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Abstract. Crystal structures and physical properties of four families of Al-rich
ternary uranium compounds with transition metals (TE) are reviewed, namely
UTE5Alyy, UTE5Aly, UgTE4Aly3, and U3TE4Al;s.  The compounds can be
described as consisting of 1 (isolated), 2 (dumbbells) or 3 (triangles) uranium atom
clusters, surrounded (1-2-20, 1-2-10 and 6-4-43) or not (3-4-12) by large cages, which
strongly influence their magnetic and related properties. Indeed, the ground states of
the described systems evolve from Curie-like paramagnetism in the case of the phases
with well-isolated, single U-atoms, to complex magnetic order or frustrated magnetism
in the case of the systems with uranium triangles forming a breathing kagome lattice.
We argue that the four families of uranium aluminides described in this review provide a
unique opportunity to study magnetic interactions between U magnetic moments while
gradually increasing the number of their nearest magnetic neighbors, and may also be
helpful in understanding the fundamental origin of magnetic freezing phenomena.

Submitted to: Rep. Prog. Phys.

Introduction

Thanks to their isotropic irradiation behaviour, relatively high uranium density, high
thermal conductivity, proper fission gases accommodation and easy synthesis, binary
uranium aluminides have been used for decades as nuclear fuels for research and
test reactors (RTRs) (Nazaré et al. 1975, Dienst et al. 1977), as well as fissile
material for irradiation targets for the production of medical radioisotopes (Ryu
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et al. 2013, Raposio et al. 2019, Durazzo et al. 2021). The binary U-Al phase diagram
is quite simple and contains only three binary phases: the cubic phase UAly (space
group F'd3m, structure type MgCuy, pa8.1gcem™3), the cubic phase UAly (Pm3m,
CuzAu, p~6.8gcm™?), and the orthorhombic phase UAl; (Imma, own structure type,
p~6.1gcm™?). Their uranium densities py are rather moderate (6.6 gycm™, 5.0
guem™ and 4.2 gyem™3 respectively), so they imply the use of highly enriched
uranium in RTRs and irradiation targets to achieve higher performances (the desired
235U content is above 90%, while natural U contains only about 0.7% of 2*°U). However,
since international non-proliferation treaties limit civilian uranium enrichment of a
maximum of 20%, the use of the binary uranium aluminides mentioned above is not
an optimal choice. Therefore, higher U-density nuclear fuels are needed to compensate
for the lower enrichment. Among them, transition metal-stabilised high-temperature
cubic ~v-allotropes of uranium are highly promising. For instance, the addition of
approximately 7—10wt% of molybdenum to uranium has been intensively studied as
a fuel for RTRs due to the high chemical stability of the 4-U(Mo) phase, its stability
under irradiation and the increased density of uranium (py =~ 16-17 gy cm~3) (Snelgrove
et al. 1997, Leenaers et al. 2020a). Other materials under consideration include
UsSiy (pua11.3gyem™) (Leenaers et al. 2020b), UN (pya13.5gycm™?) (Durand
& Laudamy 1994, Wallenius 2020), UC (py=13.0gy cm™?) (Clement Ravi Chandar
et al. 2020) and UB, (py~11.7gy cm™3) (Turner et al. 2020) among others.

Further technological development of the metallic fuels requires excellent knowledge
of their behaviour during fabrication and operation, including their reactivity with Al
matrix (note that the RTRs fuels and irradiation plates are mostly a mixture of the
U-bearing powder with Al powder for mechanical resistance and heat dissipation), with
cladding materials (usually made of Al, Zr, Ti or Ni) and with fission products. In many
cases, this reactivity can be predicted using binary, ternary and quaternary (or more)
phase diagrams. Several isothermal sections of such diagrams have been reported in
recent decades with the following objectives: (i) U-Al-Si for the reactivity between U3Siy
and Al matrix (Rabin et al. 2015), (ii) U-TE-Al with TE =Mo (Noél et al. 2009) and
Nb (Moussa et al. 2017) for the reactivity of v-U(T'E) fuels with Al matrix, (iii) U-TE-
Al with TE =Ti (Moussa, Pasturel, Stepnik & Tougait 2015), Zr (Moussa, Désévédavy,
Noél, Pasturel, Gouttefangeas, Dubois, Stepnik & Tougait 2015) and Fe (Gongalves &
Noél 2005) for the reactivity of UAl, fuels with cladding, and many others.

In addition to obtaining technologically relevant information, the study of the U-
TE-Al phase diagrams (where T'E is usually a transition element and sometimes a
p-block element) confirms or reveals the existence of binary and ternary aluminides of
potential importance from a fundamental physics point of view. This has to do with
the fact that the 5f orbitals of actinides in general (and uranium in particular) are
an intermediate case in terms of radial extension between the outer nd orbitals of the
transition elements and the inner 4 f orbitals of the rare earth elements. As such, they are
sensitive to both the crystal field effect (energy dominant for 3d elements) and spin-orbit
coupling (leading for the 4f elements). In many cases, this implies a strong dependence
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of the physical properties on the distance between U atoms (dy_y) or between U atoms
and ligands. In particular, as shown empirically by Hill in 1970, the distance between
two uranium atoms of about 3.4-3.6 A favors the occurrence of magnetic ordering
(Hill 1970). Shorter U-U distances lead to strong hybridization of the 5f orbitals with
the conduction electrons, which results in delocalization of the 5f electrons and — in
most cases — weak Pauli paramagnetism of the compound (see e.g. ht-UFeAl with
du_u~3.0A (Troé¢ et al. 1993)). On the other hand, larger dy_y values lead often
to hard ferromagnetism with elevated Curie temperature (see e.g. U3Aly(Si,Ge)s with
dy_p~4.0A (Weitzer et al. 1994) or UPtAl with dy_y ~3.6 A (Andreev et al. 1999)).

Furthermore, examination of the aluminum-rich corners of the ternary U-T E-Al
phase diagrams also revealed quite complex and interesting crystallochemistry of the
ternary compounds. In particular, the U atoms can form various sublattices in those
systems: from a sublattice of isolated U atoms in large cages made of ligands (as in the
compounds UT E5Alyg with TE = Ti, V, Nb, Ta, Cr, Mo, W, Mn, or in UT E;Al;q with
TFE =Fe, Ru, and Os), to a three-dimensional sublattice of isolated U dumbbells (as
in Ug TE4Aly3 with TE =V, Nb, Ta, Cr, Mo, and W) or U triangles (as in U3 TE4Alj5
with TE =Fe, Ru, and Co). Interestingly, the physical properties of the compounds
in the latter two families were found to be dominated by frustrated magnetism, caused
either by the interplay between the short- and long-range interactions, or the inability of
magnetic moments to order themselves in a pure antiferromagnetic state in a triangular
lattice. Because of their chemical similarity, the study of those systems can therefore
be very helpful in better understanding the physics of systems with isolated groups of
1, 2 or 3 uranium atoms, as well as the physics of frustrated systems.

This short review therefore aims to present the state of the art of the most relevant
results reported for the compounds UTFE3Aly and UTE;Aly (Sec.1), UgTE Al
(Sec.2), and U3 TE4Aly5 (Sec. 3). Their properties are compared and discussed in Sec. 4,
not only to provide a general overview of these compounds, but also to try to relate the
chemical and crystallographic characteristics to their magnetic properties.

1. Cage compounds UT E,Aly; and UT E;Aly

1.1. Crystal structure

The crystal chemistry of the Al-rich, ternary U-T'E-Al phases strongly depends on the
position of TE in the periodic table of elements. In particular, for the low-number
columns (i.e. for TE=Ti, V, Nb, Ta, Cr, Mo, W, and Mn), the formation of cubic
phases UT E5Aly, with the structure-type CeCryAly, was reported, while for the 8%
column (for TE =Fe, Ru, and Os), the existence of orthorhombic compounds U TE,Aly
adopting the structure type YbFeyAlyg was discovered.

For the transition elements from the high-number column, much fewer information
is available in the literature. The isothermal section of the ternary phase diagram
U-Co-Al at 900°C, reported by Noél et al (Noél et al. 2005), revealed the formation
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of the monoclinic compound UsCogAljg as the most aluminum-rich phase. For the
system U-Cu-Al, Verbovytskyy and Gongalves reported the existence of the tetragonal
compound UCuyAlg as the Al-richest phase among those found at 600°C (Verbovytsky
Yu & Gongalves 2013). However, due to their distinctly different crystal structure and
rather preliminary character of the published information on their magnetic and related
properties (Tougait et al. 2003, Tro¢ et al. 2004, Geibel et al. 1990), they will not be
discussed further in this review.

The crystal structures of UT' EyAlyg and UT E5 Al are shown in figure 1. The former
phases all crystallize in a cubic structure of the CeCryAly type with a space group Fid3m
(no.227) and a cell parameter between 14 and 15 A (Niemann & Jeitschko 1995b, Okuda
et al. 1989, Wang et al. 2010), while the latter systems adopt the orthorhombic
YbFeyAljp-type structure with a space group Cmem (no. 63) and cell parameters a and
¢ close to 9 A, and b slightly larger than 10 A (Meshi et al. 2002, Sugai et al. 2011, Tro¢
et al. 2011). A common feature of these families of compounds is the caged nature of
the uranium coordination sphere. In particular, in UT E5Alyy the uranium atoms are
surrounded by an almost regular Frank-Kasper polyhedron composed of 16 aluminum
atoms with U-Al distances (above 3.1 A) greater than the sum of metallic radii of these
elements (i.e. ¥=2.99A), while the Al-Al distances (from about 2.7 A) are less than
the corresponding sum of metallic radii (¥ = 2.86 A). The importance of the Mo-Al and
Al-Al bonds for the stability of the structure compared to the U-Al bond was confirmed
by DFT calculations, e.g. in the case of UMogAlyy (Liu et al. 2017). In turn, UT EyAly,
the U atoms are surrounded by a more distorted cage of 16 Al atoms and 4 T'FE atoms.
As in the previous family of compounds, the U-ligand distances are greater than 3.1 A,
while the Al-Al and Al-T'F distances are less than the sum of their metallic radii.

As is well known, such cage features can lead to low thermal conductivity of,
for example, thermoelectric materials due to the occurrence of the heavy element
rattling phenomenon, which is responsible for strong phonon scattering (see (Ghosh
et al. 2022) and references therein). Other interesting physical phenomena that have
been observed in cage compounds include the superconductivity found in the phases
LaT E4P15 (Meisner 1981), among others.

From a magnetism point of view, the distance between the uranium atoms in both
the 1:2:20 and 1:2:10 series (above 6 and 5A, respectively) is significantly greater than
the Hill criterion. Thus, little or no overlap of 5f orbitals is expected, and perhaps
weak interactions between uranium magnetic moments and lack of magnetic ordering.
Whether this hypothesis turned out to be true, we will show below, where we provide an
overview of the physical properties of all the aluminides from the two families studied
so far.

1.2. Physical properties of Ul'E5Aly

UTi, Al,y Physical properties of UTipAlyy were first studied by Matsumoto et al
(Matsumoto et al. 2013) using single crystals. DC magnetization measurements in a
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Figure 1. Crystal structures of UT E3Aly (top) and UT E5Alyy (bottom) along with
coordination polyhedra around U atoms in both types of structures. U atoms are
shown as large blue spheres, T'F-atoms are plotted as small red spheres, and Al is
shown in grey. U-U distances of about 5A are shown as blue dashed lines, all the
other ones being much larger than this value.

magnetic field parallel to the crystallographic direction [110] showed that the system
is most likely a Pauli paramagnet with some Curie-like contribution from unspecified
paramagnetic impurities. Comparison of the experimental data with the theoretical
magnetic susceptibility curve calculated for free U*t ions led the authors to conclude
that the electron configuration of uranium in UTiyAly is different than 5f2 and that the
f-electrons in this system are itinerant in nature. Electrical resistivity of the compound
measured along the direction [111] was found to be consistent with its paramagnetic
properties (fig. 2). It shows no anomalies that could indicate any magnetic ordering,
and below about 10K it exhibits Fermi liquid-like behaviour p(T') = py + AT? with the
coefficient A of about 0.005 u2 cm K=2 (Matsumoto et al. 2013). Interestingly, one can
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Figure 2. Temperature dependence of the electrical resistivity of UTigAlgg.
Reproduced with permission from (Matsumoto et al. 2013).

also notice a broad hump on the p(T') curve at elevated temperatures (roughly between
100 and 300 K), which is often observed in systems with spin fluctuations or (especially
in intermetallic compounds with rare earth elements) in systems with the Kondo effect
in the presence of crystal field.

UV,Al, The existence, crystal structure and basic physical properties of UV5Aly
were first reported by Halevy et al for polycrystalline samples (Halevy et al. 2001). They
found that the magnetic susceptibility of this cubic phase obeys the Curie-Weiss law
with the effective magnetic moment peg =2.3(3) up/U, and that the compound does not
order magnetically at least down to 1.7 K (no anomalies were observed in temperature
variation of its magnetic susceptibility and electrical resistivity). High-pressure XRD
experiments showed that there is no structural phase transition in UV5Alyg at least up
to 31.5 GPa. Paramagnetic ground state of the compound was confirmed by Wang et al
(Wang et al. 2010).

Later, re-examination of the compound was carried out by Winiarski et al , also
on polycrystalline samples (Winiarski et al. 2017). These independent studies revealed
that the composition of the compound may be slightly sub-stoichiometric, namely close
to UgpgVaAlyy. In addition, its paramagnetic ground state was confirmed, and the low-
temperature electronic specific heat coefficient v was estimated to be approximately
60 mJ K=2mol~!.

Electronic structure of UVyAly was calculated in the LDA approximation with the
Perdew-Wang exchange-correlation potential using the fully-relativistic FPLO code by
Swatek et al (Swatek et al. 2018). They showed that the 5f electrons of uranium are
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Figure 3. Temperature dependence of the magnetic susceptibility (left) and
specific heat (right) of UCraAlyy. Reproduced with permission from (Swatek &
Kaczorowski 2012).

strongly delocalized by coupling to their surroundings through hybridization between
f orbitals with the d and p orbitals of neighbouring atoms, implying a significant
contribution of U-5f states to the density of states near the Fermi level. According
to the calculations, the f — p hybridization is the most dominant process — its energy
accounts for about 98% of the total hybridization energy. As expected, the direct overlap
of f orbitals is very small, which is consistent with Hill limit mentioned earlier, but —
due to the strong f—d and f—p hybridization — does not lead to any magnetic ordering.

UCryAlyy Physical properties of UCryAlyy were first reported by Okuda et al for
a polycrystalline sample (Okuda et al. 1989). They suggested that this compound
is ferromagnetically ordered below a surprisingly high temperature of 180 K with an
extremely low saturated magnetic moment of the order of 4x 1073 g per uranium atom.

Later studies (Swatek & Kaczorowski 2012) performed on high-quality single-
crystalline samples of UCryAlyy showed that the compound is a Pauli paramagnet
at least down to the temperature of 1.7K, as confirmed by featureless, metallic-like
temperature variation of its specific heat and electrical resistivity. The absolute values of
the nearly temperature-independent magnetic susceptibility of this uranium compound
turned out to be of the order of those observed for its phonon reference — ThCryAlsg. It
follows that the 5f electrons of uranium are unlikely to make a significant contribution
to the magnetism of the former compound. However, they seem to make a noticeable
contribution to the electron specific heat — the Sommerfeld coefficient in UCryAlyy was
estimated to be about 80 mJ K~=2mol~!, which is higher than v =62mJ K~?mol~! found
for the thorium compound (Swatek & Kaczorowski 2012). Swatek and Kaczorowski’s
findings on the magnetism of the UCryAlyg compound were confirmed by independent
research (Matsumoto et al. 2013).

UMn, Alyy Long-range ferromagnetic ordering in single crystals of the compound
UMnyAlyy was reported by Wang et al (Wang et al. 2010). The Curie temperature
of the system was found to be around 20K, which was inferred from the position of
the phase transition anomaly in temperature variations of magnetization (distinct) and
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specific heat (relatively small). Interestingly, no anomalies related to ferromagnetic
ordering were observed in neutron scaterring spectra and electrical resistivity data. This
interesting feature of UMnyAlyg was interpreted by Wang et al as a manifestation of
either heavy-fermion itinerant ferromagnetism with moderately small magnetic moment
(leading to a reduction in the entropy change associated with the phase transition due to
Kondo-type interactions) or singlet-triplet-induced local-moment ferromagnetism (Wang
et al. 2010).

Later, Wisniewski et al (Wisniewski et al. 2012) confirmed the ferromagnetic phase
transition in a high-quality UMnyAly, single crystal, but with a slightly smaller Curie
temperature of 17.5K, which was derived from an Arrot plot of the magnetization
curves. To prove the spontaneous (rahter than field-induced) nature of the ferromagnetic
ordering in the system, the single crystal was examined using polarized neutron
scattering, which is much more sensitive to small magnetic moments than the usual
neutron scattering method. Surprisingly, these experiments showed that the magnetism
of UMnyAly is due to the presence of magnetic moments at the sites of Mn atoms (with
an ordered magnetic moment value of about 0.43 up/U), while the uranium sublattice
remains non-magnetic (Wisniewski et al. 2012).

UMo, Alyy, UW5AlL,, UTayAlyy, UNby;Al,y UMoyAlyy and UWyAly, in single-
crystalline form were briefly described by Wang et al as Pauli paramagnets without
any unusual features (Wang et al. 2010). The magnetic ground state of these two
systems was later confirmed by Matsumoto et al (Matsumoto et al. 2013), based on
magnetization measurements also made on single crystals. The existence of UTagAlyg
was mentioned by Niemann and Jeitschko (Niemann & Jeitschko 1995a), but to the best
of our knowledge, the results of its physical characterization have not been published to
date. In turn, in the case of UNbyAly, the crystal structure and basic physical properties
were reported by Moussa et al (Moussa et al. 2017). The compounds was found to be

paramagnetic at least down to 2 K and exhibit moderately enhanced electronic specific
heat (y=60mJK 2?mol™!).

1.3. Physical properties of UI'EyAlyg

UFe, Al;y Magnetic properties of the compound UFe; Al were first reported by Noél
et al for a polycrystalline sample studied by DC magnetization and °"Fe Mossbauer
spectra measurements (Noél et al. 2004). The magnetization measurements showed
that the compound remains paramagnetic at least down to 5K, and its magnetic
susceptibility can be described by the modified Curie-Weiss law with the fitting
parameters fieg =2.62 up/U, 6,=107K and xo=4.87x10"% emumol™!. The 5Fe
Mossbauer spectroscopy revealed the presence of iron quadrupole doublets with the
splitting A =0.17 mm s~! without further splitting at least down to 5K, thus confirming
the paramagnetic ground state of the compound. The room-temperature isomer shift
relative to metallic iron, §, was found to be unusually large as for Fe-Al containing
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Figure 4. Magnetic properties (top) and map of magnetization density of UMngAlyg
compared to its crystallographic unit cell (bottom). Reproduced with permission from
(Wisniewski et al. 2012).

intermetallics and equal to 0.29(1) mms™'.

3K was also mentioned by Halevy et al as a preliminary result of neutron diffraction

The lack of magnetic ordering down to

experiments (Halevy et al. 2006).

Based on the results of high-pressure X-ray powder diffraction experiments carried
out up to 23.5 GPa, the electron structure of UFey;Aljy was calculated as a function
of applied pressure, within the density functional theory (DFT) using the Linearised
Augmented Plane Wave (LAPW) method and generalised gradient approximation
(GGA) implemented in the WIEN97 code (Halevy et al. 2006). The uranium 5f states
were found to remain localized in a narrow and well-defined band above the Fermi energy
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Ex, while the iron 3d electron band — below Eg. The overlap between the U-5f and Fe-3d
bands and the density of states (DOS) at Fr were found to be very small, suggesting
a near-zero magnetic moment of uranium (Halevy et al. 2006). On the other hand,
subsequent DOS calculations within DFT using the Full-Potential Linear Augmented
Plane Waves (FP-LAPW) formalism with GGA, implemented in the WIEN2K code,
showed that significant exchange splitting is expected to occur for the U-5f bands (Zenou
et al. 2011). In particular, it was found that spin up states are shifted towards lower
energy and cross Er, while spin down states are shifted towards higher energy, exhibit a
totally different DOS shape than spin up states, and show a visible drop of DOS below
Eg (Zenou et al. 2011).

Studies of the physical properties of UFeyAlyy carried out on a single-crystalline
sample were first reported by Sugai et al (Sugai et al. 2011). The magnetic susceptibility
measured in the [100] and [001] directions confirmed a clear Curie-Weiss behaviour of
the compound above 150K (with the effective magnetic moments of 3.13 ug/U and
3.14 up /U, respectively), and no sign of magnetic ordering at least down to 2K. For
the [010] direction, the susceptibility was found to be small and almost independent
of temperature. Interestingly, for all measured crystallographic orientations, the
susceptibility appears to saturate as the temperature drops below 150 K, which has
been attributed to the crystal field effect and the formation of a heavy-fermion state
with a characteristic energy of about 100 K. The specific heat confirmed the lack of any
magnetic ordering in UFeyAljy down to 0.4 K (Sugai et al. 2011).

Other studies on single crystals of the compound UFe;Alyg were reported by Troc¢
et al (Tro¢ et al. 2015, Tro¢ et al. 2017). They confirmed paramagnetic behaviour
of the system down to 0.4 K with highly anisotropic magnetic susceptibility and, in
addition, revealed anisotropic behaviour also in its electron-transport properties. It
was shown that the system has metallic properties in general, describable by the fully
delocalized electron model (i.e. including also delocalized 5f electrons of uranium). X-
ray photoemission spectroscopy (XPS), interpreted using the results of fully relativistic
DOS function calculations within DFT using the Full-Potential Local-Orbital (FPLO)
code and Local Density Approximation (LDA), indicated the presence of U-5f bands
in the valence spectra of UFeyAlyg located close to Fr (in agreement with Halevy et
al (Halevy et al. 2006)), thus supporting the itinerant 5f states scenario. However,
a comparison of the photoemission spectra with those for UPds and UNiSn (i.e.
compounds commonly thought to have rather localized 5f electrons) and a closer look
at the calculated DOS function revealed the possibility of partial localization of 5f
electrons in UFeyAlyy. The calculated Sommerfeld coefficient +;, was found to be of about
27.2mJ K?mol™!, which is close to the experimental value o =28(1) mJK ?mol~!
estimated using specific heat data (Tro¢ et al. 2015).

Furthermore, it was shown that the temperature dependence of the magnetic
susceptibility, magnetoresistivity, thermoelectric power and heat capacity can be
described in a consistent manner in terms of a crystal field (CF) model. In the case
of UFeyAlyg, the orthorhombic CF splits the 3H, ground multiplet of the U*" ions
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(with localized 5f* electron shells) into nine singlets, which characteristically modifies
the aforementioned physical properties. These observations led Troé et al (Troé
et al. 2015, Tro¢ et al. 2017) to conclude that the 5f electrons in UFeyAlyy are dual
in nature (i.e. manifesting an itinerant character in some properties and a localized
character in others) - a phenomenon predicted theoretically and discussed in detail e.g.
in (Zwicknagl et al. 2002, Thalmeier 2002).

URu, Alyy Physical properties of URuyAlyg are similar to those of UFeyAlyg. As shown
by Troé¢ et al (Tro¢ et al. 2011), temperature variation of magnetic susceptibility of
the former compound measured on a polycrystalline sample follows above 100 K the
Curie-Weiss law with the fitting parameters pieg =3.36 up/U and 6, =—169 K. When
the temperature is lowered, the susceptibility shows clear trend towards saturation, as
observed in UFeyAlyg. No magnetic ordering was found at least down to 2K. Also
electrical resistivity, magnetoresistivity and thermoelectric power show metallic-like
behaviour with some characteristics of systems with crystal field interactions, yet the
compound was discussed as a system with valence fluctuations (Troé¢ et al. 2011).

Experiments carried out on a single-crystalline sample of URuyAlyy (Sugai et al.
2011) revealed a highly anisotropic behaviour of its magnetic susceptibility and its
qualitative similarity to that reported for UFeyAljg. In particular, they confirmed the
Curie-Weiss behaviour of the susceptibility above 150 K for the [100] and [001] directions
(with the effective magnetic moments of 3.50 up/U and 3.07 ug/U, respectively), and
no sign of magnetic ordering at least down to 2 K. And, as in the Fe-containing phase,
for the [010] direction the susceptibility was found to be small and almost independent
of temperature.

XPS measurements and fully relativistic FPLO-LDA band structure calculations
reported by Samsel-Czekata et al (Samsel-Czekala et al. 2013) showed that, as in
UFeyAlyp, the U-5f bands in URusAlyg are located near Exr and are probably strongly
hybridized with the 4d electrons of ruthenium, suggesting itinerant character of the
uranium 5f electrons in this compound. Here, the calculated Sommerfeld coefficient ~,
is equal to 21.5mJ K 2mol~! and is close to the experimental value 22mJK~2?mol~!
derived from the specific heat data.

The results of magnetic properties measurements carried out on single-crystalline
samples of URuyAlyg reported by Troé et al (Tro¢ et al. 2018) confirmed the findings
of Sugai et al (Sugai et al. 2011). In particular, they showed highly anisotropic
magnetic susceptibility with Curie-Weiss behaviour at elevated temperature and almost
temperature-independent susceptibility at low temperature. Both the temperature
dependence of the magnetic susceptibility of the single crystals of URusAlyg and their
specific heat, electrical resistivity and thermoelectric power were successfully described
using a crystal field model applied to UT ions (with 5f2 electron configuration), as was
done previously for UFeyAlyy (Tro¢ et al. 2015). This was also considered in this case
as evidence of partial localization of the 5f electrons of uranium.
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Figure 5. The experimental and calculated U-5f spectra of UFeyAlyy (left) and
URugAlyg (right). The former is compared with the spectra of UPds and UNiSn, and
the latter is supplemented by the respective contributions of the constituent elements
to the total DOS. Reproduced with permission from (Tro¢ et al. 2015) and (Samsel-
Czekala et al. 2013).

UOs;Alyy  The paramagnetic behaviour of another 1:2:10 phase with uranium, namely
UOsyAlyg, was briefly mentioned by Sugai et al (Sugai et al. 2011), but without showing
experimental data. The results of a systematic study of the compound UQOs;Aljg were
only first reported by Tro¢ et al (Troé et al. 2019)

The magnetic susceptibility of UOsyAlyg is strongly anisotropic, with the [100]
and [001] axes showing the Curie-Weiss behaviour of x~!(T") above about 100-150 K
(with the effective magnetic moment of 2.88 ug/U and 2.89 up/U, respectively), and
the [010] direction showing a strongly curvilinear x (7). That strongly anisotropic
temperature dependence of the susceptibility measured in each direction has been
successfully described within the crystal field model, assuming the presence of the
Ut ions with the 5f2 configuration, i.e. localized 5f electrons. The influence of the
crystal field effect has been recognised by Tro¢ et al (Tro¢ et al. 2019) also in transport
properties and specific heat of the compound described.

In turn, fully relativistic FPLO-LDA band structure calculations showed the
possibility of relatively broad U-5f electron bands just below the Fermi level, resembling
those calculated for the Fe counterpart, indicating the metallic nature of UOssAlyg. The
calculated Sommerfeld coefficient v, =18.9mJK?mol~! is close to the experimental
value 7(0) =25.9mJ K~2mol ™! estimated using specific heat data. This led the authors
(Troé et al. 2019) to the conclusion about the dual nature of the 5f electrons, similar to
that of UFeyAlyy and URuyAly.
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Figure 6. Magnetic susceptibility (up) and its inverse (down) of single crystalline
URuzAlyg (a,b) and UOsyAlyg (c,d) measured along the three crystallographic axes of
the orthorhombic unit cell. The symbols are experimental values and the solid lines
fits using crystal field models. Reproduced with permission from (Troé et al. 2018)
and (Tro¢ et al. 2019).

2. Shastry-Sutherland-like lattice in Ug TE,Aly3

2.1. Crystal structure of UsTE4Al3

Crystal structure of compounds in the UgTFE4 Aly3 family represents an interme-
diate configuration between the other two described in this review article (i.e.
UTE5Aly/UTE5Aly and U3 TE4Als). They crystallize within a hexagonal structure
of the HogMo,Aly3 type (space group P63/mmc, no. 194).

In this structure type, on the one hand, the f-electron magnetic atoms form
dumbbells with interatomic spacing of about 3.5A, aligned — with a slight angle of
inclination — along the c-axis and separated the one from the other by distances slightly
greater than 5 A, both along the c-axis and in the ab-plane. On the other hand, these
dumbbells are embedded in cages resembling ”peanuts”, in which distances between the
f-electron atoms and ligands (e.g. ranging from 3.081 to 3.408 A in UgMoyyoAlss_,
(Noél et al. 2009)) are larger than the sum of the metallic radii of the constituent
elements.

Such a characteristic arrangement of magnetic atoms resembles the so-called planar
Shastry-Sutherland lattice (Shastry & Sutherland 1981). A non-trivial set of interactions
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Figure 7. Crystal structures of UgTE4Alys (left) together with coordination
polyhedra around U dimer showing a ”peanut”-shape cage (right). U atoms are shown
as large blue spheres, T'E-atoms in red, and Al in grey. U-U distances close to 3.5 A are
shown as solid blue lines and those above 5 A as dashed blue lines.

between magnetic moments and their nearest neighbors makes such crystal structures
a source of magnetic frustration, or at least complex magnetic behavior. The systems
Uy TE-X crystallizing with a tetragonal structure of the MoyFeB, type exhibit this
configuration of uranium atoms, which leads to their complex magnetic ordering (see
e.g. UgPdoIn (Prokes et al. 2020)).

Although such 6-4-43 phases were discovered almost 30 years ago by Niemann and
Jeitschko for uranium aluminides with 6 transition elements from the columns VB and
VIB of the periodic table (Niemann & Jeitschko 1995a), only two reports on basic
physical properties of UgNbyAly3 and UgW,Aly3 have been published to date.

2.2. Physical properties of UgTEyAlys3

UsNbyAly3 According to Moussa et al (Moussa et al. 2017), who studied
polycrystalline samples of UgNbyAlyz, the compound shows at high temperatures a
Curie-like paramagnetic behavior with peg =2.38 ug/U, 6, = —134(1) K and Pauli-like
contribution yo=8.02(7)x10~*emumoly’ (fig. 8a). At low temperature the system
exhibits at least 2 magnetic phase transitions. The first of these was detected in the
temperature dependence of magnetic susceptibility at about 12K, and was visible as
a cusp whose shape was almost independent of the applied magnetic field (Fig. 8c).
Therefore, it was interpreted as a manifestation of some kind of AFM order. The
second magnetic transition occurred in the magnetic susceptibility at about 8 K, had a
shape resembling a Brillouin anomaly with a distinct magnetic hysteresis, and was very
sensitive on external magnetic field (Fig.8c). Hence, it was interpreted by the authors
as a manifestation of FM ordering.
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Figure 8. Magnetic properties of polycrystalline UgNbsAlys (a-c) and single
crystalline UsW4Alys (d). Reproduced with permission from (Moussa et al. 2017)
and (Huang et al. 2019).

Temperature variations of the specific heat and electrical resistivity of UgNbyAlys
showed only single, broad anomalies below about 12 K with some sharp drop of the
resistivity below 8 K, confirming the intrinsic nature of the observed transitions. The
electrical resistivity below 8 K was described in terms of the Fermi liquid scenario in
the presence of AFM spin waves with a gap in magnon spectra of about 39 K. In turn,
the Sommerfeld coefficient of the compound was found to be moderately enhanced
(y=133mJ K—2moly'), which was interpreted as a manifestation of strong electron
correlations.

Us W Al3  As reported by Huang et al (Huang et al. 2019), no magnetic ordering was
observed in UgW4Alys3 at least down to 2 K (Fig. 8(d)) and the effective magnetic moment
estimated from the high-temperature magnetic susceptibility was about 1.8-2.0 ug/U,
much more reduced than in other compounds described here. The temperature variation
of the electrical resistivity of UsW4Aly3 showed a negative slope followed, by a maximum
at low temperature. This was interpreted by the authors as possibly indicating the
presence of Kondo-like interactions in the compound, similarly to the resistivity of
UTE5Alyy or UsRuGag (Tro¢ et al. 2015, Tro¢ et al. 2018, Tro¢ et al. 2005). The
Sommerfeld coefficient of the UsW4Aly3 phase turned out to be about half that reported
for UgNbyAlyz (70 vs. 133 mJ K2 molal), hinting at much weaker electron interactions.
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Figure 9. Crystal structure of Us TE Al projected along the c-axis and highlighting
the breathing kagome network formed by U-atoms.

3. Breathing kagome lattice in U3 TFE,Al;,

3.1. Crystal structure of U3 TE4Al

The compounds with stoichiometry U3 TE4Al 5 have been reported for TE denoting iron
(Gongalves et al. 2009), cobalt (Tougait et al. 2004, Tougait et al. 2007) and ruthenium
(Pasturel et al. 2009, Tro¢ et al. 2012, Gorbunov et al. 2019, Asaba et al. 2020). They all
crystallize with a hexagonal structure of the GdsRusAljs type (space group P63/mme,
no. 194), which is an ordered derivative of the EuMgs 5 type structure (Gladyshevskii
et al. 1993). It is a result of the stacking of planar [U,Ge| layers intercalated with layers
made of TFE-centered chair-like [Al6] hexagons. Ab initio calculations confirmed the
stability of these phases, often enhanced by preferential substitution of Al by T'E-atoms
at 6h sites (Chen et al. 2010).

Unlike the previous families, the uranium-atoms in the U3 TE4Al;s compounds are
neither isolated from each other nor caged. Indeed, on the one hand, the shorter U-Al
interatomic distances (d ~ 2.9+3.0 A) are close to the sum of the corresponding metallic
radii (ry +ra ~ 2.99 A). On the other hand, the uranium sublattice has been described
as a distorted kagome lattice with small [U3] triangles (dy_y =~ 3.5 A) being connected
the one to each other via much larger ones (dy_y > 5A). It can also be noticed that
the U-U distance between two adjacent layers is larger than 5 A. Magnetic interactions
between U-atoms are therefore expected to be much stronger within the small uranium
triangles than within the large ones or between the layers.

The distribution of uranium atoms in such breathing kagome lattices is crucial
for the aforementioned competition of magnetic interactions, which can lead to i.e.
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Figure 10. Scheme illustrating the impossibility to align all the magnetic moments
in a perfect antiferromagnetic order in triangular or tetrahedral lattices.

the opening of a band gap at the Fermi level (if considered from reciprocal space), or
to magnetic frustration (if viewed rather from the point of view of direct space). The
opening of the gap can then lead to certain topological insulating properties or skyrmion
phases (Tokura et al. 2019, Hirschberger et al. 2019, Swain et al. 2022), while frustration
often leads to spin-glass, spin-liquid, and related behavior, or at least complex magnetic
ordering. Understanding the mechanisms of these phenomena observed in solids is
currently quite a hot topic for physicists and explains to a large extent their strong
interest in the compounds crystallizing is the GdsRuyAl, type structure (Ogunbunmi
et al. 2022).

As for magnetic frustration and complex magnetic ordering, so far the most
studied origin of these phenomena is indeed some unique arrangement of magnetic
atoms. In particular, as shown in Fig. 10, it is impossible to align magnetic moments
in perfect antiferromagnetic order in, for example, a triangular or tetrahedral lattice
(Balents 2010). To lower the energy of such a system, the magnetic moments adopt an
orientation intermediate between the energetically favorable antiferromagnetic (AFM)
state and the unfavorable ferromagnetic (FM) state. The pyrochlore lattice is a canonical
example of such a frustrated system (Gingras & McClarty 2014, Lhotel et al. 2020, Reig-
i-Plessis & Hallas 2021). Another origin of the magnetic frustration occurs when a
magnetic atom undergoes several different interactions with its nearest neighbors. This
is the case of the planar Shastry-Sutherland lattice, discussed in Sec. 2.

In turn, a wide range of more or less complex AFM or FM magnetic orderings
have been observed for compounds based on rare earth elements, as reviewed in detail
by Ogunbunmi et al (Ogunbunmi et al. 2022). As an example, Nakamura et al wrote
about the RKKY interaction-driven formation of FM magnetic trimers in the prototype
aluminide GdsRugAlys, (Nakamura et al. 2018). Below we focus on physical properties
of the uranium-based compounds from that family, namely U3 TE4Al;; (where TE = Fe,
Co and Ru).
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Figure 11. (a) AC magnetic susceptibility of UsFesi,Al;o—, as a function of
temperature, measured with various frequencies of the probing magnetic field.
(b) Vogel-Fulcher plot of freezing temperature Tt vs. frequency w of the probing
magnetic field. Reproduced with permission from (Gongalves et al. 2009).

3.2. Physical properties of UsTE,Al5

Us;Fe Al As expected from its crystal structure, magnetic properties of the
UsFey Al phase show some features characteristic of spin-glass (SG) systems.
In particular, a broad cusp with a maximum at so-called freezing temperature Tt
of about 8K (Fig.11(a)) with a distinct and very characteristic dependence of its
position on the frequency of the probing magnetic field (Fig. 11(b)) was observed by
Gongalves et al (Gongalves et al. 2009) in AC magnetic susceptibility of a polycrystalline
sample of that compound. The long-range ordering did not take place despite the
finding of an antiferromagnetic interaction between magnetic moments of uranium ions
(ptet = 3.54(1) up/U, 6, = —25.5(1) K). >"Fe Mossbauer spectroscopy, on the other hand,
showed that the origin of the SG behavior is not related to the Fe sublattice and
should therefore be considered as a consequence of topological frustration of the uranium
magnetic moments.

Ab initio calculations of the phonon spectra of the UsFesAlj5 phase showed that
Al atoms contribute predominantly to vibrational modes in the high-freqeuency region
(~ 4 + 11 THz), Fe atoms contribute heavily to modes with lower frequencies (mainly
between about 1 and 6 THz) while U atoms contribute only to the modes below 4.00 THz
(Chen et al. 2010).

U;Co Al UzCoyy,Alyy . was found to exhibit similar SG-like features as the phase
with Fe. As reported by Tougait et al (Tougait et al. 2004), DC magnetic susceptibility
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Figure 12. DC magnetic susceptibility of UsCo4y,Aljo—, as a function of
temperature, measured in various external magnetic fields. @ Reproduced with
permission from (Tougait et al. 2004).

of the compound with x = 0.55 shows an AFM-like cusp at about 8 K, but with a large
difference below that temperature between the magnetization curves measured in zero
and non-zero magnetic fields (Fig. 12). Such magnetization behavior rules out long-range
antiferromagnetic ordering and clearly indicates the freezing of magnetic moments of
uranium in a rather random orientation. It is worth noting that the effective magnetic
moment of uranium in the phase with Co (pes =2.70(1) up/U) is somewhat smaller
than in the phase with Fe. Also, the estimated paramagnetic Curie-Weiss temperature
(0, =—10(1) K) is smaller (in absolute values) than in UsFes;,Aljo_,.

The SG behavior in U3Co4y,Aljs ., was later confirmed by the same research
group with measurements of AC magnetic susceptibility, specific heat and electrical
resistivity. These experiments showed a pronounced isothermal logarithmic relaxation
of the compound remnant magnetization with a time constant 7 of slightly more than 200
minutes (Fig. 13(a)), a characteristic frequency dependence of the freezing temperature,
consistent with Shrtikman and Wohlfarth’s predictions (Shtrikman & Wohlfarth 1981)
(Fig.13(b)), and the absence of any anomalies at 7t in the temperature variation of the
compound specific heat and electrical resistivity.

By analogy with the results of the SG behavior in URhyGes, reported by Siillow et
al (Siillow et al. 1997), the SG behavior in the U3Coy,,Aljs_, system was attributed by
the authors (Tougait et al. 2007) to multiple possible configurations of perturbations of
magnetic moments separated by barriers of different heights.

Us; Ru, Al Given the SG properties of the Fe- and Co-based uranium aluminides, the
occurence of the AFM transition at Ty = 8.4 K in a polycrystalline sample of UsRusAl;,
was surprising at first glance (Pasturel et al. 2009). The ability to grow single crystals
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Figure 13. (a) Time dependence of isothermal remnant magnetization of

U3CoyqyAlja_,. (b) Vogel-Fulcher plot of freezing temperature Tr vs. frequency f
of the probing magnetic field. Reproduced with permission from (Tougait et al. 2007).

of this compound using the Czochralski pulling method made it possible to study its
physical properties in greater depth (Troé et al. 2012).

DC magnetization measurements carried out on the so-obtained single crystals
of the compound UszRuyAljs showed noticeable magnetocrystalline anisotropy and
that the a-axis is the easy one (Fig.14(a)). The effective magnetic moment pieq
was found to be markedly reduced (2.72pup/U for the a-axis and 2.45up/U for
the c-axis), as in UsCosAljs. The paramagnetic Curie-Weiss temperature 6, was
estimated as being of about —19.1(3) K and —40.5(3) K, respectively, indicating the
dominant antiferromagnetic interactions between the uranium magnetic moments (Tro¢
et al. 2012). Neutron diffraction experiments confirmed the long-range ordering of the
uranium magnetic moments in the basal ab-plane, i.e. the breathing kagome lattice, with
a noncollinear arrangement leading to a global moderate FM component in these planes.
The latter are stacked antiferromagnetically along the c-axis (Fig. 14(b)), resulting in
the global AFM character of the UsRuyAljs compound (Troé et al. 2012).

It is worth noting that the postulated magnetocrystalline anisotropy was much more
pronounced in the electrical transport properties of the system, namely the electrical
resistivity and Seebeck coefficient (Tro¢ et al. 2012). Their temperature variations, along
with a moderately enhanced electron contribution to the specific heat, were interpreted
by Tro¢ et al as manifestation of the Kondo and crystal field effects in this ternary
aluminide.

Measurements of magnetization and sound velocity made in magnetic fields up to
60T by Gorbunov et al (Gorbunov et al. 2019) allowed the construction of the magnetic
phase diagram of UsRuyAljs (Fig. 14c). The experiments revealed the existence of
3 magnetically ordered phases below Ty when the magnetic field H is applied along
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Figure 14.

(a) DC magnetization of UsRuyAljs measured as a function of
temperature. (b) Magnetic structure in zero magnetic field determined from neutron
diffraction experiment. (c) Magnetic phase diagram obtained from measurements
of magnetic and elastic properties made in high magnetic fields. Reproduced with
permission from (Troé¢ et al. 2012) and (Gorbunov et al. 2019).

the a-axis (i.e. [100]), and 2 phases for H||[120]. Crystal field analysis reproduces
the experimental magnetization data relatively well, leading to the conclusion that
quadrupolar interactions cause a pronounced elastic softening of the Cyy shear modulus.

Finally, a non-linear variation of the anomalous Hall effect of UsRuyAl;» with the
magnetic field, together with a strong angular dependence of that intrinsic property,
was demonstrated by Asaba et al (Asaba et al. 2020). They associated the observed
behavior to the nonlinear response of the Berry’s curvature, and thus demonstrated
that a heavy fermion noncollinear antiferromagnet can be driven into a regime with a
nonlinear response of the Berry curvature. This discovery opens up the possibility of

tuning the topological properties of such heavy-fermion systems using magnetic fields.

4. Discussion and Concluding remarks

This review describes four families of Al-rich ternary uranium compounds: (i) UTE,Aly,
(ii) UTE,Aly, (iii) Ug TE4Als, and (iv) U3 TE4AlLjp. U-atoms in the first two groups
of compounds, namely UTFE5Alyy and UTE5Alyg, are embedded in rather large cages
formed by TE- and/or Al-atoms, and are separated the one from the others by distances
greater than 5A (Fig.1). The 5f magnetic atoms are therefore well isolated, so
these compounds can be considered as zero-neighbor systems. Indeed, none of these
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aluminides order magnetically, except for UMnyAlyy due to the Mn-sublattice. Curie-
like paramagnetism in the presence of crystal-field effect are mainly dominating their
physical properties.

The next two families of compounds described here, namely UgTFE,Aly3 and
Uz TE 4Aly5 could be considered as one-neighbor and two-neighbor systems, respectively,
due to the formation of characteristic U-dimers (in the Shastry-Sutherland lattice
(Shastry & Sutherland 1981)) and U-triangles (in the breathing kagome lattice
(Gladyshevskii et al. 1993)) with U-U distances close to the Hill limit (about 3.5A).
These objects (dimers or triangles) are then separated one from the other by more
than 5 A, forming perfect lattices for the occurrence of magnetic frustration of different
origins.

The 6-4-43 phases are the least studied of the three groups of compounds described
in this review. While several RE¢TFE,Al ;3 are described in the literature, only the
physical properties of two U-based phases, namely UgW,Al 3 and UgNbyAlyz, have been
reported so far. Since these two compounds exhibit a significantly different magnetic
ground state (paramagnetic for W vs. complex magnetic order for Nb), it is of utmost
importance to study the 4 other members of this family, preferably using single crystals.
In this context, it is worth noting that we have recently used the narrow temperature
range in which UgNbyAlys is in equilibrium with Al (Moussa et al. 2017) to grow such
crystals using the flux method, and preliminary results indicate a strong anisotropy of
physical properties of this compound.

A quick look at reports on the physical properties of isostuctural rare earth-based
aluminides corroborates the possibility of multiple magnetic transition driven by the
particular geometry of the magnetic atom sublattice (Wolff et al. 2001, Verbovytsky
Yu et al. 2008, Kangas et al. 2013, Maurya et al. 2014, Treadwell et al. 2014). In the
case of TmgCryAlys, Fushiya et al suggest the possibility of magnetic dimer formation,
though measurements at lower temperatures are needed to prove this hypothesis
(Fushiya et al. 2014). Moreover, superconductivity has been observed below 1K in
the isostructural phases Y4 TE4Aly3 for TE = Nb, Mo, Ta (Kase et al. 2016). Although
their uranium-based counterparts with Nb and W do not show such a transition, it
seems reasonable to examine in this regard a hypothetical non-magnetic series with Th,
i.e. Thg TE4Aly3.

The striking structural feature of the U3 TE Al compounds (i.e. the breathing
kagome lattice formed by uranium atoms) has probably a huge impact on the physical
properties of these compounds, since two of them (with TE = Fe, Co) show SG-like
features, and only one (with T'F = Ru) shows long-range (but complex) AFM order. The
impressive range of exotic physical phenomena observed in the kagome lattices and their
possible applications (see e.g. (Yagc1 2021) are a strong argument for the search for new
actinide-based members from this family and further investigations of their properties
on single-crystalline specimens.

Significantly, most of the theoretical calculations carried out for the GdsRuyAl;s-
type compounds, both with rare earths and actinides, consider only magnetic
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interactions within the breathing kagome lattice. However, it is worth noting that
the U-U (or RE-RF) distances within the the large triangles of such a lattice (just over
5A) are very similar to the U-U distances between two consecutive planes along the c-
axis. In our opinion, this additional complexity cannot be ignored when considering the
physical properties and trying to understand the underlying microscopic mechanisms.

In conclusion, the four families of uranium aluminides described in this review
certainly provide a unique playground for physicists to better understand the magnetic
interactions between U magnetic moments while gradually increasing the number of
their nearest magnetic neighbors. Moreover, the physical properties of the 3-4-12 and
6-4-43 series are more or less clearly influenced by the geometry of their crystal lattice,
which promotes the occurrence of magnetic frustration. The various ground states of
their members can therefore be helpful in understanding the fundamental origins of
magnetic freezing phenomena.
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