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Abstract

Two non-stoichiometric Gd compounds, GdCus_,Tr, (Tr = Al, Ga) have been synthesized from the corresponding elements by high
temperature reactions in sealed tantalum containers. They crystallize in the hexagonal CaCus-type (Pearson’s symbol hP6, space group
P6/mmm, No. 191) with lattice parameters determined from single-crystal X-ray diffraction at room temperature as follows:
a=50831(10)A; ¢=4.156(2) A for GdCus oAl gauy, and a = 5.1025(10)A; ¢ =4.1552) A for GdCusoyGay. i), respectively.
Structure refinements from single crystal X-ray diffraction data reveal that substitution of Cu for Al or Ga takes place preferably on one
of the two transition metal sites with site symmetry mmm (3g). Both compounds order antiferromagnetically below ~40 K and ~36 K,
respectively, as determined from temperature dependent dc-magnetization, resistivity and heat-capacity measurements.
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1. Introduction

Binary Co-, Ni-, and Cu-rich rare-earth intermetallics
have been extensively studied during the past 20-30 years
due to their technologically important magnetic and
hydrogen adsorption properties [1-3]. The steady interest
in these materials has resulted in many papers, books and
review articles, and the number of publications continues
growing. Of particular appeal to us have been the (RE)Cuy
binaries crystallizing with the orthorhombic CeCug struc-
ture [4], as well as their ternary derivatives (RE)Cu¢_.. M,
(RE = Rare Farth, M = Ag, Au, In), and the rich
correlated-electron phenomenology they exhibit [5-8]. Very
recently, other interesting physical properties, like geome-
trical frustration and first order valence transition were
discovered in related (RE)CuyTr systems (7r = Al, Ga, In),
which are substitution variants of (RE)Cus with the face-
centered cubic AuBes type [9—13]. Systematic experimental
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work on (RE)Cu,Tr showed that compounds with the early
rare-earth metals (La—Sm) adopt the hexagonal CaCus
structure, whereas the compounds with late rare-earths
(Ho-Lu) adopt the AuBes structure [9]. With the mid-to-
late rare-earths, largely depending on the experimental
conditions, (RE)CusTr compounds crystallize with either
of the two possible structures. This confirms the trend that
is well-established for the parent (RE)Cus compounds [14].

With this paper, we report on the synthesis, structural
characterization and the properties of two non-stoichio-
metric GdCU3A98(4)A11A02(4) and GdCu39(1)Ga1A1(1) (fOI'
simplicity GdCu4Al and GdCuyGa hereafter) ternary
phases with the CaCus structure [4]. The results presented
herein confirm that substitution of Al and Ga for Cu
causes significant changes in the magnetic and electrical
properties compared to GdCus. However, in contrast with
previous structural work [9,15,16], our refinements of the
structure of GdCuyAl from single-crystal X-ray diffraction
data indicate that the Cu—Al substitutions occur on only
one of the two Cu sites. These results support the Reitveld
analyses on the related heavy electron compounds
Ce(Cu,Al;_,)s and Ce(Cu,Ga;_,)s [17].
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2. Experimental
2.1. Synthesis

All manipulations of the pure elements were performed
in an inert atmosphere or under vacuum. The starting
materials Gd (Ames), Cu (Alfa), Al or Ga (Alfa-
Puratronic), all with purity greater than 99.99% were used
as received. Mixtures of these with the desired stoichio-
metric ratio of 1:4:1 were loaded in tantalum tubes, which
were subsequently welded under argon atmosphere. The
welded Ta-containers were then placed in fused silica
ampoules, which were evacuated and flame-sealed. Reac-
tions were carried out in a Lindberg muffle furnace at
1150 °C for 4 h, followed by cooling to 800 °C at a rate of
—2°C/h. At 800°C the samples were removed from the
furnace and allowed to cool to room temperature. The
reaction outcome consisted of irregularly shaped crystals of
golden color and up to a few millimetres in diameter. The
crystals appear stable in air and moisture over periods of
time greater than 6 months.

2.2. X-ray diffraction studies

X-ray powder diffraction patterns were taken on a
Scintag XDS 2000 with monochromated CuKo radiation
(4 =1.5406 A). Powdered specimens were then placed on
rotating sample holders, and powder X-ray diffraction data
were taken up to a 20 limit of 80°. The collected data were
used for phase identification, which was done using the
JADE 6.5 package [18]. All lines in the diffraction patterns
could be indexed on basis of hexagonal cell with cell
parameters ca. 5.1 x4.15 A, suggesting 95% + phase
purity.

To check and unequivocally establish the structure type
and to verify the site occupancies for GdCuyAl and
GdCuyGa, single crystals from both reactions were selected
and mounted on the top of glass fibers (irregularly shaped,
0.05x0.04 x 0.03mm for GdCuyAl, and 0.02 x 0.01 x
0.01 mm for GdCu,sGa, respectively). Intensity data were
collected on a Bruker SMART CCD single-crystal
diffractometer with monochromated MoKuo radiation at
room temperature (0.4° w scans, 20,,,x = 58°, full spheres).
Data collections were done using the SMART software
[19], and data reduction and integration was carried out
with the aid of the SAINT package [20]. Semi-empirical
absorption correction was applied based on SADABS [21].
CaCus structure type was adopted as the structure model
[9], and the structures were refined on F> with the aid of
SHELXTL [22]. The refinements showed no indications
that Gd in either structure is partially occupied. However,
in the case of GdCu4Al, when the Cul and Cu2 site
occupancies were allowed to vary individually, deviations
greater than 100 were observed for Cu2, while the Cul site
refined as full within 3¢. Therefore, in the final refinement
cycles for GdCu,Al, all occupation factors were kept at
100% with the Cu2 site (M2 hereafter) modeled as a

statistical mixture of Cu and Al, which was refined as Cu/
Al = 66.1(12)/33.9(12).

For GdCu,Ga, because of the similar scattering factors
of Cu and Ga, such analysis was not possible. Elemental
analysis (below) on crystals from this batch confirmed the
sample composition GdCu;gyGa, j(1), which is virtually
identical with the refined composition for the Al-counter-
part. Hence, in the final refinements for GdCusGa, the
model of GdCu,Al was used with Ga substitution for Cu
on the Cu2 site only. Additional details of the data
collection and structure refinements are given in Table 1.
Positional and equivalent isotropic displacement para-
meters, and relevant interatomic distances are listed in
Tables 2 and 3, respectively. Further details of the crystal
structure investigations can be obtained from the Fachin-

Table 1
Selected single-crystal X-ray diffraction data collection and refinement
parameters for GdCuyAl and GdCu,Ga

Chemical formula GdCu;984)Al; 02(s) GdCus.91)Gay i1y

Formula weight 438.39 481.75

Space group, Z P6/mmm (No. 191), 1

Temperature 23(2) °C

Unit cell parameters a=5.0831(10) A a=5.1025(10) A
c=4.156(2) A c=4.1552)A

V =92.99(4) A’ V = 93.65(4) A’

Radiation, 1 MoKa, 0.71073 A

Peale 7.828 g/cm® 8.542 g/cm®
20 limit 54.8° 54.6°
Absorption coefficient 400.57cm ™! 467.28cm™!
Collected/unique reflections  539/66 626/66

[Rine = 0.0184] [Rint = 0.0256]
Data/restraints/parameters 66/0/10 66/0/9

Goodness-of-fit on F* 1.247 1.289

Final R indices (I >20(;))* R, =0.0203 R, =0.0126
WR, = 0.0436 WR, =0.0314
Extinction coefficient 0.049(6) 0.089(6)

Largest diff. peak and hole +1.67/—0.82¢7/A*  +0.71/=0.7¢7/ A®

“Ry = S|[Fol—FLlI[2|Fol; WRy = [ [W(Fe—Fo) )/ [w(Fo)l', and
w=1/[c’F2+(A P+ BP], P=(F>+2F)/3; A and B—weight coeffi-
cients.

Table 2
Atomic coordinates, equivalent isotropic displacement parameters (Ueq)"
for GdCuyAl and GdCuyGa

Atom Site x y z Ueq (Az)
GdCu,Al

Gd la 0 0 0 0.0126(5)
Cu(l) 2¢ 1/3 2/3 0 0.0137(6)
MQ)® 3g 1/2 0 1/2 0.0133(7)
GdCuyGa

Gd la 0 0 0 0.0114(3)
Cu(l) 2¢ 1/3 2/3 0 0.0130(4)
MQYF 3g 12 0 1/2 0.0119(4)

#Ugq is defined as one-third of the trace of the orthogonalized Uj; tensor.
P M(2) = 66.1(12)% Cu+33.9(12)% Al—refined.
°M(2) = 67% Cu+33% Ga—based on elemental analysis.
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Table 3

Selected interatomic distances (A) in GdCuyAl and GdCu,sGa
GdCuyAl GdCuyGa

Gd-6 x Cul 2.9347(6) Gd-6 x Cul 2.9459(6)
Gd-12 x M2 3.2828(6) Gd-12 x M2 3.2897(6)
Gd-2 x Gd 4.156(2) Gd-2 x Gd 4.155(2)
Gd-6 x Gd 5.0831(10) Gd-6 x Gd 5.1025(10)
Cul-6 x M2 2.5437(7) Cul-6 x M2 2.5461(7)
Cul-3 x Cul 2.9347(6) Cul-3 x Cul 2.9459(6)
Cul-3 x Gd 2.9347(6) Cul-3 x Gd 2.9459(6)
M2-4 x Cul 2.5437(7) M2-4 x Cul 2.5461(7)
M2-4 x M2 2.5416(5) M2-4 x M2 2.5513(5)
M2-4 x Gd 3.2828(6) M2-4 x Gd 3.2897(6)

formationszentrum Karlsruhe, 76344 Eggenstein-Leopold-
shafen, Germany, (fax: (49) 7247-808-666; e-mail: crysdata
@fiz.karlsruhe.de) on quoting the depository numbers:
CSD 415940 (GdCuyAl) and CSD 415941 (GdCuy,Ga).

2.3. Magnetic susceptibility measurements

Field-cooled dc magnetization measurements were per-
formed in a Quantum Design MPMS-5 SQUID from 1.8 to
350K in a magnetic field of 1kG. Single crystals from
GdCuyAl and GdCuyGa were secured between pieces of
quartz wool and suspended in a low background sample
holder. Raw data were corrected for diamagnetic contribu-
tion from the holder and converted to magnetic suscept-
ibility in emu/mol units.

2.4. Resistivity measurements

Measurements of the electrical resistivity as a function of
the temperature were carried out in a custom built set-up
using the four-probe technique from 1.3 to 300K with
excitation current of 1mA. Due to the inability to find
crystals with well-defined morphologies, we were unable to
perform measurements in specific crystallographic direc-
tions. The data reported herein were taken on polished
single crystals in order to minimize geometric and contact-
resistance errors.

2.5. Calorimetry

Specific heat C,(T) data were obtained on a Quantum
Design PPMS system using the thermal relaxation method
in the temperature range 1.8-300 K.

2.6. Elemental analysis

Single crystals of GdCuyGa were analyzed with a JEOL
7400F eclectron microscope equipped with an INCA-
OXFORD energy-dispersive spectrometer. The microscope
was operated at 10 pA beam current at 15kV accelerating
potential. The analysis resulted in a narrow range of

totals—from 98% to 103%. From the data normalized per
Gd, a ratio of Cu:Ga = 3.9(1):1.1(1) was established, which
was used in the refinement of the single-crystal X-ray data
in a manner consistent with the refinement on GdCu,Al
(Table 2).

3. Results and discussion

GdCuyAl and GdCuyGa crystallize with the ubiquitous
CaCus type (space group P6/mmm, No. 191—Fig. 1a). It is
adopted by more than 400 binary, ternary and quaternary
intermetallic compounds [9], and its important features
have already been discussed eclsewhere [1-3,14]. In this
structure, there is only one unique site for the rare-carth
metal atoms with symmetry of 6/mmm (Table 2). Hence,
the Gd atoms form triangular layers perpendicular to the
direction of the crystallographic c-axis (Fig. 1b), with

Y
Pand
%

Fig. 1. (a) Perspective view of the hexagonal structure of GdCu,Al and
GdCuyGa (CaCus-type), viewed down the c-axis. Anisotropic displace-
ment parameters are drawn at the 95% probability level: Gd atoms are
shown with crossed ellipsoids, Cul is shown with empty circles and full
ellipsoids represent the mixed Cu/Al sites (M2). (b) View of the Gd sub-
network only. Unit cell is outlined.
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interlayer separation equal to the length of the c-axis
and intralayer contacts equal to the length of the a-axis
(Table 3). Evidently, the Gd—Gd interactions can be tuned
by substituting Cu with another metal and thus changing
the electron count and the magnitudes of both the a- and
the c-axis. Such possibilities have been explored in the past,
and there are several publications dealing with the
variations in the magnetic properties upon formation of
solid solutions, such as GdCus_,Al, (0 <x<?2) for example
[15]. However, in almost all previous studies, attention has
been paid only to the rare-earth sub-network and the
substitution of Tr-elements on both Cu sites has not been
analyzed beyond elemental analysis or expansion/contrac-
tion of the unit cell [15,16,23-25]. Indeed, for the
composition ranges discussed herein, no refinements of
the crystal structure have been done and equal distribution
of Al on both Cu sites (2¢ and 3g—Table 2) has been
assumed [16]. Our refinements on single-crystal data do not
support such assignment—the results indicate that the Cu
atoms (Cul—Table 2), which are in the same plane with
the Gd atoms (Fig. 2), cannot be exchanged with Al. Only
the Cu atoms between the Gd sheets can be substituted as
evidenced from the large deviations of the occupation
factor. Although the refined occupancy (ca. 67:33) seems to
suggest that one out of every three Cu atoms is substituted
for Al, no presence of superstructure reflections was
observed in the diffraction data. Structure refinements in
lower symmetry were attempted but failed to support an
ordered model for the Al substitution. These findings are
supported by the Reitveld analyses from powder neutron
diffraction on the related compounds Ce(Cu,Al;_,)s and
Ce(CuXGal_x)5 [17]

The corresponding Cu—Cu distances within one Cu-layer
(pure Cu, located at z=0, Fig. 1) are 2.9347(6)A in
GdCu4Al, and 2.9459(6)A in GdCuysGa. The contacts
within the mixed Cu/Al and Cu/Ga layers (z = 1/2) are
shorter—2.5416(5)A in GdCuyAl and 2.5513(5)A in

Fig. 2. Coordination polyhedron around the Gd atoms. Anisotropic
displacement parameters are drawn at the 95% probability level: Gd
atoms are shown with empty circles, Cul is shown with crossed ellipsoids
and full ellipsoids represent the mixed Cu/Al sites (M2).

GdCuyGa, respectively (Table 3). The interlayer Cu—Cu
separations are in the same range—2.5437(7)1& in
GdCusAl and 2.5461(7)1& in GdCu,Ga, respectively.

The Gd atoms have very high coordination number, 18,
and the full coordination polyhedron is shown in Fig. 2. As
discussed already, they form flat triangular layers perpen-
dicular to the c-axis (Fig. 1b). Previous neutron diffraction
studies on the binary GdCus reveal incommensurate,
helimagnetic-like magnetic structure along the c-axis—in
each Gd layer, the Gd moments lie in layers in a frustrated
arrangement, i.e. the interactions between nearest neigh-
bors cannot be completely compensated [23]. This situation
can be visualized as three Gd sub-lattices with an angle of
120° between each other and from layer to layer moments
on the same c-axis at an angle of about 80° [23]. It has also
been suggested that the energy of this triangular structure
and the energy of the corresponding ferromagnetic one will
be very close [15]. This hypothesis has been confirmed by
field and temperature dependent susceptibility measure-
ments on GdCus: an antiferromagnetic (AFM) order is
seen below Néel temperature Ty = 26 K but with positive
Weiss temperature @cw = 7K and effective moment of
8.4 up [23]. More recent study on GdCus and on a series of
GdCus_,Al, phases (0<x<?2), prepared through arc-
melting reports different parameters: much lower Néel
temperature 7Ty = 12.5K and higher Weiss temperature
Ocw = 16.4K with effective moment of 8.5pg [15]. This
study shows that the magnetic interactions vary strongly,
but not continuously with the Al content as concluded
from the sudden jump of Ty around the phase with
stoichiometry ~ GdCuyAl—reported are Ty =45K,
Ocw = —2.2K and an effective paramagnetic moment of
8.5 ug [15]. These data have been interpreted as a signature
of transition from complex (almost ferromagnetic) state at
low Al content (0<x<1) to apparently AFM state at
higher Al content.

Our magnetic susceptibility y = M /H vs. temperature T
results on single crystals of GdCu4Al and GdCu,Ga
prepared through different synthetic routes are in fair
agreement with the earlier measurements on polycrystalline
specimens [15]. A cusp-like feature is visible in the data
(Fig. 3) at Ty =40K for GdCusAl and Ty = 36K for
GdCuyGa, both determined from the mid-point in the
jump in dy/dT, respectively. These peaks indicate the
onset of long-range AFM order in both GdCusAl and
GdCuysGa. Given that the cell volume of GdCu,Ga is
slightly larger than the cell volume of GdCu,Al, it makes
sense that the AFM order in the latter appears at slightly
higher temperatures. Above Ty the inverse susceptibility
increases linearly with the temperature indicating that the
susceptibility follows the Curie—Weiss law, y=
C/T — Ocw, where C is the Curie constant and Ocw is
the Weiss temperature. From the Curie constants the
effective paramagnetic moments were calculated as follows:
8.27 ug for GACuyAl and 8.6 pg for GdCuyGa. Both values
are in agreement with the values for . from previous
studies [15,23], but are somewhat higher than 7.94 g,
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Fig. 3. Magnetic susceptibility y(7') of GdCuyGa and GdCuyAl (left axis).
Right axis: inverse magnetic susceptibility (y~'(7T)) of GdCu,Ga and
GdCuyAl.
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Fig. 4. Resistivity (p) as a function of temperature (7) of GdCu,Ga and
GdCu,Al, normalized on its value to 300 K.

which is the effective paramagnetic moment for free Gd* "
ions according to = g[J(J+1)]"2 This has been
ascribed to a contribution from on-site 54 moments
parallel to the local 4f moments [15]. The Weiss tempera-
tures are negative for both compounds: @cw = —5.6K for
GdCusAl and Ocw = —7.4K for GdCusGa, respectively,
as expected for antiferromagnets.

Fig. 4 shows the electrical resistivity of GdCusAl and
GdCuysGa normalized on their values at 300 K. Above 50 K
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Fig. 5. Main frame: specific heat of GdCuyGa and GdCuyAl in the
representation C/T vs. T. Lower inset: specific heat of GdCusGa and
GdCuyAl in the representation C vs. T. The solid line indicates the heat
capacity expected after the law of Dulong and Petit. Upper inset: low
temperature regime of the specific heat of GdCuyGa and GdCuyAl in the
representation C/T vs. T?. The solid lines are linear fits assuming
C/T =y + BT

the resistivities are linear, as it is expected for good metals.
The resistivity at room temperature is pzgp = 56 pQQcm for
GdCusAl and p390 = 90 pQcm for GdCuyGa—about two
orders of magnitude higher than the resistivities of pure
noble metals. At T=45K for GdCu,Al, and T=39K
for GdCu,Ga, respectively, the resistivities pass through
V-shaped minima followed by broader maxima. These
anomalies are certainly associated with the onset of AFM
order, which was found at slightly lower temperatures by
measurements of magnetic susceptibility and specific heat.
The behavior of the resistivity in the magnetically ordered
temperature regime is complex as is the magnetic structure
(above). Slightly higher resistivity with similar temperature
dependence has already been reported for arc-melted
GdCuyAl [15]. The resistivity of the non-magnetic LaCuy
Ga also shows quite similar linear behavior, and is of a
similar magnitude [24].

Fig. 5 depicts the heat capacity (C) as a function of
temperature for both GdCuyAl and GdCuyGa. The heat
capacity of GdCusAl and GdCuyGa is illustrated in the
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main frame in the representation C/T vs. T. In each
measurement, a peak indicates the onset of AFM order,
and the peak temperatures coincide nicely with the Néel
temperatures found by susceptibility measurements
(above). As it is shown in the lower inset of Fig. 5, the
specific heat of both materials reaches a value of 1501J/
mol K at high temperatures, which is in good agreement
with the law of Dulong and Petit.

Estimated total entropy reached at the Néel temperature
is in the order of 28 J/mol K for GdAICu, and 26 J/mol K
for GdGaCu,. Since the entropy associated with the
ordering of the Gd-moments is calculated to be
Smagn. = RIn8 =17.3J/molK, with R being the gas
constant, that leaves entropy of about 10J/molK for
lattice and electrons. This is a reasonable value for phonon
and electron contribution, and compares well with the
values obtained for the non-magnetic LuCuuln and
LuCuyCd for example—both have lattice entropy around
15J/molK at 40K and for both the high temperature
specific heat is approaching 150 J/mol K after the law of
Dulong-Petit [27].

For conventional metals the heat capacity at low
temperatures (roughly 7<®p/50, where @p is the Debye
temperature) can be described as C = 7+ 7T, where T
is the contribution of the phonons and (7 is the
contribution of the electrons to the specific heat, with y
being the Sommerfeld coefficient. Accordingly, if C/T vs.
T ? is plotted, as it is done in the upper inset of Fig. 5, one
expects a linear behavior. The solid lines are linear fits to
the data: @ = 114K and y = 15mJ/mol K? for GACu,Al;
Op = 111K and y =60mJ/molK> for GdCu,sGa. The
values for both Debye temperatures are somewhat lower
than the Debye temperature of the isostructural LaCus, for
which @p = 235K was found [26], whereas for YbCusAl a
Sommerfeld coefficient 7 between 40mlJ/molK? and
120mJ/mol K? is reported [28]. The difference in the
Sommerfeld coefficients of GdCusAl and GdCu,Ga is
probably due to differences in the DOS near the Fermi
level—since the Sommerfeld coefficient is directly propor-
tional to the DOS at the Fermi level; the difference between
the Sommerfeld coefficients of LuCuuln and LuCu,Cd is
also approximately a factor three [26].

4. Conclusions

We have reported a comprehensive structural and
physical properties study of single crystals of GdCu,Al
and GdCuyGa. Both compounds are substitution deriva-
tives of GdCus with the hexagonal CaCus type. They order
antiferromagnetically below 40 and 36K, respectively.
Refinements of single crystal X-ray diffraction data for
GdCuyAl indicate preferred substitution of Cu with Al on
one of the two crystallographic sites. The physical proper-
ties of the substituted GdCus_,Tr, analogs vary strongly,
but not continuously with the 7r content and this may be a

good starting point for the exploration of other transition
metal substituted phases where the localized rare-earth
spins form frustrated lattices.
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