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ABSTRACT: Two new quaternary analogs of the
Gd1+xFe4Si10‑y structure type were grown from the reaction of
uranium, silicon, and a transition metal (nickel or cobalt) in an
excess of aluminum/gallium flux. The use of a mixed flux was
found to be necessary for the formation of U1.33T4Al8Si2 (T =
Ni, Co). Single crystal X-ray diffraction data shows the presence
of disordered U/Si layers that are characteristic of this structure
type; precession photographs indicate partial formation of a
superstructure and stacking disorder along the c-axis. This
disorder may be the cause of the spin glass behavior that is
particularly evident in the nickel analog, which exhibits a spin
freezing transition at TF = 7 K. These compounds are resistant
to chemical attack and oxidation and may be potential waste
forms.

■ INTRODUCTION

Electricity has become a vital part of modern life, and around
20% of U.S. energy demand is supplied by nuclear reactors.1−3

However, this leads to the generation of large quantities of
radioactive waste; there are roughly 300 million L of
radioactive waste in underground tanks at the Savannah
River and Hanford sites alone.2,4 This necessitates research
into effective waste storage methods and creation of stable,
storable actinide compounds.4 Due to their high stability and
refractory properties, uranium silicides are potential candidates
for radioactive waste storage.5−7 While silicides of transition
metals and lanthanides are very well investigated, complex
actinide silicides have been scarcely explored.8−11 The study of
the properties of multinary uranium silicide materials is vital to
advancing the knowledge base of these compounds. In
addition to their refractory properties, these compounds may
also exhibit unusual magnetic behavior. This is particularly
likely for those that also contain transition metals; coupling of
delocalized d-orbitals with relatively localized f-orbitals of
uranium can lead to exotic magnetic phenomena such as spin
glass behavior, superconductivity, heavy fermion behavior, and
the Kondo effect.12−17

The growth of materials as single crystals greatly facilitates
characterization of structural and electronic properties. Tradi-
tional solid-state synthesis typically requires temperatures over
1000 °C and often results in polycrystalline products. Flux
synthesis using a large excess of molten metal (or a mixture of
metals) as a reaction medium has proven to be an effective
method to synthesize novel metal silicide single crystals. This

technique allows for lower reaction temperatures, enabling
isolation of complex kinetically stabilized products instead of
the most commonly formed thermodynamically stable
products.18−21 This is exemplified by the growth of quaternary
Th2(AuxSi1−x)[AuAl2]nSi2 (n = 1, 2, 4)22 and RE0.67T2Ga5‑xTtx
(RE = Y, Sm, Gd−Tm; T = Ni, Co; Tt = Si, Ge)23 crystals in
Al and Ga flux, respectively.
In this work two new U1.33T4Al8Si2 (T = Ni/Co)

compounds were synthesized in aluminum/gallium flux
mixtures. These phases form in the Gd1+xFe4Si10‑y structure
type and exhibit the structural disorder that is inherent to this
family of compounds.23−28 Both compounds are stable to
water, brine solutions, and heating in air up to 900 °C.
Magnetic susceptibility measurements on single crystals reveal
anisotropic Curie−Weiss behavior at elevated temperatures,
indicating that the uranium ions carry an f-moment. Magnetic
transitions are observed for both compounds at low temper-
atures, with the Co analog exhibiting fragile antiferromagnet-
ism below 5 K. The Ni analog exhibits more complex behavior
suggestive of spin frustration or glassy magnetism below 7 K.
Heat capacity data for both compounds feature an enhanced
electronic coefficient of the heat capacity at low temperature
which relates to Kondo hybridization between the f- and
conduction electron states. Finally, both compounds exhibit
weak temperature dependences of the electrical resistivity that
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originate from strong disorder scattering of the conduction
electrons.

■ EXPERIMENTAL PROCEDURE
Synthesis. Caution! U metal used in the reactions contains

radioactive 238U, which is an α-emitter, and like all radioactive materials,
it must be handled with care. These experiments were conducted by
trained personnel in a licensed research facility with special precautions
taken toward the handling, monitoring, and disposal of radioactive
materials.
Uranium pieces (Johnson Matthey, 99.8%), transition metal slugs

(T = Co or Ni; Alfa Aesar, 99.95 and 99.98% respectively), and silicon
wafer pieces (99.999%) were arc-melted in a 0.5:1:1 U/T/Si molar
ratio in a MAM-1 compact arc melter under an atmosphere of Ar gas.
The arc melted pellets were broken into pieces and sufficient
quantities weighed out to provide the three elements in 0.5, 1, and 1
mmol amounts which were placed in alumina crucibles and combined
with 10 mmol of aluminum (slugs, Alfa Aesar, 99.99%) and 10 mmol
of gallium (pieces, Alfa Aesar, 99.99%). The crucibles were placed in
quartz sleeves along with silica wool on top to act as a filter and sealed
under vacuum. Then the sealed tubes were heated to 1000 °C in 12 h
and maintained at that temperature for 24 h, then cooled to 800 °C in
60 h. The reaction ampules were taken out of the furnace, inverted,
and centrifuged to separate excess flux from the product crystals. In
order to investigate the impact of Al and Ga concentrations, the same
experiments were repeated using Al:Ga mmol ratios of 10:5 and 15:5.
Also, to confirm the importance of the initial arc melting of uranium
with transition metal and silicon, the same experiments were
conducted using the individual elemental reactants.
Elemental Analysis. Semiquantitative elemental analysis data

were obtained using an FEI NOVA 400 scanning electron microscope
(SEM) coupled with energy dispersive X-ray spectroscopy (EDS).
Selected crystals were cleaved to expose their interior regions to
eliminate erroneous analyses due to flux residue that can be present
on the surface. Sample surfaces were oriented on carbon tape
perpendicular to the electron beam. The crystals were analyzed using
a 30 kV accelerating voltage and an accumulation time of 50 s. To
confirm the elemental composition of all the crystals is similar, at least
20 crystals of each compound were analyzed.
Structural Analysis. Smaller pieces cleaved from single crystals

were coated in oil, placed in MiTeGen mounts and mounted on a
Bruker D8 Quest single-crystal X-ray diffractometer equipped with
Mo Kα radiation (λ = 0.7107 Å). Data were collected at room
temperature with the Bruker software package,29 and peak intensities
were corrected for Lorentz, polarization, and background effects using
the Bruker APEX III software.30 An empirical absorption correction

was applied using the program SADABS, and the structure solution
was determined by intrinsic phasing methods and refined on the basis
of F2 for all unique data using the SHELXTL program suite.31

Aluminum and silicon are indistinguishable in X-ray diffraction
experiments, so light element sites in the structure were assigned as
either Al or Si based on bond lengths to neighboring atoms and
consideration of the Al/Si ratios observed in the elemental analysis of
samples (see Results and Discussion). X-ray diffraction precession
images of h0l and hk0 zones were collected on U1.33T4Al8Si2 crystals
with 100 s exposure time. Some crystallographic data are given in
Table 1.

Powder X-ray Diffraction. The purity of the bulk materials was
confirmed using powder X-ray diffraction (PXRD) experiments.
Diffractograms were collected from 10 to 80° in 2θ with a step size of
0.017 on a PANalytical X-Pert PRO instrument using Cu Kα
radiation. The samples were prepared by grinding the crystalline
product using a mortar and pestle under acetone and the powder
deposited on PANalytical sample holders.

Chemical and Thermal Stability. To determine the stability of
these materials in different media, crystals were immersed in water
and 1 M HCl, 1 M HNO3, 6 M NaOH, and 10 wt % brine solutions.
These crystals were observed after 1 day, 4 days, and 1, 2, 4, and 6
weeks to observe if there were any changes in appearance, and then X-
ray diffraction data were collected to confirm the structural integrity.
Thermogravimetric analyses of the U1.33T4Al8Si2 samples were
conducted with a SDT Q600 from TA Instruments. Crystals were
loaded into alumina pans and samples were heated up to 900 °C at a
ramp rate of 5 °C per minute under flowing air (100 mL/min).

Magnetic and Electronic Properties Measurements. Meas-
urements of the magnetization were performed on oriented crystals of
the title phases using a Quantum Design MPMS3 magnetometer. The
temperature-dependent DC magnetic susceptibility data χ = M/H
were measured between T = 1.8−300 K using applied fields H = 100
and 1000 Oe; field dependent magnetization data M(H) were
collected at T = 1.8 K for H < 7 T, respectively. AC magnetic
susceptibility measurements were performed for U1.33Ni4Al8Si2 at T <
15 K, with H ⊥ c, H = 1 Oe and frequencies at 7.57, 75.7, and 757 Hz.
Heat capacity data were measured using the standard relaxation
technique in a Quantum Design Physical Properties Measurement
System at T = 0.4−50 K in zero magnetic field. The electrical
resistivity was measured using a standard four contact technique for T
= 1.8−300 K using a QD-PPMS.

■ RESULTS AND DISCUSSION

Reactions of U/Ni/Si and U/Co/Si mixtures in aluminum/
gallium flux produce silver crystals of U1.33T4Al8Si2 (T = Ni or

Table 1. Selected Crystallographic Data for U1.33T4Al8Si2 Crystals

formulaa U1.05(1)Ni4Al7.72(4)Si1.80(4)Ga0.48(6) U1.36(1)Co4Al7.80(3)Si1.91(4)Ga0.20(4)

formula weight 777.51 827.43
space group hexagonal, P63/mmc hexagonal, P63/mmc
unit cell dimensions (Å) a = 4.1246(7); c = 15.735(4) a = 4.0480(6) c = 15.663(3)
volume (Å3) 231.83(10) 222.27(8)
Z 1 1
ρcalc (g/cm

3) 5.57 6.26
μ (mm−1) 28.54 33.54
F(000) 349 367
crystal size (μm) 80 × 40 × 10 40 × 40 × 20
θ range for data collection (deg) 2.589 to 34.212 2.601 to 32.098
limiting indices −6 ≤ h ≤ 6, −6 ≤ k ≤ 6, −24 ≤ l ≤ 24 −6 ≤ h ≤ 6, −5 ≤ k ≤ 6, −23 ≤ l ≤ 20
reflections collected/unique 4603/228 [R(int) = 0.0531] 3142/188 [R(int) = 0.0353]
GOF 1.171 1.123
final R indices [I > 2σ(I)] R1 = 0.0277; wR2 = 0.0778 R1 = 0.0180, wR2 = 0.0489
R indices (all data) R1 = 0.0279; wR2 = 0.0780 R1 = 0.0180 wR2 = 0.0489
largest diff. peak and hole 4.977 and −1.812 0.865 and −0.946

aThe idealized formula U1.33T4Al8Si2 is used in the text for conciseness.
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Co) with 40% and 45% yields (based on uranium),
respectively. These faceted rod crystals have a hexagonal
cross-section and consistently feature tapered pointed ends
resulting in a “pencil shape” as shown in Figure 1. This distinct

pencil shape was also observed in other ternary and quaternary
R/T/M/M′ analogs (R = rare earth, T = transition metal, M/
M′ = main group elements) reported in the literature with the
Gd1+xFe4Si10‑y structure type.23,24,26 In reactions containing
cobalt, the only product observed was U1.33Co4Al8Si2.
However, the reactions containing nickel yielded two products,
with easily distinguishable crystal habits. Besides the pencil-
shaped U1.33Ni4Al8Si2 phase, cubic shaped crystals shown in
Figure S1 (Supporting Information) were also formed with
around 15% yield. Preliminary analysis indicates that this cubic
phase product is likely a gallium and silicon-substituted variant
of UAl3. This was confirmed with PXRD data on the products,
which displayed the presence of U1.33Ni4Al8Si2 and UAlxSi3‑x
(Figure S2). In contrast, for the U1.33Co4Al8Si2 sample, the
PXRD powder pattern showed a pure phase (Figure S3).
Similar reactions were attempted for U/Fe/Si systems and it
did not produce the Fe analog of U1.33T4Al8Si2 crystals.
Instead, gallium-substituted FeAl3 crystals were formed.
However, a reaction done in Ga flux with U, Fe, and Si in
0.5, 1, and 6 mmol respectively formed crystals of the
previously reported U1.2Fe4Si9.7.

25

It is notable that the U1.33T4Al8Si2 phases are not produced
from reactions in either aluminum flux or gallium flux; a
mixture of both these elements is required. Reactions of U/T/
Si in aluminum flux produces only cubic U(Al/Si)3; reactions
in gallium yield the orthorhombic UNiSi2 phase (CeNiSi2
structure type), CoGa3, and tetragonal UCo2Si2(ThCr2Si2
structure type). To understand the effect of Al and Ga
concentrations in the mixed flux, experiments were repeated
with Al: Ga ratios of 1:1, 2:1, and 3:1, while holding all the
other factors constant. For the reactions with Co, changing the
Al:Ga ratio did not have an impact. However, for the Ni
reactions, increasing the Al content favored the formation of
cubic U(Al/Si)3 crystals instead of the pencil-shaped
U1.33Ni4Al8Si2 crystals. Thus, for the synthesis of
U1.33T4Al8Si2 crystals, using a 1:1 ratio of Al:Ga provides
optimal results. Preliminary experiments in Al/Zn flux (2:10
mol ratio) indicate that the same U:Ni:Si, 0.5:1:1 arc-melted
reaction mixture occasionally forms U1.33Ni4Al8Si2 crystals, but
the yield is lower.
If U, T, and Si powders are used as reactants instead of the

prearc melted mixture, the reaction in Al/Ga flux does not

yield the title phases. Reactions with nickel powder produce
prism crystals, subsequently identified as Ni2Al3. Similar
reactions using cobalt yielded UCoGa5 and Si crystals.
Therefore, it can be assumed that pre-arc melting is a necessity
to form the U1.33T4Al8Si2 compounds. This premixing may
prevent the preferential scavenging of one element by the flux
(for instance, Ni2Al3 and Ni2Ga3 form very readily and may
remove nickel from the reaction mixture, preventing formation
of the desired quaternary product).

Elemental Analysis. The elemental compositions of the
products were analyzed using semiquantitative SEM-EDS. The
analyses showed the presence of U, T, Si, Al and a small
amount of Ga in the pencil-shaped crystals. The average
a t om i c p e r c e n t a g e s f o r U : T : S i : A l : G a w e r e
7 ( 1 ) : 3 1 ( 4 ) : 1 6 ( 2 ) : 4 1 ( 4 ) : 5 ( 1 ) a n d
10(1):25(5):19(3):39(4):7(2) for the nickel and cobalt
analogs, respectively. The cubic crystals observed as by-
products in the nickel-containing reactions had U:Si:Al:Ga in
23:23:26:38 atomic ratios, in agreement with this compound
being U(Al/Ga/Si)3, a substituted variant of UAl3 with the
cubic AuCu3 structure type.

Stability. Both U1.33T4Al8Si2 phases are stable to air and are
unreactive to water and 10 wt % brine solutions. Radiological
testing of the water and brine solutions after 14 days (using a
Tri-Carb 2900TR liquid scintillation analyzer and a Ludlum
model 2929 alpha-beta counter) indicated no leaching of
uranium into the solutions. The compounds are stable to 6 M
NaOH solution for a month, although they show signs of
reaction and loss of crystallinity after around 6 weeks. Both
U1.33Ni4Al8Si2 and U1.33Co4Al8Si2 crystals dissolved in 1 M
HNO3 solution within 4 days. However, in 1 M HCl solution,
while U1.33Co4Al8Si2 crystals again dissolve within 4 days,
U1.33Ni4Al8Si2 crystals are stable up to 1 month, maintaining
their crystallinity although a slight amount of leaching of
uranium into the acid solution is indicated. This indicates that
the physical properties of the material can be fine-tuned by
changing the transition metals.
Heating U1.33Ni4Al8Si2 crystals up to 900 °C in air does not

result in any significant weight change, as shown in Figure 2.
This indicates that the crystals do not decompose or oxidize
with elevated temperature. A shiny black coating was observed
on the crystals after being heated, which could be removed
using a razor blade. SEM/EDS data on this coating showed O,
Al, Si, Ni, Ga, and U atomic percentages of 55(7), 26(2), 5(2),

Figure 1. (a) Microscope image of pencil-shaped U1.33Ni4Al8Si2
crystals on mm grid paper. (b) SEM image of a hexagonal cross
section of a U1.33Ni4Al8Si2 crystal

Figure 2. (a) Thermogravimetric analysis of U1.33Ni4Al8Si2 compound
confirms the structure has stability at high temperatures. (b) Post
TGA crystals had a black coating on the surface. (c) A small piece was
chipped from the crystal and surface, and the interior of the crystal
was compared using SEM-EDS. The circled area shows the inside of
the crystal, and the absence of oxygen there confirms the oxidation is
confined to the surface of the crystal.
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10(2), 1(1), 2.5(0.5)%, respectively, indicating it is an (Al/
Ni)xOy film. When these crystals were cleaved and the inner
portions analyzed using SEM/EDS, the O, Al, Si, Ni, Ga, and
U atomic percentages were 1.7(0.5), 48(1), 16.1(0.2), 23(1),
4.2(0.1), and 6.85(0.07)% respectively and the complete
element map is displayed in Figure S4. This indicates that the
oxidation was restricted to the surface of the crystals. Similar
results were observed for U1.33Co4Al8Si2 crystals (Figure S5)
they did not display a significant weight loss and post-TGA
crystals were covered with a black oxide coating. The single
crystal data collected on these crystals confirmed that no
structural changes had occurred. Similar formation of a
protective surface oxide layer was reported by Sieve et al. for
REFe4Al9Si6 (RE = Tb, Er) crystals which displayed resistance
to oxidation up to 900 °C.32

Structure. U1.33T4Al8Si2 (T = Co or Ni) has the
Gd1+xFe4Si10‑y structure type in hexagonal space group P63/
mmc; see Figure 3. Isostructural compounds have been

reported as R0.67T2(M,M′)5, R1.33T4M10, or R2T6M15 (with Z
= 2, 1, and 2/3 formula units per unit cell respectively); these
varying formulas reflect the inherent disorder and associated
variation in stoichiometry of this structure type.20−22 The
ICSD database refers to analogs as possessing either the
Y2Fe4Si9 type or Gd1+xFe4Si10‑y structure types. These are the Z
= 1 stoichiometries; the former structure is one of the earliest
reports that did not take into account partial occupancies (see
below).

Before further discussion on the structure, it must be
pointed out that the similar size and electron count of
aluminum and silicon makes assigning the light atom positions
using single-crystal X-ray diffraction challenging. In this work,
the atom assignments in the crystallographic analysis were
done based on the bond distances and SEM/EDS data (Table
S1). The observed bond distances were compared to those in
other aluminum-silicide intermetallic materials reported in the
literature. In accordance with the relative covalent radii of Al
and Si (1.25 and 1.17 Å respectively), Si−X bond lengths are
often shorter than Al−X bond lengths. Therefore, comparison
of observed bond lengths in R/Al/Si intermetallics is often
used to assign aluminum and silicon sites in the structure.
Several studies that made use of neutron diffraction experi-
ments observed that atom assignment based on bond lengths is
accurate for most scenarios; this was seen for compounds such
as U8Al19Si6, Ho2Al3Si2, and Pr8Ru12Al49Si9(AlxSi12‑x).

33−35The
SEM/EDS analyses on the U1.33T4Al8Si2 phases show uranium
and transition metal percentages that agree well with the
atomic percentages indicated by the structure refinement.
However, SEM/EDS indicates a somewhat lower Al content
and higher Si content than is modeled by the single crystal
analysis (see Supporting Information). So there is a possibility
that some of the Al sites have Si mixing and vice versa.
However, SEM/EDS is semiquantitative. In order to
unambiguously assign atom positions, neutron diffraction
data are required, and it will be interesting to explore this
further in a future study.
This structure is comprised of two building blocks:

corrugated NiAl2 double layers separated by U/Si disordered
sheets. The NiAl2 corrugated layer can be described as a
“stuffed” arsenic type moiety. Two NiAl2 layers are linked
together to form the Ni2Al4 slabs in the structure. The Ni−Al
distances range from 2.4087(5) to 2.5843(10) Å and Al−Al
distances range from 2.7451(15) to 2.801(2) Å. The Ni site is
also coordinated to the Si atoms in the U−Si layer with a Ni−
Si bond distance of 2.397(3) Å although these bonds are not
drawn in Figure 3 to emphasize the 2-D nature of the building
blocks. ErNi3Al9 has a similar coordination environment
around Ni, with Al−Al bond distances ranging from 2.641 to
2.880 Å and Ni−Al bond distances of 2.305−2.839 Å.36 In the
Sm2Ni3+xSi5‑x structure reported by Zhuravleva et al., the Ni−
Si bond distance range from 2.299 to 2.3685 Å, and the Si−Si
bond distance is 2.8484 Å.37 Selected bond lengths for both
U1.33T4Al8Si2 analogs are given in Table S1 in the Supporting
Information. Elemental analysis showed slight incorporation of
Ga in the crystals; some gallium substitution on the aluminum
sites is possible. During refinements of the occupancies of the
two aluminum sites, the Al2 site did not vary, but the Al1 site
(the outermost site of the Ni2Al4 slab) indicated higher than

Figure 3. Extended structure of U1.33T4Al8Si2 crystal viewed along a-
axis; for clarity the bonds between the layers are not depicted. U, T,
Si, and Al are depicted as yellow, green, blue, and gray spheres,
respectively.

Figure 4. (a) U−Si layer modeled as if all the sites are completely occupied viewed along the c-axis. (b) Supercell structure resulting from ordered
partial occupancy of the uranium and silicon sites.
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100% occupancy. This was subsequently refined as a mixture of
92.8(9)% Al and 7.2(9)% Ga.
The monatomic-thick 2-D layers of uranium/silicon in the

structure exhibit partially occupied sites and stacking faults. If
the sites in this layer are refined as completely occupied as
shown in Figure 4a, U−Si and Si−Si bond distances are
unrealistically short (1.412(6) and 1.68(1) Å, respectively) and
displacement parameters are very high. If the uranium and
silicon sites are allowed to freely refine for U1.33Ni4Al8Si2, they
display an occupancy of 51.6% and 35.6% respectively. The
partial occupancy of uranium and, in particular, the very close
to one-third occupancy of the silicon site shed light on the true
nature of this layer. In this net of U/Si, one-third of the
uranium sites are replaced by triangles of three Si atoms, and
the silicon sites closest to the remaining uranium atoms are
absent. If this is done in an ordered fashion with precisely 67%
uranium occupancy and 33% silicon occupancy, a supercell
should result with a′ = √3a, as shown in Figure 4b. This
arrangement produces triangles of silicon atoms surrounded by
hexagons of uranium; this model yields reasonable U−Si and
Si−Si distances of 2.986(4) and 2.45(1)Å, respectively. The
U−U distance in this layer is 4.125 Å, which is well above the
Hill limit for uranium of 3.5 Å. Below this threshold, the 5f−5f
interaction is sufficient to eliminate the uranium magnetic
moment leading in some cases to superconductivity; above this
distance, the 5f electrons are localized and magnetic ordering
can occur.38 U1.2Fe4Si9.7 and U1−xPt2Al7−6x are two other
uranium compounds that have been reported with the same

structure type; the former has U−U, U−Si, and Si−Si bond
distances of 3.956, 2.883, and 2.30 Å, respectively.25,27 These
are slightly shorter than the corresponding bond distances
observed in the U1.33T4Al8Si2 structure. Constraining the
silicon site to be exactly one-third occupied allowed this
position to be refined as a mixture of silicon and gallium,
yielding values of 90(1)% Si and 10(1)% Ga on this position.
The ordered supercell model mandates a two-thirds occupancy
of the uranium site but attempts to constrain the occupancy to
this value resulted in high R-values. The freely refined value of
52.6(3)% for the uranium site occupancy is assumed to be
correct (since the ordered supercell is not actually observed,
see below) and is also in agreement with the uranium content
indicated by elemental analysis. The resulting stoichiometry is
U1.05Ni4Al7.72Si1.80Ga0.48. The analysis of the cobalt analog
indicated similar bond lengths and atomic siting, with the Al1
site having a Al/Ga content of 95(1)%/5(1)%. However,
unlike in the Ni analog, the Si site did not show Ga
incorporation. The uranium site refined as 67% occupied,
closer to the expected occupancy for the supercell; this results
in an overall stoichiometry of U1.36Co4Al7.80Si1.91Ga0.20.The
idealized stoichiometry U1.33T4Al8Si2 will be used for
conciseness.
X-ray zone photos were collected on these compounds to

further investigate the possible supercell formation; these are
shown in Figure 5. The diffraction peaks related to the
supercell are much more prominent in the images of the cobalt
analog compared to the Ni analog, confirming better ordering

Figure 5. Zone photos collected on crystals of U1.33T4Al8Si2: (a) hk0 and (b) 0kl for U1.33Ni4Al8Si2; (c) hk0 and (d) 0kl for U1.33Co4Al8Si2.
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in the U/Si layer in U1.33Co4Al8Si2. In addition to disorder in
the form of partially occupied sites, the U/Si layer also exhibits
stacking disorder, with sequential U/Si layers being shifted out
of proper registry along with the a- or b-axes. This is highly
prevalent in this structure type. The report on Ce2Pt6Ga15
included single crystal X-ray diffraction, neutron diffraction,
and EXAFS data which pointed to the Ce/Ga layers exhibiting
inconsistent positioning.24 Similar behavior was observed in a
TEM and PDF study of Pr1.33Pt4Ga10,

39 and in single crystal
studies of Gd0.67Pt2Al4Si

26 and Ho0.67Ni2Ga5‑xGex.
23 The same

phenomenon occurs with the U1.33T4Al8Si2 title compounds,
evidenced by the zone photo data collected on crystals
oriented along the b- and c-axis. When aligned along hk0,
diffraction spots related to the a′ = √3a supercell can be
observed. However, the 0kl zone photo displayed streaks
instead of spots demonstrating the lack of stacking order along
the c-axis. Additional evidence of the inconsistent positioning
of the U/Si layer can be found in the residual electron density
map. The highest residual peak in both Ni and Co structures
corresponds to where the uranium sites would be if this U/Si
layer were rotated 60°. This is likely indicative of some of these
layers being out of position, causing the stacking disorder
observed along the c-axis. The fact that U1.33Ni4Al8Si2 has a
comparatively higher value for this peak indicates that it is
more disordered than the cobalt analog.
Magnetic Behavior of U1.33T4Al8Si2. The combination of

disorder, anisotropy, and the quasi-hexagonal planar arrange-
ment of the uranium ions of the U1.33T4Al8Si2 structure sets the
stage for complex magnetic behavior, as is seen in the magnetic
susceptibility χ (Figure 6) for both the Co and Ni variants. For
U1.33Co4Al8Si2, anisotropic Curie−Weiss paramagnetism oc-
curs at high temperatures where the ab-plane is the easy

direction. Fits to this data yield Weiss constants of θ = −107
and −190 K for fields applied perpendicular (⊥) and parallel
(∥) to the crystallographic c-axis, respectively, and magnetic
moments per uranium ion of 3.6−3.9 μB, consistent with those
for other uranium intermetallic compounds such as UBe13 and
UCd11.

40 These values fall in the overlapping range of
moments expected for compounds with trivalent and
tetravalent uranium, so the oxidation state of uranium cannot
be uniquely identified by this measurement. For the
isostructural U1.2Fe4Si9.7 material, the reported magnetic
moment per uranium is 2.4 μB.

25 Fragile magnetic order
which results in an antiferromagnetic-like reduction in the
magnetic susceptibility appears at low temperatures, as
revealed by comparing χ(T) measured in applied fields of
100 and 1000 Oe (Figure 6b) and measurements of the
magnetization M(H) at T = 1.8 K (Figure 6c). In particular,
M(H) initially increases linearly, undergoes a subtle increase
near H* ≈ 380 Oe (particularly for H //c), and subsequently
increases linearly up to H = 7 T. This indicates that there are
two distinct magnetic regions that are separated by H*. The
temperature dependence data reinforce this conclusion; while
χ(T) measured at 1000 Oe exhibits a continuous increase to
the lowest temperatures, the χ(T) curves measured at 100 Oe
exhibit a sharp reduction near TM,Co ≈ 6 K. For H ⊥ c, the
decrease is followed at lower temperatures by a continuing
increase, while for H ∥ c, χ(T) tends to saturate. Furthermore,
for both directions, there is field cooled/zero field cooled
splitting in χ(T) and weak hysteresis in M(H) for H < H*. An
AC susceptibility study on this compound was uninformative,
with no shift of the cusp temperature being observed with
different frequencies.

Figure 6. Magnetic susceptibility data for U1.33Co4Al8Si2(left) and U1.33Ni4Al8Si2(right) for magnetic field H applied both parallel and
perpendicular to the crystallographic c-axis. (a) χ(T) for U1.33Co4Al8Si2 at 1.8 K < T < 300 K. (b) Same data for 1.8 K < T < 20 K emphasizing the
region near magnetic ordering. Note the difference between data collected at 100 and 1000 Oe. (c)M(H) for U1.33Co4Al8Si2 at 0 < H < 0.1 T at 1.8
K; above this field range, the magnetization increases linearly up to the maximum field measured (7 T). (d) χ(T) for U1.33Ni4Al8Si2 at 1.8 K < T <
300 K. (e) Same data for 1.8 K < T < 20 K emphasizing the region near magnetic ordering. (f)M(H) for U1.33Ni4Al8Si2 at 0 < H < 7 T at 1.8 K. (g)
AC magnetic susceptibility χ = M/H vs temperature T for U1.33Ni4Al8Si2 for magnetic field H applied perpendicular to the crystallographic c-axis.
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Results for the nickel analog U1.33Ni4Al8Si2 are summarized
in Figure 6d−f. Like the Co-analog, it exhibits Curie−Weiss
paramagnetic behavior at high temperature with the ab-plane
as the easy direction. Fits to the data yield θ = −76 and −137
K for H ⊥ and ∥ to the crystallographic c-axis, respectively, and
effective magnetic moments per uranium ion between 3.0 and
3.3 μB, again consistent with previously reported uranium
intermetallic materials.36 A broad hump is observed in χ(T) at
TM,Ni ≈ 6.1 K, and splitting of the field-cooled (FC) and zero-
field cooled (ZFC) data is seen below this temperature. M(H)
curves at 1.8 K are hysteretic and nonsaturating up to 7 T,
indicating a remnant moment with weakly ferromagnetic
character; however, there is no evidence for a magnetic
reconfiguration like that seen in the Co analog. Given the
discrepancy between the large negative Weiss constant and the
low temperature of the magnetic transition, AC susceptibility
measurements were carried out to further explore the ordered
state. While a very small shift in the temperature of the cusp is
observed with varying frequency (Figure 6g), possibly
indicating that the U1.33Ni4Al8Si2 is a spin glass material,
further studies are needed to characterize this state.
Temperature dependence of heat capacity (C/T vs T) data

are shown in Figure 7a. At elevated temperatures, both
U1.33T4Al8Si2 compounds exhibit similar values, indicating
similar lattice terms. Below T ≈ 60 K, the two curves gradually
separate from each other, with the Co compound having an
increasingly larger value. The data in the 10−40 K range are

described by the Fermi liquid expression γ β= + T
C

T
2p , where

γ is the electronic Sommerfeld coefficient and β is the low
temperature lattice coefficient. Fits to the data yield γ ≈ 210
mJ/mol-K2 for both analogs, and β = 0.5 mJ/mol-K4 and 0.4
mJ/mol-K4 for the Co and Ni variants, respectively. The large
Sommerfeld coefficients suggest that both compounds are
heavy fermion materials, where the charge carrier effective
mass is enhanced as a result of the Kondo effect. For
isostructural U1.2Fe4Si9.7, γ is 180 mJ mol−1K−2.25 From the β
coefficients, Debye temperatures of 157 and 169 K are
estimated for Co and Ni, respectively. Finally, at low
temperatures, both data sets deviate from the Fermi liquid
expression. U1.33Ni4Al8Si2 has a broad peak around TM,Ni ≈
6.5−7 K that is significantly different from the sharp cusps
typically denoting long-range magnetic ordering, and
U1.33Co4Al8Si2 exhibits a gradual upturn than extends to the

lowest measured temperatures that likely represents magnetic
entropy due to spin fluctuations.
The temperature dependence of the electrical resistivity

ρ(T) is presented in Figure 7c, where room temperature values
near 200−300 μΩ cm are observed. Both compounds show
weak temperature dependences, where ρ(T) gradually
decreases and increases for the Co and Ni variants,
respectively. At the lowest temperatures the Co variant
develops an upturn that is similar to the trend seen for the
Ni analogue, and both saturate toward residual resistivity
values ρ0 ≈ 250−275 μΩcm. The Co and Ni variants have
residual resistivity RRR = ρ300 K/ρ1.8K = 1.15 and 0.85,
respectively. If it is assumed that these materials exhibit
metallic or nearly metallic behavior, then the large ρ0 (and
small RRR) values represent disorder scattering of the
conduction electrons, as would be expected from the evidence
for extensive disorder in the structural refinement of the XRD
data. It is also noteworthy that while the Co variant exhibits a
cusp near the ordering temperature observed in χ(T), the Ni
variant only shows a broad shoulder. These data support the
idea that the phenomena occurring near 6−7 K represent weak
ordering or possibly short-range spin glass freezing: e.g., for the
Ni analogue, it is sufficient to register in the magnetic
susceptibility and heat capacity but not enough to abruptly
change the rate at which electrons are scattered.

■ CONCLUSION

Gallium/aluminum mixed metal flux has been found to be a
useful medium for the synthesis and crystal growth of complex
uranium silicide intermetallics that cannot be synthesized via
single-component fluxes or stoichiometric reactions. The
U1.33T4Al8Si2 products demonstrate excellent stability to air,
water, and heat, characteristics crucial to nuclear waste forms.
The structural disorder inherent to the Gd1+xFe4Si10‑y structure
type was observed in the title compounds and is reflected in
the intricate magnetic properties, with U1.33Ni4Al8Si2 displaying
likely spin glass behavior, U1.33Co4Al8Si2 exhibiting fragile
magnetic ordering, and both analogs showing heavy fermion
behavior. The U1.33Co4Al8Si2 phase exhibits greater evidence of
supercell formation compared to the Ni analog, but the
ordering was not sufficient to solve the structure in a supercell.
In the many analogs of this structure type, two potential
ordered supercells have been reported, an orthorhombic cell

Figure 7. (a) Summary of heat capacity divided by temperature C/T vs temperature T for U1.33Co4Al8Si2 and U1.33Ni4Al8Si2. (b) C/T vs T2. The
dotted lines are fits to the data using the expression C/T = γ + βT2, as described in the text. (c) Summary of electrical resistivity ρ vs temperature T
for U1.33Co4Al8Si2 and U1.33Ni4Al8Si2. (d) Results for 1.8 K < T < 20 K, emphasizing the region near magnetic ordering.
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and a monoclinic cell.41,42 The extent of ordering may be
dependent on a number of parameters including atom size (as
seen here). Further investigation of size effects will be
facilitated by the flux growth of analogs with other actinides
such as Th and Np. Additional variables that might induce
ordering are synthesis procedure (stoichiometric synthesis, arc
melting, flux growth), and heating profile (maximum temper-
ature, cooling rate, annealing process). It is notable that the
two ordered superstructures were found in compounds grown
from reactions with high temperature annealing steps or very
slow cooling rates.41,42 This ordering effect can also be seen in
two reports of Gd4Pt9Al24, a structurally related compound
with similar layers of main group triangles and rare earth
cations. In both cases the material was grown from an
aluminum flux reaction, but one synthesis included a 300 h
dwell at 850 °C (yielding a more ordered structure), and the
other had a shorter reaction time (producing a disordered/
averaged structure).26,43 It is likely that modification of heating
profile will enable control over the extent of ordering in the
R1.33T4M10 structure type, and potentially tuning of the
magnetic properties of the lanthanides or actinides in this
large family of materials.
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