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Diffusion Monte Carlo study of actinide monohydrides and monofluorides

Nagat Elkahwagy, Atif Ismail*?, S.M.A. Maize, and K.R. Mahmoutl

“Department of Physics, Faculty of Science,

Kafrelsheikh University, Kafr EI-Sheikh, Egypt

e-mail: nagatmhd@yahoo.com
*Department of Physics, Faculty of Applied Sciences,
Umm Al Qura University, Makkah, Saudi Arabia,

°Department of Physics, Faculty of Science,
Menoufia University, Shebin EI-Kom, Egypt.

Received 6 December 2016; accepted 27 March 2017

Ground state total energies, bond lengths, bond dissociation energies, and dipole moments for early actinide monohydrides and monofluoride
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 works [8-14] has been devoted to understanding
the electronic structure of uranyl igifO,]2. In 1983 Krauss
Theoretical prediction of electronic structure calculations ofand Stevens [15] also carried out SCF calculations using a

actinide containing systems remains quite a challenge fofelativistic effective core potential for uranium monohydride
guantum chemistry. Several complications prevent standargnd monofluoride and their ions.

guantum chemical approaches from being successful in this | hod h
field in all aspects. On one hand, relativistic and the elec- Quantum Monte Carlo (QMC) methods are among the

tron correlation effects become important in heavy element§0St accurate nufmencal methods to predp(tj relapv?y accgjl—
and should not be neglected in accurate calculations. On tHgtel_prop_err]tles 0 qugntum syst(_ams:l Besi FS Its av]?ra €
other hand, the presence of several open shells with differeffc@/ing With system size, any arbitrarily complex wave func-
main and angular quantum numbee. 5f, 6d, 7s, and 7p tion can be used because the integrals are evaluated numer-

orbitals are comparable in energies and therefore the bondE@!ly: Although there are many different QMC approaches,

ing can take place with any of these orbitals which add addigifrUSion Monte Carlq (DMC) remains the most accurate one.
tional complexity for quantum chemical calculations for sys-FéW decades ago diffusion Monte Carlo DMC method has

tems containing these elements been successful for calculating accurately the ground state
Many researches have studied the electronic structur roperties of many light atoms and molecules. However,

of systems containing actinium and lawrencium due to the MC applications to actinide systems are very limited. Re-
stability provided by zero and fully populated 5f shell, re- cently we have tested the performance of the standard B3LYP

spectively. In 1998 all electron and valence-only ab initioand the long-range corrected LC-BLYP functionals for both

electronic structure calculations were performed on both act—.he ground and the excited states of lanthanides and ac-

tinium and Lawrencium monohydrides and monofluorides b inides [16].Our calculations have indicated that applying the
Kuchleet al. [1]. Furthermore, theoretical calculations of ac- long range corrected scheme to BLYP functional at a value

tinium monohydride and monofluoride [1-5] were carried outOf the range separation parame,teequal_s .0'35 clearly im-
at various levels of theory. proves the ground state results of 5f actinides.

Systems with unfilled f electrons, of course, are far more  In this work, and based on our earlier finding, we ap-
challenging. In fact, actinide oxides have the largest sharply the DMC method employing the LC-BLYP functional at
of study, despite studies of actinide hydrides and fluorideshe optimal value of: to investigate the electronic structure
are quite rare. The electronic structure of actinide monoxand bonding of monohydrides and monofluorides of early ac-
ides were studied by Attila Kows and co workers [6]. In a tinides. Very little theoretical information is available for
related work, Elliset al. [7] investigated the electronic struc- the monohydrides and monofluorides of actinide elements
ture of actinide monoxides and dioxides by molecular clus-and the experimental data is still missing. Moreover, to our
ter methods based on the first principles one-electron locanowledge this is the first time that a QMC technique has
density theory. On the other hand, a considerable amount dfeen used to predict the electronic structure of molecules
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containing 5f-actinides. Only recently, Shi Gabal. [17] But due to the fermionic nature of electrons, the wave-
have employed quantum Monte Carlo method to study théunction must have positive and negative parts and this is
electronic structure properties for thorium halide molecules.opposite with the assumed naturevfvhich is a probabil-

The basic form of the wave function that we used is theity distribution. So the fixed-node approximation [22] had
Slater-Jastrow wave function which is considered the moshbeen used to deal with the fermionic antisymmetry which
common and simplest one. In the next section, we outline @onstrains the nodal surface ¢fto equal that of the anti-
brief description of the DMC method. The results are thensymmetric trial wavefunction.

this work. ground state energies, bond lengths, dissociation energies,
and dipole moments for some actinide monohydrides and
2. Computational methods monofluorides using the DMC method. The Slater determi-

nants were obtained from DFT calculations using the quan-
Diffusion Monte Carlo method has been extensively detum chemistry program Gamess [23]. We made use of the
scribed in the literatures [18-20] so we give here a brief depseudopotential of Burkatzki and co-workers [24] for H and
scription of it. The diffusion Monte Carlo (DMC) method is F atoms, which it was constructed for use in QMC and was
a stochastic projector method for solving the imaginary timeproved to be quite accurate, while for all actinides CRENBL
many-body Schirdinger equation: ECP basis set [25] was used. All QMC computations were
9 1_, performed with Qwalk code [26]. The DMC calculations
5 (B T) = (—2V +V—ET> Y(R,7) (1)  were performed with a target population of 2000 walk-
ers. These calculations were performed with a time step of
Wf?erer is the imaginary timer = it and Exr is the energy — (.00117 ! which leads to negligible time step error.
offset.
Importance sampling with a trial wavefunctign-(R) is 3. Results and discussion
used to improve the statistical accuracy of the simulation and
this is can be achieved by multiplying Eq. (1) By (R) and

rearranging Table | summarizes the DMC ground state energies for ac-

tinide monohydrides (AnH) and monofluorides (AnF) com-
_Of(R,T) EVZf(R 7 puted with the LC-BLYP functional at the optimal value of
or 2 ’ 1 together with the ground state energies of atoms estimated
+ V[f(R,T)vp(R)] + [EL — Er]f(R,7) (2)  inour earlier work [16]. Bond lengths, dissociation energies,

) _and dipole moments for AnH and AnF estimated using DMC
wheref(R,7) = ¢ (R, 7)¢r(R) interpreted as a probability 41ong with other computed values available in the literature,
density andE, (R)(Hvyr(R) /¢ (R)) is the local energy. are reported in Tables Il and 1.

This equation can be simulated with a random walk hav-

. e : : Let us first check the monohydrides. From Table Il it is
ing diffusion, a draft, and a branching step and may be written , o

: . ) obvious that our calculated AcH bond length is in reasonable
in the integral form:

agreement with that reported by Dolg and also close to Laer-
F(R, 7+ A7) = /G(R,R’;Ar)f(R,r)dR 3) dahlet al. value using relativtsting SCF method, but it un-
derestimates the value estimated by Pyykia Dirag—Fock
where the Green'’s functiofi( R, R'; A7) is a solution of the ~One-Centre (DFOC) Calculation [4] by about 0.1880n
same Eq. (2) and can be interpreted as a probability of trarthe other hand and based on our result together with the re-
sition from a state R to R'. It is possible to use MC methodsults estimated using DFOC [4] and relativistic SCF meth-
to solve the integral in Eq. (3) but the difficulty is that the 0ds [2,26], we suggest that the results cited kicKleet al.
precise form ofG(R, R'; At) is not known. Fortunately the and Hongetal. of AcH bond length seem to be too low. We
comparison of the Schdinger equation with the diffusion Delieve that the long bond length of AcH is most likely due to
equation gives us a clue about how one m|ght approximat@e involvement of the 6d orbital in bonding with no contri-
the unknown Green’s function. bution from the 5f orbital. It is well known that 6d orbital un-
The evolution during the long time intervalcan be gen- dergoes a large expansion due to relativity which is expected
erated repeating a large number of short time steds the 0 influence its chemical bonding. In addition, comparing our
limit - — 0 one can make use of the short time approxima-value of AcH dissociation energy to previous quantum chem-

tion for Green’s function [21]: ical results, our result of 3.52 eV is the same value reported
, _3N/2 by Kiichle and Dolg using CCSD method and is compare well
G(R, R'; AT) = (2mAT) with those found in the other theoretical studies.
(R— R — ArVin|¢r|?)? Looking at the bond lengths in Table Il it can be seen that
X exp | — AT there are marked shortening of the bond length of ThH which

, is the shortest bond length across all hydrides under study. In
x exp[-AT[EL(R) + EL(R) = 2E]/2]  (4)  fact, two views were offered for describing the electronic
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TaBLE |. 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 TasLE Il. Bond lengthsR., dissociation energieB., and dipole
suggests that the Th 6d electrons dominate in bonding [38jnmoments: computed within DMC for actinide monohydrides to-
In light of the significant shortening for either ThH or ThF gether with the available reference data.

bond lengths estimated in the present study, we believe that

. . . L . - method R. D. I
the bonding in thorium is dominating by the 5f orbital which AcH DMC 2203 352 277
causes this noticeable shortening. Moreover, one can also ¢ . ' ' :
observe that there is a decrease in bond strength from. AcH Rel., SCE 2.187
to ThH despite the shortening of the bond. In fact, relativis- Rel.,SCE 2.183
tic bond length reduction does not necessarily imply that the Rel., MP2 2.129
Eong.bec_:omesf.stionger,f ?hs one.wdo.ulij tr—):lxpect in the case of DEOC 2371
onFlng |r_1r bT |rIT .rtoyv oI e perio |ct 31 f[a.th . ” ceso 5132 3,62
rom Table Il, it is also apparent that there is a smal
decreasing trend for the bond length of PaH, UH, and NpH cesn(Ty 2.125 3.63
. i i MRACPF 2.130 3.60
molecules, giving evidence of a further transition towards lo-
calization of the 5f electrons across the three hydrides. With AE, DFT, ZORA’ 2.159 3.57
respect to the dissociation energies, as one might expect, pro- AE, DFT, DKH? 2.163 3.58
tac'tinium monohydride has the largest dissociation energy DHE2 204
Whlgh reflects the fa_ct_that Pa atom has the Iarge_st electroneg- ThH DMC 2088 208
ativity among all actinides under study. As we will see below,
nearly similar effect has been observed for its monofluoride. PaH DMC 2.147 3.65 2.00
Comparing our results of UH with the available refer- UH bMC 2144 2.26 1.76
ence data, one can see that our estimated U-H bond length RECP, SCF 2.160 1.93
(2.144A) is much closer to the values provided by RECP, CASSCP? 2.159
SCI_: and CASSC_:F methods than thos.e obtaingd by_th.e other DKH/MRCI+Q? 2017 2.99
available th.eoret|cal method_s. Our estimated dlssoua'uon_en— PP/SOCH 2022 226
ergy of UH is 2.26 eV which is the same value reported using RECP. PBE" 199
PP/SOCI calculation. Besides, we believe that the dissocia- o :
tion energy of UH obtained with RECP, SCF (1.93 eV) seems DFT 1.994
to be too low. Unfortunately, there does not appear to be any NpH 2.143 1.85 2.04
published work for the monohydrides of Th, Pa, Np, and Pu. pyH 2121 1.96 3.08

It is also interesting to note that the small difference in bond

length between PaH and UH, in contrast in the case of flutime we observe unexpected significant shortening of PuH
orides, showing the important role of actinides 6d participatond length. One might expect a slight contraction for this
tion for COValent intel’actions that becomes more eﬁective abond |ength according to the decreasing trend of the 5f par_
bonding than the 5f orbital. It is worth noting here that sev-ticipation across the series. This marked shortening may be
eral authors [39,40] have suggested the participation of thgrobably due to some contributions from the contracted 7s
6d orbitals in covalent bonding for actinides. or 7p electrons for PuH bonding particularly the probability
From Table Il it is also noticeable that on passing fromof 7s and 7p electrons involvement in chemical bonding in-
uranium to neptunium the bond length stays nearly constantreases in the direction p)U. Any way, this effect finds
supporting that starting from Np there is a decrease in theonfirmations in some papers. For example, Bing-¥in
5f participation. This view will be more confirmed and dis- al. [41] investigated the electronic and structural properties
cussed in detail in the case of monofluoride. At the sameof stoichiometric and non-stoichiometric face-centered cubic
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Pu hydrides (Pull = = 2, 2.25, 2.5, 2.75, 3) by employing A similar observation has been previously reported
the Full potential linearized augmented plane wave methodby Guellaumont [42] using relativistic density functional
combined with Hubbard parameter U and the spin-orbit efmethod on some complexes containing actinides and nitro-
fects. They observed a similar abnormal lattice contractiorgen. He found that the shortest bond length is between
of plutonium hydrides solid which they attributed it to the U and N and he attributed this trend to the presence of
enhanced chemical bonding and the size effects involving theovalent effects in the metal-ligand decreases in the order
interstitial atoms. It is also interesting to note that with in-U ) Pu) Am ~ Cm.

creasing the atomic number along the actinide series, we no- Furthermore, Johann Hliret al. too [44] confirmed that
tice a considerable drop in Dor the monohydrides of Np uranium-metal bonds are significantly shorter than any other
and Pu which can be interpreted in terms of the strong spineharacterized d-f block bimetallic even though ligand flexes
orbit coupling especially for Pu case which it is well known to allow a variable U-M separation. The origin of this marked
to weaken the bond. shortening of the bond length up to UF can be traced back to

We now tern to the discussion of the results obtained foth€ common actinide contraction which results from a large
monofluorides, which are listed in Table I1l. Our AcF bond contribution of Sf-electrons to bonding. One can conclude
length is somewhat higher than the previous quantum chenftom these results that the U 5f orbitals play the primary role
ical results. This deviation can be explained by the differ-in the ionic bonding in line also with the DFT calculations of
ent basis sets used. Again, the long bond length of actiniur¥linasianet al [45] who predlcted a large 5f contribution to
species can be attributed to significant contribution of 6d orbonding in UCE? and UOCE*. At this point it is important
bital which dominants in AcF bonding with no contribution t0 Point out that our result for UF provides additional confi-
from f orbital. On the other hand, our calculatBd for AcF dence to the significant U 5f orbital participation in bonding
is 7.07, in good agreement with the all electrons calculation§sPecially in the case of fluorides due to the strong 5f overlap
reported by Honget al. [3] using either Zora or DKH cal- With the high electronegative fluorine.

culations however, it underestimates the values reported by Another important effect to note in Table Ill is the un-
Kuchle and Dolg. expected increase in the NpF and PuF bond lengths. The

As can be seen in Table IlI, the bond length gets shorteféason of this effect originates entirely from the decreasing
ontribution of 5f electrons to bonding. From our point of

up to UF, and then the trend reverses for NpF and PuF. Th(éiew even in the case of small participation of 5f-electrons in
shortest An-F distances is obtained for UF which is compute% ' P P

as 2.006A lower than the value yielded using density func- onding, the actinide contraction is negligible since the An-
tioneil theory by 0.016% 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 Moritt al. [46] sup-
TaBLE I1l. Bond lengthsR., dissociation energieB.., and dipole  ports our view who explained the minor actinide contraction
momentsy computed within DMC for actinide monofluorides to-  in the actinide-fluorine bond length than their counterpart in

gether with the available reference data. actinide-oxide to the more rigidity of An-F bond. A simi-
lar behavior has been also observed by Wang and Schwarz
method R. D. M in their paper [47] on some lanthanide diatomics. Their
AcF DMC 2.192 7.07 3.50 density functional calculations for lanthanide monohydrides,
Rel.,SCES 2.139 monofluorides, and monoxides found that compounds with
Rel.. SCE 2142 rigid bonds undergo o'nly a small contra(?tion.
From our calculations for the An-F it does appear that
Rel., MPZ 2131 Np has a fractional emergence of localization in the 5f states,
DHF? 2.04 even though the widespread assumption that Th to Pu have
AE, DFT, ZORA? 2.163 7.00 delocalized 5f states and Am to Lr have localized 5f states.
AE, DFT, DKH? 2165 7.02 In fact, there are some researchers have given results for Np
ccso 2119 7.49 and Pu that are in agregment with ours. _In_ 1984, _Brc&lks
cesp(T) 2118 2 65 al. [48] showgd that_whlle the _5f_ spin-orbit mteractl_ons can
' ' be neglected in the lightest actinides, they become important
MRACPF 2119 7.68 for Np. In other words, very beginning of the transition from
ThF DMC 2.058 8.17 2.58 LS coupling to intermediate coupling occurs in Np, which
PaF DMC 2.047 8.06 2.69 means a fractional appearance of localization in Np.
UE DMC 2006 7.08 2.43 A further confidence to our observation has been pro-

vided by Moore and Laan [49]. They proved that the local-

DFT, SO-ZORA? 2.022 o . ; . .
ization begin to appear in 5f states in Np by using the values

Zeka'? 201 of actinides bulk moduli. The experimental bulk modulus of
NpF DMC 2083 735 19 each of the light actinides is: Th at 50-72 GPa [50-52], Pa
PUF DMC 2100 595 437  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], Anelectrons are less polarizable than d-electrons, one can expect
at 30 GPa [59]. Notably, Th exhibits low bulk modulus due this increasing trend in dipole moments for all Pu species.
to the small amount of electrons in the 5f states whereas, Pa Finally, it should be remembered that all calculations re-
and U exhibit the highest bulk moduli but there is a drop ap-ported here were performed using only Slater-Jastrow func-
pears in Np which they related it to a fractional emergence ofional. Despite the simple nature of this type of func-
localization in the 5f states. tional, our results are able to give a reasonable description
However, as we have noticed above, for the monohyof the electronic structure of early actinide monohydrides and
drides there is a gradually decreasing in the bond lengtinonofluorides. In light of these considerations, we can safely
across the series with very small difference between UH angonfirm that the DMC method employing LC-BLYP func-
NpH bond lengths. This is an expected consequence of tHéonal at the optimal value of; is a good choice for future
difference in electronegativity between hydrogen and fluo-Study of actinide containing systems
rine atoms. The strong inductive effect of the electronegative
fluorine strengthen; the bonding in the mo_nof_luorides andbeq  Conclusion
comes able to get rid of the small contraction in NpF and PuF
molecules resulting from the common actinides contraction.We have calculated ground state total energies, bond lengths,
Now it remains to clarify our estimated values for the bond dissociation energies, and dipole moments for early ac-
dipole moment. Note that going from the monohydrides totinide monohydrides and monofluorides using the diffusion
the monofluorides the bonds become more polar which oMonte Carlo (DMC) method and LC-BLYP functional. The
course increase the dipole moments of monofluorides thapresent study shows that U-F bond length exhibits the short-
monohydrides. It is clearly seen from Tables Il and Il thatest actinide-fluoride distance, supporting results from previ-
this consistents with all estimated dipole moments with ex-0ous investigations. However, the bond length of the ThH
ception of Neptunium. Our calculated value for NpF isis the shortest among all hydrides under study. Our calcu-
smaller than NpH by about 0.09 D. lations also provide strong evidence that neptunium is the
It is also worth noting here that for both the monohy- first actinide element having a small degree of localization
drides and monofluorides we find that the dipole momentd the 5f states in line with some previous studies. More-
of actinium and plutonium species are greater than those diver. dipole moments of plutonium species being the highest
other actinides. As we know the d|p0|e moment monoton.among all molecules under Study which consistent with its
ically increases with the bond lengths corresponding to thdlifferent electronic configuration with no 6d orbital occupied.
growth of the distance between the effective charges. Corfon the whole, the present work demonstrates that the DMC
sequently, the somewhat large dipole of species containing'€thod employing LC-BLYP functional at the optimal value
actinium is not a surprise which is traced back to the longf the range separation parameter can be extended to calcu-
bond length observed in both the monohydride and monofiulate the electronic structure properties of actinide containing
oride. Moreover, the dipole moments of plutonium speciesSyStems.
being the highest among all molecules under study which can
be interpreted in terms of its different electronic configura-Acknowledgments
tion. Atomic Pu has a 5f7s” configuration in its ground state
which differs from the earlier elements having partial occu-The authors gratefully thank Dr. Lucas Wagner for helpful
pation of the 6d shell besides 5f shell. Given the fact that f-discussions in QWalk quantum Monte Carlo software.
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