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Abstract

A novel ternary compound U3RuyAl;; has been identified in the U-Ru-Al ternary diagram.
Single-crystal x-ray diffraction indicates a hexagonal Gd;RuyAl;,-type structure for this
uranium-based intermetallic. While this structure type usually induces geometrically a
spin-glass behaviour, an antiferromagnetic ordering is observed at 7y = 8.4 K in the present
case. The reduced effective magnetic moment of U atoms (uefr = 2.6 up) can be explained by
Kondo-like interactions and crystal field effects that have been identified by a logarithmic
temperature dependence of the electrical resistivity, negative values of the magnetoresistivity

and particular shape of the Seebeck coefficient.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Phase relations and properties in the U-Ru-Al ternary
system have not been extensively explored so far. The
equiatomic compound URuAl with hexagonal ZrNiAl-type
structure has been the only phase reported in the literature.
It exhibits a paramagnetic spin fluctuation behaviour at low
temperatures [1, 2] without a magnetically ordered state down
to 20 mK [1]. At present, the U-Ru—Al isothermal section at
973 K is being experimentally investigated and the existence
of new ternary phases has been revealed. The overall results
will be published elsewhere. In this paper, UsRusAl;; has
been investigated in detail. The crystal structure has been
determined by single-crystal x-ray diffraction. The results of
measurements of magnetic susceptibility, electrical resistivity,
magnetoresistivity and thermoelectric power on polycrystalline
samples of UzRu4Alj, are presented and discussed in this

paper.
3" Author to whom any correspondence should be addressed.
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2. Experimental details

The samples have been prepared by arc-melting of the
elemental components (all purities above 99.9%), turned and
remelted several times to ensure homogeneity. Then, the
samples were placed in alumina crucibles, enclosed under
vacuum in sealed silica tubes and annealed for at least two
weeks at 973 K. The purity of the phases was checked by x-
ray powder diffraction (Cu K| radiation, A = 1.5406 A) and
SEM-EDS analysis.

Single-crystal x-ray diffraction was performed on a four-
circle Nonius Kappa CCD diffractometer (Mo Ko, X =
0.71073 A) at room temperature. Reflections collected on half
the Ewald sphere were integrated using the Denzo—Scalepack
software [3]. The structure was solved by direct methods
using SIR97 [4] and refined using SHELXL-97 [5] available
in the WinGX package [6] after semi-empirical absorption
corrections [7].

Magnetic properties were investigated in the temperature
range 2-300 K and magnetic fields up to 5 T, using a supercon-
ducting quantum interference device (SQUID) magnetometer.

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Crystal structure of UsRuyAly,, (b) coordination spheres of U, Rul and Ru2 atoms in this structure and (c) projection of the

structure in the (a, b) plane highlighting the Kagomé lattice.

Electrical resistivity and magnetoresistivity measurements
were performed down to liquid helium temperature in applied
magnetic fields up to 8 T. The Seebeck coefficient was mea-
sured in the temperature range 5-300 K by the steady-state
method.

3. Results and discussion

3.1. Crystal structure

Crystallographic measurements have been performed on a
UsRuyAlj, small single crystal extracted from a bulk sample
with the same nominal composition. The data collection
conditions and refinement results are presented in table 1.

Collected reflections are indexed in a primitive hexagonal unit
cell with the cell parameters ¢ = 8.8300(1) A and ¢ =
9.4296(2) A. Observed extinctions and refinement results
indicate the P63/mmc space-group (no. 194) and refined
atomic positions (table 2) are consistent with the Gd;RugAl;,
structure type [8] for this novel intermetallic (figure 1). This
structure type has already been encountered for other uranium
aluminides, such as U3zCoq4yAljp—, [9] and UsFe4Al;, [10].
The coordination sphere of uranium atoms is composed by
4 Ru atoms and 11 Al atoms (figure 1(b) and table 3). The
Rul and Ru2 atoms are, respectively, surrounded by a strongly
distorted [UsAlg] icosahedron and [Alg] cube (figure 1(b) and
table 3). In this structure, the uranium atoms are located
in a plane perpendicular to the ¢ axis, forming a distorted
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Table 1. Crystallographic data and structure refinement for
U3 RU4A1 12-

Empirical formula UsRuyAlj,
Formula weight (g mol~") 1442.13
Structure type Gd3;RusAl,
Space group P63 /mmc (no 194)
Unit cell parameters (A) a = 8.8300(1)
¢ =9.4296(2)

Unit cell volume (A”) 636.71(2)
Z/calculated density (g cm™) 2/7.522
Absorption coefficient (mm~") 43.413
Crystal size (mm X mm X mm) 0.20 x 0.08 x 0.06
Theta range 2.66°-45.27°
Limiting indices —17<h <13

-4 <k<17

—-16 <1< 18
Collected/unique reflections 25697/1045
R (int) 0.1435

Absorption correction
Max./min. transmission

Semi-empirical
0.1245/0.0148

Data/restraints/parameters 1045/0/27

Goodness of fit on F? 1.172

R indices [/ > 20 (1)] R1=0.037
wR2 = 0.086

Extinction coefficient 0.0051(5)

Largest difference peak +5.708/—3.198
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Figure 2. Temperature dependence of the inverse magnetic
susceptibility of UsRuyAl;; (open symbols). The solid line
corresponds to a modified Curie—Weiss fit of the paramagnetic
domain. The inset on the left shows the low temperature dependence
of the susceptibility. The inset on the right presents the field
dependence of the magnetization at 7 = 1.9 K.

Table 3. Selected interatomic distances (A) in UsRugAl,,.

Table 2. Refined atomic parameters and equivalent isotropic
displacement parameters (Az) for UsRuyAl,.

Wyckoff

position  x y z Ueq (A)
U 6h 0.1951(1) 0.3902(1) 1/4 0.015(1)
Rul 6g 1/2 0 0 0.014(1)
Ru2 2a 0 0 0 0.014(1)
All 12k 0.1619(1) 0.3238(2) 0.5777(2) 0.016(1)
Al2 6h 0.5610(1) 0.1219(3) 1/4 0.015(1)
AR 4f 1/3 2/3 0.0189(3) 0.016(1)
Al4 2b 0 0 1/4 0.016(1)

Kagomé lattice (figure 1(c)) [9] with small triangles (dy_uy =
3.662(1) A) being connected to three large triangles (dy_y =
5.168(2) A). In this structure type, the shortest U-U distances
are above Hill’s criterion favouring magnetic ordering but
the Kagomé triangular geometry usually favours magnetic
frustration, and the two previously cited compounds with the
same stoichiometry exhibit just spin-glass behaviour [9-11].

3.2. Magnetic properties

The temperature dependence of the magnetic susceptibility
of UjsRusAlj; and its inverse are presented in figure 2.
The temperature variation of the susceptibility (upper inset
in figure 2) shows the occurrence of an antiferromagnetic
transition at 7y = 8.4 K, confirmed by ac susceptibility
measurements (not shown here). The paramagnetic domain
is well fitted using a modified Curie-Weiss law (full line
in figure 2) between 30 and 400 K, giving a temperature-
independent term xo = 0.47 X 1073 emumol™!, a
paramagnetic Curie temperature ¢, = —21 K and a

U-1 A4 2.984(1) Rul-2AI2  2.535(1)
2AB3  3.036(2) 2A13 2555(1)
2ALR  3.0382) 4AIL 2.688(1)
2AI1 3.131(2) 4U 33371
4AlL 3.207(1)
4Rul  3337(1) Ru2-2Al4 2357(1)

6AIl 25822

U-2U 3.662(1)

2U 5.168(2)

reduced effective magnetic moment per uranium atom fleg =
2.6 pug/U. This hints towards an influence of the crystal field
interaction of the ligands surrounding the central uranium ion
in this aluminide (figure 1(b)). The field dependence of the
magnetization (lower inset in figure 2) is reversible, with only
a slight deviation from initial linearity above 1 T, towards
another linear domain with larger slope (i.e. susceptibility).
This deviation is not clear at present without performing further
magnetization measurements in higher magnetic fields.

3.3. Transport properties

The resistivity and magnetoresistivity measurement results
are presented in figure 3. From 140 K down to 7y, the
resistivity of UszRuyAlj, increases slightly with decreasing
temperature, following the equation: p(7) = (po + p5°) +
ckInT (solid line in figure 3(a)) appropriate for scattering
of conduction electrons on imperfections, disordered spins
and Kondo impurities, respectively. A least-squares fit of
this equation to the experimental data yields the following
parameters: (po+05°) =419 uQcmand cx = —13.9 uQ cm.
This InT7 variation of electrical resistivity is typical for
compounds exhibiting Kondo interactions [12, 13], which
can also be responsible for the reduced effective moment of
uranium atoms. A distinct maximum in p(7) is observed
close to Ty and then the resistivity decreases with further
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Figure 3. (a) Temperature dependence of the electrical resistivity of
UsRuyAly, without applied magnetic field. The solid line
corresponds to a In 7' fit of the experimental data. The inset shows
the difference at low temperature with the resistivity measured under
an applied magnetic field of 8 T perpendicular to the current;

(b) magnetic field dependence of the magnetoresistivity at four
different temperatures. Solid lines correspond to the —a B? fit of the
experimental data; (c) temperature dependence of the
magnetoresistivity under an applied magnetic field of 8 T. The four
black dots correspond to the values obtained in (b) at B = 8 T.

T(K)

lowering temperature. This maximum is probably caused
by the antiferromagnetic order having a magnetic unit cell
different from the crystallographic one.

Field and temperature dependences of the transverse
magnetoresistivity (TMR) (uoH L i), defined as Ap/py =
(p(B) — p(0))/p(0), were measured and the results are
presented in figures 3(a)—(c). The values of the resistivity
at low temperature are slightly decreased under a magnetic
field of 8 T applied perpendicular to the current (inset in
figure 3(a)). The field dependence of TMR taken at different
temperatures (figure 3(b)) shows that (i) only a moderate and
negative magnetoresistive effect occurs and (ii) the character
of the TMR curve is different in the paramagnetic and
magnetically ordered state. Above Ty, the Ap/po = f(B)
curves follow a —aB? law (solid lines in figure 3(b)), as is
usually observed in Kondo systems [14—17]. At temperatures
lower than Ty, a deviation from this law is observed at high
magnetic fields where the S-shaped curves appear. A similar
behaviour is explained by metamagnetic transitions in the
Kondo antiferromagnet U;CogAljg [18]. The temperature
dependence of Ap/pp under an applied magnetic field of
8 T (figure 3(c)) confirms these observations: Ap/pg slowly
decreases with temperature from 40 to 9 K, turns up around
the antiferromagnetic transition (between 9 and 7 K), then
goes through a small peak and finally decreases sharply with
temperature in the magnetically ordered state. Although the
TMR magnitudes are rather small, the increasing negative
magnitude of TMR in the antiferromagnetic region below
T is difficult to explain. This behaviour can be compared
with that of another antiferromagnet UNiAl which revealed
a similar peak close to Ty in Ap/po(T) [19], but in contrast
to UsRuyAl;, its TMR decreased in absolute value below Ty,
reaching very small values close to 7 = 0 K. Nevertheless,
we think that, as for UNiAl, the occurrence of the peak in
Ap/po(T) just below Ty for UsRuyAlj; is due to the change
in the Brillouin zone due to the forming of a complex magnetic
structure in the antiferromagnetic region.

The Seebeck coefficient of UsRuyAlj, (figure 4) is
negative at high temperature and presents a broad minimum
at about 225 K where it reaches a minimum value of
—13 wVK™'. Below this temperature it decreases in
absolute value with decreasing temperature to turn positive
at 12(1) K and then presents also a positive peak at T =
8(1) K where the compound orders antiferromagnetically.
These variations are expected for a Kondo compound in
the presence of crystal electrical field effects [20, 21],
in agreement with magnetic, electrical resistivity and
magnetoresistivity properties. Almost identical behaviour has
been previously observed for UCusIn [22] which crystallizes in
an orthorhombic structure and being also an antiferromagnet
with Ty = 25 K. The change in sign observed for these two
compounds at temperatures close to their 7y can be attributed
to a change in the density of states near the Fermi level due
to a reconstruction of the Fermi surface. The sign change of
thermopower (TEP) in the semi-phenomenological model [23]
can be ascribed to the development of magnetic correlations at
low temperature. The strong correlations in UsRusAl;; are also
highlighted on the /S = f(T?) plot (inset of figure 4), where
two linear domains are observed at high temperature, following
the Hirst two-band model (from [24]), especially adapted to the
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Figure 4. Temperature dependence of Seebeck coefficient of

UsRuyAlj». The inset presents the linear behaviour of 7/S = f(T?);
solid lines correspond to a fit using the Hirst model.

case of the intermediate valence compounds:

S(T) AT ith A 24
= — W1 = —
B2+ T2 le]
3(A*+ T2
and 2 _ AT+ 1
(mkg)?
where A = esp—¢p is a measure of the position of the 5f

density of states peak with respect to the Fermi level and I'
is the width of the Lorentzian-shaped 5f band. The fitting
of the two domains using the previous equations gives the
same I' = —2.2 meV in both cases and A = 26.4 meV at
T < 200K and 23.8 meV at T > 200 K. The existence of two
linear domains and the values of I and A are comparable with
the results obtained by Park et al [25] on the moderate heavy
fermions CeAl, and UAl,. The low temperature variation of
TEP of UNiAl is also due to the appearance of magnetic zone
boundaries resulting from the antiferromagnetic order with a
similar effect as was observed in the temperature variation of
the resistivity of this aluminide [26].

4. Conclusion

The novel UsRuyAlj, intermetallic compound crystallizes
in the hexagonal Gds;RusAlj, structure type. Despite the
distorted Kagomé lattice formed by uranium atoms, an
antiferromagnetic ordering occurs at 7y = 8.4 K. The
reduced effective moment carried by U atoms can possibly
be understood by invoking Kondo and crystal field effects
that influence the electrical resistivity, the magnetoresistivity
and the Seebeck coefficient. Neutron diffraction experiments
are planned to be performed in order to solve the magnetic
structure.
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