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On the crystal structure of the “cage”-like aluminide URWAI
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The novel ternary aluminide URwWAI o crystallizes in the orthorhombic (mma space group) CeRgAlq
structure type with cell parametersa = 4.1925(1) Ab = 12.4173(5) A anct = 17.5328(6) A. The combination
of (i) short Al-Al and Ru-Al interatomic distances and (ii) long U-Al and U-Ru distances classifies th
intermetallic phase as a “cage”-like one, similarljto other Al-rich U-T-Al (T = transition metal) compounds.
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Introduction

Cage-like compounds have attracted strong intémest
the last years due to their potential industrial
applications in diverse fields such as gas sto@ge
controlled molecule delivery, but also for their
intriguing physical properties. Amorfeelement based
intermetallic compounds, the skutterudites are
intensively investigated due to their rather “high”
superconducting transition®.§. 7.2 K for LaRuP;»

[1] or 8.3 K for PrRGe, [2]) and rattling-atom
enhanced thermoelectric propertiesg( ZT=1.1 at
873 K for CeFgShy, [3]). One can also cite tHeT,X,
compounds R = rare earth,T = transition metal and
X=Al, Zn) with cubic CeGAl,type structure,
where superconductivity is reported fdRT,Zny
(R=La, Pr;T=Ru, Ir) [4] and MV,Al,, (M = Sc,

Lu, Y) [5].

In the UJ-Al ternary systems, cage-like
compounds are reported to form for high
Al-concentrations with different structure types

depending on the electronic configuration of the
transition metal. Foil = Ti, col. VB, col. VIB, and
Mn, the Al-richest phase reported is Td4l,,
crystallizing in the above mentioned cubic C&Cso-
type, and mostly presenting enhanced Pauli
paramagnetic behaviof6-9], but in the case of
T =Mn it orders ferromagnetically below. = 20 K
[10] due to the Mn networKkL1]. ForT = col. VB and
col. VIB elements, another phase with formula
UsT,Al,; and hexagonal HMo4Al4; structure type
forms [12,13] where a U-U dimer is enclosed in a
[T,Al,] peanut-like caggl4]. Multi-step magnetic
ordering resulting from a competition between intra
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and inter- U-U dimer interaction has been repoited
the case off = Nb [9]. For T =Fe, Ru, Os, DAl
forms with the orthorhombic YbE&l,, structure type
[15-17]. The physical properties are dominated by
fluctuation phenomena, as evidenced by magnetic and
(magneto)electrical measurements both on poly- and
single-crystalline samplg$5-18].

Within our investigation of the U-Ru—Al system,
we have evidenced the existence of a novel ternary
phase with composition URAI,, and CeRpAl
structure typg19] that can be described as a cage-like
compound. This article will describe the crystal
structure of this ternary uranium aluminide detereni
by single crystal X-ray diffraction.

Experimental

The samples were prepared by arc-melting of the
elemental components (purity: U-3N, Ru-4N and
Al-5N), and re-melted several times to ensure
homogeneity. Then, the samples were placed in a
water-cooled copper crucible and annealed for 4 h a
1473 K in a high-frequency induction furnace, idenr

to homogenize the composition and increase the
average crystal size.

The samples were characterized by powder X-ray
diffraction (XRD) (Bruker D8 Advance 826
diffractometer, Cu k; radiation, A = 1.5406 A) and
scanning electron microscopy (SEM) (JEOL 6400
JSM microscope) coupled to energy-dispersive
spectroscopy (EDS) (Oxford Link Isis spectrometer).

Small single crystals suitable for XRD
experiments were collected from a crushed annealed
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sample. The diffraction intensities were collectsd
room temperature on a Nonius Kappa CCD four-circle
diffractometer working with Mo K radiation
(A=0.71073 A). The integration and reduction of
redundant reflections of the different data setsval

as the cell refinements were performed using the

SADABS software [20]. Structural models were
determined by direct methods using SIR{QZ]. All

the structure refinements and Fourier syntheseg wer
made with the help of SHELXL-9[22]. The atomic

positions have been standardized using STRUCTURE

TIDY [23]. The Diamond 2.1b software was used to
represent the crystal structyggl].

Results and discussion
A ternary phase with chemical composition

7U-21Ru-72Al (in at.%) was observed in as-cast
samples with close initial composition. In order to

characterize it, samples were prepared with this
7-21-72 composition. These showed the presence of

the new phase, but also of URlL,, UAl; and RuAj,
suggesting peritectic formation of the “URl,’
phase. Annealing at 1473 K for 4 h in an induction
furnace resulted in an increase of the relativentitya
of the targeted phase, but not in a pure sample

re of the “cage”-like alarde URuyAI o

Long-term annealing (1 week or more) at 1173 K or
lower temperature results in the disappearance
of the phase, suggesting its eutectoid decompasitio
above this temperature. Powder XRD patterns
of the new aluminide were well indexed by
considering an orthorhombic Infma no. 74)
CeRuAl otype structure[19], in addition to the
impurity phase patterns.

The reported half occupancies of the Alh)(&nd
Al3 (8h) positions, as well as the mixed Ru/Al
occupancy of adsite in the cerium-based compound,
motivated us to further characterize the crystal
structure of the uranium-based aluminide usinglsing
crystal XRD. Small single crystals were picked up

from the annealed sample and used for
XRD experiments. The diffraction peaks were
well indexed in an orthorhombic cell with

parametersa = 4.1925(1) A, b=12.4173(5) A and
c=17.5328(6) A and the reflection conditions were
compatible with the expectdchmaspace group.

The results of the crystal structure solution and
refinements are summarized ifable 1 while the
standardized atomic positions are gatheredainle 2
The atomic distribution on 10 independent Wyckoff
position in URyYAI o perfectly fits that of the cerium-
based isostructural phase, confirming the structure
. type of our intermetallics.

Table 1 Data collection and structure refinement for WMy,
Empirical formula URuUzAl 1
Formula weight (g mal) 811.04
Structure type CeRuyAl o
Space group Imma(no. 74)

a=4.1925(1)

Unit cell parameters (A)

Unit cell volume (&)

Z [ calculated density (g cih
Absorption coefficient (mm)
Crystal color and habit
Crystal size (Umpmxpum)
Theta range (°)

Limiting indices

Collected / unique reflections
Absorption correction

b=12.4173(5)
c=17.5328(6)
912.75(5)
4/5.902
23.450

metallic luster, prism
87%38x17
3.851041.99

-4<h<7
-22<k<23
29<1<32

10021 / 1803
Semi-empirical

R(int) 0.0458
Data / restraints / parameters 1803/0/55
Goodness of fit o2 1.085
Rindices [ > 20(1)] \?/538%?1%3
Extinction coefficient 0.00079(5)
Largest difference peak and hole (€A 2.142 [ -2.440
Chem. Met. Alloy$S (2016) 165
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Table 2 Refined atomic positions, occupancies and equinaisplacement parameters.

Wyckoff
Atom position X y z Occupancy | Ug (10’ A2)

U1 Je 0 Ya 0.9653(1) 1 6(1)
Rul & 0 0.0551(1) 0.1339(1) 1 4(1)
Ru2 & 0 Yy 0.6846(1) 1 6(1)
AlL gh 0 0.0445(2) 0.2836(2) 0.492(6) 8(1)
A2 gh 0 0.0808(1) 0.6009(1) 1 12(1)
Al3 gh 0 0.1206(2) 0.2844(2) 0.508(6) 11(2)
Al4 gh 0 0.1358(1) 0.4352(1) 1 8(1)
Al5 gh 0 0.6334(1) 0.1950(1) 1 7(2)
Al6 4e 0 Yy 0.1528(1) 1 10(1)
Al7 4a 0 0 0 1 8(1)

€

Fig. 1 (a) “Cage”-like uranium coordination sphere in tirthorhombic URgAI 4 structure and view of the

structure along (b) the-axis and (c) thé-axis.

The & sites occupied by All and AI3 are much
too close (0.945(4) A) to be occupied simultanepusl
Their occupancies were first refined independently,
leading to occupancies of 0.49 for All and 0.51 for
Al3. Further refinements were performed constrajnin
the sum of the occupancies to 1, leading to a final
Al1/AI3 distribution of 0.492(6)/0.508(6), very dde
to a perfect half occupancy of these sites. Sityilar
CeRuyAl 4, no diffraction feature that could correlate
this half occupancy to any ordered superstructure,
particular to the monoclinic 4Co:Al 1type [25], was
found. In order to rule out the possibility of RU/A
substitution on the other sites, their occupanviese
refined one by one. None of them showed any
significant deviation from full occupancy, includin
the Ru2 4 site that accepts 17 at.% Al in the cerium-

based compound. The crystallographic composition is
thus exactly URgAl 4, in perfect agreement with the
SEM-EDS analyses.

With the exception of the unphysical shortest
Al1-Al3 distance that leads to half occupancy afsth
sites, all the other Ru-Ru, Ru-Al and Al-Al
interatomic distancesT@ble § correspond well to
those encountered in the other ternary U—Ru-Al
aluminides[26] and are slightly shorter than the sum
of the metallic radii of the elements( = 1.339 A and
ra =1.432 A [27]), evidencing strong bonding
between these elements.

The coordination sphere around the uranium atoms
(Fig. 19, made of 13 Al- and 2 Ru-atoms, exhibits a
slightly different behavior with all U-ligand distees
being significantly larger than the sum of the ieta
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Table 3 Selected interatomic distances.

“cage”-like alaide URYAI 1o

Atom Ligand Distance (A) Atom Ligand Distance (A)
Ul 4 Ald 3.074(1) Al3 2AI3/2AIL  |2.419(3)/ 2.590(2)
2 AlS 3.161(2) 1 Al4 2.651(3)
2 A7 3.1634(2) 2 Rul 2.666(2)
4 AI2 3.186(2) 1 Rul 2.761(3)
1AI6 3.287(1) 1AI6 2.812(3)
2 Ru2 3.361(1) 2 Al 2.862(2)
1AI2 3.209(3)
Rul 1 A6 2.4432(4)
1 A7 2.4457(3) Al4 2 Rul 2.6210(8)
2AIL/2AI3  |2.550(2) / 2.666(2) 1AIB/1AL  |2.651(3)/2.890(3)
1Al5 2.573(2) 1AI2 2.763(2)
2 Ala 2.6210(8) 1 Al4 2.837(3)
1AIL/1AI3  |2.627(3)2.761(3) 2 Al7 2.9198(9)
2 A2 2.753(1) 2 Al 2.965(2)
1AI2 2.983(2)
Ru2 4 A5 2.5544(8) 1U1 3.0737(9)
2 Al5 2.560(2)
2 A2 2.562(2) Al5 2 Ru2 2.5544(8)
2 Ru2 3.1070(6) 1 Ru2 2.560(2)
2 U1 3.3617(4) 1 Rul 2.573(2)
1AIL/1AI3  |2.700(3) / 3.522(3)
All 2AIL/2AI3  |2.405(3) / 2.590(2) 2 AI2 2.746(2)
2 Rul 2.550(2) 2 AlS 2.849(2)
1AI2 2.554(3) 1AI5 2.896(3)
1 Rul 2.627(3) 1AIL/1AB  |3.068(3)/3.804(3)
1 Al5 2.700(3) 1U1 3.161(2)
1 Al4 2.890(3)
2 Al5 3.068(3) Al6 2 Rul 2.4432(4)
2AB/2AI1  |2.812(3)/3.431(3)
A2 1AIL/1AI3  |2.554(3)/3.209(3) AA3/4AL  |2.862(2)/3.486(3)
1 Ru2 2.562(1) 4 Al4 2.965(2)
2 A5 2.746(2) 1U1 3.287(1)
2 Rul 2.753(1)
1 Al4 2.763(2) Al7 2 Rul 2.4457(3)
2 Al7 2.921(1) 4 Al4 2.9198(9)
1 Al4 2.983(2) 4 AI2 2.921(1)
2 U1 3.186(2) 2U1 3.1634(2)

radii of the elementsr( = 1.56 A) and slightly larger
2.9-3.0A distances
e.g. the UAL (x=3, 4) binaries, URUAI[26], or
UsRWAl > [28]. Similarly to URuyAly, the new
can thus
“cage”-like material. In the URWI,o structure, the
cages around the uranium atoms are connegéeld7

atoms along theb-axis (Fig. 1§ and share their
pentagonal faces along tleeaxis (Fig. 19, forming

to the afp) plane of the

than the

compound

2D layers parallel

orthorhombic cell.

According to the various physical properties & th
cage-like uranium aluminides described
introduction, further efforts will be made to impe
the purity of the samples for magnetic and eleatric

measurements.

be classified

encountered
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