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The new ternary compounds U, Cos;Ge and UgCo1,Ge4 have been discovered during the investigation of
the U-Co-Ge system. The Laves phase, U,CosGe crystallizes in the hexagonal Mg,CusSi type structure
(P63/mmc) with the lattice parameters a=5.203(1)Aand c=7.687(1) A. UsCo,2Ge4 and its carbon-inserted
derivative UgCo12Ge4C, crystallize, at room temperature in cubic unit cells, which derive from the CasAgg
type structure (Im3m space group) with the lattice parameter a=8.690(1)A and a=8.740(1)A, respec-
tively. An interesting feature of their crystal structure is the formation of [U6] octahedra, which can be
either empty or occupied by light elements such as O, N, or C. Measurements of the physical properties
revealed that U,Cos;Ge and UgCo1,Gey are Pauli paramagnets with metallic character of their electri-
cal conductivity. In turn, UsCo;,Ge4C showed Curie-Weiss paramagnetism with an effective magnetic
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moment of 2.3(1)up per U atom.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Intermetallic binary phases containing uranium and an iron-
triad metal (T =Fe, Co, Ni) show various magnetic behaviors ranging
from weak paramagnetism to hard ferromagnetism. Some of
them exhibit interesting electrical transport properties, such as
low-temperature superconductivity discovered in the UgT binary
compounds [1]. In turn, binary uranium germanides form an inter-
esting series of compounds with unique properties, as exemplified
by the coexistence of ferromagnetism and superconductivity under
moderate pressure in UGe; [2]. The occurrence of unconventional
superconductivity has also been observed in the family of ternary
germanides, U-T-Ge, (T =Fe, Co, Ni) with the best example being
the ferromagnetic heavy-fermion superconductor UCoGe [3].

In the course of our systematic investigations of the influence
of d-electrons on the physical properties of the U-T-Ge phases
[4,5],including also the identification of new compounds, a detailed
study on the U-Co-Ge system has been undertaken [6]. Up to now,
eight ternary intermetallic phases have been reported in the litera-
ture, namely UCoGe [7], UCo,Ge; [8], UCogGeg [9], U3Co,Ge7 [10],
U3sCosGe7 [11], UyCoq7-Gey (1.3 <y <3)[12], and the newly char-
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acterized intermediate compounds, U3Co13_xGey (0 <x<2) [13]
and UCos_,Geyx (0.2 <x <0.4) [14]. Recently, we have identified two
novel ternaries U,Co3Ge and UgCoq,_,Gey, which adopt a ternary
ordered variant of the MgZn, Laves phase [15] (Mg,CusSi-type
structure [16]) and a ternary derivative of the CasAgg structure
[17] (Ce3NigSiy-type [18]), respectively. In the present paper we
describe the crystallographic structures of both compounds, as well
as that of the carbon-inserted derivative of UgCo1,Ge4 compound,
i.e., UgCo1,GeyC. Moreover, we report on the magnetic and electri-
cal properties of these phases.

2. Experimental details

Starting materials for the syntheses were uranium turnings, cobalt, germanium
and carbon pieces (all purities above 99.9%). Calculated amounts of the compo-
nents were melted in an arc-furnace under residual argon atmosphere. In order to
ensure good homogeneity, the buttons were turned over and remelted. To promote
homogenization and crystallization, various heat-treatments were performed. Sam-
ples were annealed at 973 K for 3 weeks in sealed silica tubes, followed by quenching
down to room temperature or heat-treated in a high frequency furnace under resid-
ual atmosphere of argon, up to 1523 K, followed by slow cooling (0.5 K/min) down
to 1083 K, temperature at which the power was turned off.

All samples were examined by means of powder X-ray diffraction (XRD) and
scanning electron microscopy coupled with energy-dispersive spectroscopy (SEM-
EDS). A piece of each sample was embedded in epoxy resin and polished using SiC
paper and diamond paste down to 1 wm. The compositional contrast among the
various phases was revealed by means of a backscattered electron detector. The
semi-quantitative analyses for elements with an atomic number greater than eleven
were corrected through the use of external standards of stoichiometric compounds
suchasUGe;, UCo and U3 Co,Ge7. The precision of these measurements is considered
to be about 1 at.% for U, Co and Ge.
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The crystal structure of U, Co; Ge was investigated by powder XRD using a Bruker
AXS D8 Advance (6-26 Bragg-Brentano geometry) diffractometer working with
monochromatized Cu Ko radiation (A =1.5406A) and equipped with a LynxEye
detector. The experiments were performed within the 10-135° 26 data range with
20 steps of 0.008° and counting time of 1.4s per step, each step being measured
180 times. The diffraction data were analyzed using the Rietveld profile refinement
method [19] implemented in the FULLPROF program [20].

Small single crystals of UsCo12Ges and UgCo12Ge4C, suitable for crystal struc-
ture determination, were picked up from the heat-treated samples. The diffraction
intensities were collected at room temperature on a Nonius Kappa CCD four circle
diffractometer working with Mo Ka radiation (1 =0.71073 A). The integration and
reduction of redundant reflections of the different data sets as well as the cell refine-
ments were performed using EvalCCD [21]. Semi-empirical absorption corrections
were made with the use of the Multiscan software [22]. Structural models were
determined by direct methods using SIR-97 [23]. All the structure refinements and
Fourier syntheses were made with the help of SHELXL-97 [24]. The atomic positions
have been standardized using STRUCTURE TIDY [25].

DC magnetic measurements were carried out using a Quantum Design MPMS-5
SQUID magnetometer. The data were collected in the 2-350K temperature range
with applied magnetic fields up to 5T. The electrical resistivity was measured over
the 4.2-300 K temperature interval employing a standard DC four-point technique.

3. Results
3.1. Phase formation

The existence of the new compounds UgCo15,Ge4 and U,Co3Ge
was revealed in the course of the systematic investigation of the
U-Co-Ge ternary phase diagram. SEM observations coupled with
EDS analysis of annealed samples with initial compositions in the
vicinity of U3Coq,Ge4 and UCo,gGeg4 revealed secondary prod-
ucts having elemental compositions U:Co:Ge of 28(1):54(1):18(1)
and 34(1):49(1):17(1). The corresponding powder XRD patterns
showed the presence of diffraction peaks that could not be indexed
with the structure-types of known U-Co binary or U-Co-Ge ternary
phases. As a result of several other attempts, it was found that
UgCo12Gey could be described assuming the CazAgg-type unit
cell (space group Im3m) and the lattice parameter a=8.69(1)A),
whereas U, Co3Ge could be indexed with the MgZn,-type structure
(space group P63/mmc) with the lattice parameters a=5.20(1)A,
c=7.69(1)A.

It should be emphasized that the two novel compounds were
hardly present in the arc-melted ingots with nominal compositions
of U,Co3Ge and UgCo1,Gey4 but appeared as majority phases upon
long-term annealing these buttons at 973 K. Methodical chemi-
cal analyses of several samples prepared in order to establish the
phase equilibria did not reveal any homogeneity domain in neither
of the two materials, hence suggesting that they are well-defined
compounds.

3.2. Crystal structure refinements and descriptions

3.2.1. UgCoq2Gey and UgCoq2GeyC

Single crystal of UgCoi,Gey (labelled “A” in the following)
was selected from a melted button with the nominal composi-
tion U:Co:Ge of 25:62:13, annealed in a high frequency furnace,
as described in the previous chapter. The Bragg reflections were
indexed with a body-centred cubic unit cell with the lattice param-
eter at room temperature, a=_8.736(2) A. The crystal structure was
solved by direct methods in the space group Im3m (no. 229) with
one U, one Co and one Ge atoms located on the 12e, 24h and 8c
Wyckoff positions, respectively. Difference Fourier maps revealed
substantial electron densities of about 19.2 electrons per A3 on the
2a (0, 0, 0) position, which corresponds to a vacancy inside the
octahedron formed by the uranium atoms. This positive peak in
the Fourier map, correlated with the uranium atom-void distance
0f 2.438(1) A, features the presence of light elements such as C, N or
0, which are commonly observed as contaminants. In this context
it is worth noting that the lattice parameter a determined for the

UgCo1,Gey sample annealed at 1573 K was significantly larger than
that revealed for the specimen heat-treated in silica tube at 973K
(a=8.74(1)Aversus a=8.69(1) A). The observed enlargement of the
unit cell can be rationalized by solubilisation of light element in the
structure during crystal growth process at elevated temperatures.

Subsequent refinements with the appropriate light elements
selectively included on the 2a site yielded the occupancy of
0.70 for oxygen, 0.94 for nitrogen and 1.17 for carbon atoms,
while the final Fourier maps were featureless in each case.
These results and the comparison with the typical interatomic
distances, d(U-0)=2.367A in UO,, d(U-N)=2.440A in UN and
d(U-C)=2.475 A in UC [26], points to a probable insertion of nitro-
gen atoms inside the uranium octahedra. However, based on the
crystallographic investigation only, the exact nature of the inserted
element cannot be properly ascribed, as it has already been noticed
for U3N16G€2X [27]

To characterize more precisely the role of contaminants on the
phase formation and the crystallographic relations in UgCoq,Gey,
additional syntheses were carried out with intentionally added car-
bon in various amounts. Another single crystal (labelled “B” in the
following) was extracted from a sample with the nominal compo-
sition U:Co:Ge:C of 25:50:17:8 that was annealed in a silica tube at
973 K for three weeks. Refinement of the collected X-ray data indi-
cated a cubic structure with the lattice parameter a=8.740(1)A, in
which the non-equivalent atoms, U, Co, Ge and C are located at the
12e, 24h, 8c and 2a Wyckoff positions, respectively. All the crystal-
lographic sites were found fully occupied and the final difference
Fourier map was featureless. For the quaternary compound, its right
chemical formula, which requires integer numbers for elements is
UgCo1,Ge4C. Hence, to keep consistency in the relations between
the host structure and the carbon inserted derivative, the chemi-
cal formula of the ternary compound appears better described as
UgCo12Gey formula (Z=2) instead of the commonly reported for-
mula for compounds adopting the CazAgg type (Z=4) [17].

The powder XRD pattern of the U:Co:Ge:C of 25:50:17:8 sam-
ple revealed a single phase character of this material. The refined
lattice parameter a=8.724(1) A is close to that obtained for the sin-
gle crystal “B”. In contrast, the XRD pattern of a quaternary sample
with the nominal composition U:Co:Ge:C of 27:54:18:1 (i.e. sub-
stoichiomety in elemental carbon) presents clear splitting of all the
diffraction peaks which is the signature of two cubic phases with
the space goup Im3m, suggesting the presence of a UgCo12,Ge4C
carbon-rich phase (a=8.729(1)A) and C free UgCo1,Ge4 phase
(a=8.689(1)) (Fig. 1).

The performed experiments yielded the following conclusions:
(i) the ternary compound UgCoq,Ge4 with the lattice parameter
a=28.690(1) A coexists at the same thermodynamic conditions with
quaternary phases U-Co-Ge-X (X=0, N, C) having the unit cell
parameter about a=8.736(1) A, (ii) insertion of C atoms in the [U6]
octahedral cages provokes an enlargement of the unit-cell volume
of about 1.5% as it was already observed in the case of UgFe;5Siy
and UgFe 5Si;C compounds [28] and (iii) the addition of X atom
seems to ensure a better crystallization of the samples, but is not
necessary to stabilize the ternary phase, as already noticed in ref
[28].

The relevant crystallographic data and some details on the
refinements performed for the single crystals “A” and “B”, are gath-
eredin Table 1. The atomic coordinates and the selected interatomic
distances in UgCo1,Ge4C are listed in Table 2 and Table 3, respec-
tively.

Fig. 2 displays a perspective view of the crystal structure of
UgCo12GeyC, which can be described as being built up from reg-
ular [U6] octahedra containing one carbon atom and surrounded
by [Ge8] cubes and [Co12] cuboctahedra. The [U6] octahedra lay
on nodes of the body-centred cubic lattice and are separated by
the U-U distances of 3.865(1) A, which are slightly larger than the
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Table 1
Single crystal X-ray diffraction data and structure refinement results for UgCo12GesXo.04, X=N and UgCo1,GesC.
Label A B
Crystallographic formula UgCo12GeyqXpo4 With X=N UgCo12GeyCq
Molecular weight (g mol~1) 2438.9 2437.7
Crystal system, space group Cubic, Im3m (no. 229) Cubic, Im3m (no. 229)
Lattice parameters (A) a=8.736(5)A a=8.740(1)A
Volume (A3) 666.7 667.7
Z, Calculated density (gcm—3) 2/12.149 2/12.124
Absorption coefficient (mm~1) 95.831 95.697
Crystal size (mm?) 0.032 x 0.024 x 0.017 0.013x0.011 x 0.011
Crystal colour Black Black
6 range (°) 0.998-41.94 0.998-45.294
-16<h<14 -17<h<17
hklrange -13<k<16 -17<k<16
-13<I<16 -11<l<17
Collected/unique reflections 10724/266 10306/308
Absorption correction Semi-empirical (MULTISCAN) Semi-empirical (MULTISCAN)
R(int) 0.1069 0.1666
Refined parameters 13 12
G.O.F 1.159 1.069
WRy [I>20(1)] 0.0508 0.0881
Ry [I>20(1)] 0.0333 0.0416
Extinction coefficient 0.00084(8) 0.0009(2)
Residual peaks (e A-3) 2.403/-2.534 —4.868/5.535
140000 : - - - ; - - - - Table 3
E UE‘CODGQC ([), a=8729A E Selected interatomic distances in UsCo1,Ge4C (in Angstrom (A).
120000 U,Co,,Ge, (II), a = 8.689A d UsCo12GesC
- Secondary phase U,Co,Ge R U 1c 2.438(1)
100000 |- ] 4 Co 2.704(1)
" r 1 4Co 3.088(1)
:g r 1 4Ge 3.099(1)
S 80000 . 4U 3.447(1)
3 - ] 1U 3.865(1)
§ oo - ? E Co 2Ge 2.491(1)
X [ m 1 4 Co 2.539(1)
G N ] 2 Co 2.675(2)
4000 J{1{ 2U 2.704(1)
B 1'\:-4 2U 3.088(1)
M0 2 ' Ge 6 Co 2.491(1)
E 6U 3.099(1)
030 35 S s C 6U 2.436(1)
20 (9

Fig. 1. XRD pattern of a sample with nominal composition UgCo1,GesCo ;. The
splitted diffraction peaks were indexed with two different lattice parameters:
a=8.729(1) A for UsCo1,Ge4C (1) and a=8.689(1) A for UgCo1,Gey (I1). The impurity
lines are due to U,CosGe.

U-U distances of 3.447(1)A within the [U6] motifs. Remarkably,
the distance between the U and Co atoms, d(U-Co)=2.704(1)A, is
shorter than the sum of the metallic radii of the corresponding ele-
ments (ry + o = 2.812 A) [29]. This short distance manifests strong
hybridization between the 5f and 3d wave-functions, as observed
for example in the binary phase UCo, where d(U-Co)=2.645 A [30].

3.2.2. UyCo3Ge
Due to the lack of single crystals of sufficient quality, the struc-
tural investigation of U, Co3Ge was performed on powder XRD data.

Table 2
Standardized atomic coordinates and isotropic displacement parameters for
U5C012G64C.

Atom Wyck. X y z Ueq (A%)
U 12e 0.2788(1) 0 0 0.0053(2)
Co 24h 0 03469(1) 0.3469(1) 0.0065(3)
Ge 8¢ 1/4 1/4 1/4 0.0059(3)
C 2a 0 0 0 0.008(6)

Fig. 2. Perspective view of the crystal structure of UgCo1,GesC.
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Table 4
Powder X-ray diffraction data and Rietveld refinement results for U,CosGe.

Formula U,CosGe

Molecular weight (g mol~!) 725.44

Crystal system, space group Hexagonal, P63 /mmc (no. 194)

Lattice parameters (A) a=5.203(1)A
c=7.687(1)A

Volume (A3) 180.24(1)

Z, Density calculated (gcm—3) 2/13.370

Absorption coefficient (mm~") 110.989

260 Range (°) 10-130.532

26 Step (°) 0.008

Counting time per step (s) 1.4 (x180)

Number of observed reflections 81

Number of refined parameters 21

Profile function Pseudo-Voigt/n=1.0814
Rp=25.3
Rwp=16.3

Reliability factors x>=171
R =4.60
Rp=4.58

Most of the observed diffraction peaks were indexed in the hexag-
onal space group P63/mmc (no. 194) with the lattice parameters
a=5.203(1)A and c=7.687(1)A. This finding pointed to a possible
crystal structure of the Mg,CusSi type [16], that was previously
established for the similar Fe-containing compound U,Fe3Ge [31].
After fitting of the background line (using selected points), profile
of the diffraction peaks and lattice parameters, Rietveld refinement
started by introducing the structural model of U, Fe3Ge. Noticeable
diffraction peaks of UgCo1,Ge4 were observed, the latter compound
was taken into account as a secondary phase. The micro-absorption
correction parameters were refined to get physically reasonable
values of the atomic displacement parameters [32]. The relevant
experimental data are presented in Table 4 together with the main
results of the refinements. Fig. 3 depicts a comparison between
the observed and calculated powder patterns and difference curve
of the Rietveld refinement. The positional parameters are listed in
Table 5, while a selection of the interatomic distances is given in
Table 6.

4000 ——r—r—r+—rr-rrrrrrrrrrrr 7 T T TTTT
12000 UCo,Ge,, A = 1.5406 A
10000
8000

6000

4000

Inftensity (arb. units)

2000

TN T T I T Y I O I A

1 2 30 4 50 6 70 8 S0 10 110 120 130
26 (9

Fig. 3. Rietveld profile of U,CosGe. The red (black, in print version) symbols repre-
sent the experimental data and the black (grey, in print version) line is the calculated
result. The upper vertical ticks correspond to the Bragg positions in the P63;/mmc
space group of U,CosGe, the lower ticks denote the positions of the reflections due
to the UgCo12Ge4 impurity phase. The bottom blue (black, in print version) profile
gives the difference between the observed and calculated data. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of the article.)

Table 5
Standardized atomic coordinates and isotropic displacement parameters for
U2C03GE.

Atom Wyck. X y z Biso (A2)
U 4f 1/3 2/3 0.4275(1) 0.39(3)
Co 6h 0.8287(4) 0.6575(1) 1/4 0.40(5)
Ge 2a 0 1] 0 0.74(7)
Table 6
Selected interatomic distances in U,CosGe (in Angstrom (A).
U2C03G€
0] 1U 2.728(1)
3Co 2.878(1)
6 Co 2.938(2)
3Ge 3.055(1)
3U 3.203(1)
Co 2 Ge 2.465(1)
2Co 2.530(2)
2 Co 2.673(3)
2U 2.878(1)
4U 2.938(2)
Ge 6 Co 2.465(1)
6U 3.055(1)

The three non-equivalent atoms, one U, one Co and one Ge are
located on 4f, 6h, 2c Wyckoff positions of the P65 /mmc space group,
respectively. The shortest U-U interatomic distance of 2.728(1)A
is much smaller than the sum of the metallic radii of the ele-
ment (ry+ry=3.12A [29]). Similarly short U-U distances have
been observed in the binaries UCo (d(U-U)=2.645A) and UgCo
(d(U-U)=2.693 A) [30], as well as in the isostructural compound
U2FE3GE [31 ]

The crystal structure of U,Co3Ge is shown in Fig. 4. It can be
described as a stacking of two kinds of layers along the c-axis. The
non-planar U-Ge layer is composed of a network of the U atoms
forming “chair”-like configuration of the [Ug] hexagons centred by
a Ge-atom. The second layer is composed of the Co atoms forming
a planar Kagome network.

4. Magnetic and electrical properties

The temperature dependencies of the molar magnetic suscepti-
bility x(T) of UgCo12Ge4, UgCo12Ge4C and U, CosGe are presented
in Fig. 5(a). The two ternary compounds show Pauli paramagnetic
behavior with their temperature independent magnetic suscep-
tibility of about 2 x 103 emumoly~!. Similar magnitude of the
susceptibility was reported for the binaries UCo [33] and UCoq gg1
[34] and the ternaries UCo;Geg4 [14] and U3Coqy_xGey [13],
which also behave as Pauli paramagnets. Remarkably, in all these
phases the ratio of the number of Co atoms over the total number
of atoms is between 1/2 and 2/3.

At room temperature, the molar magnetic susceptibility of
UgCo1,Ge4Cis about 6.8 x 10~3 emu moly 1, i.e. roughly four times
that measured for UgCoq,Gey. With decreasing temperature the
magnetic susceptibility of this compound considerably increases
and can be described by the modified Curie-Weiss law

2

_ 1 Hegr
Xx(T)= X0+ 8T 0p

where (¢ is the effective magnetic moment, 6p is the para-
magnetic Curie-Weiss temperature, and xo is a sum of the
temperature-independent contributions. The least squares fit
of this equation to the experimental data yielded the val-
ues: xo=0.0051(1)emumoly~!, per=2.3(1)ug per U atom, and
0p =—73(5)K. Similarly reduced effective paramagnetic moments
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Fig. 4. Projection of the crystal structure of U,Co3Ge onto the (a,c) plane and view of the different composing layers perpendicular to the c-axis.
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Fig. 5. (a) Temperature dependencies of the molar magnetic susceptibility of U,Cos;Ge, UsCo12Ge4 and UgCo12GesC measured in a field of 0.5 T. The solid line represents the
modified Curie-Weiss law fit to the experimental data of UgCo12Ge4C. (b) Magnetic field variations of the magnetization in U,Co3Ge, UgCo12Ge4 and UgCo12Ge4C taken at

2 K with increasing (open symbols) and decreasing (full symbols) field.

(in respect to the free U3* or U** ion values) were observed for
numerous U-based compounds, such as U3Co,Ge [10], U3CosGe;
[11], U6F616517C [28], U1.2Fe4Si9 [35] or U3Pt23Si11 [36] In all
these systems the U-5f electronic states are believed to have an

300 |
a
L2
2004 (b)
£
o
o]
=]
a
1007 (a) U,Co, Ge,
2 (b) UZCuaGe
- T T T T T
0 50 100 150 200 250 300

Temperature (K)

Fig. 6. Temperature dependencies of the electrical resistivity of UsCo12Ges and
U,CosGe.

intermediate character between localized and delocalized models.
Apparently, unlike the purely itinerant behavior of the 5f elec-
trons in UgCoq,Gey, some degree of localization is observed in
UgCo12Gey4C, i.e. upon insertion of carbon atoms into the octahedral
voids of the cubic unit cell.

The magnetization isotherms of UgCo1,Gey, UgCo12GesC and
U,Co3Ge, measured at 2 K, are linear and fully reversible when mea-
sured with increasing and decreasing magnetic field (see Fig. 5(b)).
Such a behavior of M(H) is entirely in line with the paramagnetic
character of the studied compounds.

The temperature variations of the electrical resistivity of
UgCo1,Ge4 and U, Co3Ge are shown in Fig. 6. Both materials exhibit
a metallic character of the electronic transport. The bending over
the p(T) dependencies likely signals some contribution to the
carriers scattering due to spin fluctuations [37,38], as previously
reported for example for U3Coqy_,Geq [13].

5. Conclusions
Two novel ternary compounds UgCo1,Ge4 and U,Co3Ge have

been discovered and their crystal structures determined. The Laves
phases U,CosGe crystallizes in the hexagonal Mg, CusSi structure
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type (space group P63/mmc), which is an ordered variant of the
MgZn, type. In turn, UgCo1,Ge4 adopts the cubic Ce3NigSi; unit cell
(space group Im3m)which s a ternary ordered variant of the Ca;Agg
type. The crystal structure of the latter compound comprises [U6]
octahedra, which can be accommodated by light elements such
as C, N, or O. The intentional insertion of carbon atoms yields an
enlargement of the unit cell with the lattice parameter chang-
ing from a=8.689A in UgCo1,Ges to a=8.740A in UgCo,GeyC.
Remarkably, phase equilibrium between both the ternary and qua-
ternary compounds occurs at the same thermodynamic conditions.
Magnetic measurements revealed that U, Co3Ge and UgCo,Ge4 are
Pauli paramagnets. Both compounds exhibit metallic conductivity
with significant contribution due to spin fluctuations. Interest-
ingly, insertion of carbon into the unit cell of UgCo1,Ge4 promotes
some localization of the 5f electrons, which manifests itself as
modified Curie-Weiss character of the magnetic susceptibility of
UgCoq12GeyC.
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