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Abstract

A single crystal study of GdCuGe revealed full copper—germanium ordering: NdPtSb type, space group P6smc, a = 423.2(1),
¢ = 753.7(2) pm, wR, = 0.0443, 414 F* values and 10 variables. The copper and germanium atoms build up two-dimensional networks of
ordered [CuzGes] hexagons with Cu—Ge distances of 244 pm. Consecutive [Cu;Ges] layers are rotated by 60° around the perpendicular c-
axis with respect to each other. The [Cu;Ge;] hexagons show a weak puckering. Heat capacity measurements on the polycrystalline
sample of GdCuGe establishes antiferromagnetic ordering around 14 K in agreement with reports in the literature. The curves of heat
capacity measured in different applied fields crosses each other at two well-defined points exhibiting a behavior usually associated with
heavy fermion compounds. The results of the structural analysis and heat capacity measurements are discussed in the light of these

interesting observations for a gadolinium intermetallic.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Ternary equiatomic intermetallics RETX, where RE-
rare earth element, 7 = transition metal and X = element
of the 3rd, 4th or 5th main group, are being extensively
studied as they exhibit anomalous physical and magnetic
properties. Overviews on the crystal chemistry and out-
standing properties of these materials can be found in
various review articles [1-4, and ref. cited therein]. Among
the ternary rare-earth intermetallics, the ones with gado-
linium (with deeply localized f orbitals) have been found to
exhibit a large variety of magnetic and physical phenom-
ena, such as ferromagnetic ordering, antiferromagnetism,
negative magnetoresistance, large magnetocaloric effect,
etc. [5-10]. Several gadolinium intermetallics, such as
Gd,PdSi; or Gd,CuGes exhibit a resistivity minimum
before the ordering temperature as seen in Kondo lattices,
however without signatures of any Kondo-type interac-
tions [11]. Another unusual behavior, which motivated
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systematic investigations on the physical properties of
gadolinium intermetallics has been the observation of
heavy-fermion-like heat-capacity anomalies [9]. Several
gadolinium intermetallics, crystallizing with hexagonal
structures of the type AlB,, ZrNiAl, MgZn,, etc. exhibit
interesting electrical and magnetic properties [1,12,13].
Therefore, in order to have a better understanding of such
unusual behavior of gadolinium intermetallics, there is an
urgent need to explore new gadolinium intermetallic
systems to have a broader experimental evidence for
proper theoretical approach in this direction.

The equiatomic germanide GdCuGe [14] is known to
order antiferromagnetically with a Neéel temperature of
17K [1,15-18]. '*°Gd Méossbauer spectroscopic measure-
ments also establish the magnetic transition around 17K
[19]. In all previous studies [16,19], the AIB, structure
with a statistical distribution of copper and germanium on
the boron network was assumed on the basis of X-ray
powder diffraction. Herein we report a single crystal study
and confirm the copper—germanium ordering. Further-
more, we report on the unusual heat capacity behavior of
GdCuGe.
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2. Experimental

Starting materials for the synthesis of the GdCuGe
sample were gadolinium ingots (Johnson Matthey), copper
wire (Johnson Matthey, ¢J1 mm), and germanium lumps
(Wacker), all with stated purities better than 99.9%.
GdCuGe was prepared by arc-melting [20]. In a first step,
small gadolinium pieces were arc-melted to buttons under
argon (600 mbar). The argon was purified over titanium
sponge (900 K), silica gel and molecular sieves. This pre-
melting procedure strongly reduces a shattering during the
strongly exothermic reactions with copper and germanium.
The gadolinium button was then reacted with pieces of the
copper wire and the germanium lump in the ideal 1:1:1
atomic ratio in the arc-melting crucible. The resulting
button was remelted three times to ensure homogeneity.
The total weight loss after the arc-melting procedures was
less than 0.5%.

The purity of the sample was checked through a Guinier
powder pattern using CuKo, radiation and o-quartz
(a =491.30, ¢ = 540.46 pm) as an internal standard. The
Guinier camera was equipped with an image plate system
(Fujifilm BAS-1800). The correct indexing of the pattern
was facilitated by an intensity calculation [21] using the
atomic parameters obtained from the structure refinement.
The hexagonal lattice parameters (Table 1) were obtained
by least-squares fit of the Guinier data. Our powder data
compare well with the subcell data reported by Iandelli
(a =424.1, c = 375.5pm) [16] and Mulder et al. (a = 423.8,
¢ = 376.0 pm) [19]. No superstructure reflections indicating
a doubling of the ¢ parameter were observed on the powder
patterns.

Table 1
Crystal data and structure refinement for GdCuGe (NdPtSb type, space
group P6smc, Z = 2)

GdCuGe
293.38 g/mol
a=4232(1)pm
¢ =753.7(2) pm

Empirical formula
Molar mass

Unit cell dimensions
(Guinier data)

V =0.1169 nm?
Calculated density 8.34 g/em’
Crystal size 45 x 45 x 65 pm>
Transm. ratio (max,/min) 0.577/0.355
Absorption coefficient 49 4mm™!
F(000) 250
0 range 5-45°
Range in hkl +8, +8, +14
Total no. reflections 3592

Independent reflections 414 (Rin = 0.0538)
Reflections with 7> 2a(1) 301 (Rsigma = 0.0199)

Data /parameters 414/10

Goodness-of-fit on F> 1.147

Final R indices [I>2a(])] Ry =0.0211; wR, = 0.0405
R indices (all data) R; =0.0318; wRy, = 0.0443
Flack parameter 0.25(13)

Extinction coefficient 0.011(1)

Largest diff. peak and hole 4.89 and —0.97 e/f\3

Irregularly shaped single crystals of GdCuGe were
obtained from the arc-melted sample by mechanical
fragmentation. These crystals were first checked by Laue
photographs on a Buerger precession camera (equipped
with an image plate system, Fujifilm, BAS-1800) in order to
establish their suitability for intensity data collection.
Single crystal intensity data were collected at room
temperature by use of a four-circle diffractometer
(CAD4) with graphite monochromatized Mo-Ka
(71.073 pm) radiation and a scintillation counter with pulse
height discrimination. Scans were taken in the w/20 mode.
An empirical absorption correction was applied on the
basis of ¥-scan data, followed by a spherical absorption
correction. All relevant crystallographic data for the data
collection and evaluation are listed in Table 1.

Although the X-ray powder data gave no hint for a
doubling of the c-axis, the single crystal clearly showed
these superstructure reflections. We have then collected
intensity data for the doubled cell. The data set revealed 60
superstructure reflections with 7> 2qg(/). The seven stron-
gest superstructure reflections (Miller index, F* value,
standard uncertainty in parentheses) are: 015, 50.5(5.4);
027, 49.5(6.9); 017, 41.3(6.2); 0135, 40.6(5.4); 135,
35.8(4.9); 137, 31.0(5.5), and 01 3, 30.7(4.7).

Doubling of the c-axis for such an AlB,-related subcell
can result in the ordering variants of the ZrBeSi type (space
group P63/mmc with ordered, planar hexagons), the
NdPtSb type (space group P6smc), or the ScAuSi type
(space group P6; m2) [3]. Considering the results of the
neutron diffraction on the terbium, dysprosium, holmium,
and erbium compound, the ordering variant of the NdPtSb
type [22] is most probable. We have then fixed the
gadolinium site to 000 and the copper and germanium
atoms were slightly shifted from the mirror planes at z = 1/
4 and 3/4 in the staring least-squares cycles. The refinement
with SHELXL-97 (full-matrix least-squares on F>) [23]
with anisotropic atomic displacement parameters for all
atoms fully confirmed the NdPtSb-type ordering and
smoothly converged to the residuals listed in Table 1.
Since the displacements of the copper (12¢0) and germa-
nium (40) atoms from the mirror planes are only small, the
structure was also refined in the higher symmetry space
group P6;/mmc. These refinements, however, revealed
extreme Uszz values for these positions, this was also
observed for the subcell refinement in P6/mmm, and
consequently, the NdPtSb type ordering in space group
P63mc 1s the correct one. Although the powder patterns
and the EDX data (see below) gave no hint for
inhomogeneity, it might be possible that for some crystals
of the sample a smaller degree of puckering might occur
and those crystals might be better described with the
ZrBeSi type.

Refinement of the correct absolute structure was ensured
through refinement of the Flack parameter [24,25]
(Table 1). A final difference electron-density synthesis
was flat and did not reveal any significant residual peaks.
The highest residual density was close to the gadolinium
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