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We perform first-principles calculations to investigate the structural, magnetic, electronic, and mechanical properties
of face-centered cubic (fcc) PuH; and fcc PuH3 using the full potential linearized augmented plane wave method (FP-
LAPW) with the generalized gradient approximation (GGA) and the local spin density approximation (LSDA) taking
account of both relativistic and strong correlation effects. The optimized lattice constant ay = 5.371 A for fcc PuH, and
ap = 5.343 A for fcc PuHj calculated in the GGA + sp (spin polarization) + U (Hubbard parameter) + SO (spin—orbit
coupling) scheme are in good agreement with the experimental data. The ground state of fcc PuHj is found to be slightly
ferromagnetic. Our results indicate that fcc PuH, is a metal while fcc PuH3 is a semiconductor with a band gap about
0.35 eV. We note that the SO and the strong correlation between localized Pu 5f electrons are responsible for the band gap
of fcc PuH3. The bonds for PuH; have mainly covalent character while there are covalent bonds in addition to apparent
ionicity bonds for PuHz. We also predict the elastic constants of fcc PuH, and fcc PuH3, which were not observed in the
previous experiments.
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1. Introduction

Numerous interesting physical properties, not only of the
nuclearity but also of the electronicity, were brought about
among actinide elements, resulting from the 5f states of the
actinide elements.!' It has become a central topic of physics,
as well as an attractive field for understanding the 5f states of
actinides (Ac).”"%! In the series, Pu is located at a special site
where the transition of 5f electrons from itinerancy to local-
ization occurs.>’! So Pu becomes the most complex element
with many anomalous properties.!']

Increasing experimental and theoretical efforts have been
made toward profoundly understanding the 5f electronic na-
ture of Pu metals and its compounds. Nevertheless, exper-
imental observations are scarce because of its toxic and ra-
dioactive nature.l'! The density-functional theory (DFT) is a
ground-state theory, which is good at calculating the elec-
tronic structure of materials as well as the bonding properties,
such as crystal structures, bulk moduli, elastic constants, and
magnetism.!"8] Hence, more and more first-principles tech-
niques from the traditional DFT to DFT+U and dynamical
mean field theory (DMFT)"”! have been performed to explore
the electronic structure of Pu materials during the last three
decades. Moore et al. reviewed that there are still many unan-
swered questions about the electronic structure, magnetism,
and character of bonding.!'! Pu oxides have been studied theo-
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retically to answer those questions. Sun et al. used the DFT+U
to study the structural, electronic, and thermodynamic prop-
erties of PuO, and Pu203.[10] Liu er al. obtained the elec-
tronic, structural properties and elastic constants of 6-Pu and
PuO by using the LSDA/GGA + U method.''! Wang et al.
performed a calculation on PuO, within a local density ap-
proximation (LDA) + U scheme to investigate its structural,
mechanical, magnetic, and intrinsic bonding properties.'?! In
particular, Ao et al. first predicted the metal-insulator tran-
sition in the Pu—H system theoretically and also researched
the lattice contraction of face-centered cubic (fcc) Pu hydrides
within the LDA+U frame”~* However, the theoretical study
of magnetism and mechanical properties of Pu hydrides is still
lacking. In addition, the spin—orbit coupling (SO) of the 5f
electrons has not been included in the previous works, while
it plays a pivotal role for Pu 5f electrons.'>!%l Hence, we
consider not only U but also the SO effects on Pu 5f states.
Our calculations are based on the experimental results that fcc

[15.16] while the magnetism of fcc PuH3

PuH, is ferromagnetic,
is uncertain. We investigate the magnetic stability of fcc PuH3.
The mechanical properties are calculated first.

The present paper is organized as follow. In Section 2,
we give the details of our calculation. The results and discus-
sion are presented in Section 3. Finally, the conclusions are

summarized in Section 4.
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2. Computational method

The calculations are carried out using the full potential
linearized augmented plane wave method (FP-LAPW) method
implemented in the WIEN2K code!'”!8] The exchange—
correlation potential is computed with the generalized gradi-
ent approximation (GGA) and the local spin density approxi-
mation (LSDA). The unit cell is divided into non-overlapping
atomic spheres whose centers are at atomic positions, and in-
terstitial region. Inside the muffin-tin region, the potential is
a product of radial function and spherical harmonics. For the
interstitial region, i.e., outside the muffin-tin sphere, the poten-
tial is expanded in plane waves. The muffin-tin radii Ryt are
chosen so that the spheres are not overlapped. The muffin-
tin radii Ryt of Pu and H atoms are 2.3 a.u. and 0.9 a.u.,
respectively. The charge convergence is set to 0.0001, and
the total energy convergence is set to 0.0001 Ry for all the
iterations. The separation energy is —6.0 Ry in the calcula-
tion of the exchange—correlation energy. The cutoff parameter
RymrKwmax is set to 3 for both PuH, and PuH3. Here Kyax
is the maximum modulus for the reciprocal lattice vector. K-
points are taken as 5000 in GGA (+ sp/ + sp+ U/ + sp + U
+ SO) and 15000 in LSDA (+ sp/ + sp + U/+ sp + U + SO)
for PuH,. The 1x1x1 supercell of fcc PuH3 is constructed
and used in all our calculations because of the calculation of
antiferromagnetism and 100 K-points is used for PuHj3 to save
computing resources and time. The value of U is optimized
to be 4.00 eV for PuH, and PuH3.131 Moreover, local orbitals
have been added for all atoms and valence states. Furthermore,
the spin—orbit coupling is included in the calculations based on
the second variational approach.!'”]

The crystal structures are shown in Figs. 1(a) and 1(b).
The structure of PuH; is equivalent to that of CaF,, whose
space group is Fm3m as seen in Fig. 1(a), (0, 0, 0) site is oc-
cupied by Pu, while (0.25, 0.25, 0.25) and (0.75, 0.75, 0.75)
sites are occupied by H. The space group of fcc PuHj3 is also
Fm3m as seen in Fig. 1(b), even though it is formed when ex-
tra H atoms enter into the octahedral interstices. Unlike PuH,,
its H atomic positions are (0.25, 0.25, 0.25) and (0.5, 0.5, 0.5),
and the 1x1x1 supercell of fcc PuHj3 is used in all our calcu-
lations. There are 4 Pu atoms and 12 H atoms in the supercell.
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Fig. 1. (color online) Crystal structures of (a) fcc PuH, and (b) fcc
PuHj3.

The Murnaghan equation of states are used for the deter-

S.[20

mination of the static equilibrium properties.”°! The optimized

results of PuH, and PuH3 are shown in Tables 1 and 2, respec-
tively.

3. Results and discussion
3.1. Structural properties

From Table 1 for PuH,, we can see that both LSDA and
GGA severely underestimate the lattice parameter with respect
to the experimental value. A similar case happens for PuH3 as
shown in Table 2. After turning on Hubbard parameter U with
the SO, the lattice constants of both PuH; and PuH3; are much
closer to the experimental values in contrast with those ob-
tained in pure DFT and DFT+U. For PuH;, the discrepancy
between the experiment and our calculation decreases from
5.7% for GGA to 0.44% for GGA + sp + U + SO; even GGA
+ sp and GGA + sp + U are better than GGA. For PuH3s, it
is in good agreement with the experimental value. The dif-
ference decreases from 5.43% for GGA to 0.06% (0.21%) for
GGA + sp + U + SO in the FM (AFM) states, and even the re-
sults from other formalisms are in reasonable agreement with
the experimental value. Some theoretical values calculated in
other methods, LMTO, RLMTO, and spin-polarized LMTO,
for the lattice parameter of PuH; are also shown in Table 1.
We find that our results are much better than the others, sug-
gesting the advantage of the present method (GGA +sp + U +
SO) over the others for treating the Pu—H system in the aspect
of structure.

Table 1. Structural properties of PuH;: lattice constant ag and bulk

modulus By optimized with GGA (sp/sp + U/sp + U + SO) and LSDA
(sp/sp + U/sp + U + SO). The Hubbard parameter U is 0.29 Ry.

Method aplA By/GPa
GGA 5.089 83.17
LSDA 4.947 97.58
GGA + sp 5.365 60.44
GGA +sp+U 5.463 56.82
GGA +sp+U + SO 5.371 59.64
LSDA + sp 5.184 72.24
LSDA +sp+ U 5.288 70.99
LSDA +sp + U + SO 5.202 71.10
LMTO? 474 -
RLMTO® 4.89 -
Spin-polarized LMTO® 498 -
Exp.?) 5.3954:0.002 -

3Ref. [21]; P Refs. [22] and [23].

The lattice parameter is changed when U or SO is in-
cluded. It is clear that the lattice parameter increases as soon
as the electron correlation is carefully included, which can be
explained as follows. When Hubbard U is introduced, the lo-
calization of the 5f electrons of Pu will be enhanced, while
the cohesion of the crystal is further decreased, which results
in the increase of the lattice constant. Notice that the result
from GGA + sp + U of PuH; is ag = 5.463 A, which overesti-
mates the value by 1.3%. Besides, the lattice parameters from
LSDA/+ sp/+ sp + U for both PuH; and PuH3 are smaller than
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the corresponding values of GGA/+ sp/+ sp + U. This is be-
cause the cohesion of the crystal is greatly overestimated in
the LSDA/+ sp/+ sp + U frameworks. Moreover, the lattice
parameter is reduced slightly in the GGA + sp + U+ SO frame-
work compared with that in the GGA + sp + U scheme, which

is also consistent with other experimental measurements.[1:>*]

Table 2. Structural properties of PuHs : lattice constant ap and bulk
modulus By optimized with GGA (sp/sp + U/sp + U + SO) and LSDA
(sp/sp + U/sp +U + SO). The Hubbard parameter U is 0.29 Ry.

Phase Method aglA By/GPa
Nonmagnetic GGA 5.056 116.47
LSDA 4.939 133.48
Ferromagnetic GGA +sp 5.252 94.19
GGA +sp+U 5.344 82.99
GGA +sp+U + SO 5.343 87.96
LSDA + sp 5.118 113.97
LSDA +sp+U 5.212 99.76
LSDA +sp+ U + SO 5.250 102.95
Antiferromagnetic ~ GGA + sp 5.262 92.13
GGA +sp+U 5.352 83.04
GGA +sp+U + SO 5.351 84.89
LSDA + sp 5.129 108.31
LSDA +sp+ U 5.222 99.81
LSDA +sp+ U + SO 5.226 101.38
- Exp.D) 5.3440.01 -

b)Refs. [22] and [23].

For bulk modulus By, the result from GGA (+ sp/+ sp +
U/ + sp + U + SO) schemes is much lower than that given by

LSDA (+ sp/ + sp + U/ + sp + U+ SO) formalisms for both
PuH, and PuH3. This also results from the binding overesti-
mated characteristic of LSDA calculations, which is similar to
the case in the study of the PuO, system.!':1°]

Furthermore, By from the standard DFT decreases when
U is added, while it increases within DFT + U + SO for both
systems. In addition, the bulk modulus tends to decrease com-
pared with that in the pure DFT when the electron correlation
in the 5f shell and the SO are taken into account. Here it is
indicated that the pure DFT overestimates bulk modulus By in
comparison with the experimental data and the DFT + U + SO
results (the experimental values of By are not available yet). A
similar situation is found in the studies of 8-Pu,?# rare-earth
dioxides CeO,, PrO,, and TbO,,2! and the work of Séderlind

[26] also suggested the same trends.

et al.

Above all, we note that the structural properties are not re-
produced well in all the LSDA methods for PuH; and PuH3, so
we use the GGA methods to investigate magnetic, electronic,

and elastic properties in the following sections.

3.2. Magnetic properties

The total energy and the total magnetic moment for the
states of non-magnetic (NM), ferromagnetic (FM), and anti-
ferromagnetic (AFM) phases calculated for PuH, and PuH3
are shown in Table 3.

Table 3. Compilation of data on NM, FM, and AFM states of fcc PuH, and fcc PuHj3: total magnetic moment o for the
supercell, total energy Ey, AE = Epm — Eapv. The Hubbard parameter U is 0.29 Ry.

Compound Method Phase Mot/ HB Eo/Ry AE/Ry
PuH, GGA NM - -59386.2967 -
GGA + sp FM 2276102 —-59386.4822 0.0001
AFM -0.00223 -59386.4823
GGA +sp+U FM 21.56283 -59386.8211 -0.0268
AFM 0.00337 —-59386.7943
GGA +sp+U + SO FM 21.02232 -59387.3397 -0.0002
AFM -0.00046 -59387.3395
PuHj3 GGA NM - -59387.5880 -
GGA + sp FM 20.07218 -59387.6711 -0.0025
AFM 0.01036 —-59387.6686
GGA +sp+U FM 20.19049 -59387.9724 0.0002
AFM -0.00360 -59387.9726
GGA +sp+U + SO FM 19.77723 —-59388.5243 -0.0020
AFM -0.00001 —-59388.5223

We find that the total energy of the NM phase is the high-
est in the GGA scheme, in other words, the NM phase is un-
stable for PuH, and PuH3.

For PuH,, the results from GGA + sp + U and GGA +
sp + U + SO indicate that the fcc PuH, is FM, and the energy
differences between the FM and the AFM states are 0.0268 Ry
and 0.0002 Ry, respectively. The results from GGA + sp illus-
trate that the fcc PuH, is AFM. However, it should be noted
here that the energy difference between the FM and the AFM

states is 0.0001 Ry within the GGA + sp scheme, and it is so
small that the AFM phase is unstable. Thus, it reveals that the
fcc PuH; is FM, which is consistent with the available experi-
mental results.[!>]

For PuH3, the results from GGA + sp and GGA +sp + U
+ SO indicate that the fcc PuH3 is FM, and the energy differ-
ences between the FM and the AFM states are 0.0025 Ry and
0.002 Ry, respectively. Meanwhile, the results from the GGA

+ sp + U framework illustrate that the fcc PuH3; is AFM. How-
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ever, it is important to note that the energy difference between
the FM and the AFM states is 0.0002 Ry within the GGA + sp
+ U scheme, and it is so small that the AFM phase is unstable.
Hence, the results indicate that the fcc PuHj3 is FM.

In the following sections, the calculations are performed
based on the results that fcc PuH; and fcc PuH3 are FM.

3.3. Electronic properties

The density of states (DOS) of fcc PuH, is shown in
Fig. 2. The total DOS curves in four cases (GGA, GGA +
sp, GGA + sp + U, GGA + sp + U + SO) all cross over the
Fermi level (EF) with a nonzero occupation of Pu 5f electrons
on it. The total DOS of PuH, is almost composed of that of
Pu atoms, moreover, the DOS of Pu atoms is dominated by the
5f partial DOS. However, there is a gradual reduction in the
density of states at the Fermi level when sp, U, and SO are
added one by one. When the Coulomb interaction is consid-
ered, prominent changes happen in the DOS of the GGA + sp
+ U calculation. The three main peaks of 5f partial DOS are
much sharper and further separated than those of GGA + sp,
which indicates that the localization of 5f electrons is highly
strengthened in the GGA + sp + U calculation. In addition,
the total DOS moves to a lower energy level when the SO is
added. But, above all, the material still exhibits the metal-
lic ground state in agreement with our previous workl®! taking
into account the SO.
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Fig. 2. (color online) Densities of states in (a) GGA, (b) GGA + sp, (c)
GGA + sp + U, and (d) GGA + sp + U + SO for fcc PuH;. The Fermi
level is at 0 eV.

In order to analyze the Pu—H interaction, the PDOS for
Pu d and H s orbitals are plotted in Fig. 3. In the lower part of
the valence bands, from —1.5 eV to —7.0 eV, the DOS of Pu
d and H s have sharp peaks at the equivalent energy, the hy-
bridization to some extent exists between Pu d and H s occu-

pied states. The interesting hybridization effect implies certain
covalent character in the bonding of the PuH, system.
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Fig. 3. (color online) Partial densities of states for the Pu d and H s of
PuH,.

For PuH3, the densities of states in GGA + sp/ + sp + U/
+ sp + SO/sp + U+ SO schemes are plotted in Fig. 4. It is
clear that there is a nonzero occupation of Pu 5f states at the
Fermi level in all these frames except for GGA + sp + U +
SO, hence the standard DFT even DFT + U or DFT + SO pre-
dicts a metallic ground state for PuHs. However, the GGA +
sp + U + SO method not only is good at reproducing the lat-
tice constant but also predicts a semi-conductive state. Hence,
the spin—orbit coupling with Hubbard U finally leads to the
semi-conducting state.
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Fig. 4. (color online) The DOS in (a) GGA + sp, (b) GGA +sp + U, (c)
GGA + sp + SO, and (d) GGA + sp + U + SO for fcc PuH3. The Fermi
level is at 0 eV.

The PDOS in the GGA + sp + U + SO scheme are plotted
in Fig. 5 to investigate the contributions of each angular mo-
mentum for PuHs. Obviously, the total DOS is constituted by

that of Pu atoms, moreover the DOS of Pu atoms is made up
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with Pu f electrons. Unlike Pu f, the Pu d orbits contribute a
little to the total DOS, as well as the states of H; s and H,, s.
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Fig. 5. (color online) The PDOS in GGA + sp + U + SO for fcc PuH3.
The Fermi level is at 0 eV.

The PDOS for Pu d, H; s, and H,, s are plotted in Fig. 6.
Hybridizations exist between Pu d and H s orbitals. In particu-
lar, Pu d and the H; hybridize pronouncedly, which illuminates
that the bonding between them has certain covalent character.
However, the hybridization between Pu d and the H, s is much
weaker, namely, there is little covalent character in the bonds.

This can be confirmed by the later charge density analysis.

1.8 T T T T T T T T T T
—Pud
| = H; s
............ H, s
- 1.2
>
o
~
wn
o
@)
0.6 4
P Y i L_l-:..:l.._ %
2 4 6
Energy/eV

Fig. 6. (color online) The PDOS for the Pu d, H; s, and H, s of PuH3.

The interpretation on the chemical bonding is further sub-
stantiated by the analysis of the valence-electron charge den-
sity and the difference charge densities along the (1 1 0) plane
of the crystal structure for fcc PuH, and fcc PuH3, and the
charge distributions are shown in Figs. 7 and 8.

In Fig. 7(a), the valence charge density is increased grad-
ually when approaching Pu atomic nuclei. It reflects that most
of the electrons are bound around the atomic nuclei, only a few
valence electrons can escape the bondage of the nuclei. It can
be clearly seen that appreciable charge exists in the outer re-

gions of Pu and H atoms, and much charge of Pu atoms is lost

to the interstitial regions.”) It is proved by the difference elec-
tron charge density in Fig. 7(b). In particular, it is important
to note that the charge, to some extent, piles up in the bonding
regions between different atoms. This feature reflects that the
bonding of Pu and H atoms has certain covalent character in
the PuH; system. However, there is much light charge buildup
with the typical characteristic of metallic bonding in the inter-
stices regions away from the bonds, which suggests that PuH,
is metallic as indicated by the DOS analysis.

0
—0.2
—0.4

Fig. 7. (color online) Calculated (a) valence-electron-charge and (b)
difference electron-charge density contour plots from the GGA + sp +
U + SO calculation for fcc PuHj in the (1 1 0) plane.
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Fig. 8. (color online) Calculated (a) valence-electron-charge density
and (b) difference electron-charge contour plots from the GGA + sp +
U + SO calculations for fcc PuHj3 in the (1 1 0) plane.
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For PuHj3 in Fig. 8(a), it is clear that almost no charge
accumulates in the bonding regions between Pu and H,, atoms
while appreciable charge distributes in the bonding regions be-
tween Pu and H; atoms, which strengthens the judgments of
certain covalent character of PuH3. However, no localized,
covalent bond charge can be detected, suggesting that the lo-
cal Pu-H,, interactions are ionic. In addition, the difference
electron-charge density contour plot reveals that most charge
of Pu atoms moves to H; atoms except for a little to H, atoms,
as shown in Fig. 8(b). So, we believe that the bonding of Pu
and H, atoms has a relatively strong ionic character.

3.4. Elastic properties

In this study, we compute the elastic constants ¢;; in GGA
+ sp, GGA + sp + U, and GGA + sp + U + SO respec-
tively. Fcc PuH; and fcc PuH3 have only three elastic con-
stants, cq1, c12, and cqq owing to the cubic symmetry. The
elastic constants and the mechanical properties derived from
these states are shown in Tables 4 and 5. The bulk modu-
lus B, Young modulus Y, and Poisson’s ratio are obtained by
the Voigt formalism: B = (¢j1 + 2¢12)/3, Y =9BG/(G +3B),
and 6 = (B—2G/3)/(2B+2G/3), where G is the shear mod-
ulus defined by G = (c¢11 — c12 +3c44) /5. The necessary con-
ditions for mechanical stability are given by (c¢;; —c12) > 0,
(c11+2¢12) > 0, ¢11 > 0, caq > O for cubic crystal structures.

One can notice that c¢y1, c¢12, and c44 for fcc PuH, and
fcc PuHj3 satisfy the necessary conditions of mechanical sta-
bility. For PuH», c;1, c12, and cq4 from the GGA + sp + U +
SO frame are almost the largest except cj2, meanwhile bulk
modulus B, shear modulus G, and Young modulus ¥ show the
same tendency that the values from the GGA + sp + U + SO
frame are almost the largest. Bulk modulus B obtained from
the GGA + sp + U + SO frame agrees well with that from the
Birch—-Murnaghan equation of state.

The bulk modulus is a fundamental physical quantity of
solids and can be used as a measure of the average bond
strengths of atoms of crystals. Furthermore, shear modulus
G and Young modulus Y can illustrate the stability of material.
The results in Tables 4 and 5 indicate that the state of PuHj
is more stable than that of PuH, in the GGA + sp + U + SO
frame. Generally, the elastic constants of metals are smaller
than those of semiconductors. Our result also follows the ten-
dency since PuH; (PuH3) is metallic (semiconductor) in the
GGA + sp + U + SO scheme. To the best of our knowledge,
the elastic constants have not yet been measured experimen-
tally and calculated theoretically for both PuH, and PuH3, so
there are currently no experimental or theoretical data for this
elastic modulus to be compared with. Hence our results can
help to design future experiments to investigate the stability of
PuH, and PuH3;.

Table 4. Elastic constants ¢y, 12, c44, bulk modulus B, shear modulus G, Young modulus Y, and Poisson’s ratio ¢ for PuH; in GGA

methods.
Method c11/GPa c12/GPa c44/GPa B/GPa Y/GPa G/GPa o
sp 70.44 47.07 65.02 54.86 103.57 43.69 0.185
sp+U 71.10 34.37 26.44 46.61 59.72 23.21 0.287
sp+ U + SO 130.51 45.65 77.06 73.94 147.57 63.21 0.167

Table 5. Elastic constants ¢y, ¢12, c44, bulk modulus B, shear modulus G, Young modulus Y, and Poisson’s ratio ¢ for PuHz in GGA

methods.
Method c11/GPa c12/GPa c44/GPa B/GPa Y/GPa G/GPa o
sp 130.29 67.65 101.21 88.53 172.25 73.25 0.310
sp+U 138.85 58.81 121.41 85.49 197.97 88.85 0.114
sp+U + SO 140.77 75.46 133.16 97.23 211.48 92.96 0.137

4. Conclusion

We have performed a detailed investigation on the struc-
tural, magnetic, electronic, and elastic properties of fcc PuH,
and fcc PuH3 within the DFT framework by using the FP-
LAPW technique. Our results indicate that fcc PuH, is metal-
lic and fcc PuH3 is a semiconductor with an energy gap of
about 0.35 eV. The latter is more stable in ferromagnetic
phases even the energy difference of the ground state be-
tween ferromagnetic and antiferromagnetic states is small.
The bonds for PuH, have mainly covalent character while
there are covalent bonds in addition to apparent ionicity bonds

for PuH3. The mechanical stability of fcc PuH; and fcc PuH3
is investigated with elastic constant calculation, which also
employs the GGA + sp + U + SO frame. Moreover, we find
that the GGA + sp + U + SO calculation predicts very well
not only the lattice constant but also the observed energy gap
which cannot emerge within other schemes such as DFT or
even DFT + U. This fact emphasizes the important role of
both the strong correlation effects and the SO in calculating the
electronic states. It is also predicted that the metal—insulator
transition takes place from fcc PuH; to fcc PuHj3 for the first

time.
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