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In this paper, we explore the structural and magnetic properties as well as electric field gradient (EFG),
hyperfine field (HFF) and quadrupole coupling constant in actinide digallide AcGa, (Ac = U, Np, Pu) using LDA,
GGA, LDA+U, GGA+U and hybrid functional with Wu-Cohen Generalized Gradient approximation HF-WC.
Relativistic effects of the electrons are considered by including spin-orbit coupling. The comparison of the
calculated structural parameters and magnetic properties with the available experimental results confirms the
consistency and hence effectiveness of our theoretical tools. The calculated magnetic moments demonstrate that

UGa, and NpGa, are ferromagnetic while PuGa, is antiferromagnetic in nature. The EFG of AcGa, is reported
for the first time. The HFF, EFG and quadrupole coupling constant in AcGa, (Ac = U, Np, Pu) are mainly
originated from f-f and p-p contributions of Ac atom and p-p contribution of Ga atom.

1. Introduction

The quantum chemistry of actinide based molecules is challenging
due to their complex electronic structures [1]. One of the interesting
families of these challenging compounds is actinides digallide. The
structural, electronic and magnetic properties as well as the hyperfine
field (HFF) and electric field gradients (EFG) of the actinide based post
transition metals have attracted considerable attention in modern
condensed matter physics [2,3]. These materials have 5f electrons
which exhibit some significant physical properties like Pauli paramag-
netism, magnetic and electric hyperfine interactions, heavy fermions,
spin fluctuation and unconventional superconductivity [4,5]. The 5f-
electrons exhibit dual nature, some time behave like 4f- electrons [6—
10], while in number of compounds it exhibit 3d- itinerant nature
depending on their hosts [11-15].

Extensive experimental works have been reported about the
importance of actinide based post transition metals AcGa, [Ac = U,
Np, Pu] and other related compounds [16—18]. All the intermetallic
compounds AcGa, crystallize in the hexagonal AB, type crystal
structure with space group P6/mmm. It has been confirmed by single
crystal X-ray diffraction experiments that the c/a ratio for these
compounds increases when one moves from U to Pu, which implies

that lattice parameter “c” increases more rapidly than lattice parameter
“a” from U to Pu in the periodic table [2,3,19]. Honma et al. [2] and
Yaar et al. [3] investigated the ferromagnetic nature of UGa, and
NpGa, with Curie temperatures of 125 and 55 K, respectively, by
Mossbauer as well as alternating and direct current techniques and
found that the 5f-electrons of these compounds were localized. The X-
ray diffraction study indicated that a slight orthorhombic distortion of
UGa, occurred below 100 K [20]. The magnetic moment of the latter
compound was obtained to be 2.7 ug/U by the magnetization study,
which was close to 3.0 pg/U, as determined by the powder neutron
diffraction study [21]. The experimentally investigated magnetic mo-
ment of NpGa, is 2.3 pg/Np [3]. Boulet et al. [19] studied the magnetic
nature of PuGa, by means of susceptibility, magnetization and specific
heat measurements and concluded that it had antiferromagnetic nature
with Néel temperature of 74 K. The effective magnetic moment of Pu is
measured experimentally by Boulet et al. to be 0.42 pg, which is much
smaller than that of the Pu®" free ion (2.6 pg) [19].

In this work, EFGs are investigated for these materials as a first
time. The EFG is a physical quantity used to explore the geometry of
the electron charge distribution around the nucleus of an atom or
nuclei of a crystal [22]. The EFG has attracted enormous attentions for
its interesting physics [23—27]. The quadrupole nuclei (with I >1) have
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non-spherical structures due to their anisotropic nuclear charge
distributions. These nuclei have nonzero electric quadrupole moments
(Qs). The nuclear electric quadrupole interactions (QIs) have large
applications and serve to investigate the distributions of electronic
charges around the nuclear sites. It shows the bonding nature as well as
shapes of orbitals in the compounds, their quadrupole frequency and
quadrupole splitting. The QIs are also used for the characterization of
surfaces, vacancies and impurities [28—-32].

So far to the best of our knowledge no serious attention has been
paid to the theoretical studies of intermetallic actinide digallide AcGa,
system despite their fascinating properties such as heavy fermions,
Pauli paramagnetism and spin fluctuation. In this study, we explore
structural, magnetic, HFF and EFG of these materials in detail with the
different flavors of exchange-correlations in density functional theory
(DFT), i.e., local density approximation (LDA), generalized gradient
approximation (GGA), LDA plus Hubbard U correction (LDA+U),
(GGA+U) and hybrid functional HF-WC. The relativistic effects can
be significant in actinide post transition intermetallic compounds
having 5f- electrons due to their large atomic numbers. Therefore,
spin- orbit coupling (SOC) is included in our calculations to investigate
the expected relativistic effects in these compounds.

2. Computational details

Our calculations have been performed in the framework of the DFT
using the well-known all electron FP-LAPW+lo method implemented
in WIEN2k package [33]. The unit cell is divided into two regions in
LAPW+lo method, i.e., non-overlapping muffin-tin spheres of radii
Ryt around each atom and interstitial region. The wave functions
inside the atomic spheres are expanded in spherical harmonics, while
plane waves are used for the interstitial region [20,34]. In the present
study, we deal with the actinide digallide which can behave as a
strongly correlated system. The DFT is the base for majority calcula-
tions of the electronic structure of solids. The structural properties are
investigated under the LDA and GGA [35,36]. These two approxima-
tions have well-known shortcomings for strongly correlated systems.
Both approximations usually give good results for number of semi-
conductors and insulators, but they often fail to give satisfactory results
for strongly correlated electron systems. The importance of the highly
correlated systems and the shortcomings of these two approximations
have encouraged researchers to think about solutions of these pro-
blems for such compounds [37]. The LDA results were tried to be
improved by adding Hubbard potential [38,39], i.e., the so-called LDA
+U scheme. The LDA+U mostly yields good results for strongly
correlated systems. The LDA+U total energy functional takes the form

1)

where EP4 (p) is the usual local density functional of the total electron
spin density (p), E® is an electron-electron interaction energy and E%
is the double counting correction term which accounts approximately
for electron-electron interaction energy already incorporated in E*PA
[40]. In this study the value of Uy = 0.20 Ry for UGa,, 0.7 Ry for
NpGa, and 0.20 Ry for PuGa, is considered for LDA+U approach. Our
present calculations of AcGa, are also computed by using HF-WC. The
EECE gives good result in case of AcGa, with a = 0.20 for UGa,, 0.20
for NpGa, and 0.10 for PuGa,. Moreira et al. proposed the hybrid
functional with the following general form:

Etotal (ﬂ, ﬁ) — ELDA (p)+Eee (ﬁ)—Edc (ﬁ)’

Egsie M (5] = B3 [pl+a (B [Weor)—ES- [pore ] )

where ESL is the semilocal (SL) functional and a is the fraction of
Hartree-Fock exchange (between 0 and 1) [41-45]. It is identified that
U, Np and Pu are strongly correlated systems with 5f electrons.
Therefore, to take the better description of its properties into account
LDA+U along with hybrid functional HF-WC calculations are neces-
sary. In the present study, the maximum angular momentum quantum
number for expanding the Kohn-Sham wave function within the
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muffin-tin sphere is confined to /,,,, = 10. The wave functions in the
interstitial region are expanded in plane waves with a cutoff of
Ryr Kpax = 9, where Ry,r is the minimum muffin—tin radius in the unit
cell. The charge density and potential are Fourier expanded in the
interstitial region up to G, = 12 (Bohr)~ /2 The Brillouin zone
integration is performed on a mesh of 15 x 15 x13 k-points in the
bulk of AcGas,.

We carry out full relativistic calculations by including the spin-orbit
coupling (SOC) in the Hamiltonian. Recent magneto crystalline aniso-
tropy calculations [46] clearly show the importance of the relativistic
effects for the electronic and magnetic properties investigations. In
fact, the importance of relativistic effects strongly depends on the
atomic number (Z), and increases by Z. This implies that the relativistic
effects for Actinide-based compounds are crucial. However, the relati-
vistic effects can be safely neglected when the speed of electron is much
less than the speed of light speed in vacuum (c). Therefore, in the
WIEN2k code the relativistic corrections are only considered for the
electrons in the muffin-tin spheres and these effects are safely
neglected for the electrons in the interstitial region. This is so, because
in the interstitial region the electrons are far from the core region and
thereby their speed are much smaller than ¢, while this may not be the
case for the electrons in the muffin-tin spheres. In the WIEN2k code
the method of including relativistic effects in the core electrons differs
from that of the valence electrons. The core states are considered fully
relativistically, while for the valence states the relativistic effects are
approximated using the second variational method including the SOC
[47,48]. When including the SOC within the second variation step, the
size of the new basis set is determined by the E,,,, parameter [46]. The
E,.: determines the maximum energy for which all the scalar-relati-
vistic eigen states are included. To increase our accuracy, we set the
E,.. to 10 Ry, while its default is 1.5 Ry. The speed of our SOC
calculations could be speed up by reducing the E,,,, parameter, if it was
permitted to add the relativistic local orbitals (RLO's). However, since
the EFG and the dipolar HFF are the main goals of this study, we avoid
considering the RLO's as additional basis functions [49] for our SOC
calculations due to the known limitations of the WIEN2k code. The
direction of magnetization is also selected to be along the [001].

3. Structural properties

AcGay[Ac = U, Np, Pulintermetallic compounds exhibit AB, type
hexagonal crystal structures with space groupP6/mmm-D (191), with
atomic positions Ac in 1(a); [0, 0, 0] and Ga in 2(d) [1/3, 2/3, 1/2]; [2/
3, 1/3, 1/2] [50]. The experimental lattice constants of UGa, com-
pound are a = b = 4.21 A, ¢ = 4.01 A and its ¢/a ratio is 0.953. The
experimental lattice constants and ¢c/a are a =b = 4.259 A, ¢ = 4.077 A,
¢/a=0.957 for NpGa, and a =b = 4.254 &, ¢ = 4.124 &, c¢/a = 0.969 for
PuGa, [2,3,19,20]. We have started from experimental lattice para-
meters and relaxed the unit cell by minimizing the total energy versus
unit cell volume and fitted the results with a Birch-Murnaghan
equation of state. From the ground state volumes, the structural
parameters, including lattice constants, bulk moduli and their deriva-
tives are obtained [51]. For optimization of AcGasunit cell we used 2-D
optimization package using different potential which are shown in
Table 1. Both LDA and GGA underestimate the lattice constants 7-30%
especially for ¢ and 0.5-1.4% for a and b as shown in Fig. 1(a). To
improve the results, we used other functional like LDA+U and GGA+U
which are more appropriate for the heavy fermions. The c/a ratio has
been calculated computationally. The results of LDA and GGA are far
away from the experimental curve while the LDA+U results are well
consistent to the experimental data which exhibits that LDA+U can
well predict the structural properties of f-electrons family. As shown in
Table 1, the 2D calculations can give satisfactory results which are very
close to the experimental data and thereby well optimize the system. It
is concluded that calculated lattice constants of AcGa, by LDA+U are
suitable. The bulk modulus which shows the strength and hardness of a
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Table 1
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Calculated lattice constants (&), bulk moduli (GPa), derivative of bulk moduli as well as ¢/a ratio of AcGa, by different potentials and comparison with experimental results.

Flavors Lattice parameter UGa, + % error NpGa, + % error PuGa, + % error

GGA a=b(A) 4.1751 0.8 4.2448 1.40 4.2760 0.5
c@A) 3.8567 15 3.7678 30.0 3.7971 7.0
c/a 0.9238 2.0 0.8871 7.00 0.8880 8.0
B (GPa) 80.978 85.042 88.282
B/ 19111 3.7585 5.4999

LDA
a=b(A) 4.1217 8.0 4.1896 6.00 4.2304 0.5
c (@A) 3.8600 15 3.7468 8.00 3.7609 8.0
c/a 0.9365 1.5 0.8890 8.0
B (Gpa) 104.25 112.05 111.71
B/ 4.2583 8.8189 7.4361

LDA+U a=b 4.2290 0.4 4.2590 0.00 4.2600 0.1
c(A) 4.0090 0.1 4.0760 0.02 4.1300 0.1
c/a 0.9470 0.5 0.9570 0.00 0.9690 0.0
B (Gpa) 137.57 114.58 112.31
B/ 3.0288 5.2370 5.4530

GGA+U a=b 4.2330 0.5 4.2480 0.02 4.3120 4.0
c(A) 4.0160 0.6 4.0570 0.40 4.1030 0.1
c/a 0.9480 0.4 0.9550 0.20 0.9520 1.0
B (Gpa) 87.158 113.29 119.07
B/ 3.9321 4.3420 4.7650

Expa=bAcA 4.21®4,01® 4.26®4.08® 4.25(194,12019

Exp c/a 0.9520 0.9570 0.9690

material are investigated for AcGa,. The bulk moduli are calculated by Table 2

different exchange-correlation functional as shown in the Table 1. The
calculated bulk moduli are inversely related to the lattice constants.
This shows that the compressibility is proportional to the lattice
constants. The LDA+U confirm this relation as shown in Fig. 1(b).
The results of the other functional do not show this behavior. The
calculated result of LDA+U shows that hardness decreases while the
compressibility increases from uranium to plutonium.

4. Magnetic properties

The magnetic behavior is an interesting property of AcGa, [Ac = U,
Np, Pu], and therefore its detail study has significant importance. To
investigate the magnetic phase of AcGa,, we optimized double cell of
these compounds by LDA+U. Hence, we found the minimum energies
of UGa, and NpGa, to be - 127805.97598684 and -
130990.79156800 Ry in the ferromagnetic phase, respectively, see
Table 2. The minimum energy of PuGa, is calculated to be -
134239.55635983 Ry in antiferromagnetic phase, as shown in
Table 2. To investigate the interstitial and individual atomic spin

4.32
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Ground state energy of 2 x 1 x 1 super cell of AcGa, (Ac = U, Np, Pu).

Compounds Earm (Ry) Epm (Ry) Enon-mac (Ry)

UGa, - 127805.8907245 — 127805.9759868 — 127805.8806342
NpGa, - 130990.4886088 — 130990.7915680 - 130990.4235672
PuGa, - 134239.5563598 — 134239.1301245 — 134239.3124523

magnetic moments per unit cell of AcGa,, we utilize different func-
tionals like, LDA+U and hybrid functional HF-WC. To consider orbital
magnetic moments of AcGa,, we also include spin-orbit coupling (SOC)
by performing LDA+U+SOC and HF+SOC. Our calculated values of
magnetic moments for AcGa, by LDA are not consistent to experi-
mental results. This is due to the well-known problem of LDA which
indicates that this local approximation is not fully appropriate for
strongly correlated d and f electrons. The main deficiency is the self-
interaction error (SIE) contained in LDA and GGA functional.

The results are also checked by adding U to these approximations or
using hybrid functional [52]. The LDA+U and HF-WC results are also

= [m-c | #
135 - [ @ a=b 5

0 -

.. .
(b) ‘| &

1] v L] - L] ]
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Fig. 1. (a) Comparison of calculated and experimental lattice constant of AcGa, compounds (b). The bulk modulus against lattice constant (a = b and c).
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Table 3
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Calculated spin magnetic moments inside all of the muffin-tin spheres, interstitial and orbital magnetic moment of AcGa, (Ac = U, Np, Pu) compounds in unit cell by LDA+U, HF-WC

LDA+U (SOC) and HF-WC (SOC) in the unit of bohar magneton in (001) plane.

Compounds Sites Magnetic moment
LDA+U HF- WC LDA+U (SOC) HF- WC + (SOC)
Spin (ug) Spin (us) Spin (us) Horb Jreesy Spin (us) Morb [eot]
UGa, mint 0.269 0.435 0.274 - 0.274 0.244 - 0.244
MY 2.117 2.045 2.024 - 4.374 -235 1.641 - 4.296 2.65
M2 -0.013 0.031 - 0.013 - 0.009 -0.02 - 0.009 - 0.007 0.02
M 2.373 2,511 -2.09 2.42
Exp 3.0/U @0
2.7/U @Y
mint 0.915 0.231 0.350 - 0.350 0.2167 - 0.217
NpGa, MNP 4.115 3.831 3.019 - 5.624 - 261 3.029 - 5.316 2.29
MG 0.019 0.032 - 0.007 - 0.004 - 0.01 -0.017 - 0.008 0.03
Mot 5.049 4.094 -227 2.09
Exp 2.39/Np®
2.6/NpGa,™®
PuGa, mint 0.686 0.325 0.447 - 0.447 0.213 - 0.213
M 5.057 4.923 4.728 - 4.342 0.386 4.449 - 4.279 0.17
MG - 0.047 - 0.021 - 0.017 - 0.007 -0.03 - 0.023 - 0.006 0.02
Mot 5.696 5.227 0.839 0.35
Exp 0.42 49
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Fig. 2. (a) Comparison of experimental and calculated magnetic moment of uranium atom in AcGa,. Fig. 2(b, ¢, d) exhibit the dipolar, orbital and Fermi contact HFF at actinide and

gallium site.

shown in the Table 3, which are not significant but the results of SOC in
these materials are very appreciable. This means that SOC treats well
with the number of fermions in d and f orbitals. Our calculated
magnetic moments for UGa,, NpGa, and PuGa, by different potentials
are shown in Table 3 as well as in Fig. 2(a). To calculate the orbital

magnetic moment the SOC calculation is also performed for UGa,. The
LDA+U+SOC scheme gives the spin, orbital and total magnetic
moments of Uranium atom to be 2.024, - 4.374 and 2.35 pug/U,
respectively in agreement with Lawson et al. [21] and Andreev et al.
results [20]. The foremost contribution in spin magnetic moments
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originates from the non-spherical orbital electrons 53 [U*]. The Ga
magnetic moment is negligible due to nearly closed 3d and 4p shells
[53]. It is seen that SOC has considerable effects on the results of heavy
fermion compounds. The calculated magnetic moments of ferromag-
netic NpGa, and antiferromagnetic PuGa, have been calculated by
different flavors with addition of SOC. The LDA+U and HF-WC result
for NpGa, agrees with the experimental value. The local magnetic
moment by neptunium atom is due to Np*® valence electrons while the
s, p and d orbital magnetic moments almost cancel the effects of each
other. The ground state term value of Np*® which is highly correlated
5f*is °I, with L = 6, S = 2 and J = 4. The Landé g factor is gL=% and the
effective magnetic moment is m, = gJu; = 2.4 pg. The electronic and
magnetic properties of NpGa, are due to the 5f localized and three
conduction electrons of Np*3ions. PuGa, is antiferromagnetic with
experimental magnetic moment of 0.42 u;. The HF-WC+SOC calcu-
lated orbital and spin magnetic moments are shown in Table 3. The
calculated small effective magnetic moment of PuGas is 0.386 y,; which
is very far away from theoretical magnetic moment 2.6 u; for Pu™
while it is close to the experimental result. This can be taken as an
indication to the fact that the 5f electrons in PuGa, are delocalized or
band like. To investigate the antiferromagnetic nature of PuGa,, double
cell calculation has been performed as shown in Table 4. The up and
down magnetic moments of Pu completely cancel each other and as a
result the net magnetic moment in double cell is zero. One of the basic
questions arising in the field of actinide intermetallic systems is
whether the 5f electrons are localized or itinerant in nature. To clarify
this, as shown in Table 3, the significant magnetic moments of UGa,
and NpGa, by LDA+U+SO and HF-WC+SO suggest that the 5f
electrons are mostly localized at the uranium and neptunium atomic
sites, while the less effective moment of PuGa, extracted from different
potentials propose the delocalization of 5f electron.

5. Hyperfine field

Magnetic hyperfine fields arise due to the interaction of nuclear
magnetic dipole moment py and additional nuclear magnetic field
created by the electron clouds around the nucleus in the crystal. The
total Hyperfine field (HFF) as well as the electric-field gradient (EFG)
interaction provide information about nucleus and its surrounding
electrons charge distribution. They can be measured by various
experimental techniques like Mdssbauer spectroscopy, perturbed an-
gular correlation or nuclear magnetic resonance. The HFF consists of
orbital, dipolar and Fermi contact field. The Fermi contact (FC) which
is the sum of core and valence HFF. Fermi contact portion of hyperfine
field (HFFgc) can be calculated by the upward and downward spin
density of electrons [1]'] at the nuclear site using Pauli approximation
within the non-relativistic limit

HFFrc = “ 43 12! 0)=p! O] @

The relativistic correction has been obtained by taking average over
spin density and Thomson radius ry = Ze?/mc?. In this work, special
concentration are devoted to the question that cannot be directly
answered by the experiments. The question is that which contributions,
i.e., Fermi, dipolar or orbital, are dominantin the magnetic HFF and
what the source of a nonzero HFF is at the Ac and Ga sites. To calculate

Table 4
Net magnetic moment of double cell of PuGa,.

Sites LDA HF-WC
Mmnt 0.00000 0.00000
Pu"P - 0.00572 0.00178
Pud® 0.00572 - 0.00178
Ga 0.00000 0.00000
Mol 0.00000 0.00000
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Calculated Fermi, Orbital and Dipolar contributions to the total hyperfine field (HFF) in
KGAUSS at the Ac (U, Np, Pu) and Ga atoms in AcGa, compounds by different exchange
potentials LDA, GGA, HF- WC and LDA+U in the presence of spin-orbit coupling.

Compounds HFF LDA GGA HF-WC LDA+U
(KGAUSS)

UGa, - et | - 3333.66 - 3414.58 -5053.86 - 5149.72
UGa, -U HEer - 335,592 -327.472 -368.891 - 391.847
UGa, -U HO -2959.93 -3045.82 - 4407.24 -4533.15
UGa, -U HE;P —-38.1293 -41.2880 - 277.731 - 224.721
UGa; -Ga THe | -63.2850 -729223 -106.664 - 105.205
UGa, -Ga HEer -60.1000 -70.1501 -95.6932 - 91.2581
UGa, -Ga HQP - 276600 -2.33982 -8.23800 - 9.82100
UGa; -Ga H;}ip -0.41900 -0.43251 -2.73300 - 4.12600
NpGa, - IHE | -6341.49 - 6465.98 - 7851.08 - 8362.76
NpGa, -Np HEer -612.993 -591.042 -613.527 - 466.185
NpGa, -Np HO - 5725.07 -5874.32 -7153.43 - 7724.96
NpGa, -Np HE}P -3.42210 -0.61610 -84.1213 - 171.620
NpGa, -Ga THet | -110.825 -127.136 - 122570 - 32.4152
NpGa, -Ga HEer -103.464 -120.836 - 108.841 - 24.6652
NpGa, -Ga HO - 574013 -5.27421 -10.3732 - 4.17100
NpGa; -Ga Hffip -1.62081 -1.02621 - 3.35621 - 3.58200
PuGa, - IHE | -7970.45 - 822293 -9760.51 - 9764.38
PuGa, -Pu HEer - 825.341 -791.074 - 898.926 - 888.007
PuGa, -Pu HO® - 7181.42 -7460.99 - 9021.48 - 9065.03
PuGa; -Pu HE:'ip 36.3152 29.1321 159.890 188.660

PuGa; -Ga THet | -129.246 - 154.207 - 145.441 - 147.032
PuGa, -Ga HEer - 125909 -144.699 -136.232 - 140.701
PuGa, -Ga HOP - 5.68620 -5.67431 -8.29321 - 9.36321
PuGa; -Ga HEfip 2.34913 - 3.83421 -0.91643 3.03214

HFF we used the FP-LAPW method as implemented in WIEN2k. The
total hyperfine field (HFF) is calculated by the following formula [54—
57] including core (Hj;), valence (Hj;), orbital (H,j}”’) and dipolar (H;f}” )
contributions:

Hi = Hip+Hy+ Hyy + Hif? @

Our calculated total HFF and its partial components are tabulated
in form of Table 5. For each atom of the AcGa, compound within LDA,
GGA, HF-WC and LDA+U. Due to the opposite signs of the valence and
core electrons the Fermi contact fields at U, Np and Pu sites are small
in magnitude. The inner s- and polarized f-shell electrons interact to
each other and contribute in core HFF, while the valence HFF
originates due to the hybridization of local polarized f, valence s and
polarized valence shell electrons of neighboring atoms. Hence, it is
concluded that Fermi contact HFF is determined from the contribution
of local and neighboring atomic magnetic moments. The valence
contribution in HFF is smaller in contact field than core contribution
in Ac (Ac = U, Np, Pu) and majority of inner magnetic dipole moments
of electrons align in one direction while they are smaller in opposite
direction. The orbital HFF is very large in magnitude as shown in the
Table 5 and Fig. 2. (b—d). The dominant contribution is due to the f-
and p- electrons. There is an increasing trend in orbital magnetic
moment at actinide site, due to the varying of electrons in f-states. It is
suggested that the origin of the orbital and dipolar contribution of the
HFF is exchange interaction of p-and f-shells in uranium, neptunium
and plutonium site, while p- and d- orbital contributed in gallium. The
total HFF also increase from uranium to plutonium an AcGa, series as
shown in Table [5].

The dipolar magnetic moment which is due to spin of electron has
been calculated as shown in Table 5 and Fig. 2(b—d). As the s- and p-
orbitals of actinide atom are filled, the dipolar HFF for these are
negligible while the major donation arises due to d- and f-orbitals,
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Calculated EFGs at Ac (U, Np, Pu) and Ga sites by different exchange-correlation functionals in the unit of 10*! V/m? with Quadrupole coupling constants in MHz.

Compounds Different functional v vo-p vsyd yd-d vt Vit vyl yiat Cq MHz
UGa2-U LDA - 0.0942 3.5136 -0.1781 - 1.7707 0.0085 - 1.6730 - 0.0997 0.0055
UGa2-Ga LDA - 1.6355 -0.7951 0.0277 - 0.7258 0.0460 0.0009 - 1.4463 - 0.1892
UGa2-U GGA 0.6131 2.4683 - 0.1467 - 1.6506 0.0023 -0.0781 0.5952 0.0179
UGa2-Ga GGA - 1.4969 - 0.6191 0.2973 - 0.7606 0.0257 0.0009 - 1.0557 - 0.4411
UGa2-U LDA+SOC 1.0882 - 0.2607 - 0.0685 - 1.8948 - 0.0141 3.2949 1.0568 -0.0314 128
UGa2-Ga LDA+SOC - 1.1692 - 0.3194 0.0277 - 0.7350 0.0458 0.0007 - 0.9802 - 0.1890 4.00
UGa2-U GGA+SOC 1.3950 0.1902 - 0.0621 - 1.8080 -0.0119 3.4408 1.7490 - 0.3540 166
UGa2-Ga GGA+SOC - 0.9543 - 0.0695 0.0298 - 0.7577 0.0456 0.0009 - 0.7509 - 0.2034 2.00
NpGa2-Np LDA 1.4170 4.2353 0.0703 - 1.3045 0.1190 - 1.4550 1.6651 - 0.2481
NpGa2-Ga LDA - 0.5479 0.1429 0.1396 -0.7915 0.0451 0.0009 - 0.4630 - 0.0849
NpGa2-Np GGA 1.8549 3.1603 - 0.0370 - 1.2609 0.0039 - 0.0161 1.8500 0.0048
NpGa2-Ga GGA - 0.2328 0.4862 0.0283 - 0.7168 0.0449 0.0009 - 0.1564 - 0.0764
NpGa2-Np LDA+SOC 3.3704 10.468 - 0.1627 - 0.6972 0.0173 - 6.2754 3.3500 0.0204 314
NpGa2-Ga LDA+SOC - 0.3561 0.0597 0.0269 - 0.6387 0.0453 0.0008 - 0.5060 0.1499 0.80
NpGa2-Np GGA+SOC 3.3704 10.499 - 0.1565 - 0.6491 0.0173 - 6.2870 3.4237 - 0.0533 314
NpGa2-Ga GGA+SOC - 0.4562 0.2755 0.0287 - 0.6267 0.0456 0.0008 - 0.2760 0.1802 1.00
PuGa2-Pu LDA 1.9480 4.1413 0.0344 - 1.3456 - 0.0002 - 0.8886 1.9413 0.0067
PuGa2-Ga LDA 1.1224 1.7658 0.0258 - 0.5472 0.0453 0.0008 1.2905 - 0.1681
PuGa2-Pu GGA 1.6831 5.4510 0.0006 - 1.9716 0.0049 - 2.4374 1.0475 0.6356
PuGa2-Ga GGA 1.4232 2.0832 0.4634 - 0.5634 0.0452 0.0009 2.0293 - 0.6061
PuGa2-Pu LDA+SOC 4.1022 20.009 - 0.2344 - 0.6621 0.0390 - 14.833 4.3185 - 0.2163 229
PuGa2-Ga LDA+SOC 0.8838 1.5806 0.0154 - 0.5984 0.0451 0.0008 1.0435 - 0.1597 4
PuGa2-Pu GGA+SOC 4.1513 20.156 - 0.2376 - 0.5512 0.0360 - 15.039 4.3638 -0.2125 232
PuGa2-Ga GGA+SOC 0.6213 1.2990 0.0264 - 0.5812 0.0451 0.0008 0.7901 - 0.1688 2.00
while p-orbital contribution is dominant in gallium. contributions:
We see that by HF-WC and LDA+U the HFF steadily rises when one yrotal _ yval lat 5)

goes from UGa, to PuGa,. The systematic enhancement in the HFF at
the Ac site with increased atomic number is due to the increased spin
magnetic moment on the Ac site. The comparison of the results shows
the large increase of the HFF on the Ac site from UGa, to PuGa, as
shown in Table 5. The large value of Pu is due to the delocalized of 5f
electrons. The valence electrons in U and Np atoms are localized in
contrast to Pu atom. At the Ac site of the AcGa, compounds, the HFF is
larger for Ac = Pu than those for Ac = U and Np due to the larger
number of f-electrons in Pu atom than those in U and Np atoms.

If the local moment of the specific atom increases, the core
polarization will be large in magnitude due to the exchange interaction
of the polarized electrons with the neighboring s and p orbitals of the
core. Hence, the systematic increase observed of the core contribution
to the HFF at the Ac site as one goes from UGa, to PuGa, can be
understood in terms of the increasing trend in local moment on the Ac
site.

Since the local moments on the Ga site are negligible, the core and
dipolar contributions to the HFF at this site are small in magnitude.
The HFF at Ga site in PuGa, is more in magnitude than the others due
to the overlapping of delocalized 5f valence electrons of Pu. The large
value of Fermi contact at the Ac site can be qualitatively explained as
follows. The majority spin s electrons in the core will be pulled into the
region of the spin-polarized d- and f-shells, since the exchange
interaction is attractive, whereas the minority electrons will be repelled
from the d- and f- shells [56]. The HFF and atomic magnetic moments
ratio [C=HFF/ug] is increased from U to Pu. The C values vary due to
variation of 5 f electrons in valence orbital. The positive C shows that
core polarization is parallel to the local moments [55]. These are the
suggested HFF values in AcGa, family for nuclear experimentalists to
measure magnetic hyperfine interaction energy at actinide and gallium
sites.

6. Electric field gradient (EFG)

EFG is a local property of materials and defined as the second
partial derivative of the potential V evaluated at position of the nucleus.
It is a traceless symmetric tensor of rank two. The main component of
total EFG (V') can be calculated by the sum of its valence and lattice
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where valence EFG (V™) originates from anisotropic electron (non-
spherical) charge distribution inside the atomic spheres while V" is
due to the interstitial region. The principle component of the EFG (V,,)
can be obtained from the L = 2 and M = 4 component of the potential
expansion inside the muffin-tin spheres as follows: [28,57-59]

1/2
V. = nmmo[i] [VLZ(”]
4n r (6)

Eq. (6) shows that major axis of EFG tensor points in the z-
direction, where Vs is the radial potential and can be calculated as

5
R D Y (R A
570 r 5 70 r RMT

+47 Y V (k) (kRyr) Yoo (k).
k @]

where the first term in Eq. (7) is contributed in EFG due to valence or
quasi-core in muffin-tin sphere. The second and third terms summa-
tion shows the lattice contribution in EFG due to the interstitial region,
where p,, is the L = 2 and M = 0 of density expansion while J; (kRyy) is
the spherical Bessel function and Ryr is the Muffin-tin (MT) sphere
radius. The value of EFG of a single atom is different in different
materials. It means that the EFG for a specific atom can be small or
zero in one compound, while it can be non-zero and large in another
compound, therefore EFG can be considered as the fingerprint for each
substance [60]. Theoretically, knowledge of the EFG's at the atomic
sites suffices to predict the U, Np and Pu nuclear quadrupole coupling
constant (NQCC) as well as Mossbauer quadrupole splitting A in the
compound [61]. The quadrupole splitting is given by

2 2
qu‘\/l+%’

Vao(r=0) =

A=

2

®

where eq is the largest eigenvector of the EFG tensor, 5 is asymmetry
parameter and Q is nuclear quadrupole moment [62]. Electric field
gradient of actinide digallide (AcGa,) is examined for the first time by
using different potential like LDA, GGA, LDA+SOC and GGA+SOC.
Owing to some limitations of LDA and GGA as discussed previously we
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Fig. 3. (a) Variation of quadrupole coupling constant against different actinide site. (b) Principal component of EFG at uranium, neptunium and plutonium site with different

functionals.

mention here only the results of LDA+SOC and GGA+SOC. The
calculated total, lattice and valence contributions as well as different
characters of EFG at both Ac and Ga sites in AcGa, within various
functional are tabulated in Table 6. According to our calculated data
the total EFG (V,,™") at Ac site is increased from U to Pu within all
considered approaches. The positive EFG values of actinides exhibit
prolate distribution of electron while Ga has oblate distribution except
for PuGa,. It is noticed that the s-d and p-f contributions of Ac in
AcGa, (Ac = U, Np, Pu) are small compared to the p-p, d-d and f-f
contributions. This exhibits that the leading contribution to EFG comes
from electrons with strong p-p, d-d and f-f characters. The EFG due to
different energy states at Ga site is also shown in Table 6, where the
dominant contribution in the electric field gradient is due to p-p (4p)
and d-d (3d) characters which confirm the aspherical electronic
distribution. In AcGa, Ga atom has 3d complete shell, and thereby
the d orbital is nearly spherically symmetric. The small d- contribution
is the consequences from an extension of the tails of the wave functions
arriving from other atomic spheres into the Ga atomic sphere. The
majority EFG of U in UGa, originates from the valence characters of p-
p and f-f orbitals which specify the non-spherical distribution of
charge. In case of NpGa, the contributions of d-d EFG at Np site are
small compared to 5f and 6p, while f-p and s-d contributions are
negligible in magnitude. The total EFG of Np is positive which predicts
the prolate shape. The valence and lattice EFGs of Pu atom in PuGa,
are 4.3185 x 10%! V/m?, 4.363 x 10?* V/m? and - 0.2163 x 10?! V/m?
and — 0.2125 x 10%! V/m? by LDA+SOC and GGA+SOC. All the p-, d-,
and f-orbitals of Pu are non-spherical in nature, as tabulated in Table 6.
However, the large EFG at Ga site in PuGa,, 0.8838 and 0.6213 x
10%! V/m?, mainly originates from the non-spherical p-orbital so that
contributions of the p- and f-orbitals can be almost neglected.

The EFG increases when we use LDA+SOC and GGA+SOC instead
of LDA and GGA, as shown in Fig. 3(b), which is consistent to other
results. The nuclear quadruple coupling constant (C,) is a significant
parameter used for the purpose to calculate Mdssbauer quadrupole
splitting in atom or compound. The nuclear electric quadrupole
moment (Q) of U, Np, Pu and Ga are 4.936, 3.866, — 2.3191 and
0.105 barn, respectively [63,64]. The nuclear electric quadrupole
coupling constants (C, = eV..Q/h) of AcGa, (Ac = U, Pu, Np) have been
calculated for the first time for Ac and Ga atoms which have significant
role in NMR and NQR literature. The major part of the quadrupole
interaction energy is contributed by aspherical 5f and 6p states of
electrons which diffuse around the nuclei of Ac in AcGa,. The
quadrupole coupling constant of U and Ga in UGa, are 128 MHz and
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4.00 MHz and 166 MHz and 2 MHz by LDA+SOC and GGA+SOC. The
major contribution in NQCC is due to the valence non-spherical V,,4¢
and V,,7f EFGs. The quadrupole interaction energies at U, Np and Pu
are due to the result of electric quadrupole moment of nuclei and its
corresponding valence EFGs of 6p and 5f electrons, while in case of Ga
the interaction is due to the 3d and 4pelectrons. The EFG and Q
interact to each other due to the quadrupole interaction energy. By the
relation, one can easily calculate the quadrupole interaction energy at
every site. The quadrupole coupling constant C, and EFGs increased
from uranium to plutonium in AcGa, series as shown in Figs. 3(a) and
(b). The quadrupole interaction energy at different actinide site can
easily obtain from E = iC,.

7. Conclusion

We used the density functional calculations to study structural,
magnetic, hyperfine and electric field gradient (EFG) properties of the
bulk hexagonal AcGas [Ac = U, Np,Pu]. In the bulk calculations, we
applied LDA, LDA+U, GGA, GGA+U and HF-WC Hybrid functionals.
We observe that GGA+U and LDA+U can reproduce the experimental
lattice parameters, while LDA+U+SO and HF-WC+SO give appropriate
magnetic moments. The considerable total magnetic moments of UGa,
and NpGa, by LDA+U+SO and HF-WC+SO propose that the 5f
electrons are mostly localized at the uranium and neptunium atomic
sites, while the less effective moment of PuGa, extracted from different
functionals proposes delocalization of its 5f-electrons. The EFGs are
calculated for the first time for these compounds. The EFGs of the
individual orbitals as well as nuclear quadrupole coupling constants of
Ac and Ga are investigated for the first time which shows the
anisotropy of charges and interaction energy. Our analysis reveals that
the value of total EFG at Ac site as well as quadrupole coupling
constants increase with increase of atomic number from U to Np, and
then decrease upto Pu. Our results also show the prolate distribution of
electron at Ac site for all the considered compounds. The EFGs at Ga
site is negative for the ferromagnetic UGa, and NpGa, compounds,
while it is positive for the antiferromagnetic PuGa, case. The EFGs at
Ga site have mainly d-d character for both high and low localized
regimes.
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