Structure and Magnetic Properties of GdPt,In and GdPt,Sn
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The platinum-rich intermetallic compounds GdPt;In and GdPt;Sn were synthesized by arc-melting
of the elements and subsequent annealing. The structures were refined from single crystal X-ray
diffractometer data: ZrPtyAl type, space group P63/mmc, a = 455.1(1), ¢ = 899.3(3) pm, wR2 =
0.0361, 166 F2 values, 9 variables for GdPt,In, and a = 453.2(1), ¢ = 906.5(2) pm, wR2 = 0.0915,
166 F2 values, 9 variables for GdPt,Sn. The platinum and indium (tin) atoms build up three-
dimensional [Pty In] and [Pt Sn] networks with short Pt—In (Pt—Sn) distances and Pty dumb-bells (290
and 297 pm in GdPt,In and GdPt;Sn). The gadolinium atoms have coordination number 14 with 8 Pt
and 6 In (Sn) neighbors. Magnetic susceptibility measurements on GdPt;In show Curie-Weiss behav-
ior with an experimental magnetic moment of 8.06(2) ug/Gd atom. GdPt, In orders ferromagnetically

at 27.7(2) K.
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Introduction

Besides the large number of compounds with cu-
bic Heusler-type structure (MnCu,Al type [1], more
than 390 representatives are listed in the Pearson Hand-
book [2]), only few RET,X compounds (RE = rare
earth metal; 7 = transition metal; X = element of
the 3", 4™ or 5™ main group) adopt the ZrPt,Al
type [2,3]. This structure type can be considered as
a ternary ordered version of the NazAs structure [4].
The occurrence of the respective structure type seems
to depend on subtle differences in the electronic struc-
tures and size requirements. To give an example, in
the series of REPd;In compounds [5], LaPd,In [6] and
CePd;In [7] adopt the ZrPt; Al type while those with
the smaller rare earth elements [8] crystallize with the
cubic Heusler type. A similar trend is observed for
the REPt,In series, however, with a different stabil-
ity range: ScPtyIn [8] is cubic while the compounds
REPtIn with RE =Y, Gd, Er, Tm, Lu [9, 10] are hexag-
onal.

Some of the ZrPt; Al type compounds have interest-
ing magnetic properties. CePd,In [11] shows a tran-
sition to an antiferromagnetically ordered phase at
1.23 K, and CeCu;Mg [12] is a Kondo lattice system
with a huge 7 value of 1000 mJ/molK?. GdPt;Sn or-
ders ferromagnetically at 20 K [13].

Within our systematic studies [14—16, and refs.
therein] on structure property relationships of inter-
metallic gadolinium-based materials, we were also in-
terested in the Gd7,X compounds. Herein we report on
the synthesis and single crystal structure refinements of
GdPt;In and GdPt;Sn and on the magnetic properties
of GdPt;In. So far, both compounds had been charac-
terized only on the basis of X-ray powder diffraction.

Experimental Section

Synthesis

Starting materials for the synthesis of the GdPt;In and
GdPt;Sn samples were ingots of gadolinium (Johnson
Matthey), platinum foil (Degussa), and indium and tin gran-
ules (Merck), all with stated purities better than 99.9 %.
Pieces of the gadolinium ingot were first arc-melted [17] to
small buttons under an argon atmosphere. The argon was pu-
rified before with molecular sieves, silica gel, and titanium
sponge (900 K). For the preparation of GdPt;Sn a gadolin-
ium button was mixed with pieces of the platinum foil and
the tin granules in the ideal 1:2: 1 atomic ratio, and the ele-
ments were brought to reaction by arc-melting. The product
button was remelted three times to ensure homogeneity. In
this way we obtained pure polycrystalline GdPt;Sn.

The preparation of GdPtyIn was slightly different. In a
first step we prepared binary GdPt; by arc-melting. The
GdPt, sample was then ground to a fine powder, mixed with
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Table 1. Crystal data and structure refinement for GdPt;In
and GdPt,Sn (space group P63/mmc, Z = 2).

Compound GdPtyIn GdPt;Sn
Lattice parameters

(Guinier powder data)

a, pm 455.1(1) 453.2(1)

¢, pm 899.3(3) 906.5(2)

Cell volume V, nm? 0.1613 0.1612
Molar mass, g mol~! 662.25 666.12
Calculated density, g cm 3 13.64 13.72
Absorption coefficient, mm™! 113.5 114.1
F(000), e 538 540

Crystal size, um?> 20 x 40 x 60 10 x 20 x 40
Transm. ratio (max/min) 3.39 1.81

0 range, deg 4-35 4-35

Range in hkl +7,+7, £14 +7,+7, +14
Total no. reflections 2624 1384
Independent reflections / Riq 166 /0.0725 166 /0.1461
Reflections with I > 20(I) / Rs 143 /0.0230 105 /0.0595
Data/refined parameters 166 /9 166 /9
Goodness-of-fit on F2 1.176 1.077

Final R1 / wR2 indices 0.0171/0.0371 0.0409/0.0783

1> 26(1)]

R1/wR?2 indices (all data) 0.0209/0.0361 0.0771/0.0915
Extinction coefficient 0.0021(3) 0.0028(7)
Largest diff. peak / hole,e A=3  1.20/ —1.89 592/-3.24

pieces of the indium granules and cold-pressed to a pellet of
6 mm diameter. The pellet was then arc-melted and subse-
quently remelted three times. The product button was sealed
in an evacuated silica ampoule and annealed at 970 K for
three weeks in a muffle furnace. For both arc-melting proce-
dures, the total weight loss was smaller than 0.5 %. The sil-
very polycrystalline GdPt; In and GdPt; Sn samples are stable
in air over months.

EDX data

Semiquantitative EDX analyses of the two crystals inves-
tigated on the diffractometer were carried out by use of a
Leica 420i scanning electron microscope with GdF3, plat-
inum, tin, and InAs as standards. The experimentally ob-
served compositions were close to the ideal values. No im-
purity elements heavier than sodium (detection limit of the
instrument) were found.

X-Ray diffraction

Both powder samples were investigated via Guinier pat-
terns (imaging plate detector, Fujifilm BAS-1800 readout
system) using CuKy; radiation and a-quartz (a = 491.30,
¢ =540.46 pm) as an internal standard. The hexagonal lattice
parameters (Table 1) were obtained from the powder data
by least-squares calculations. Proper indexing was ensured
through intensity calculations [18]. Our experimental data
are in good agreement with the data reported by de Mooij and

Table 2. Atomic coordinates and isotropic displacement pa-
rameters (pmz) of GdPtyIn and GdPt;Sn. Uegq is defined as
one third of the trace of the orthogonalized Uj; tensor.

Atom Wyck. X y z Ueq
GdPtzIn

Gd 2c 1/3 2/3 1/4 78(2)
Pt 4f 173 2/3 0.58852(4) 85(1)
In 2a 0 0 0 92(2)
GdPt,Sn

Gd 2c 173 2/3 1/4 66(6)
Pt 4f 1/3 2/3 0.5864(2) 63(4)
Sn 2a 0 0 0 78(6)

Table 3. Interatomic distances (pm), calculated with the pow-
der lattice parameters of GdPtyIn and GdPt,Sn. All distances
within the first coordination spheres are listed. Standard de-
viations are equal or smaller than 0.1 pm.

GdPtIn GdPt;Sn

Gd: 6 Pt 300.2 Gd: 6 Pt 300.8
2 Pt 304.4 2 Pt 304.9
6 In 345.8 6 Sn 346.1

Pt: 3 In 274.5 Pt: 3 Sn 273.1
1 Pt 290.4 1 Pt 296.7
3 Gd 300.2 3 Gd 300.8
1 Gd 304.4 1 Gd 304.9
3 Pt 307.2 3 Pt 304.9

In: 6 Pt 274.5 Sn: 6 Pt 273.1
6 Gd 345.8 6 Gd 346.1

Buschow for GdPt;Sn (a = 453.1, ¢ = 906.5 pm) [13] and by
Dwight for GdPt,In (a = 455.1(1), ¢ = 899.7(1) pm) [9].

Single crystals of GdPt;In and GdPt;Sn were picked
from the crushed samples. Their quality was checked by
Laue photographs on a Buerger precession camera (white
Mo radiation). Intensity data were collected at r.t. by
use of a four-circle diffractometer (CAD4) with graphite-
monochromatized MoKy (A = 71.073 pm) radiation and a
scintillation counter with pulse height discrimination. Scans
were taken in the ®/260 mode. Numerical absorption correc-
tions were applied to the data sets. All relevant details con-
cerning the data collections and evaluations are listed in Ta-
ble 1.

Structure refinements

The isotypy of GdPt;In and GdPt;Sn with the hexag-
onal ZrPt;Al-type structure [3] was clearly obvious from
the X-ray powder data. The atomic positions of isotypic
CePdyIn [7] were taken as starting parameters, and both
structures were refined using SHELXL-97 [19] (full-matrix
least-squares on F2) with anisotropic atomic displacement
parameters for all atoms. As a check for deviations from the
ideal composition, the occupancy parameters were refined in
separate series of least-squares cycles. All sites were fully
occupied within three standard deviations. The final differ-
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ence Fourier syntheses were almost flat (Table 1). The largest
residual densities for GdPt;Sn were close to the platinum
sites and most likely resulted from absorption effects. The
positional parameters and interatomic distances are listed in
Tables 2 and 3.

Further details of the crystal structure investigations
may be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
informationsdienste.de/en/DB/icsd/depot_anforderung.html)
on quoting the deposition number CSD-420009 (GdPt;In)
and CSD-420008 (GdPt,Sn).

Physical property measurements

8.887 mg of the GdPtyIn sample was packed in kap-
ton foil and attached to the sample holder rod of a VSM
for measuring the magnetic properties in a Quantum De-
sign Physical-Property-Measurement-System in the temper-
ature range 2.1-305 K with magnetic flux densities up to
80 kOe. For heat capacity (Cp) measurements (2.1-300 K)
11.162 mg of GdPtyIn was glued to the platform of a pre-
calibrated heat capacity puck using Apiezon N grease.

Results and Discussion

Crystal chemistry

GdPtIn and GdPt;Sn crystallize with the hexago-
nal ZrPt; Al-type structure, space group P63/mmc. Ge-
ometrically, this structure is derived from the well
known AlIB; type by an ordered replacement of ev-
ery other site within the planar hexagons by Pt; dumb-

Sn (3m.)

Gd (6m2) Pt (3m.)

Fig. 1. The crystal structure of GdPt;Sn. Gadolinium, plat-
inum and tin atoms are drawn as medium grey, black filled
and open circles, respectively. The three-dimensional [Pt;Sn]
network is emphasized. The near-neighbor coordination is
presented at the bottom.

bells which extend in the ¢ direction (Fig. 1). The tin
(indium) atoms take the aluminum and the gadolinium
atoms the remaining boron sites. Due to the insertion of
the dumb-bells, the structures are built up from three-
dimensional [Pt,Sn] and [PtoIn] networks.

In the following discussion, when we quote inter-
atomic distances, we refer to GdPt,Sn. Within the
[Pt,Sn] network each tin atom has a strongly distorted
octahedral platinum coordination with Pt—Sn distances
of 273 pm, close to the sum of the covalent radii [20]
of 269 pm, indicating substantial Pt—-Sn bonding. The
Pt—Pt distances within the Pt; dumb-bells of 297 pm
are slightly longer than in fcc platinum (d(Pt-Pt) =
277 pm) [21].

The gadolinium atoms fill larger cages of coordina-
tion number 14 (8 Pt + 6 Sn) within the [Pt,Sn] net-
work (Fig. 1). They bond to the network via the Gd-Pt
contacts (301 and 305 pm, close to the sum of the co-
valent radii of 290 pm [20]). The gadolinium atoms in
both compounds are well separated from each other.
The shortest Gd—Gd distances correspond to the lattice
parameters a of 455.1(1) and 453.2(1) pm in GdPt;In
and GdPt,Sn, respectively.

Magnetic properties of GdPt;In

The temperature dependence of the reciprocal
magnetic susceptibility of GdPtyIn is presented in
Fig. 2. Above 50 K we observe Curie-Weiss behav-
ior with an experimental effective magnetic moment
of 8.06(2) ug/Gd atom, in good agreement with the
free ion value of 7.94 ug for Gd3*. Extrapolation of
the y ! vs. T datato y ! = 0 led to a Weiss constant
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Fig. 2. Temperature dependence of the magnetic susceptibil-
ity (y and y~! data) of GdPtyIn measured at 10 kOe.
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Fig. 3. Low-temperature susceptibility (zero-field-cooling
and field-cooling modus) of GdPtyIn at 100 Oe (kink-point
measurement). The inset shows the derivative dy/d7T of the
zero-field-cooling curve with a sharp peak at the Curie tem-
perature of 7c = 27.9 K. For details see text.

GdPtsIn

5K

M (u, / Gd atom)

H (kOe)

Fig. 4. Magnetization isotherms of GdPt;In measured at 5,
50 and 200 K.

of 34.7(3) K, indicative of ferromagnetic interactions.
At low temperature the susceptibility curve shows an
anomaly below 40 K indicating ferromagnetic order-
ing. The exact Curie temperature was determined from
a kink-point measurement (Fig. 3). We have there-
fore measured the susceptibility in a low external field
of 100 Oe in the zero-field-cooling and in the field-
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Fig. 5. Temperature dependence of the specific heat of

GdPt,1In in zero magnetic field. The low-temperature behav-
ior is shown in the inset.

cooling mode. The derivative dy/dT of the zero field
cooling measurement resulted in a Curie temperature
of Tc =27.9(1) K. Between 40 and 60 K (H = 100 Oe)
there is another minor anomaly, smaller than the de-
tectability limit of X-ray powder diffraction, that be-
longs to a trace amount of either GdPt [22] or GdPt,
[23], which order ferromagnetically at Tc = 66 and
37 K, respectively. This anomaly already vanishes at
an external field of 500 Oe.

The magnetization isotherms taken at 5, 50 and
200 K are shown in Fig. 4. At 200 K we observe an
almost linear increase of the magnetization with the
applied field as expected for a paramagnetic material.
In contrast, at 5 K the magnetization almost reaches
saturation at an external field strength of 0.4 T, and
the saturation magnetization (sm) at 80 kOe amounts
10 Hexp(sm) = 7.08(2) tp/Gd atom, in good agreement
with the theoretical value for Gd** at 7 ug/Gd atom
(g xJ). Considering the very small hysteresis, GdPt;In
can be classified as a soft ferromagnet. In Fig. 5 the
specific heat (C,) data is plotted for GdPt;In. The Curie
temperature of 27.7(2) K is characterized by a A-like
anomaly.

Acknowledgements

This work was financially supported by the Deutsche
Forschungsgemeinschaft within the priority program SPP
1166 Lanthanoidspezifische Funktionalitditen in Molekiil und
Material. The Ph.D. thesis of W.H. is supported by the
Fonds der Chemischen Industrie.



174

B. Heying et al. - GdPtyIn and GdPt;Sn

(1]
(2]

(3]

(4]
(3]

(6]
(7]
(8]
(9]
[10]
[11]

[12]

O. Heusler, Ann. Physik, 1934, 19, 155.

P. Villars, L. D. Calvert, Pearson’s Handbook of Crys-
tallographic Data for Intermetallic Phases, (2" Edi-
tion), American Society for Metals, Materials Park,
OH, 1991, and desk edition, 1997.

R. Ferro, R. Marazza, G. Rambaldi, A. Saccone,
J. Less-Common Met. 1975, 40, 251.

G. Brauer, E. Zintl, Z. Phys. Chem. 1937, 37B, 323.
Ya. M. Kalychak, V.1. Zaremba, R. Pottgen, M. Lu-
kachuk, R.-D. Hoffmann, in Handbook on the Physics
and Chemistry of Rare Earths, Vol. 34 (Eds.: K. A.
Gschneider, Jr., V.K. Pecharsky, J.-C. Biinzli), Else-
vier, Amsterdam, 2005, chapter 218, pp. 1 —133.

B. Xue, H. Schwer, F. Hulliger, Acta Crystallogr. 1992,
C48, 2064.

B. Xue, F. Hulliger, Ch. Baerlocher, M. Estermann,
J. Alloys Compd. 1993, 191, L9.

A.E. Dwight, C. W. Kimball, J. Less-Common Met.
1987, 127, 179.

A.E. Dwight, Mater. Res. Bull. 1987, 22, 201.

K. Zhang, L. Chen, Guijinshu 1992, 13, 1.

A.D. Bianchi, E. Felder, A. Schilling, M. A. Cherni-
kov, F. Hulliger, H. R. Ott, Z. Phys. B 1995, 99, 69.

M. Giovannini, E. Bauer, G. Hilscher, R. Lackner,
H. Michor, A. Saccone, Physica B 2006, 378—380,
831.

[13]
[14]

[15]

[16]
(17]
(18]

[19]

[20]
[21]
[22]

[23]

D.B. de Mooij, K.H.J. Buschow, J. Less-Common
Met. 1984, 102, 113.

S. Rayaprol, C.P. Sebastian, R. Pottgen, J. Solid State
Chem. 2006, 179, 2041.

K. Latka, M. Rams, R. Kmieé, A. W. Pacyna, V.L
Zaremba, U. Ch. Rodewald, R. Pottgen, Solid State Sci.
2007, 9, 173.

F. M. Schappacher, S. Rayaprol, R. Pottgen, Solid State
Commun. 2008, 148, 326.

R. Péttgen, Th. Gulden, A. Simon, GIT Labor-Fach-
zeitschrift 1999, 43, 133.

K. Yvon, W. Jeitschko, E. Parthé, J. Appl. Crystallogr.
1977, 10, 73.

G.M. Sheldrick, SHELXL-97, Program for Crystal
Structure Refinement, University of Gottingen, Gottin-
gen (Germany) 1997.

J. Emsley, The Elements, Oxford University Press, Ox-
ford, 1999.

J. Donohue, The Structures of the Elements, Wiley,
New York, 1974.

A. Castets, D. Gignoux, J. C. Gomez-Sal, J. Solid State
Chem. 1980, 31, 197.

E. Dormann, K.H.J. Buschow, Phys. Stat. Sol. (b)
1973, 59, 411.



