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A series of RCusSn intermetallic compounds (R=Y, Gd, Tb, Dy, Ho, Er, and Tm) was synthesized from the
elements by arc-melting, annealed at 870 K and characterized by X-ray powder diffraction and energy-
dispersive X-ray analyses. Rietveld refinements of the crystal structures showed that the compounds
crystallize in the structure type CeCusAu (ordered variant of the CeCug type, space group Pnma).
Measurements of the electrical resistivity indicated metallic type of conductivity for all the studied
compounds in the temperature range 11-300 K. Magnetic ordering at low temperature was, when in the
temperature range of the measurements, confirmed by the electrical resistivity measurements. Electronic

structur e calculations performed for Y CusSn arein good agreement with the electrical transport studies.

Intermetallics/ Crystal structure/ X-ray diffraction / Electrical properties/ DFT modeling

1. Introduction

Investigations ofR—Cu—Sn ternary systems (whedre

is a rare-earth metal) resulted in the identifmatof
several series of isotypic ternary stannigeg]. In the
Cu-rich part of theR-Cu-Sn systems, two series of
ternary compounds were found in the majority of the
systems,R; Cly-Snpg (R=Y, Ce-Sm, Gd-Lu) with
hexagonaR Cug .S g-type structurg¢3] andRCusSh
(CeCuAu-type structure), reported for all rare earths
except Lu [4,5]. The structures of both the
R «Cuwy S g and RCusSn series are related to the
binary CaCu type, as they are constructed from the
same structural fragments, stacked in different
manners. Crystal structure studies of tREuSnh
stannides whereR=La-Gd [6] by single-crystal
diffraction confirmed that they belong to the
CeCuyAu-type (an ordered ternary variant of the
CeCu-type) [7]. Magnetic property measurements of
CeCuSn and PrC8n [4,6] indicated
antiferromagnetic ordering in Ceg3n, while the
ground state of PrG8n is non-ordered. Both
stannides are characterized by metallic type of
conductivity. An investigation of the influence thfe
Sn-content on the magnetic behavior, within thédsol
solution CeCpy,Sn, with CeCuy-type structure,

showed a transition from Kondo-like behavior to
antiferromagnetic ordering [8]. The magnetic
properties of theRCusSn intermetallics wherd is
Gd-Yb, have been studied in the temperature interva
from 2 to 300 K[5]. The stannides witRR= Gd, Tb,
Dy, Ho, and Er showed antiferromagnetic ordering at
low temperatures, while TmGan and YbCgSn did
not exhibit magnetic ordering down to 2 K. TmSn

is a Curie-Weiss paramagnet with a calculated
magnetic moment close to that of free * nions.
YbCusSn is characterized by an intermediate valence
state of the Yb atoms.

The aim of the present study was to extend the
structural studies and determine the electrical
resistivity of RCuSn stannides, and confront the
experimental results with those of DFT modeling.

2. Experimental details

Samples of nominal compositioR;sCu;,Sns were
synthesized by direct arc-melting of the constituen
elements (purity of the rare earths 99.9 wt.%, Cu
99.99 wt.%, and Sn 99.999 wt.%) under Ti-gettered
argon atmosphere on a water-cooled copper hearth.
The overall weight losses after arc-melting were
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generally less than 1 wt.%. In the previously stddi
R-Cu-Sn systems, the formation of tHRCusSn
compounds was observed at 670 and 77(RK
Taking into account the high Cu content, for thedgt

of the structural and magnetic characteristics of
RCusSn stannided5] an annealing temperature of
870 K was chosen for better homogenization of the
samples. In the present work the alloys were aedeal
at the same temperature, 870 K, for 720 h (the tifme
annealing was determined empirically) in evacuated
silica tubes and subsequently quenched in ice water
The prepared samples were examined by X-ray
powder diffraction (XRPD; diffractometer DRON-2.0,
FeKa radiation) and Scanning Electron Microscopy
(SEM) using a REMMA-102 scanning microscope.
Quantitative electron probe microanalysis (EPMA)
was carried out by an energy-dispersive X-ray
analyzer with the pure elements as standafdsafd
L-lines were used). XRPD data for the crystal
structure refinements were collected in the
transmission mode on a STOE STADI P powder
diffractometer (CuKa, radiation, graphite monochromator).
Calculation of the lattice parameters and the atyst
structure refinements were performed using the
WinCSD and FullProf Suite program packa@&40].

The electrical resistivity was measured in the
temperature range 11-300 K, employing the four-
probe method on millimeter-scale, well-shaped fgece
cut by spark erosion from polycrystalline samples,
using a closed-cycle helium cooler (Advanced
Research systems, USA).

DFT calculations were carried out with the Elk
v4.3.06 package [11], using an all-electron
full-potential linearized augmented-plane wave
(FP-LAPW) code with Perdew-Burke-Enzerhoff
exchange-correlation  functional in generalized
gradient approximation (GGA)2]. Thek-point mesh
size was set to 10x10x10, giving in total Zpoints
in the irreducible part of the unit cell. Priorttee final
total energy calculations, the geometry of theiahit
structure (lattice vectors and atomic coordinates$
completely relaxed. Proper values of the muffin-tin
radii were selected automatically at the initiaglga of
the calculations. The distribution of the total and
partial densities of states (DOS) was calculatedaby
trilinear method using a 100&-point grid for
integrating functions in the Brillouin zone and D00
energy points in the DOS plot. The interstitial DOS
was included into the total DOS distribution, whtihe
partial DOS for each atom type was obtained only
within the volume of the appropriate muffin-tin
sphere. Visualization of the volumetric data was
carried out with the VESTA packa&3].

3. Results and discussion
3.1. Crystal structures

During a study of the Ho—Cu—Sn system, the crystal
structure of the HoGSn stannide was refined on

X-ray powder diffraction dat@l4]. According to the
refinement this compound belongs to the C#Qu
type structure (space groupnma, a = 0.81889(7),
b =0.49599(4), c=1.05652(8) nm) with ordered
distribution of the atoms among the crystallographi
sites[14]. The results were in a good agreement with
the composition of the compound obtained from
EPMA data (H@sodCUsoosSMsge.  Structural
studies of the DyG3sn and TmCsBn compounds
by single-crystal and powder diffraction were
reported in [15,16] both compounds adopt the
CeCuAu-type.

Earlier refinements of the structures of the Gd an
Er compounds[5,17], had revealed slight off-
stoichiometery, and it was decided to perform dedai
structural studies of these and other represeptatif
the RCusSn series. In the present work complete
crystal structure refinements were carried out on
samples of nominal composition @u,Sns,
TbisCueSnis,  EnsCueSnis,  and  YisCuzoShis
(i.e. slightly Cu-deficient with respect to 1:5:1
stoichiometry), using as starting model the stmectu
type CeCugAu. All the studied compounds were found
to crystallize with ordered CeGAu-type structures.
The final atomic and isotropic displacement
parameters are listed infable 1 and the cell
parameters can be found imable 2 Observed,
calculated and difference X-ray patterns of the
Tb- and Er-containing samples are showfis. 1,2

As reported in [5], the RCuSnh stannides
where R is a rare-earth of the yttrium group
belong to the structure type CeBu (space group
Pnma), where one of thedisites is occupied by Au
(here Sn). In the model of the Ce@Bu type applied
to the RCusSn compounds, one crystallographic
position (&) may in addition be occupied by a
mixture of Cu and Sn atoms. In the case of the
stannides with Gd and Er, the earlier crystal $tmec
refinements[5,17] showed a small deviation from
1:5:1 stoichiometry, giving the composition
RCuws,Sn.. According to the refinements performed
in this work, theRCusSn compounds with CeGAwu-
type structure are characterized by an ordered
distribution of the atoms corresponds to the foamul
RCusSn.

3.2. Electrical properties
To study the changes in the electrical propertges,
series ofRCusSn compounds, wher@ stands for Y,
Gd-Tm, was prepared and analyzed by X-ray
diffraction and electron microprobe analysis.
According to the X-ray phase analysis, all the
compounds adopt an orthorhombic structure of the
CeCuyAu-type. The refined lattice parameters and
EPMA data are given ifiable 2 As typical examples,
SEM pictures of the Ho- and Er-containing samples
are shown irFig. 3

The temperature dependencies of the electrical
resistivity o(T) of the RCusSn compounds measured in
the temperature range 11-300 K are showhigs. 4,5
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Fig. 1 Observed, calculated and difference X-ray pattefriee ThsCu,;Sns sample.
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Fig. 2 Observed, calculated and difference X-ray patterhshe EfsCu,qSnis sample (98.86% ErG8n,
1.14% ErCuSn).
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Table 1 Atomic positional and isotropic displacement pagers Bis,[10? (nnt)) of theRCusSn compounds
(R=Gd, Th, Er, Y), space grolgnma.

RCusSn Gd Tb Er Y

R (4c) x 1/4z, Biso 0.2526(1) 0.2536(4) 0.2505(2) 0.2504(3)
0.5625(3) 0.5626(3) 0.5636(3) 0.5644(2)

0.88(1) 0.68(9) 0.57(4) 0.75(2)
Cul (&) xy z Biso 0.0770(8) 0.0704(5) 0.0703(6) 0.0775(8)
0.4982(6) 0.4979(8) 0.4998(1) 0.5025(2)
0.3076(1) 0.3092(5) 0.3100(2) 0.3209(3)

1.23(1) 0.69(1) 1.35(5) 1.04(2)
Cu2 (&) x Yaz, Big, 0.4139(1) 0.4153(8) 0.4119(5) 0.4163(9)
0.0174(2) 0.0157(5) 0.0169(7) 0.0161(3)

1.42(2) 0.59(1) 0.75(9) 1.07(5)
Cu3 (&) xYaz, Big, 0.3195(3) 0.3165(7) 0.3143(4) 0.3183(5)
0.2434(3) 0.2408(5) 0.2414(3) 0.2541(4)

0.75(2) 0.93(1) 0.94(2) 0.81(3)
Cud (&) x Yaz, Big, 0.0544(1) 0.0589(7) 0.0554(5) 0.0526(4)
0.0991(2) 0.1013(6) 0.0984(3) 0.1043(5)

1.38(2) 1.19(2) 1.03(8) 1.25(4)
Sn (&) X Yaz, Biso 0.1381(1) 0.1380(3) 0.1388(2) 0.1374(1)
0.8593(1) 0.8596(3) 0.8602(1) 0.8654(4)

1.18(1) 0.93(2) 0.96(4) 1.04(2)

Reliability factors

Ro 0.0362 0.0380 0.0599 0.0445

Rup 0.0470 0.0501 0.0674% 0.0663

Raragg 0.0693 0.0353 0.0419 0.0675

21.14% ErCuSincluded in the refinement.

Table 2 Crystallographic characteristics REusSn compounds.

Compound |  composition EPMA (at.%) Lattice parameters (nm)
a b c

YCusSn Y 14.6CUrp 6Shig g 0.8205(4) 0.4980(3) 1.0497(5)
GdCuSn Gd4.ClroShis o 0.82406(8) 0.49935(5) 1.0586(1)
ThCuSn Th14.Clp oShiys 0.8212(4) 0.4892(1) 1.0579(3)
DyCusSn Dy14 U1 0Shia 7 0.8197(2) 0.4966(1) 1.0548(4)
HoCuSn HO14 §CUr0 6SM4.4 0.8189(6) 0.4960(6) 1.0562(5)
ErCuSn Er14.CliosShia.o 0.81743(2) 0.49525(1) 1.05596(2)
TmCuSn TmyadClg Shiag 0.8149(2) 0.4936(4) 1.0542(2)

‘WD=25.1mm 20.00kV  x1.50k ‘WD=25.1mm 20.00kV _ x1.50k

a b

Fig. 3 Electron microphotographs of the HOW,Shs (a) and EfsCu,oSnys (main phase — ErG8n; white
phase — ErCuSn}p) samples.
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Fig. 4 Temperature dependence of the electrical regigtofi GACySn @), TbCuSn ), and DyCy¢Sn

©

and low-temperature dependence of the magnetieptisiity of RCusSn whereR = Gd and TH5] (d).

The resistivity of all the studied compounds ineea
with increasing temperature, indicating metallipay
of conductivity. It worth noting that thdkRCusSn
stannides with magnetic rare earths from Gd to Ten a
characterized by highgrvalues (120.7-141.8Q[dm)

at room temperature than the non-magnetic S80u
compound, which shows with a maximysvalue of
86.5uQldm. The electrical transport parameters of the
RCusSn compounds are given irable 3 The change

of slope of the resistivity in the low-temperatyrart

of the p(T) dependencies,F{g. 4a,b,c) observed for
the GdCygSn, ThCySn, and DyCsSn compounds, is
connected with magnetic ordering Tapble 3.

Fig. 4a,b,d demonstrates the correlation between the
change of slope of the resistivity plots and the
magnetic transition temperatures revealed by
magnetizatiorvs. temperature plots for the Gd§3mn
and TbCgSn compounds. There is good agreement
between the ordering temperatures determined from

and

from

the

the magnetization

resistivity

measurements

Table 3.

Unfortunately,

the

temperature range studied here was insufficient to
confirm the transition temperatures of the He&hu
and ErCygSn intermetallics. In the temperature region

abovel[R5 K (above the transition temperatures of the
compounds with Gd, Th, and Dy) the temperature
dependence of the resistivity of all thRCuSn
stannides is nearly linear, which indicates a pfievp
mechanism of phonon scattering.

3.3. DFT modeling

DFT modeling was carried out for the Y&
compound. The distribution of the total density of
electronic states (DOS) shows the absence of an
energy gap at the Fermi level, confirming metallic
type of conductivity in this materiaF{g. 6). Analysis

of the partial DOS distribution shows that the Cu
atoms are mainly represented lgystates in the
valence band (in the form of two overlapping peaks)
in the energy range from -2 to -4 eV. Both theand
p-states of the Sn atoms are located in the valence
band in the ranges -10 to -8eV and -7 to OeV,
respectively. Thep-states of Sn at -4 eV mainly
overlap with d-states of Cul and Cu2 atoms. The
partial DOS of the Y atoms shows that thstates are
located in the conduction band. The occuplextates

in the valence band overlap withstates of Cu atoms

at -3 eV and withp-states of Sn electrons at -1 eV.

Chem. Met. Alloys 12 (2019) 5
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Fig. 5 Temperature dependence of the electrical redigtdfiHoCuSn @), ErCuSn @), TmCuSn (), and

YCusSn ().

Table 3 Parameters of the temperature dependence ofietdatesistivity for differenRCusSn compounds
and Néel temperatures from the literature.

Compound Pago k (LQIBM) pi1 k (nQIBM) Tora (K) Ty (K) [5]
YCusSn 86.5 23.2 - -
GdCuSn 132.7 47.2 14.6 14.0
TbCuSn 141.3 33.6 20.1 20.5
DyCusSn 113.4 38.5 14.0 13.0
HoCuSn 122.7 37.2 -2 5.0
ErCuSn 120.7 34.2 -2 1.8
TmCuSn 127.0 34.5 - -
2limit of measurement of the electrical resistivity: K
Since the valence band is formed by Cu and Sn atoms covalent bonding is weak, and that mainly

and the conduction band by Y atoms, the intermietall
compound can be considered to be polar with
anionic [CuySn]" and cationic [Y]" sublattices.

The distribution of the electron localization
function (elf) shows spherical localization
around the Y atoms F(g.7). Some electron

localization between Sn and Cul/Cu2 atoms is also
observed. Such an elf distribution is in good
agreement with the conclusions on bonding drawn
from the analysis of the DOS. Low elf values (0f@2

the presented isosurface) show, in general, that

metallic/ionic distribution is present.

4. Conclusions

A series of theRCusSn compounds, wherB is Y,
Gd-Tm, was studied, performing structural
refinements and electric resistivity measuremerhs.
crystal structure analysis showed ordered strustafe
the structure type CeGAu for the selected
representatives of tHeRCusSn series (Y, Gd, Tb, Er).
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Fig. 7 Isosurface of the electron localization
function at 0.32 for YCiBn.

The electrical resistivity data indicated metalype
of conductivity for all the studied stannides. The
magnetic ordering observed earlier for the GsBIw
TbCuSn, and DyCgsn compounds was confirmed by
the electrical resistivity measurements. Calcutegiof
the total DOS of the YGS$n stannide corroborated the
metallic properties.

A comparison of the electrical transport propertie
of other series of RCuSn compounds, eg.
R; oClUysSrp g [18] and RsCu,Sry [19], with those of
the RCusSn series studied in this work, shows
similar metallic conductivity with low values of eéh

electrical  resistivity at room  temperature
(40-120 12Em, 40-160 @[Adm, and
86.5-141.3 @[@m, respectively). In the case

of the R;CwSn, and RCwuSn stannides with
magnetic rare earths, the transition observed
on the temperature dependence of the electrical
resistivity confirmed magnetic ordering at low
temperature.
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