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The Gd;CusSng, Tb,Cus5Sns 5, and Dy, CussSns s intermetallic compounds were prepared by arc melt-
ing, annealed at 670K and characterized by XRPD and DSC analyses. Rietveld refinement showed that
they crystallize in tetragonal Sm,CusSns structure type (space group I4mm). The magnetic proper-
ties were studied in the temperature range 2-300K and showed that in the paramagnetic state all
studied compounds are Curie-Weiss paramagnets, among them Tb,CussSnss and Dy,Cus5Snss order
antiferromagnetically at low temperatures and exhibit a metamagnetic transition. Electronic structure
calculations were performed to evaluate chemical bonding.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Two series of the ternary compounds with high tin con-
tent were found in most of the rare earth-copper-tin systems,
i.e. RCuy_,Sny_, (CeNiSip-type, R - La-Sm) [1,2] and R,Cu4Sns
(SmyCuySns-type, R — Pr, Sm, Gd, and Tb) [2-4]. Both structure
types contain the fragments of the binary AlB; and BaAly structures
(CeNiSi,-type) or CaF,, a-Po and BaAl, structures (SmyCuysSns-
type), staking along one direction (Z) and forming homologous
series of the long periodical structures. In the {Pr, Nd}-Cu-Sn sys-
tems also the PrCug,5Sn; 5 phase crystallized with AlB,-type [2]
and phase named Tg (~Nd4CuSns) related to AlB,-type [5] were
previously known to exist. Magnetic properties were studied pre-
viously for the series of the R,Cu,sSns intermetallics, where R is Pr,
Sm, Gd, and Tb in the temperature range from 78 to 293 K [2,4], and
it was indicated that stannides with Pr, Gd and Tb are Curie-Weiss
paramagnets with effective magnetic moments closed to free R3*
ion values and negative paramagnetic Curie temperatures. In con-
trast, the magnetic susceptibility of the Sm compound does not
follow Curie-Weiss law.
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The aim of the present work is the investigation of the crystal
structure and chemical bonding peculiarities of the Ry;Cuy_ySns.y
tetragonal phases (R=Gd, Tb, and Dy) and their magnetic properties
at the temperature ranging from 2 to 300 K.

2. Experimental

The alloys were prepared by weighing the stoichiometric amounts of Gd, Tb,
and Dy metals (purity 99.9 wt.%), Cu metal (purity 99.99 wt.%), and Sn metal (purity
99.999 wt.%) and followed arc-melting the charges under purified, Ti-gettered, argon
atmosphere with non-consumable tungsten electrode on a water-cooled copper
hearth. The ingots were sealed in evacuated silica ampoules then annealed at 670K
for 720 hand subsequently quenched in ice water. The obtained samples were exam-
ined by scanning electron microscopy (SEM) using JEOL-840A scanning microscope.
The phase analysis and crystallographic parameters of the samples were performed
using X-ray powder patterns recorded with HCZ-4A (Cu Ka) and Bruker D8 (Cu Koty )
powder diffractometers. The determination of the lattice parameters and the crystal
structure refinements were performed using the WinPLOTR program package [6].

The magnetic measurements of the R,Cus_,Sns.x samples were carried out in
the magnetic fields up to 10T and in the temperature range from 2 K to 300 K using
an automated extraction magnetometer.

The DSC analysis (NETZSCH STA449C Jupiter device) was performed on
Gd,CusSng, ThyCus5Sns 5 and Dy, Cus 5Sns s compounds to check the limit of tem-
perature range. The samples were heated in argon atmosphere up to 770K at a rate
of 10 K/min.

The electronic structure calculations were performed in the framework of DFT
using pseudopotential method (CPMD) with plane-wave basis set. For the exchange-
correlation functional the LDA [7] with PZ [8] parameterization was used.
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Table 1
Cell parameters, experimental details, atomic and isotropic displacement parame-
ters (in 102 nm?2) for Gd,CusSng, Th,Cus 5Sns s and Dy, Cus5Sns s compounds.

R Gd Th Dy
a, nm 0.44141(1) 0.44044(2) 0.43945(2)
¢, nm 2.4950(1) 2.4854(1) 2.4759(2)
Radiation Cu Koy Cu Ka Cu Koy
Instrument Bruker D8 HZG-4a Bruker D8
Ry B=0.11(7) B=0.36(3) B=0.13(4)
2a(002) z=0 z=0 z=0
R? z=0.6793(2) z=0.6826(1) z=0.6820(2) B=0.13(4)
2a(002) B=0.11(7) B=0.36(3)
Cul z=0.0938(7) z=0.0931(3) z=0.0907(5)
4b(01/2z) B=1.22(15) B=1.38(6) B=0.85(8)
Cu2 z=0.2407(5) z=0.2413(8) z=0.2402(3)
2a(00z) B=1.22(15) B=1.38(6) B=0.85(8)
Snl z=0.2930(3) z=0.2807(2) z=0.2782(2)
4b(01/2z) B=0.78(4) B=1.45(2) B=0.61(2)
Sn2 z=0.4040(3) z=0.3971(2) z=0.3958(2)
4b(01/22) B=0.78(4) B=1.45(2) B=0.61(2)
Sn3 z=0.5212(3) z=0.5241(1) z=0.5226(2)
2a(00z) B=0.78(4) B=1.45(2) B=0.61(2)
(Cu/Sn) z=0.1399(3) z=0.1391(2) z=0.1415(3)
2a(00z) B=0.78(4) B=1.38(7) B=0.85(8)
Occ.=1(Sn) 0Occ.=0.50/0.50 0Occ.=0.50/0.50
Rp 0.035 0.028 0.039
Rwp 0.032 0.037 0.051
Rpragg 0.063 0.082 0.090

3. Results and discussion
3.1. Crystal structure and chemical bonding

At first, a new Sm;,CuySns structure type was reported in Ref.
[3], and the isotypic compounds were found also with Pr, Gd, and
Tb [4]. Later, during investigation of the Nd-Cu-Sn system the new
phase at corresponding compositions was found at 670K, and per-
formed crystal structure calculations showed some deviation from
Nd,CuySns formula toward high Sn content — Nd,Cu3Sng, with
occupation one of the 2a site for Cu atoms in starting model by
(0.06Cu +0.94Sn) mixture [5]. In Ref. [9] for the phase Pr,CusSns
a slightly different composition and new formula Pr,Cu3Sng was
found on the basis of the microprobe data.

Detailed investigation of the Dy-Cu-Sn ternary system allowed
us to find at 670K the new ternary compound at Dy;gCuy7Snsg
composition [10]. The powder pattern of the Dy;gCuy7Snsg alloy
was successfully indexed on the basis of a tetragonal lattice with
cell parameters a=0.43945(2) and ¢=2.4759(2)nm. The crystal
structure refinements were performed on Dy gCuy7Snsy sam-
ple using the starting model of the Sm;CusSns structure type
(space group I4mm). The final atomic and isotropic displacement
parameters are listed in Table 1. The refinements of the site occu-
pancies showed that one of the 2a positions for Cu atoms is
occupied by (0.50Cu/0.50Sn) mixture. Thus, the chemical formula
of the compound should be written as Dy,Cus5Snss, and it is
in good agreement with the microprobe data. The model of the
Dy, Cus5Sns5 5 structure is presented in Fig. 1.

With regard to the various occupancy one of the 2a sites
by (Cu/Sn) mixture for Nd and Dy compounds, it was decided
also to perform the detailed crystal structure calculation for Gd
and Tb compounds. The final atomic and isotropic displacement
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Fig. 1. The model of the Dy,Cus5Sns 5 structure.
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Fig. 2. The electron density distribution in R,Cus_»Sns.y (x=0) compounds.

parameters of Tb compound are presented in Table 1, and the
chemical formula of this compound, according to Rietveld refine-
ment data, can be expressed as Tb;CussSnss. The refinements
of the site occupancies of Gd compound showed that one of the
2a positions for Cu atoms in starting model is occupied exclu-
sively by Sn atoms and the chemical formula of the compound
should be written as Gd;CusSng, and it is in good agreement
with the microprobe analysis showing for this phase a compo-
sition richer in tin. Thus, the feature of these compounds is the
structure peculiarity in occupancy of 2a site by mixture (Cu/Sn)
with various compositions depending on rare earth atoms. The
analysis of the interatomic distances in Gd;CusSng, TbyCusz5Snss
and Dy, Cus5Sn5 5 compounds showed that the distance Sn1-Sn2
(0.2888, 0.2893, and 0.2912 nm for Gd, Tb, and Dy, respectively),
Cu2-Sn3 (0.2810, 0.2790, and 0.2770 nm), Cu2-(Cu,Sn) (0.2471,
0.2482, and 0.2532nm) and Sn1-(Cu,Sn) (0.2420, 0.2410, and
0.2390 nm) are shorter than the sum of the respective atomic radii
(ra(Sn)=0.162 nm, r;(Cu)=0.127 nm), but it is almost equal to the
sum of their covalent radii (r(Sn)=0.141nm, r¢(Cu)=0.117 nm).
Thus, crystal chemical analysis and electronic structure calcula-
tions showed that RyCuy_,Sns.yx (x=0) intermetallic compounds
are characterized by the presence of metallic and ion-covalent
bonds, caused by the high content of Sn in compounds. However,
high density of states at Fermi level and absence of energy gap
indicates metallic type of conductivity. Such a contribution of the
covalence into the bond may cause localization of the electron den-
sity between these atoms, which is shown in Fig. 2. It is also clear
that Sn-Sn and Cu-Sn bonds are stronger than those with participa-
tion of rare-earth atoms, which is in a good agreement with crystal
chemical analysis.

2

B \ “\ ;
1] I

-5 i

DSC/mW

T T T T T T T T ¥ T T T T T i
100 150 200 250 300 350 400 450 500
T('C)

Fig. 3. DSC curve for the Gd,Cu3Sng compound.
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Fig. 4. DSC curve for the Tb,Cus5Snss compound.

3.2. Differential scanning calorimetric analysis

Recently, we studied the component interactions in the
Dy-Cu-Sn and Gd-Cu-Sn ternary systems at 670K and 770K
and analyzed an influence of the heat treatment on the number
of formed compounds [11,12]. The more remarkable difference
at both studied temperatures is concerning to the RyCuy_Sns.y
phases, existed at 670K, while at 770K they were not observed.
Thus, we checked R,Cuy_,Sns.x compounds using the differen-
tial scanning calorimetric analysis and obtained results confirmed
the limited temperature ranging for those phases, showing the
thermal induced transitions for Gd,CusSng, Tb,Cuss5Snss and
Dy, Cus5Sns5 compounds at 398.1, 389.6, 404.2°C and 213.4, 213,
217.5°C, respectively, which can be associated with the forma-
tion of the corresponding phases and their next decomposition,
respectively (Figs. 3-5). Obtained results confirmed the limited
temperature range for the compounds with Sn content higher than
50at.% in the {Gd, Tb, Dy}-Cu-Sn systems. This fact is in a good
agreement with the binary Cu-Sn system [13], which is charac-
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Fig. 5. DSC curve for the Dy,Cus5Sns s compound.

Fig. 6. The photograph of the Gd,Cu3Sng sample heated at 770K.

terized by low temperature formation of the binary phases in the
region more than 50at.% Sn and by the presence of liquid at low
temperature. The presence of Sn bubbles is clearly observed in
Gd;Cu3Sng sample heated at 770K (Fig. 6).

3.3. Magnetic properties

Magnetic behavior of the R,Cuy_,Sns.y intermetallics was stud-
ied by magnetic susceptibility () measurements in a magnetic
field up to 0.1 T and in the temperature range 2-300 K (from x~1(T)
dependences the effective magnetic moments /i.¢ and the param-
agnetic Curie temperatures 6, were calculated) and magnetization
(M) measurements in magnetic fields up to 10T and different
temperatures (in order to get the value of the pseudo-saturated
magnetic moment and the character of the magnetization plots).
The temperature dependencies of the inverse magnetic susceptibil-
ity of the compounds Gd,Cu3Sng, Th,Cus 55n5 5, and Dy, Cus 5Sns 5,
measured in a field of 0.1T, are reported in Fig. 6. In the paramag-
netic region, the magnetic susceptibility follows a Curie-Weiss law
for all three compounds and only R3* ions determine the magnetic
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Fig. 7. Temperature dependencies of the inverse magnetic susceptibility for the
R,Cuy_xSns+x compounds.
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Fig. 8. Temperature dependence of the susceptibility of the Dy,Cus5Snss com-
pound at low temperatures.
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Fig.9. Temperature dependence of the susceptibility of the Tb, Cus 5Sns 5 compound
at low temperatures.

behavior. Calculated effective magnetic moments per formula unit
are close to the magnetic moment values of the respective free R3*
ions (see Table 2). For Gd;Cu3Sng compound no magnetic order-
ing is observed up to 2K, it is a Curie-Weiss paramagnet in all
investigated temperature range as shown in Fig. 7. The magnetic
characteristics of investigated compounds are given in Table 2.
The low temperature magnetic susceptibility of the
RyCuy_Sns., compounds, where R=Tb, Dy, measured in a
field of 0.1T are reported in Figs. 8 and 9. For Dy,Cu3s5Snss,
a pronounced maximum characteristic of an antiferromagnetic

Table 2
Magnetic characteristics of the RyCus_xSns:, compounds.
R Tn (K) Op (K) Hei(f4B)
Exp. Theor.
Gd —40.0 7.47(1) 7.94
Tb 12 -234 9.58(1) 9.72
Dy 4 —24.5 10.54(1) 10.65
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Fig.10. Magnetization versus applied field at low temperatures for the Th,Cus 5Sns 5
compound.

ordering is observed at Ty =4 K. For Th,Cus 5Sns 5 one also observes
amaximum at Ty = 12 K but it is much more spread out than for the
compound with Dy. This behavior is quite similar to that observed
in the other Tb based stannides, TbNi3Sn, [14] and TbCoxSn,
[15]. In order to more deeply study the magnetic behavior of the
Tb,Cus3 5Sns5 compound in this range, we have measured M(H)
dependencies at different low temperatures (Fig. 10) closed to
observed transition. It is clearly evidenced that measured behaviors
at every temperatures are typical for Curie-Weiss paramagnetic
materials.

The field dependencies of magnetization up to 10T at dif-
ferent temperatures for all studied materials showed that the
magnetic saturation is not reached in the maximum applied field of
10T. Whereas, below Ty the Tb,Cus 5Sns5 5 and Dy, Cus 5Sns 5 com-
pounds exhibit a metamagnetic transition with a critical fields of
about 3.1T and 2.3 T at 2K, respectively (Fig. 11).
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Fig. 11. Magnetization versus applied field at 2 K for the Gd;Cu3Sng, TbyCus5Sns 5
and Dy, Cus 5Sns s compounds.



5210 V.V. Romaka et al. / Journal of Alloys and Compounds 509 (2011) 5206-5210

4. Conclusions

In conclusions, it should be noted that the series of the ternary
compounds with general composition Ry;Cuy_ySns., was studied
by crystal structure and magnetic properties investigations. Per-
formed in our work crystal structure analysis confirmed well a
varied percentage of copper and tin atoms in 2a atomic site, giving
slightly different compositions for representatives of R;Cu_ySns.y
series. Electronic structure calculations showed strong interaction
between Sn-Sn and Cu-Sn atoms resulted in electron density local-
ization. Obtained results confirmed the limited temperature range
for the compounds with Sn content higher than 50at.% in the
{Gd, Tb, Dy}-Cu-Sn systems. Counting the number of rare earth
atoms according to calculated formula investigated compounds,
we obtained a good agreement between the experimental values
of 1efr and the corresponding values for R3* jons.
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