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Abstract

Single crystals of uranium intermetallic compound UCosSb, were grown by means of the antimony-flux technique. The
characterization of the samples has been carried out utilizing single crystal X-ray diffraction and magnetization measurements.
UCo, 5Sb; is found to crystallize in the tetragonal HfCuSi,-type structure, space group P4/nmm with Z = 2 formula units per cell,
and the lattice parameters a = 0.4300(1) and ¢ = 0.8958(2)nm. The refinement of the occupancy parameters and the energy
dispersive X-ray analysis have indicated a distinct deficiency on the cobalt sites. The results of magnetization measurements showed
that UCog sSb, orders ferromagnetically below 65 K with a huge magnetocrystalline anisotropy with the ¢ direction being the easy

magnetization axis.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The intermetallic compounds UTSb, (T = Ru, Fe,
Co, Ni, Pd, Cu, Ag and Au) were reported by
Kaczorowski et al. [1] to crystallize in the tetragonal
HfCuSi,-type structure (space group P4/mmm) [1,2].
This series of compounds presents an interesting
evolution in the magnetic properties, ranging from a
paramagnetic (UFeSb,), antiferromagnetic (UTSb,,
T = Ru, Ni and Pd) to a ferromagnetic (7' = Cu, Ag
and Au) ordering [1]. Moreover, on the basis of the
temperature dependence of electrical resistivity a Kondo
lattice-like behavior has also been suggested. These
findings encourage us to perform further investigations,
especially, in order to gain information on the aniso-
tropy of the physical properties. Since the data known
so far have been collected on poly-crystalline samples
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only, we have initiated an extended program of growing
single crystals of the U7'Sb, compounds.

Recently we have grown and studied UNijsSb, single
crystals [3] and now we report on the single crystal growth
and characterization of UCoSb,. Although the existence
of stoichiometric UCoSb, has been already reported [1],
its magnetic properties have not been recognized because
of the sample contamination with traces of unreacted Co.
The single crystals obtained by us were completely free of
metallic Co or other ferromagnetic impurities. In contrast
to the poly-crystalline samples, our single crystals
appeared to be Co-deficient with the estimated composi-
tion of UCoq sSb,. Their good quality and sufficient size
make it possible to determine the physical properties of
this compound, for the first time. We will show here that
UCoq5Sb, is a ferromagnet below 65K with the c-axis
being the magnetization easy axis and exhibiting a huge
magnetocrystalline anisotropy. We tentatively interpret
this anisotropy as arising due to an anisotropic hybridiza-
tion between the 5f—and ligand electrons.
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2. Experimental

Single crystals of UCog5Sb, have been grown from
molten Sb by the so-called self-flux method in a similar
way to that applied earlier for the parent compound
USb, by Henkie et al. [4]. Uranium (purity 99.9%),
cobalt and antimony (purity 99.99%) were weighed in
the atomic ratio of 1:1:12 and placed in an alumina
crucible. Then, the crucible was sealed in an evacuated
silica tube, heated up to 1150°C and held at this
temperature for 10h followed by slow cooling
(2-3°C/h) down to 600 °C. Next, the ampoule was fast
cooled to room temperature and the crucible was
transferred to the silica tube, where an excess of Sb
was removed by means of sublimation in high vacuum
at 600°C. For the purpose of homogenization, crystals
were wrapped in Ta foil, sealed in an evacuated silica
tube and annealed at 800-850°C for two weeks. The
obtained crystals were examined using an optical
microscope and a scanning electron microscope (SEM)
Philips 515. The phase composition was checked by
powder X-ray diffraction (XRD) employing CoK,
radiation (4 = 0.179021 nm) The chemical composition
was determined with an energy dispersive X-ray (EDX)
spectrometer PV9800. The crystal structure was refined
from the single-crystal X-ray diffraction data using
Xcalibur-CCD  diffractometer (MoK, radiation—
A =0.071073 nm). Intensity data were collected at room
temperature with the w scan mode and an exposure time
per frame of 30s. In the analysis an analytical
absorption correction [5] has been applied. Magnetiza-
tion measurements in magnetic fields up to 5T were
performed on oriented single crystals with a SQUID
magnetometer (Quantum Design) in the temperature
range 2400 K.

3. Results and discussion
3.1. Chemical composition

Single crystals of the title compound grew in the form
of irregular platelets with the c-axis perpendicular to
their surface with typical dimensions of 3 x 5 x 1 mm?.
The SEM image of the typical grown single crystal is
shown in Fig. 1. Although the surface of the crystals was
rather rough, their fracture possessed a metallic luster.
The results of EDX analysis of the selected crystals (U,
29%; Co, 13%; Sb, 58%) indicated a significant
deviation from the expected 1:1:2 stoichiometry yielding
the chemical composition around UCog 5Sb,. Except for
the UCo(5Sb,, in the same batch we have found also
crystals of a nonmagnetic compound CoSb;, which grew
simultaneously. The latter crystals having a cubic
structure were easy to distinguish and separate from
the plate-like UCo(sSb, ones. The presence of CoSbs

Fig. 1. The SEM image of a UCo, 5Sb, single crystal.
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Fig. 2. The X-ray powder diffraction patterns for UCog sSb, crystals:
(a) as grown, (b) after annealing in vacuum at 850 °C for 14 days. The
arrows point to split reflections of the 00/-type.

crystals may be a further evidence that Co entered to the
uranium-containing compound only partially.

Single crystals of UCo(sSb, were stable in air over
long period of time. This is in contrast to the parent
compound, USb,, which slowly oxidizes being exposed
to air.

The X-ray powder diffraction pattern of crystals “‘as
grown”, shown in Fig. 2a, revealed a noticeable splitting
of the 00I-type reflections. All the observed diffraction
lines could be indexed as belonging to the two phases
with the same lattice parameter a (0.4298(1)nm) and
distinctly different c-parameters i.e., 0.8826(2) and
0.8959(2) nm. This observation might be explained as a
result of inhomogeneous distribution of Co-atoms in
crystals during the process of growth. After the
homogenizing annealing of crystals at 850°C for 2
weeks the observed X-ray line splitting disappeared (see
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Fig. 2b), confirming the homogeneity of our material.
The X-ray powder diffraction pattern made on pow-
dered crystals after annealing exhibited the absence of
any unindexed reflections which may suggest that any
impurity content in the sample does not exceed 3% (a
detectability limit of the X-ray method). All the
observed reflections could be easily indexed on the basis
of a tetragonal cell, with the lattice parameters a =
0.4299(1) and ¢ = 0.8924(2) nm. The lattice parameter ¢
of UCo(sSb, compared to that of the poly-crystalline
UCoSb, sample (¢ = 0.9075(4)nm) [1], is found to be
substantially smaller. This is consistent with the
incomplete occupation of the Co sites in the unit cell
of this uranium ternary intermetallic compound.

It is worthwhile noting that such incomplete occupa-
tion of the transition metal positions has been observed
for many isotypic RT'Sb, compounds (R = rare earth,
T = Cu, Mn, Co, Cd, Fe, Zn). The magnitude of the
deviation from the ideal stoichiometry and homogeneity
ranges are somehow dependent on the transition element.
This could be illustrated by the following series of
the antimonides: LaCuggy—0g7Sby, LaMnggs—¢.76Sba,
LaCO()A6ng2 [6], Lacdojst [7], NdFC()ﬁsz [8],
LaZng 5;Sb, [6]. The deviation from the full occupancy

Table 1
Crystal data and structure refinement for UCoq 5Sb,

Crystal system, space group
Unit cell dimensions

tetragonal, P4/nmm
a = 0.43000(10) nm
¢ =0.8958(2)nm

Z, Calculated density 2, 10.246 Mg/m?

Crystal dimensions 0.1 x 0.1 x 0.03mm?

Absorption coefficient 68.390 mm~!

F(000) 415

Theta range for data collection 4.55-30.49°

Limiting indices =5<h<T, —6<k<S5, —10</<16
Reflections collected/unique 2732/346 [R(int) = 0.1033]

Completeness to theta = 26.30 99.7%

Refinement method Full-matrix least-squares on F2
Data/restraints/parameters 346/0/16

Goodness-of-fit on F? 1.050

Final R indices [I >2a(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Ry = 0.0451, wR, = 0.1147
Ry = 0.0496, wR, = 0.1188
0.014(4)

8.974 and —6.386e.A~°

Table 2

of the transition metal sites is relatively small for R =
Cu and increases across the series 7= Mn, Co, Cd
achieving the largest value for 7' = Fe, Zn. In contrast
to the above compounds, RAuSb, [7] and RAgSb,
[2,9,10] were found with fully occupied Au and Ag
positions. Furthermore there are no reports on the
deviation from perfect stoichiometry in RTSb, for
heavier lanthanides (Tb-Lu). Our earlier report on
UNij sSb, [3] and the results of this work suggest that
the considerable deficiency on the transition metal sites
is probably a common feature also for the remaining
UT,Sb, compounds.

3.2. Crystal structure

The crystal structure of UCoy5Sb, and anisotropic
displacement parameters were successfully refined using
a SHELXL-97 programm [11]. The starting atomic
parameters were taken as those of the RT'Sb, com-
pounds (R: rare-earth metals) [2]. The occupancy factors
were refined in a separate series of least-squares cycles,
giving no significant deviation from the full occupancies
for uranium, and antimony, and a value of ~ 0.5 for
cobalt atoms. The crystallographic and experimental
details are summarized in Table 1. Occupancy factors,
positional and anisotropic displacement parameters, are
given in Table 2. It could be noticed that the
displacement parameters for the Co atoms are consider-
ably larger than those for the U and Sb atoms. This fact
might suggest that the Co atoms are more mobile within
their layers than the remaining atoms (Fig. 3).

In the case of UCo;Sb,, contrary to UNijsSb, [3],
the reflections connected with a superstructure have not
been detected.

3.3. Magnetic properties

Magnetization curves taken at 2K, shown in Fig. 4,
reveal a pronounced remanence and an almost rectan-
gular hysteresis loop for M!(B). This behavior is typical
for the hard ferromagnetic materials. As Fig. 4 indicates,
the virgin magnetization curve has initially (up to 1.5T)
negligible magnetic response ascribed to the domain-
wall pinning effect. In fields above 5T, the saturation of

Atomic coordinates, equivalent isotropic and anisotropic displacement parameters (nm? x 10%) for UCog 5Sb,

Atoms Occupation x y z Ueq Uy Uxn Usz

U 1.01(9) 1/4 1/4 0.2754(1) 0.9(1) 0.9(1) 0.9(1) 0.9(1)
Sb(1) 1.00(9) 3/4 1/4 0 0.9(1) 0.9(1) 0.9(1) 0.7(1)
Sb(2) 0.97(9) 1/4 1/4 0.6377(1) 1.0(1) 1.0(1) 1.0(1) 1.0(1)
Co 0.46(4) 3/4 1/4 12 2.8(7) 2.409) 2.409) 3.6(12)

Up=U;3=U;p=0

The Ueq is defined as one third of the trace of the orthogonalized Uj; tensor. The anisotropic displacement factor exponent takes the form:

“22[KPa? Uy, + - - - 4 2hka*b* Uyy).
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Fig. 3. Three-dimensional representation of the UCo( sSb, unit cell.

the magnetization becomes almost completed, yielding a
saturation moment of 1.2 yg/at.U. In turn, the magne-
tization in the ab-plane is very small and almost linear in
a magnetic field. Thus, it becomes clear that the c-axis is
equivalent with an easy magnetization axis. Fig. 5 shows
the temperature dependence of the magnetization
measured in a magnetic field of 0.5T. From this
dependence T'¢ = 65K is inferred. As is furthermore
demonstrated, the magnetization in the basal plane
below T¢ is much smaller than that along the c-axis.
The inverse magnetic susceptibility measured perpendi-
cular to the c-axis, 7', and along the c-axis, x;', is
displayed in Fig. 6. As seen, both the susceptibilities can
be fitted to the Curie—Weiss law: y(T) = C/(T — ©,),
where C = pyNaply/3kp at temperatures above 150
and 100K, respectively. This vyields the -effective
magnetic moment p of approximately 3 pg/at.U for
both crystal orientations. On the other hand, the
paramagnetic Curie temperature determined along the
ab-plane (0, =—172K) and along the -
axis(@]'l =83K) are substantially different in their
magnitude and sign. This indicates a huge magneto-
crystalline anisotropy existing in this compound. Usual-
ly, the difference A®, = @) — ©,, accounting here to
255K, may be regarded as a measure of uniaxial
magnetic anisotropy energy. To identify the origin of
the observed anisotropy it is worthwhile mentioning the
value of magnetocrystalline anisotropy found in iso-
structural RTSb, compounds [12]. The average differ-
ence A@, of the order of 70 K, determined for the latter
compounds, has been explained in Ref. [12] on a basis of
the crystal electric field effect (CEF) model only. By
comparison one sees, that the difference A@, = 255K
observed here in UCoq5Sb, is relatively large and may
have except CEF effect also a different origin.
We suppose that apart from CEF, the contribution
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Fig. 4. Magnetization of UCoysSb, as a function of applied magnetic
field.
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Fig. 5. Magnetization of UCoqsSb; as a function of temperature.
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Fig. 6. Reciprocal magnetic susceptibility vs. temperature for
UCOQ_sSbQ.

from an anisotropic hybridization between the 5f-
electrons and electrons of ligands plays here an equally
important role.
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4. Conclusions

We have successfully grown good quality single
crystals of the Co-containing uranium diantimonide
UCoy5Sb, by means of the antimony flux technique.
This compound crystallizes in the same crystal structure
as the other UT'Sb, do, i.e., in the tetragonal HfCuSi,-
type. The refinements of the occupancy parameters and
EDX analysis indicated a substantial deficiency on the
cobalt sites suggesting UCog sSb, composition. We have
shown that this compound orders ferromagnetically
below 65K and exhibits a high magnetocrystalline
anisotropy with the c-axis as the easy magnetization
direction. The giant magnetocrystalline anisotropy
observed in UCo(sSb, is supposed to originate not
only from the CEF effect but very likely also from an
anisotropic 5f-ligand hybridization effect.
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