthanide monohydrides,
monofluorides, and monoxides found that compounds with
rigid bonds undergo only a small contraction.

From our calculations for the An-F it does appear that
Np has a fractional emergence of localization in the 5f states,
even though the widespread assumption that Th to Pu have
delocalized 5f states and Am to Lr have localized 5f states.
In fact, there are some researchers have given results for Np
and Pu that are in agreement with ours. In 1984, Brookset
al. [48] showed that while the 5f spin-orbit interactions can
be neglected in the lightest actinides, they become important
for Np. In other words, very beginning of the transition from
LS coupling to intermediate coupling occurs in Np, which
means a fractional appearance of localization in Np.

A further confidence to our observation has been pro-
vided by Moore and Laan [49]. They proved that the local-
ization begin to appear in 5f states in Np by using the values
of actinides bulk moduli. The experimental bulk modulus of
each of the light actinides is: Th at 50-72 GPa [50-52], Pa
at 100-157 GPa [51,53,54], U at 100-152 GPa [55,56], Np
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at 74-118 GPa [51,52,57], Pu at 40-55 GPa [51,52,58], Am
at 30 GPa [59]. Notably, Th exhibits low bulk modulus due
to the small amount of electrons in the 5f states whereas, Pa
and U exhibit the highest bulk moduli but there is a drop ap-
pears in Np which they related it to a fractional emergence of
localization in the 5f states.

However, as we have noticed above, for the monohy-
drides there is a gradually decreasing in the bond length
across the series with very small difference between UH and
NpH bond lengths. This is an expected consequence of the
difference in electronegativity between hydrogen and fluo-
rine atoms. The strong inductive effect of the electronegative
fluorine strengthens the bonding in the monofluorides and be-
comes able to get rid of the small contraction in NpF and PuF
molecules resulting from the common actinides contraction.

Now it remains to clarify our estimated values for the
dipole moment. Note that going from the monohydrides to
the monofluorides the bonds become more polar which of
course increase the dipole moments of monofluorides than
monohydrides. It is clearly seen from Tables II and III that
this consistents with all estimated dipole moments with ex-
ception of Neptunium. Our calculated value for NpF is
smaller than NpH by about 0.09 D.

It is also worth noting here that for both the monohy-
drides and monofluorides we find that the dipole moments
of actinium and plutonium species are greater than those of
other actinides. As we know the dipole moment monoton-
ically increases with the bond lengths corresponding to the
growth of the distance between the effective charges. Con-
sequently, the somewhat large dipole of species containing
actinium is not a surprise which is traced back to the long
bond length observed in both the monohydride and monoflu-
oride. Moreover, the dipole moments of plutonium species
being the highest among all molecules under study which can
be interpreted in terms of its different electronic configura-
tion. Atomic Pu has a 5f6 7s2 configuration in its ground state
which differs from the earlier elements having partial occu-
pation of the 6d shell besides 5f shell. Given the fact that f-

electrons are less polarizable than d-electrons, one can expect
this increasing trend in dipole moments for all Pu species.

Finally, it should be remembered that all calculations re-
ported here were performed using only Slater-Jastrow func-
tional. Despite the simple nature of this type of func-
tional, our results are able to give a reasonable description
of the electronic structure of early actinide monohydrides and
monofluorides. In light of these considerations, we can safely
confirm that the DMC method employing LC-BLYP func-
tional at the optimal value ofµ is a good choice for future
study of actinide containing systems

4. Conclusion

We have calculated ground state total energies, bond lengths,
bond dissociation energies, and dipole moments for early ac-
tinide monohydrides and monofluorides using the diffusion
Monte Carlo (DMC) method and LC-BLYP functional. The
present study shows that U-F bond length exhibits the short-
est actinide-fluoride distance, supporting results from previ-
ous investigations. However, the bond length of the ThH
is the shortest among all hydrides under study. Our calcu-
lations also provide strong evidence that neptunium is the
first actinide element having a small degree of localization
in the 5f states in line with some previous studies. More-
over, dipole moments of plutonium species being the highest
among all molecules under study which consistent with its
different electronic configuration with no 6d orbital occupied.
On the whole, the present work demonstrates that the DMC
method employing LC-BLYP functional at the optimal value
of the range separation parameter can be extended to calcu-
late the electronic structure properties of actinide containing
systems.
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7. D. Ellis, V. Gubanov, A. Rośen,J. Phys. Colloques40 (1979)
187.

8. W.A. de Jong, L. Visscher, W.C. Nieuwpoort,J. Mol. Str.
(Theochem)458(1998) 41.

9. E.M.V. Wezenbeek, E.J. Baerends, J.G. Snijders,Theor. Chem.
Acta81 (1991) 139.

10. J.S. Craw, M.A. Vincent, I.H. Hillier, A.L. Wallwork,J. Phys.
Chem.99 (1995) 10181.

11. P. Pyykk̈o, Y. Zhao,Inorg. Chem.30 (1991) 3787.

12. M. Boring, J.H. Wood,J. Chem. Phys.71 (1979) 392.

13. P.F. Walch, D.E. Ellis,J. Chem. Phys. 65(1976) 2387.

14. S. Larsson, P. Pyykk̈o, Chem. Phys.101(1986) 355.

15. M. Krauss, W.J. Stevens,J. Comput. Chem.4 (1983) 127.

16. N. Elkahwagy, A. Ismail, S.M.A. Maize, K.R. Mahmoud,
Univers. J. Phys. Appl.10 (2016) 5.

Rev. Mex. Fis.63 (2017) 297-302



302 NAGAT ELKAHWAGYA, ATIF ISMAILA, S.M.A. MAIZEC, AND K.R. MAHMOUDA

17. http://meetings.aps.org/link/BAPS2012.MAR.T23.1

18. J.B. Anderson,Quantum Monte Carlo: Origins, Development,
Applications(Oxford University Press, Oxford, UK, 2007).

19. M.P. Nightingale, C.J. Umrigar,Quantum Monte Carlo meth-
ods in physics and chemistry(Springer Netherlands, 1999).

20. L.M. Sobol,A primer for the Monte Carlo Method(CRC Press,
Inc., 1994).

21. W.M.C. Foulkes, L. Mitas, R.J. Needs, G. Rajagopal,Rev. Mod.
Phys.73 (2001) 33.

22. J.B. Anderson,J. Chem. Phys.65 (1976) 4121.

23. M.W. Schmidt,et al., J. Comp. Chem.14 (1993) 1347.

24. M. Burkatzki, C. Filippi, M. Dolg,J. Chem. Phys.126 (2007)
234105.

25. W.C. Ermler, R.B. Roos, P.A. Christiansen,Int. J. Quant.
Chem.40 (1991) 829.

26. L.K. Wagner, M. Bajdich, L. Mitas,J. Comp. Phys.228(2009)
3390.

27. M. Dolg, lanthanides and actinides, in P. Schleyeret al., En-
cyclopedia of Computational Chemistry(John Wiley & Sons,
Ltd., 1998).

28. M. Dolg, X. Cao,J. Phys. Chem. A113(2009) 12573.

29. X. Cao, A. Moritz, M. Dolg,Chem. Phys. 343(2008) 250.

30. J. Raab, R. H. Lindh, X. Wang, L. Andrews, L. Gagliardi,J.
Phys. Chem. A111(2007) 6383.

31. I.R. Shein, A.L. Ivanovskii,J. Structural Chem.49 (2008) 348.

32. I.R. Shein, K.I. Shein, A.L. Ivanovskii,J. Nuclear Mater.353
(2006) 19.

33. T. Das, S. Deb, A. Mookerjee,Physica B367(2005) 6.

34. I.R. Shein, K.I. Shein, N.I. Medvedeva, A.L. Ivanovskii,phys.
stat. sol. (b)244(2007) 3198.

35. I.R. Shein, K.I. Shein, A.L. Ivanovskii,Phys. Chem. Minerals
33 (2006) 545.

36. I.R. Shein, K.I. Shein, N.I. Medvedeva, A.L. Ivanovskii,Phys-
ica B389(2007) 296.

37. I.S. Lim, G.E. Scuseria,Chem. Phys. Lett.460(2008) 137.

38. J.H. Weaver, J.A. Knapp, D.E. Eastman, D.T. Peterson, C.B.
Satterthwaite,Phys. Rev. Lett.39 (1977) 639.

39. J. Diwu, D.J. Grant, S. Wang, L. Gagliardi, T. E. Albrecht-
Schmitt,Inorg. Chem.51 (2012) 6906.

40. M. Heaven,Phys. Chem. Chem. Phys.8 (2006) 4497.

41. A. Bing-Yun, S. Peng, G.Yong, G. Tao,Chinese Phys. B22
(2013) 037103.

42. D. Guillaumont,J. Phys. Chem. A108(2004) 6893.

43. W.-Li Li, H.-Shi Hu, T. Jian, G.V. Lopez, J. Su, J. Li L.-Sheng,
J. Chem. Phys.139(2013) 244303.

44. J.A. Hlina, J.R. Pankhurst, N. Kaltsoyannis, P.L. Arnold,J. Am.
Chem. Soc.138(2016) 3333.

45. S.G. Minasianet al., J. Am. Chem. Soc.134(2012) 5586.

46. A. Moritz, X. Cao, M. Dolg,Theor. Chem. Acc.121(2007) 297.

47. S.G. Wang, W.H.E. Schwarz,J. Phys. Chem.99 (1995) 11687.

48. M.S.S. Brooks, B. Johansson, H.L. Skriver, inHandbook on the
Physics and Chemistry of the Actinides, A. J. Freeman, G.H.
Lander, Eds. (North-Holland, Amsterdam 1984).

49. K.T. Moore, G.v.d. Laan,Rev. Mod. Phys.81 (2009) 235.

50. G. Bellussi, U. Benedict, W.B. Holzapfel,J. Less-Common
Met.78 (1981) 147.

51. U. Benedict, inHandbook on the Physics and Chemistry of the
Actinides, Vol. 5, A.J. Freeman, G.H. Lander, Eds. (Elsevier,
Amsterdam, 1987).

52. U. Benedict, W.B. Holzapfel, inHandbook on the Physics and
Chemistry of the Rare Earths, Vol. 17, K.A. Gschneidner, L.
Eyring, G.H. Lander, G.R. Choppin, Eds. (Elsveir, Amstredam,
1993). U. Benedict, inHandbook on the Physics and Chemistry
of the Actinides, Eds. A.J. Freeman, G.H. Lander, (Elsevier,
Amsterdam, 1987).

53. F. Birch,Phys. Rev.71 (1947) 809.

54. R.G. Haire, S. Heathman, M. Idiri, T. Le Bihan, A. Lindbaum,
J. Rebizant,Phys. Rev. B67 (2003) 134101.

55. C.-S. Yoo, H. Cynn, P. Soderlind,Phys. Rev. B57(1998) 10359.

56. J. Akella, G.S. Smith, R. Grover, Y. Wu, S. Martin,High Press.
Res.2 (1990) 295.

57. S. Dabos, C. Dufour, U. Benedict, M. Pagès, J. Mag. Magn.
Mater.63-64(1987) 661.

58. R.B. Roof,Advances in x-ray analysis, Plenum, (New York,
1981).

59. S. Heathmanet al., Phys. Rev. Lett.85 (2000) 2961.

Rev. Mex. Fis.63 (2017) 297-302


