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Abstract

A series of ternary compounds RECusMg, (RE =Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Yb) have been synthesized via
induction melting of elemental metal ingots followed by annealing at 400 °C for 4 weeks. Scanning electron microscopy (SEM) coupled
with energy dispersive X-ray spectroscopy (EDXS) was used for examining microstructure and phase composition. These phases
crystallize with an ordered version of the binary hexagonal structure type first reported for CeNis. The crystal structure was solved for
TbCugMg, from single crystal X-ray counter data (TbCugMg,-structure type, P6s3/mmc—space group, hP24-Pearson symbol,
a =0.49886 (7) nm, ¢ = 1.61646 (3) nm, R = 0.0474 for 190 unique reflections). The Rietveld refinement of the X-ray powder diffraction
patterns of RECugMg, confirmed the same crystal structure for the reported rare earth metals. The unit cell volumes for RECusMg,
smoothly follow the lanthanide contraction. The existence of a RECugMg, phase was excluded for RE = Er and Tm under the

investigated experimental conditions.
© 2006 Published by Elsevier Inc.
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1. Introduction

A great number of REM; (RE =rare earth, M =
transition metal) binary compounds crystallize either in
the NbBejs structure type (R3m space group) [1] or in the
CeNij structure type (P63/mmc space group) [2]. These
structures are derived from stacking single layers of CaCus-
type units with MgCu, or MgZn,-type units, respectively.
A review on structural and thermodynamic properties of
several REM3 compounds was reported by Latroche and
Percheron-Guégan [3].

Several ternary solid solutions form on the basis of
REM; compounds by partial substitution of the rare earth
metal or M with another element: for example Wasylechko
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et al. [4] studied the effect of gallium on a series of RENi3
compounds (RE =Y, Pr to Lu except Pm and Eu). They
established that along the RENi;_Ga, compositional line
a change from the NbBe; to the CeNij; type structure can
be observed when increasing the x value.

Moreover, a number of ternary phases are known which
adopt the same crystal structure as the REM3; binaries, in
many cases representing ordered derivatives of these
structures. An isostructural series of compounds RE;NigAl
(RE =Y, Pr, Nd, Gd-Tm, Lu) which present the Ce;CogSi
[5] type structure, derived from the CeNijs type, was studied
by Rykhal et al. [6,7]. Recently in the field of hydrogen
storage materials several RENigMg, (RE = rare earth or
Ca) ternary compounds were also investigated, which are
reported to crystallize in the NbBe; structure type [8—11].
On the whole, from the crystal structure point of view,
three superstructures related to NbBes (CazCu,Al; [12],
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LaNigMg, and PrAgAl, [13]) and three related to CeNis
(Dy3Ni;B, [14], CeCogSi and YRh,Si [15]) are known
so far.

In this work results are reported on crystal structure
determination and microscopic characterization of a series

Table 1
EDXS data of the ternary alloys prepared in this work
RE Element content in RECugMg,

at.%RE at.% Cu at.% Mg
La 8.6 74.2 17.2
Ce 9.1 74.9 16.0
Pr 8.5 73.2 18.3
Nd 8.6 74.2 17.2
Sm 8.9 75.4 15.7
Eu 8.3 75.1 16.6
Gd 9.2 73.7 17.4
Tb* 9.2 74.1 16.7
Dy 9.2 73.5 17.3
Y 9.0 74.2 16.8
Ho 8.9 75.4 15.7
Er — — —
Tm — — —
Yb 8.7 75.2 16.1

The composition accuracy was usually +0.5at.%.
#The alloy, from which the single crystal has been obtained.

of RECugMg, ternary compounds (RE =Y, La-Nd,
Sm—Ho, Yb), annealed at 400 °C, crystallizing in a new
superstructure related to the CeNi; structure type. The
crystal structure of the ternary compound TbCugMg, was
first successfully determined in the P6s;/mmc space group
by the anisotropic approximation of the single crystal
method [16]. Later, with the aim to check the existence of
ternary compounds with other rare earths, the complete
series of ternary alloys with Y, La-Nd, Sm-Yb was
prepared and analyzed. The existence of the CeCugMg,
phase was previously reported by Nakawaki et al. [17] who
studied the effect of pressure on its electrical resistivity.
Nakamori et al. [18-20] have investigated the magnetic,
transport and thermodynamic properties for CeCugMg,
and LaCugMg, compounds.

2. Experimental details
2.1. Synthesis

Starting materials for the preparation of the RECugMg,
compounds were the elemental metals, all with nominal
purities >99.9 wt.%. Cu was supplied by Aldrich Chemical
Company Inc., USA, Mg and rare earth metals by Newmet
Koch, Waltham Abbey, England. All samples, each with a

Fig. 1. (a) SEM image (BSE mode) of the microstructure of the Eu-containing sample (main phase: EuCugMg,; gray phase: Cu,Mg). (b) SEM image (BSE
mode) of the microstructure of the Ho-containing sample (bright phase: ~Ho3Cu74Mg3; light-gray phase: HoCugMg,; dark-gray phase: ~HogCu;,Mgs»;
dark phase: (Cu)). (c) SEM image (BSE mode) of the microstructure of the Tm-containing sample (bright phase: ~Tm,;3Cu;4,Mg3; gray phase: Cu,Mg;

dark phase in the eutectic structure: (Cu)).
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total weight of about 1g, were prepared by melting the
stoichiometric mixture of the components in an induction
furnace under a stream of pure argon, in arc-sealed
tantalum crucibles.

The crucibles containing the alloys were then sealed in
silica ampoules under argon, annealed in a resistance
furnace at 400 °C for 4 weeks, and finally quenched in cold
water. After the annealing, the samples could readily be
separated from the tantalum crucible. No side-reaction of
the samples with the crucible was detected. The samples
were stable against air and moisture as compact buttons as
well as fine-grained powders. A flat lamina single crystal,
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exhibiting metallic luster, was isolated by mechanical
fragmentation from the annealed sample.

2.2. Optical and electron microscopy microprobe analysis

Sample characterization was carried out by means of
light optical microscopy (LOM), scanning electron micro-
scopy (SEM) and energy-dispersive X-ray spectroscopy
(EDXS) with the purpose to examine microstructure and
phase composition. Smooth surfaces of the specimens were
prepared by using SiC papers and diamond pastes down to
1 um grain size. Quantitative analyses were performed with

Table 2

Crystallographic data for the TbCuysMg, single crystal and experimental details of the structure determination

Empirical formula
Structure type

Formula weight (g/mol)
Crystal system

Space group

Crystal dimensions (um®)

Unit cell dimensions

a (nm)

b (nm)

¢ (nm)

V (nm®)

zZ

Calculated density (Dcyc, gsm™?)
Absorption coefficient (i, mm™")
Scan mode

Theta range for data collection (deg.)
F000)

Range in hkl

Weighing scheme

Total no. reflections
Independent reflections
Reflections with I>2a(])
Data/parameters

Goodness-of-fit on F*

Final R indices [I>20(])]

R indices (all data)

Extinction coefficient
Largest diff. peak and hole

TbCuosMg,

Ordered superstructure to CeNis
779.40

Hexagonal

P63/mmc (No. 194)

70 x 60 x 10

0.49886 (7)

0.49886 (7)

1.61646 (3)

0.34838 (10)

2

7.430

36.942

(0]

2.52-27.40

700

+3, £6, +20
1/[o(Fo)*+(0.0273 x P)*+35.75 x P, P = (max(F3+ 2F2))/3
380

190 (Rin = 0.0196)
190 (Rsigma = 0.0196)
190/19

1.294

R, =0.0474

WR, = 0.1234

R, =0.0474

WR, = 0.1234
0.0007(6)

3.734 and —1.804¢/A*

Table 3

Atomic coordinates and anisotropic thermal displacement parameters (nm? x 10) for the TbCuoMg, single crystal

Atom Wyckoff position x/a y/b z/e U, U,» Uss U, Ueq

Cuy, 2a 0 0 0 20 (2) 20 (2) 38 (3) 10 (1) 26 (1)
Cu, 2b 0 0 1/4 16 (2) 16 (2) 36 (3) 8 (1) 23 (1)
Cus 2¢ 1/3 2/3 1/4 17 (2) 17 (2) 27 (3) 8 (1) 20 (1)
Tb 2d 1/3 2/3 3/4 8 (1) 8 (1) 31 (1) 4 (1) 16 (1)
Mg 4f 1/3 2/3 0.5292 (8) 26 (4) 26 (4) 27 (6) 13 (2) 26(1)
Cuy 12k 0.1688 (3) 0.3377 (6) 0.1234 (1) 21 (1) 15 (1) 32 (1) 7(1) 23 (1)

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

U(-/- = —27'[2[(]120*)2(]11 + - +2hktl*b* U12]. U23 = U13 =0.
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Fig. 2. Crystal structure and coordination polyhedra in the TbCugMg, structure. In the upper left-hand corner of the figure, the structure is projected onto
the z—y plane and relations with MgZn, and CaCus structures are shown. Three atomic layers of this projection are singled out and shown in projections
along the hexagonal axis on the right-hand side of the figure. The coordination polyhedra of the six atomic sites are shown in the lower left-hand side and

the symmetries of the central atoms are indicated in parentheses.

an acceleration voltage of 20kV for 50s. Cobalt standard
was used for calibration. X-ray spectra were processed by
the software package INCA Energy (Oxford Instruments,
Analytical Ltd., Bucks, UK).

2.3. Structure analysis and refinement

Single crystal data were collected at room temperature
by using a four-circle diffractometer (Xcalibur Oxford
Diffraction diffractometer) with CCD detector (graphite
monochromatized Mo—Kuo radiation). Scans were taken in
the @ mode. The crystal structure of TbCuoMg, was
successfully solved by direct methods and refined using
SHELX-97 package programs [21]. The occupancy para-
meters were refined for this structure to check for
deviations from the ideal composition. No significant
deviations from the ideal occupancies were found. Hence,
in the final refinement cycles of this structure the ideal
occupancy parameters were resumed. Data were then
corrected for extinction and refined with anisotropic
displacement parameters for all atoms. The final difference
Fourier syntheses revealed no significant residual peaks.

Listings of the observed and calculated structure factors
are available.! X-ray diffraction on powderized samples
was performed by means of the vertical diffractometer
X Pert MPD (Philips, Almelo, the Netherlands) with
Cu—Ko radiation, step mode of scanning, angular range
10°<26<100° in order to confirm the same structure for
other representatives of this isostructural series. Rietveld
matrix full profile structure refinements were carried out
using the program FULLPROF [22].

3. Results and discussion
3.1. SEM-EDXS characterization

The global compositions measured for the prepared
alloys were always very similar to the nominal ones. No

"Futher details of the crystal structure investigation can be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany, (fax: (49) 7247808 666; e-mail: crysdata@fiz.
karlsruhe.de) on quoting the depository number CSD-416327.
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impurity elements were detected in the samples. The results
of quantitative analysis on the investigated phases are
reported in Table 1; their compositions generally do not
differ noticeably from the 1:9:2 stoichiometry.

Most of the prepared samples contain the RECugMg, as
main phase, the amount of secondary phases, cither binary
or ternary, increasing from light to heavy rare earths.
Samples with Eu and Yb are nearly single phase.
Generally, the binary phase detected in the samples is
Cu,Mg, solving less than 2at. % of the rare earth metal.
An unknown ternary phase of average composition
RE,Cu;»Mg,, was detected as a secondary phase in
samples containing Ce to Ho except Eu. Moreover a new
ternary phase of approximate composition RE;;Cu4Mg;3
was found for RE = Ho, Er, Tm. In samples containing Er
and Tm no compounds of the 1:9:2 stoichiometry were
found; the existence of this phase was then excluded for
these two elements, at least under the experimental
conditions adopted in this work. In Fig. 1 the microphoto-
graphs of three selected alloys are shown.

3.2. Crystal structure

All the relevant crystallographic data and the experi-
mental details of the structure determination of the
TbCugMg, single crystal are listed in Table 2. The refined
positional and thermal displacement parameters are listed
in Table 3.

In Fig. 2 the projection of the TbCuoMg;, structure onto
the z—y plane is presented. This hexagonal structure may be

—&— &
& M
O Cu

Fig. 3. The perspective view of the arrangement of the icosahedrons and
anti-cubooctahedrons in the structure of TbCugMg,.

described as an intergrowth of related slabs of the types
CaCus and MgZn, having composition TbCus and
MgCu,. As usual for intermetallics all atoms possess high
coordination numbers (CN, Frank—Kasper polyhedra and
its derivatives). The Tb—Cu distances of 0.286 and 0.323 nm
in hexagonal TbCus compare well with the Tb—Cu
distances of 0.289 and 0.323nm in TbCus slab of
TbCugMg,. The Mg-Mg distance in the structure is a
little shorter than in Acp magnesium (average Mg-Mg
distance of 0.320 nm [23]). Also, the thermal parameters of
the Mg positions (see Table 3) with the relatively large CN
of 16 are nearly the same when compared to the thermal
parameters of the copper positions having CN 12. This
indicates that the Mg atoms are strongly bonded to their
environments. On the other hand, the terbium atoms have
small thermal parameters in spite of their high CN of 20;
this reflects their relatively high atomic mass.

This hexagonal structure may be also described as
consisting of three kinds of layers, so-called Kagome nets
(Fig. 2). The layers of type A and C (6>-network) are parted
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Fig. 4. Experimental and refined XRD patterns for some of the
RECugMg, alloys.



3078
by layers of type B (3°6°-network), which consist of only
Cu atoms. The layers alternate in the sequence ABCABC.
On the other hand, the structure can be completed via the
packing of layers of icosahedrons and anti-cubooctahe-
drons that are close packed by their trigonal edges (Fig. 3).
The XRD powder patterns of the RECugMg, com-
pounds (RE =Y, La—Nd, Sm—Ho, Yb) obtained in the
present investigation match the powder patterns calculated
on the basis of the TbCugMg, structure, by placing the
rare earth atoms in the 2d site. The reflections of the
secondary phases were not observed for the majority of
the samples, so that their amount was estimated generally
not exceeding 5%. Refined XPD patterns for some
RECugMg, ternary compounds are shown in Fig. 4; the
agreement factors for all of them are listed in Table 4. The
atomic parameters for the ternary compounds RECuysMg,

Table 4
Results of Rietveld refinement for RECugMg, compounds

P. Solokha et al. | Journal of Solid State Chemistry 179 (2006) 3073-3081

(RE=Y, La—Nd, Sm—Ho, Yb) are collected in Table 5.
The interatomic distances (see Table 6) have appropriate
values and do not deviate noticeably from the sum of the
atomic radii.

The lattice parameters and the c¢/a ratios for RECugMg,
compounds are presented in Table 7. The c¢/a ratio varies
between the value 3.2011 for EuCuoMg, and the value
3.2502 for HoCugMg,, a difference of only 1.1%. It can be
seen that generally the lattice parameters and cell volumes
(Fig. 5) decrease as expected from the lanthanide contrac-
tion. Small deviations from the linear decrease may be
assigned to small differences in composition. A notable
exception is given by the cell parameters of the ternary
compounds EuCugMg, and YbCuyMg,, where the euro-
pium and ytterbium atoms behave, at least partially, as
divalent.

Compound Formula weight (g/mol) Reliability factors
R, Ryp Rproge Rp Rexp 7

YCuyMg, 709.46 0.040 0.056 0.065 0.050 0.023 0.058
LaCugMg, 759.45 0.049 0.075 0.061 0.050 0.033 0.052
CeCugMg, 760.67 0.049 0.066 0.090 0.074 0.039 0.029
PrCuyMg, 761.46 0.045 0.066 0.053 0.045 0.030 0.049
NdCugMg, 764.79 0.042 0.060 0.049 0.040 0.028 0.047
SmCuyMg, 770.95 0.050 0.067 0.052 0.043 0.043 0.025
EuCuoMg, 772.54 0.045 0.059 0.047 0.043 0.044 0.018
GdCuyMg, 777.80 0.041 0.056 0.058 0.052 0.032 0.031
TbCuoMg, 779.45 0.055 0.071 0.075 0.058 0.048 0.022
DyCugMg, 783.05 0.045 0.060 0.086 0.080 0.034 0.031
YbCuoMg, 793.61 0.051 0.068 0.057 0.038 0.037 0.033

The 20 range of the refined diffraction patterns is 10-100°. The agreement factors for HoCugMg, are omitted due to the presence of a large quantity of

unknown phase in the sample.

Table 5

Atomic parameters of RECugMg, compounds (RE-Y, La-Nd, Sm-Ho, Yb)

Atom Wyckoff position RE Position 12k Position 4f

x/a z/c z/c

Cu, 2a (0,0,0) Y 0.1660 (3) 0.1220 (1) 0.5290 (4)
La 0.1686 (8) 0.1194 (2) 0.5281 (6)

Cu, 2b (0,0, 1/4) Ce 0.1692 (3) 0.1191 (2) 0.5311 (6)
Pr 0.1699 (4) 0.1192 (2) 0.5165 (4)

Cu; 2¢ (1/3,2/3,1/4) Nd 0.1696 (4) 0.1208 (2) 0.5304 (5)
Sm 0.1683 (5) 0.1211 (2) 0.5309 (6)

RE 2d (1/3,2/3,3/4) Eu 0.1685 (4) 0.1193 (2) 0.5304 (6)
Gd 0.1678 (4) 0.1204 (2) 0.5301 (4)

Mg 41 (1/3,2/3,z) Tb 0.1649 (6) 0.1238 (3) 0.5372 (9)
Dy 0.1678 (5) 0.1200 (2) 0.5250 (5)

Cuy 12k (x,2x,z2) Ho 0.1658 (6) 0.1187 (3) 0.5254 (6)
Yb 0.1692 (4) 0.1203 (2) 0.5249 (5)

Position of all atoms is standardized by program Structure Tidy [24].
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Table 6
Interatomic distances ¢ (nm) and coordination numbers (CN) of the atoms in some RECuyMg, calculated with the lattice parameters taken from X-ray
powder data

CN Y La Sm Eu Tb Ho Yb
Pseudo Frank—Kasper
RE-3Cu; 20 0.2889 0.2929 0.2902 0.2926 0.2891 0.2880 0.2897
RE-3Cu, 0.2889 0.2929 0.2902 0.2926 0.2891 0.2800 0.2897
RE-12Cuy 0.3249 0.3308 0.3269 0.3304 0.3233 0.3274 0.3272
RE-2Mg 0.3580 0.3608 0.3552 0.3561 0.3448 0.3629 0.3641
Icosahedron Frank—Kasper
Cus—6Cuy 12 0.2530 0.2569 0.2536 0.2567 0.2513 0.2568 0.2537
Cuz-3Cu, 0.2889 0.2929 0.2902 0.2926 0.2891 0.2880 0.2897
Cu;-3RE 0.2889 0.2929 0.2902 0.2926 0.2891 0.2880 0.2897
Icosahedron Frank—Kasper
Cuy—6Cuy 12 0.2524 0.2589 0.2553 0.2585 0.2496 0.2561 0.2563
Cuy-3RE 0.2889 0.2929 0.2902 0.2926 0.2891 0.2880 0.2897
Cuy—3Cu; 0.2889 0.2929 0.2902 0.2926 0.2891 0.2880 0.2897
Icosahedron Frank—Kasper
Cu;-6Cuy 12 0.2445 0.2442 0.2451 0.2436 0.2463 0.2396 0.2440
Cu,—6Mg 0.2927 0.2964 0.2945 0.2968 0.2953 0.2909 0.2925
Icosahedron Frank—Kasper
Cuy—Cuy 12 0.2445 0.2442 0.2451 0.2436 0.2463 0.2396 0.2440
Cuy—2Cuy 0.2492 0.2506 0.2487 0.2506 0.2478 0.2483 0.2471
Cuy—Cus 0.2530 0.2569 0.2536 0.2562 0.2513 0.2568 0.2537
Cuy—2Cuy 0.2511 0.2567 0.2539 0.2564 0.2530 0.2505 0.2548
Cuy—Cu, 0.2524 0.2589 0.2553 0.2585 0.2496 0.2561 0.2563
Cus,—Mg 0.2845 0.2802 0.2854 0.2829 0.2990 0.2746 0.2749
Cu,—2Mg 0.2920 0.2939 0.2907 0.2915 0.2870 0.2914 0.2946
Cus—2RE 0.3249 0.3308 0.3269 0.3304 0.3233 0.3274 0.3271
Frank—Kasper
Mg-3Cuy 16 0.2845 0.2802 0.2854 0.2829 0.2990 0.2743 0.2749
Mg-3Cuy, 0.2927 0.2939 0.2945 0.2968 0.2953 0.2909 0.2926
Mg-6Cuy 0.2920 0.2964 0.2907 0.2915 0.2870 0.2915 0.2946
Mg-3Mg 0.3038 0.3068 0.3071 0.3089 0.3133 0.2996 0.3008
Mg-RE 0.3580 0.3608 0.3552 0.3561 0.3448 0.3629 0.3641

The interatomic distances found for the other rare earth metals are very similar to those reported.
All distances within the first coordination spheres are listed. Standard deviations are all equal or less than 0.8 pm.

Table 7

Lattice constants of RECugMg, ternary compounds (RE-Y, La—Nd, Sm—Ho, Yb)

Compound a (nm) ¢ (nm) c/a V (nm?) Refs.
YCugMg, 0.50044 (2) 1.62031 (9) 3.23777 0.35143 (3) This work
LaCuoMg, 0.50733 (2) 1.62633 (9) 3.20566 0.36252 (3) This work
CeCugMg," 0.5061 1.6260 3.2128 0.3606 [16]
CeCuyMg, 0.50558 (2) 1.62439 (10) 3.21292 0.35959 (3) This work
PrCusMg, 0.50469 (3) 1.62360 (11) 3.21702 0.35816 (4) This work
NdCuyMg, 0.50430 (3) 1.62450 (10) 3.22130 0.35779 (4) This work
SmCuyMg, 0.50270 (2) 1.62204 (10) 3.22666 0.35498 (3) This work
EuCugMg, 0.50693 (2) 1.62272 (10) 3.20107 0.36114 (3) This work
GdCuyMg, 0.50164 (3) 1.62163 (12) 3.23266 0.35340 (4) This work
TbCugMg,* 0.49886 (15) 1.6165 (5) 3.24039 0.34848 (19) This work
TbCuoMg, 0.50085 (4) 1.62060 (15) 3.23570 0.35208 (6) This work
DyCuoMg, 0.50004 (3) 1.62084 (11) 3.24142 0.35098 (4) This work
HoCugMg, 0.49889 (8) 1.62149 (15) 3.25020 0.34951 (12) This work
YbCugMg, 0.50191 (3) 1.61802 (13) 3.22373 0.35299 (5) This work

“Lattice parameters of the single crystals.
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Fig. 5. Plot of the unit cell parameters and volumes of the hexagonal
RECugMg, compounds.

4. Conclusions

The ternary compounds RECugMg, (RE =Y, La—Nd,
Sm—-Ho, Yb) were synthesized in the present work and their
crystal structure was determined.

All RECugMg, compounds can be considered as
representative of the R,Ms, . »,,R ,, structural series which
forms by stacking of n RMs (CaCus) and mR M, (Laves
phase) slabs. For the RECugMg, n =2, m =4 and this
transformation can be expressed by the formula:

M5(REC115) + 4R’M2 (MgCUQ) = R2M18R/4 = ZRECugMgz.

From the crystal structure point of view, the investigated
series of compounds represents a new ordered super-
structure of the CeNijs structure type. On the whole, seven
superstructures related to NbBe; and CeNijs structure types
are presently known (see Fig. 6). Each hexagonal super-
structure, except Ce3;CogSi, has its rhombohedral analog
with the same stoichiometry.
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