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a b s t r a c t

UAl4 ideal and defect structures were studied within the framework of the Density Functional Theory.
The structural and magnetic ordering of UAl4 in paramagnetic, ferromagnetic, and antiferromagnetic
states have been investigated, within the collinear and non-collinear spin approximation, using the GGA
model, as embedded in the program package VASP. An antiferromagnetic ð011Þ layer structure with spins
aligned to the [010] direction was found to be energetically preferred. The analysis of density of states
and bonding charge density point out that the bonding mechanism consists primarily of band mixing
between the U 5f and Al 3p states. Supercells were built from UAl4 unit cells with the established
magnetic structure. For those supercells we calculated the energy of formation of vacancies and antisite
defects taking into account the existence of three distinct aluminum sites. Point defect formation en-
ergies, local lattice relaxations, as well as the defect induced magnetic ordering and electronic density
redistribution, are discussed. It is shown that antiferromagnetism is locally broken. Al antisites and U
antisites in Al 4e Wyckoff positions are the constitutional point defects in Al-rich and U-rich oI20 UAl4,
respectively. In this way we have presented here the first set of data which makes it possible to discuss
and quantify the point defects concentrations in the experimental composition range for existence of this
uranium aluminide.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Fuel cores for nuclear research and test reactors are aluminum
matrix composites constituted of uranium alloys such as UAlx
(mainly UAl3) or U3Si2 dispersed in aluminum powder [1,2]. g-
U(Mo) alloys are now considered as the most promising candidates
for the fuel core conversion of those research and test reactors
currently using highly-enriched uranium (HEU) to low-enriched
uranium (LEU) [3,4]. Therefore, reactions between U alloys and Al
alloys are of great technical interest. The UeAl binary system has
been extensively studied; it comprises three intermetallic com-
pounds, viz. UAl2, UAl3, and UAl4 ([5] and references therein). The
presence of Mo in U introduces a complexity to the interdiffusion
behavior of U vs. Al, the reaction product formed at the interface
consists of UAl3, UAl4, U6Mo4Al43 and UMo2Al20 and is stratified in
three main zones, two of which present a periodic layered
morphology [6,7]. The layer close to the Al side consists essentially
misi�on Nacional de Energía
uenos Aires, Argentina.
).
of the UAl4 phase associated with the UMo2Al20 phase. In the
thicker layer close to UeMo only U6Mo4Al43 and UAl3 phases are
identified. The observed growth kinetics of the reaction product
and its global energy of activation are very close to that found for
the U/Al binary system despite the fact that the UMo2Al20 and
U6Mo4Al43 ternary phases appear in the interaction zone. This
means that the presence of these ternary phases has no significant
influence neither on the growth kinetics of the reaction product nor
on its activation energy [7,8]. Besides, as these alloys are intended
as fuel for research reactors, the interdiffusion products between
U(Mo) and Al must be considered according to their performance
under irradiation conditions. In this context, swelling is produced
that has been related to the formation of amorphous phases [9].
While UAl3 appeared as a crystallized phase under heavy ion irra-
diation [10], and early works recommended to suppress UAl4 for-
mation [11], recent research enlightens the effect of product
formation on fuel performance. Recently, it has been pointed out
that amorphization or crystallinity results from the joint effect of
composition (or Al/(U þ Mo) ratio), irradiation temperature, and
fission rate [12]. Finally, there is now convincing experimental ev-
idence that the radiation performance of U6Mo4Al43 phase, at an

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:rubiolo@cnea.gov.ar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2015.08.049&domain=pdf
www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat
http://dx.doi.org/10.1016/j.jnucmat.2015.08.049
http://dx.doi.org/10.1016/j.jnucmat.2015.08.049
http://dx.doi.org/10.1016/j.jnucmat.2015.08.049


L. Kniznik et al. / Journal of Nuclear Materials 466 (2015) 539e550540
irradiation temperature of 200 �C and up to 100 dpa, is significantly
worse than that of UMo2Al20 and UAl4 [13]. Moreover, the UAl4
phase retains crystallinity, no large voids or bubbles are found and
the development of dislocation structure is noticeable suggesting a
possible annealing effect by irradiation at a high homologous
temperature.

Concerning the formation in the interdiffusion process and the
irradiation behavior, the study of point defect structure of the UAl4
lattice is mandatory. A survey of literature evidences some con-
troversies about this issue. Chemical analysis by Borie [14] showed
that the composition range for existence of this compound may be
between 81.8 and 83.1 at% Al, although the symmetry revealed by
X-ray measurements suggested that the formula could be UAl4.
Borie [14] explained the inconsistency by assuming that some
uranium sites are unoccupied or occupied by aluminum atoms.
Other works followed that either confirmed that narrow compo-
sition range [15] or gave a composition value of U0.9Al4 (81.6 at% Al)
[16]. Elevated temperature electrical conductivity data by Jesse
et al. [17] suggested a wide homogeneity range for UAl4 from 80.0
to 82.8 at% Al. However, Rietveld refinements of high quality
experimental X-ray diffraction powder pattern show that UAl4
would form as a fully stoichiometric compound without constitu-
tional defects in the U sublattice [18]. Measured enthalpies of for-
mation of the whole set of compounds existing in the UeAl binary
system [19] also account for the stability of the UAl4 compound
within experimental uncertainties. Currently, UAl4 is assessed as an
aluminum enriched compound with a homogeneity range between
80 and 82.8 at% Al which forms by a peritectic reaction between
UAl3 and liquid Al at 732 �C and a composition of 81.8 at% Al [5]. It
has an orthorhombic D1b structure (oI20, spatial group 74)
exhibiting a polymorphic transformation UAl4(b) 4 UAl4(a) at
646 �C [20].

The formation energies of both stoichiometric compound and
off-stoichiometric compound containing point defects can nowa-
days be obtained from ab-initio electronic structure calculations
based on density functional theory (DFT) [21,22]. In the case of an
imperfect crystal the calculations must be performed on large
supercells containing one defect, either a vacancy or an antisite
[23]. These formation energies are used to evaluate the formation
energies of the point defects.

In a first study, we determined from first-principles the for-
mation energy of the intermetallic compoundswhich are present in
the UeAl system. Spin polarized calculations through the all elec-
trons method implemented in the Wien2k code [24] failed to
predict experimental stabilities [25]. An agreement with existent
ground state was obtained [26] through new spin polarized cal-
culations adding spin orbit coupling (SOC) within a pseudopoten-
tials method implemented in the VASP code [27]. However,
formation energy values appear underestimated. A better agree-
ment with experimental values was obtained by other authors [28]
through ab initio calculations (Wien2k code) that use experimental
values for lattice parameters together with SOC. This feature alerts
us about the possibility of a discrepancy between stoichiometric
optimized compound through ab initio methods and real com-
pound, since experimental values for lattice parameters already
comprises the information of possible defect structure.

In a second work, we reported preliminary results of the va-
cancies and antisites defects formation energies in the UAl4 phase
[29]. Only one of the three inequivalent aluminum sites was
considered. These results led to the conclusion that antisite defects
could be stabilized with respect to vacancies in aluminum rich
UAl4þx. Even so, a thorough theoretical study of defect structure
that could correctly describe experimental findings was still
lacking.

While stability is a consequence of electronic and magnetic
configuration, these features have been scarcely experimentally
investigated in the case of UAl4. At low temperatures, the specific
heat of UAl4 follows the equation C ¼ gT þ bT3 where the first term
is an electronic contribution and the second term is the phonon
contribution. The g value and the Debye temperature qD in UAl4
were determined to be 89 mJ/(K2 mol) and 275 K, respectively
[30,31]. The electrical resistivity decreases with decreasing tem-
peratures from room temperature, with a convex curvature. At low
temperatures, the resistivity follows the quadratic temperature
dependence, namely r ¼ r0 þ AT2, indicating the Fermi liquid
behavior. With this data and the so-called KadowakieWoods
relation [32], a specific heat coefficient of 100 mJ/(K2 mol) was
estimated close to the experimental result of specific heat mea-
surement [33,31]. All the magnetic susceptibilities measured with
the magnetic field parallel to the crystal axes increase with
decreasing temperatures and have a broad maximum around
100 K. The anisotropy is relatively small [31]. A CurieeWeiss
behavior is evidenced at T > 400 K with an effective magnetic
moment meff ¼ 3.8 mB and a paramagnetic Curie temperature
qC ¼ �185 K [34]. From all these results, it is considered that UAl4
possesses the itinerant nature of 5f electrons at low temperatures.
The complex magnetic behavior was discussed in terms of the spin
fluctuation model [33,35] but its paramagnetic or anti-
ferromagnetic character is not yet resolved. Regarding experi-
mental research on bonding that results from electronic configu-
ration, X-ray and ultra-violet photoelectron spectroscopy
measurements on U overlayers on Al substrate have proved that
interactions between U atoms and Al atoms are stronger than those
among U atoms in the overlayer [36]. The evaluation of electronic
structure and bonding in UAlx compounds fromDFT is only found in
literature for x ¼ 2 and 3 [37e41], and magnetic configuration has
not been theoretically analyzed for none of the UAlx compounds.
First-principles modeling of point defects formation energies has
been performed for uranium oxide nuclear fuels (for nuclear power
reactors) over several decades [42e46]. Conversely, for uranium
aluminide, there are not first principles simulations up to date.

In this paper, the magnetic ordering of UAl4 in paramagnetic,
ferromagnetic, and antiferromagnetic states has been investigated,
within the collinear and non-collinear spin approximation, using
the GGA model, as embedded in the program package VASP. The
magnetic structure with the lowest energy state was found and its
magnetocrystalline anisotropy was studied taking into account the
SOC. The electronic structure and nature of bonding was analyzed
as obtained without SOC. Supercells were built from UAl4 unit cells
with the determined magnetic structure. These supercells were
used to estimate the energy of formation of vacancies and antisite
defects in UAl4 taking into account the existence of three distinct
aluminum sites. Ab-initio calculations of defect structures were
performed allowing structural relaxations in atomic positions and
without SOC. Finally, we discuss the electronic structure around the
defect site using the electronic density of states and charge-density
maps.

The paper is organized as follows. In Section 2, the method and
the calculation details are described. In Section 3 we present and
discuss our results, concerning the crystal, electronic and magnetic
structure of the perfect UAl4 crystal and the formation energies, the
structural relaxations and the electronic structure of the constitu-
tional point defects in UAl4. Finally, conclusions are summarized in
Section 4.

2. Calculation methods

All density functional theory (DFT) [21,22] calculations in the
present work were performed by means of the Vienna Ab initio
Simulation Package (VASP) [27], making use of the Projector
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Augmented Waves (PAW) technique [47]. For the exchange corre-
lation functional, the generalized gradient approximation (GGA) as
parameterized by Perdew, Burke and Ernzerhof (PBE) [48] was
applied.

The calculations included fourteen valence electrons for U
(6s26p65f36d17s2) and three valence electrons for Al (3s23p1) with a
plane-wave cutoff energy of 600 eV for both elements.

In order to determine the magnetic ground state, it was neces-
sary to perform collinear and non-collinear spin calculations. The
non-collinear calculations were performed using the fully uncon-
strained approach included in the VASP package [49]. The method
allows both the atomic and magnetic structures to relax simulta-
neously and self-consistently and the magnetization density is
described as a continuous vector variable of position. The collinear
and non-collinear calculations can predict the set of directions for
the spins of the magnetic ground state but this set of directions is
unrelated to the underlying crystal lattice. This can be accom-
plished when spineorbit coupling (SOC) is added to the Hamilto-
nian [50]. Therefore, in order to evaluate magnetic anisotropies, we
computed the total energy of the magnetic ground state with
different orientations of magnetization including SOC.

The k-point meshes for Brillouin zone sampling are constructed
using the MonkhorstePack scheme. In the case of the stoichio-
metric oI20 UAl4 unit cell, total energy convergence with the
number of k-points was investigated with M�M�M (odd num-
ber) grids up to M¼ 13 using lattice parameters and ionic position
from experimental data. The energy convergence was reached to
less than 0.0003 eV/cell for M� 9. After that, all geometry relaxa-
tion was performed with a 9� 9� 9 k-points grid allowing ionic
and cell shape relaxation and cell volume optimization.

To determine the formation energies of isolated point defects
we used both a 80-atom 2� 2� 1 supercell and a larger 120-atom
3� 2� 1 supercell, each containing one single point defect (va-
cancy or antisite) per supercell. In all these cases, calculations were
performed with a 3� 3� 3 k-points grid. To take into account the
effects of local atomic relaxations around point defects, the internal
coordinates of atom positions were allowed to relax within each
supercell while the structure remained orthorhombic without
changes in its volume and shape. The later was accomplished by
using a conjugate-gradient scheme until the forces acting on the
atoms were less than 0.01 eV/Å.

VESTA software (Visualization for Electronic and STructural
Analysis, 3.1.8 version) [51] was used for valence electron density
plots and visualization of structural models.

In studies of actinide based materials, one has to be careful also
with the 5f electron correlation effect in addition to the SOC effect.
The electronic density of states at both sides of the Fermi level can
be obtained using X-ray photoelectron spectroscopy (XPS) and
bremsstrahlung isochromat spectroscopy (BIS) [52]. The combina-
tion of these two methods allows a direct determination of both
occupied (XPS) and empty (BIS) states. For rare earth metals it is
well established that the combination of BIS and XPS spectra is split
into two peaks separated by the Coulomb repulsion, Uff, between 4f
electrons [53,54]. The same explanationwas done for the combined
BIS and XPS spectra of 5f electrons in the light actinide (Th, U, and
Np) dioxides [55e57]. The conventional DFT schemes that apply the
GGA approximation underestimate the strong on-site Coulomb
repulsion of the f electrons and consequently fail to capture the
behaviormentioned above. It was onlywith the development of the
GGA þ Uff approximation [58] and hybrid functionals [59,60] that
the pure GGA failures in calculations of rare earth metals and
actinide dioxides could be corrected. For uranium intermetallics the
experimental situation is much different. Typically, separated peaks
are not observed and in uranium metal [61], for example, the total
observed f width is comparable to the one-electronwidth obtained
in band calculations. Searching through the literature we could find
only two publications where the GGA þ Uff methodology was
applied to a-U, a Uffz 0.5 eV parameter is empirically determined
by fitting to existing experimental lattice constants in one case [62]
and the cohesive energy in the other [63]. In the last paper there is
also a comparison between calculated DOS and XPS-BIS spectra as a
function of Uff which show a mild modification with the inclusion
of the Coulomb repulsion. The only reported combined XPS-BIS
spectra for the uranium aluminides is that of UAl2 [64]. The most
striking feature is that the measured widths of the 5f spectral
weights exceed the one-electron ones [37,38]. However, new
literature about ab initio studies of UAl2 have not tested the DFTþU
approach to the best of our knowledge, for example see Refs.
[41,65]. It is generally agreed that the actinideeactinide separation
could enhance the localization of 5f electrons then diluting ura-
nium atoms in a periodic cell should result in a wider density of
states. The alloy systemUxY1-x Al2 has the same crystal structure for
all x [66] and the 5f spectral weights for x ¼ 0.1, 0.02 have been
measured by XPS [67]. The major features of the spectra of these
dilute systems are identical to those for x ¼ 1, showing that the
dilution of the uranium atoms in uranium aluminides does not
result in narrower 5f band. We thus conclude that the DFT þ U
treatment, while essential for the strongly correlated insulating
uranium oxide compounds, is at least difficult to validate against
experimental data for the more weakly correlated uranium
aluminides.

3. Results and discussion

3.1. Perfect UAl4 crystal

3.1.1. Crystal structure
We begin by discussing the relative stability of the nonmagnetic

(NM), collinear ferromagnetic (F) and antiferromagnetic (AF) pha-
ses of UAl4. Fig. 1 shows the UAl4 unit cell in F and three AF ar-
rangements of the magnetic moments on the U atoms in the 4e
sites. For all these magnetic phases the crystalline structure has
been optimized independently. The calculated total energies are
summarized in Table 1. The lowest energy state of the system is
found for the AF(I) type magnetic structure.

The corresponding equilibrium lattice parameters, bulk
modulus, and their fractional atomic coordinates are compared
with available experimental values in Table 2.

The calculated equilibrium volume for the UAl4 AF(I) structure
differs by only 0.7% from the experimental volume; however the
axial ratios c/a and c/b differ by 1.5% showing that the shape of the
unit cell is more elongated in the c direction and contracted in the
other two perpendicular directions. These results have conse-
quences in the interatomic distances (see Table 3) with emphasis
on UeU distances since the shortest distance from experimental
data is reported between UI and UIV atoms whereas calculations
predict it would occur between two UI atoms equivalent through
translation. Distances between U atoms were identified as a major
factor in the magnetic nature of the material [69], due to its inci-
dence in the overlapping of 5f bands between nearest atoms. As the
distance is increased, the overlap decreases together with f band-
width and the magnetism is stabilized. The limit value proposed by
Hill is 3.4 Å. However, as both experimental and theoretical values
are far larger than the 3.4 Å limit, the differences cannot explain the
degree of itinerancy or localization of the 5f-electrons and the
concomitant magnetic response in our calculation. The results on
UeAl distances are also affected but the relative ordering is kept.
The theoretical values are smaller than the experimental ones.
Following the Koelling's criterion for the f-ligand hybridization
[69], we hence have to expect a stronger hybridization between the



Fig. 1. Crystal structure and spin configurations for UAl4. Black circles denote the U positions; circles colored with different gray shades indicate the positions of the different sites of
Al atoms. Plus and minus signs indicate opposite directions of spins.

Table 1
Total (E) and relative (DE) energies per unit cell (UAl4) for the magnetic structures
shown in Fig. 1.

Structure E (eV) DE (eV)

NM �106.5813 0.7491
F �107.0812 0.2492
AF(I) �107.3304 0
AF(II) �107.1354 0.195
AF(III) �107.2544 0.076

Table 2
Calculated structure parameters and bulk modulus for the AF(I) magnetic structure.
The values in parentheses are experimental data from indicated references.

Lattice parameters (Å) [18] a ¼ 4.3738 (4.4014)
b ¼ 6.2118 (6.2552)
c ¼ 13.8413 (13.7279)

Bulk modulus (GPa) [68] 88 (73 ± 5)
Fractional atomic coordinates [18]

Wyckoff position x y z
U(1) 4e 0 1/4 0.1119 (0.1130)
Al(1) 8h 0 0.0239 (0.0303) 0.6989 (0.6983)
Al(2) 4e 0 1/4 0.8898 (0.8891)
Al(3) 4b 0 0 0.5

Table 3
Selected interatomic distances (Å) for the AF(I) magnetic structure. The values in
parentheses are experimental data from Ref. [18].

UI(1) e UIV(1) 4.4050 (4.3579) U(1) e Al(1) � 4 3.021 (3.048)
UIV(1) e UIII(1) 4.3860 (4.4054) U(1) e Al(2) 3.0742 (3.074)
UI(1) e UI(1) 4.3738 (4.4014) U(1) e Al(3) � 4 3.0973 (3.1137)
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U 5f states and the Al 3p states in the theoretical results than in the
experimental evidences.
3.1.2. Electronic structure
Previous density of states plots obtained through DFT based

calculation methods were performed by Kang et al. [41] for UAlx
(x ¼ 2,3) compounds, who suggested that chemical bonds are
primarily formed between uranium and aluminum atoms, due to
the strong hybridization between the U 5f states and the Al 3p
states. The mentioned compounds have all cubic based structures.
The higher aluminum content corresponds to UAl3 compound. Its
fcc structure with equal next nearest neighbor (NNN) distances
between AleAl atoms and between UeAl atoms (2.996 Å), is
possible because of 12-atom coordination leaving one U atom
surrounded by smaller Al atoms in spite of size mismatch. At higher
aluminum composition, as in the case of UAl4 phase, fcc structure
cannot allocate Al atoms in a high symmetry configuration and a
phase transitionmust occur to orthorhombic configuration. Though
NNN number decreases and NNN distance between U atoms and Al
atoms increases to 3.048 Å in the UAl4 phase, the strong UeAl bond
(p-d and p-f hybridization) given in UAl3 should be maintained but
weakened with farther aluminum atoms.

Amethod for studying the spatial distribution of chemical bonds
is to calculate the bonding charge density (BCD). The BCD is defined
as the difference between the self-consistent charge density of the
interacting atoms in the compound and a reference charge density
constructed from the superposition of the non-interacting atomic
charge density at the crystal sites [70]. This quantity characterizes
the redistribution of electrons that occurs when a crystal is formed
from atoms being moved from infinity to their equilibrium posi-
tions. The calculation of BCD is only one of the methods to extract
chemical information from the total electron density. Other types of
difference function are also possible, but these are not discussed
here.

To illustrate these bonding characteristics in the AF(I) structure
of UAl4 we use the charge density projected onto lattice planes
which contain atomic sites of first, second and third nearest
neighbors (see Fig. 2).

Fig. 3 shows the positive part of the BCD on the planes ð5 0 27Þ;
ð2 0 9Þ; (100) and (010).

The BCD shows a depletion of the electronic density at the
aluminum lattice sites accompanied by significant anisotropic
buildup of the directional f-bonding charge at the uranium sites.
From Fig. 3(a), the bonding charge accumulation at the U site is
mainly along the UeAl directions. One can also see that there is a
significant buildup of interstitial bonding charge at Al(1)-U-Al(2),
Al(2)-U-Al(3) and Al(3)-U-Al(3) triangular bonding areas showing
that the covalent character of the bonding between U and Al atoms
is dominant. This feature should be consistent with a p-f hybridi-
zation. Indeed, it is evident that the interstitial bonding charge
around the NNN Al(1) atoms exhibits lobes oriented along [010]
direction indicating a strong degree of covalency as a consequence
of pep hybridization between them. Fig. 3(c) clearly shows that no
bonding exists between nearest neighbor (NN) U atoms as expected
due to the large distance between them. The (100) slice (Fig. 3(b))
gives other view of the bonding between U and its NN Al atoms
completing the picture of the multicenter bonding which provides
the interlayer cohesion to the structure.

Although a BCD plot can reveal valuable information about



Fig. 2. Supercells (120 atoms) showing nearest neighbor bonds to the marked U atom on selected planes: (a) next nearest neighbors on plane ð5 0 27Þ; (b) Second nearest neighbors
on plane (100); (c) Third nearest neighbors on plane ð2 0 9Þ, slightly tilted with respect to ð5 0 27Þ plane. The Miller indices correspond to the unit cell of UAl4. U and Al atoms are
represented as black and white spheres respectively. First, second and third nearest neighbor bonds are shown as sticks.

Fig. 3. BCD plot onto selected planes of UAl4: (a) ð5 0 27Þ and ð2 0 9Þ; (b) (100); (c)
(010). Contourlines are drawn from 1 � 10�3 to 40 � 10�3 electrons/Å3 with an interval
of 1 � 10�3.
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regions of space having covalent bonding, the bonding nature of
solids is better illustrated by partial density of state (PDOS) analysis
[71]. The site projected PDOS plots of the UAl4 NM and AF(I)
structures are shown in Fig. 4(a) and (b) respectively. Only the
contributions arising from U 6d, U 5f, and Al 3p states (for the three
inequivalent sites) are presented since these are the ones relevant
to our discussion.

The well defined peaks in Fig. 4(a) reveal an ordered structure.
The states below 7.2 eV are mostly of the U 6d and Al 3p character
and those lying above this energy belong mainly to the U 5f elec-
tronic bands. A strong hybridization between U 6d and Al 3p states
is evident in the whole energy range and above 7.2 eV the Al 3p
bands also participate in the hybridization with the 5f electrons
(and therefore contribute to their delocalization). The states at the
Fermi level are almost completely derived from uranium 5f states,
with a small contribution from U 6d and Al 3p states.

When spin polarization and the AF(I) structure is included in the
calculation, the spin splitting appears in all shown bands (see
Fig. 4(b)). Due to the hybridization with the Al 3p states, the
bandwidth of the 6d and 5f electrons in the NM structure is now
split in three spin projected sub-bands, two of them occupying the
former bandwidth and the third one appearing at higher energies.
The population of d and f states of uranium is asymmetric, but the
asymmetry is weak in the first case while it is strong in the second
one. The U 5f majority spin sub-band below the Fermi energy is
almost completely occupied and its bandwidth indicates that the 5f
electrons are just as delocalized as the d electrons of U and the p
electrons of Al. Whereas, the U 5f minority spin electrons are
almost completely excluded from the U sites. The result of this
space localized exclusion is an equally localized region of magne-
tization. We therefore have completely space localized magnetic
moments composed of completely itinerant electrons. This non-
rigid behavior of the U 5f PDOS is an example of Kübler's cova-
lent magnetism [72]. Fig. 5 shows how the antiferromagnetic
coupling between adjacent U atoms is mediated by the p states of
its NNN Al(1) and second nearest neighbor Al(2) atoms. The weak
asymmetric population of p states in those Al atoms is also reversed
[73].

3.1.3. Magnetic anisotropy
Measurements of the magnetic and electrical properties of

NpAl4, isomorphic with UAl4, showed that it is an antiferromagnet
with a not simple magnetic structure though the magnetic easy-
axis could be along the [010] direction [31]. This magnetic
behavior can be associated with non-collinear magnets, having
various directions of magnetization along a global quantization
axis; which have been known to exist in elemental crystals with
coherent helical, spiral, triangular, and canted structures as well as
in compounds [74]. Adding this to the background resumed in the
Introduction for the magnetic behavior of UAl4, we investigated the
possibility of a non-collinear magnetic lower energy state. The
calculations were performed using the primitive cell type AF(I)
magnetic structure constraining its cell parameters and fractional
atomic coordinates (Table 2), allowing only the magnetic moments
to relax. Initially, all the calculations had the starting point chosen
with the antiferromagnetic coupling between UI and UII aligned in
the z direction while the antiferromagnetic coupling between UIII

and UIV laid in any position on a cone around the z axis (see Fig.1 for
uranium atoms identification). The opening angle of the cone was
varied from 0� to 90�. All these calculations converged to a nearly
collinear solution with energy a little higher than the original
collinear z direction spin arrangement. The same result was ob-
tained when the starting points were spiral spin structures with
null total magnetic moment. This implies that there is no reason to
invoke non-collinear spin structure to describe the ground state of
UAl4. Ruled out the possibility of non-collinear magnetism, the
following step was to consider the SOC effect on the magnetic



Fig. 4. Calculated site projected DOS on U and Al sites in the nonmagnetic (a) and the antiferromagnetic AF(I) (b) structures of UAl4. The Fermi level is marked with a vertical solid
line.

Fig. 5. Calculated site projected DOS on U and Al sites showing how the antiferromagnetic coupling between UIII and UIV atoms is mediated by the p states of Al(1) and Al(2).

L. Kniznik et al. / Journal of Nuclear Materials 466 (2015) 539e550544
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moment of uranium atoms in the UAl4 AF(I) structure. This mag-
netic structure can be seen as a sequence of AF-coupled U ð011Þ
planes (Fig. 6) but the angle between the U spins and the crystal
axes was initially unknown for us.

We began the study of the easy axis of magnetization in UAl4 by
estimating the magnetic anisotropy. For this purpose the total en-
ergy for three different orientations of the magnetic moment along
the a(x), b(y), and c(z) axes of the UAl4 AF(I) structure was calcu-
lated and is shown in Table 4. Total-energy calculations lead to the
conclusion that the easy and hard magnetic axes are oriented along
the b and a axes, respectively. Then, the magnetic anisotropy en-
ergy, Eanis, was calculated as the difference in the total energies for
each orientation and that of the easy magnetic axis. These results
are also shown in Table 4. Note that the Eanis in the a-b (001) plane
is substantially higher than the Eanis in the b-c (100) plane meaning
that the b-c (100) is the easy magnetization plane.

The spin, orbital, and total magnetic moments for U atoms are
also shown in Table 4 for the three fixed directions of spin
magnetization. In all cases the spin magnetic moment Ms and the
orbital moment Ml are almost antiparallel to each other. Since the
modulus of Ml exceeds Ms, the angle between the resultant total
magnetic moment MJ and Ms is slightly less than p rad. (180�). In
the experimentally relevant case, the spin moment Ms is aligned
with the easy b axis, the modulus of the total magnetic moment MJ
is 0.293 mB and the angle between MJ and the b axis is 2.75 rad
(157.1�). Opposite directions of the two atomic moments are rather
common for the U compounds and appears consistent with the
Hund's law for the less than half-filled 5 f shell of the U atom [75].
Unfortunately, there are no neutron diffraction measurements of
UAl4 which could be used to estimate its magnetic structure and the
magnetic moment of uranium atoms at low temperature.

It should be noted that the results presented until here do not
exclude the possibility of a collinear spin arrangement of lower
energy confined to a direction other than the high-symmetry axes.
In order to evaluate this possibility we performed the total-energy
calculations rotating the magnetization in the b-c (100) plane. The
change in the magnetic anisotropy energy (Eanis) with the angle
between magnetic moments and the b axis is shown in Fig. 7(a) for
both spin and total magnetizations. The resulting total magnetic
moment forms the qtotal angle with the b axis when the spin
magnetic moment is aligned at a qs angle. The angle (qtotal � qs)
between MJ and Ms decreases as the Ms moment approaches the c
axis, with aminimumvalue of around 2.44 rad (140�) (see Fig. 7(b)).
No additional minima in the b-c (100) plane are found.

In Fig. 7(a) a maximum in Eanis is observed for qs around 1.05 rad
(60�). Eanis can be modeled according to [76] by the following
equation:
Fig. 6. Crystal structure (six unit cells shown) and predicted magnetic ordering in the
AF magnetic ground state for UAl4 (arrows show the spin orientations). In each set of
ð011Þ planes with antiferromagnetic coupling, the planes are colored with different
gray shades.
Eanis ¼ K2 sin2ðqsÞ þ K4 sin4ðqsÞ
Second-(K2) and fourth-(K4) order magnetic anisotropy con-

stants can be obtained by fitting the angular dependence of the
magnetic anisotropy energy by this biquadratic function. This es-
timate yields for K2 the value of 0.123 eV and �0.086 eV for K4. This
fairly large absolute value of K4 could be the reason for the strong
reduction of the Eanis in the b-c (100) plane. Themaximum obtained
in Eanis can be understood as originated from the competing
constants.

For magnets of low symmetry (orthorhombic, monoclinic, and
triclinic), the lowest-order magnetic anisotropy constant depends
also on the azimuthal angle 4 around the easy magnetic axis [77]:

Eanis ¼
h
K 0
2 þ K

00
2 cos 2 4

i
sin2ðqsÞ þ K4 sin4ðqsÞ

Where K2 ¼ K 0
2 þ K

00
2 with 4 ¼ 0. The constants K 0

2 and K
00
2 can be

estimated taking the value of Eanis for the a axis (4 ¼ p/2) from
Table 4. We obtain K 0

2 ¼ 0:157 eV and K
00
2 ¼ �0:034 eV. In order to

check our anisotropy-energy expressionwe calculated it along [111]
direction and compared it with the value from DFT calculation, the
discrepancy is around 3%. This result allows us to propose the b axis
as the easy magnetization axis in an UAl4 antiferromagnetic
structure (see Fig. 6).

3.2. Point defects in the UAl4 crystal

3.2.1. Defect formation energies
Total energies from spin-polarized first principles calculations

on the supercells were used to obtain the formation energies of
UmAln compounds containing one of the possible constitutional
point defects. Formation energy of UmAln compound is calculated
as:

DEf ðUmAlnÞ ¼ ETðUmAlnÞ �mETðUÞ � nETðAlÞ
mþ n

In Fig. 8, the predicted formation energies of off-stoichiometric
UAl4 compounds containing each of the four possible types of
constitutional point defects, Al vacancies (VaAl), U vacancies (VaU),
Al antisites (AlU) and U antisites (UAl), are plotted. There are eight
branches since the three different Al sites according to symmetry
are taken into account. The branch giving the lowest formation
energy corresponds to the most stable defect structure; Fig. 8 thus
shows that the stable constitutional point defects in Al-rich and U-
rich oI20 UAl4 are Al antisites (AlU) and U antisites in Al(2) site
(UAl2), respectively.

Our interest is focused on aluminum rich side, since experi-
mental reports [4] show that UAl4 compound widens towards rich
aluminum contents. Size effect, together with electronic structure
and charge rearrangement on compound forming are responsible
for stability. We will discuss these for AlU and VaU in detail below.

3.2.2. Structural relaxations
In order to investigate local effects of the inclusion of defects, we

have computed distances between Al atoms and defect positions
dAl�d (Table 5). By comparing it with the distance between Al and U
position dAl�U in stoichiometric structure, we express relaxation as
a percentage of bond length relative to the perfect UAl4 crystal:

Relaxation ð%Þ ¼ dAl�d � dAl�U
dAl�U

*100

As expected, an inward relaxation of the aluminum nearest
neighbor atoms is observed by removing a uranium atom. The



Table 4
Total energy, magnetic anisotropy energy and magnetic moments for U atoms (spin (Ms), orbital (Ml), and total (MJ ¼ Ms þ Ml)) calculated for three fixed directions of spin
magnetization: a axis [100], b axis [010] and c axis [001].

Atom Ms Ml MJ

x y z x y z x y z

Ms ∕∕∕∕ a axis [100] Etotal (ev) ¼ ¡119.7660 Eanis (eV) ¼ 0.1046
UI 2.156 0 0 �2.107 0.039 0 0.049 0.039 0
UII �2.156 0 0 2.106 �0.039 0 �0.050 �0.039 0
UIII 2.156 0 0 �2.107 0.039 0 0.049 0.039 0
UIV �2.156 0 0 2.107 �0.039 0 �0.049 �0.039 0
Ms ∕∕∕∕ b axis [010] Etotal (ev) ¼ ¡119.8706 Eanis (eV) ¼ 0
UI 0 2.211 0 0.096 �2.482 0.054 0.096 �0.271 0.054
UII 0 �2.211 0 �0.097 2.482 �0.054 �0.097 0.271 �0.054
UIII 0 2.211 0 0.096 �2.482 0.054 0.096 �0.271 0.054
UIV 0 �2.211 0 �0.096 2.482 �0.054 �0.096 0.271 �0.054
Ms ∕∕∕∕ c axis [001] Etotal (ev) ¼ ¡119.8333 Eanis (eV) ¼ 0.0373
UI 0 0 2.175 0.044 0.096 �2.319 0.044 0.096 �0.144
UII 0 0 �2.175 �0.044 �0.096 2.319 �0.044 �0.096 0.144
UIII 0 0 2.175 0.044 0.096 �2.319 0.044 0.096 �0.144
UIV 0 0 �2.175 �0.044 �0.096 2.319 �0.044 �0.096 0.144

Fig. 7. (a) Magnetic anisotropy energy vs angle q between the b axis and the spin (squares) and total magnetization (circles) in the in the b-c plane. The solid line fits the equation
Eanis ¼ K2sin2(qs) þ K4sin4(qs). qtotal�p is used instead of qtotal for clarity. (b) The angle (qtotal � qs) between the spin and total magnetization as a function of the angle q between the b
axis and the spin moment.

Fig. 8. Energies of formation per atom of the supercells 2� 2� 1 (black circles) and
3� 2� 1 (black squares) containing one defect. The reference states are pure U in the
orthorhombic oC4 structure and pure Al in the cubic cF4 structure.

Table 5
Lattice relaxations of the first, second and third nearest neighbor atoms around a
defect in UAl4 crystal. Calculations were performed in the largest supercell
(3� 2� 1).

Defect Distance (dAl�d)
aluminum-defect (Å)

Relaxation (%)

Al(1) Al(2) Al(3) Al(1) Al(2) Al(3)

VaU 2.819 2.950 3.054 �6.687 �4.022 �1.376
AlU 2.985 2.790 2.971 �1.177 �9.232 �4.062
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amount of relaxation follows the same order than the distance
between the uranium vacancy and those neighbor atoms.
When an aluminum atom occupies the uranium site, the

structure is also expected to relax inwards the defect position so as
to reduce strain energy coming from atomic size misfit between
uranium and antisite aluminum atom. A curious effect is observed
on Al antisite atom, as a displacement from the original position in
the [001] direction towards a (001) plane containing second near-
est neighbor Al(2) atoms (Fig. 9). This kind of relaxation reduces the
strain among surrounding aluminum atoms and enhances bonding.
3.2.3. Electronic structure
All results shown in this paragraph were obtained with the



Fig. 9. The marked AlU antisite is displaced from its original position in UAl4
compound.

Fig. 11. BCD plot onto selected planes of UAl4 containing an Al antisite: (a) ð5 0 27Þ
and ð2 0 9Þ; (b) (100); (c) (010). Contourlines are drawn from 1 � 10�3 to 40 � 10�3

electrons/Å3 with an interval of 1 � 10�3.
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largest supercell (3� 2� 1). Fig. 10 shows BCD plots of aluminum
rich structure containing one U vacancy. Compared with the BCD
plot of the perfect crystal in Fig. 3, it can be seen that there is a
significant spatial redistribution of interstitial bonding charge at
Al(1)-VaU-Al(2), Al(2)-VaU-Al(3) and Al(3)-VaU-Al(3) triangular
bonding areas around the vacancy. As a result, the Al(1)-Al(2) bonds
as well as the UeAl(2) bonds gain electron density. The compen-
sation for these deviations appears as a redistribution of the
directional f-bonding charge at the uranium sites around the va-
cancy, there is a decrease of the charge in the lobes located on the
side of the vacancy. The introduction of an Al atom in U site instead
of the Va supplies an excess of electrons around the antisite atom
leading to the enhancement of the bonds between the neighboring
Al atoms and the Al antisite itself (see Fig.11). The compensation for
the deviation from the stoichiometry by the Al antisite in the Al-
rich UAl4 is, therefore, energetically more favorable than that of U
vacancy as seen in Fig. 8.

Fig. 12 shows the total DOS of the perfect UAl4 crystal and the
two defect structures. The antiferromagnetism is broken and a non
zero magnetic moment in the U 5f bands occurs. Given that the U
atom site chosen to introduce the U vacancy had majority U 5f spin
up states, one can expect, if these were completely localized elec-
tron states, a uniform decrease in the density of states with spin up
below the Fermi level while the density of states with spin down is
Fig. 10. BCD plot onto selected planes of UAl4 containing an U vacancy: (a) ð5 0 27Þ
and ð2 0 9Þ; (b) (100); (c) (010). Contourlines are drawn from 1 � 10�3 to 40 � 10�3

electrons/Å3 with an interval of 1 � 10�3.
unchanged. Instead of this, there is an increment in the number of U
5f states at energies between 0.2 and 0.6 eV below the Fermi level
in both spin directions. We believe that this behavior could be in
correspondence with stronger bond states associated to the direc-
tional f-bonding charge which, as was already mentioned, un-
dergoes redistribution.

The total DOS of the crystal with Al antisite has two additional
peaks in the lower energy part around �1.7 eV below the Fermi
level, one for each spin direction. Thus, the appearance of such
peaks should be straightforwardly related to the hybridization of
the Al 3p and U 6d states coming from the Al antisite and its ura-
nium nearest neighbors.

Analyzing the magnetic moments for each uranium atom in the
supercell, we could detect that the most significant changes occur
for the uranium atoms located on the set of ð011Þ planes with an-
tiferromagnetic coupling where the vacancy was introduced (see
Fig. 6). Furthermore and considering this antiferromagnetic layer,
only the nearest neighbors are affected among all the uranium
atoms contained in the sub-layer with the same spin that the
vacant site. In the sub-layer with opposite spin direction, an
aluminum atom is required to mediate between the vacant site and
the affected uranium atom. Fig. 13 shows the site projected PDOS
plots of these two different U sites. The dominant features of the
PDOS for the U vacancy are the following.

In the nearest neighbors (Fig. 13(a)) not only the f-bonding
charge is re-distributed but electrons are lost towards the inter-
stitial charge, and the pseudogap between bonding and antibond-
ing for the U 5f states with spin up moves towards energies higher
than the Fermi level, wakening their bondings. On the contrary, the
uranium atoms with opposite spin direction respect to the vacant
site (Fig. 13(b)) gain electrons from the interstitial charge and re-
distribute them into in the f-bonding charge. It is interesting to
see the effect on these features when the Al atom is introduced in
the vacant site to form an antisite. First, in the nearest neighbors
(Fig. 13(c)) there is a recovery of electrons from the interstitial
charge and of the position of the pseudogap leading to an
enhancement in the covalent bond. Second, in Fig. 13(d) the peak
close to the Fermi level becomesmore prominent and narrow in the



Fig. 12. Total DOS of perfect UAl4 crystal and of the crystal with two types of point defects in the 3� 2� 1 supercell: (a) uranium vacancy VaU; (b) aluminum antisite AlU.

Fig. 13. Site projected DOS on U relevant sites located on the set of ð011Þ planes with antiferromagnetic coupling in a UAl4 crystal with defects: (a) and (c) U nearest neighbors to the
vacant site or antisite and contained in the sub-layer with the same spin direction than the corresponding to the original defect site; (b) and (d) U nearest neighbors connected
through an Al atom to the vacant site or antisite and contained in the sub-layer with spin direction opposite to the corresponding to the original defect site.
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PDOS of the uranium atoms with opposite spin direction with
respect to the vacant site showing also an increment of the covalent
bond between these U atoms and their aluminum nearest
neighbors.

4. Conclusions

A study of the point defects in UAl4 in the DFT-GGA framework
using the plane wave pseudopotential method has been
undertaken.
As a prerequisite to this research, a magnetic structural study of
the UAl4 orthorhombic crystal structure was performed including
SOC. An antiferromagnetic ð011Þ layer structure with spins aligned
to the [010] direction was found to be energetically preferred. SOC
was shown to have a significant quenching effect on the spin-
moment and to introduce a strong magnetic anisotropy stabiliz-
ing the [010] polarization relative to the [001] polarization. The
calculated equilibrium volume differs by only 0.7% from the
experimental volume; however the axial ratios c/a and c/b are
overestimated by 1.5%. The analysis of density of states and bonding
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charge density point out that the bonding mechanism consists
primarily of band mixing between the U 5f and Al 3p states. The
population of f states of uranium is highly asymmetric leading to
completely localized magnetic moments composed of entirely
itinerant electrons and the antiferromagnetic coupling between
adjacent U atoms is mediated by the p states of its neighbor Al
atoms.

Tackling the study of point defects in UAl4, we obtained the
formation enthalpies of supercells containing isolated point de-
fects. Our results show that Al antisites and U antisites in Al 4e
Wyckoff positions are the constitutional point defects in Al-rich
and U-rich oI20 UAl4, respectively. In this way we have presented
here the first set of data which makes it possible to discuss and
quantify the point defects concentrations in the experimental
composition range for existence of this uranium aluminide.

Defect structures related to relevant experimental compositions
were further studied. Both VaU and AlU defects induce large inward
displacements of the nearest neighbor aluminum atoms and a
significant spatial redistribution of interstitial bonding charge at
AleUeAl triangular bonding areas around the defect. The antifer-
romagnetism is locally broken, a non zero magnetic moment in the
U 5f bands occurs mainly for the uranium atoms located in the set
of ð011Þ planes with antiferromagnetic coupling where the defect
was introduced.
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