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Abstract

Pt(Cug.67Sn0.33) has recently been found in a natural sample. In order to be
able to characterize this new ternary compound, we synthesized it from the ele-
ments. Samples were characterized by X-ray powder diffraction, differential scan-
ning calorimetry, thermal relaxation calorimetry, and scanning electron microscopy

studies. Density functional theory-based model calculations complemented the ex-
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perimental studies. Pt(Cugg7Sng.33) was already formed at a relatively low tem-

perature of 773 K. Rietveld refinement of Pt(Cug ¢7Sn¢.33) has been carried out in

[oN

space group P4/mmm, with Pt on 0,0,0 and disordered Cu and Sn on %,%,% an
Z = 1. The lattice parameters are a = 2.82205(1) A, ¢ = 3.63637(2) A, and V =
28.9599(2) A3; which are in good agreement with values obtained earlier on the
natural sample and with the results of DFT calculations. The standard entropy for
Pt(Cuo.7Sn0.33) i8 SS95 15 = 79.9(7) J mol 1K1, The pressure dependence up to
36(2) GPa of the unit-cell volume and the lattice parameters and unit-cell volume
have been obtained by synchrotron based powder diffraction using a diamond anvil
cell. A fit of a 3"%-order Birch-Murnaghan equation of state to the Pt(Cug g7Sng.33)

(p, V)-data results in a bulk modulus of By = 215(27) GPa and B’ = 5(2).

Key words: Pt(Cugg7Sng.33), ternary Pt-Cu-Sn compound, compressibility

1 Introduction

Binary Pt-Sn, Pt-Cu and Cu-Sn alloys are well known and have extensively
been studied. The Cu-Sn system includes bronze alloys and phases used as
solder such as CusSng (Furtauer et al.2013). In the Pt-Sn system, PtSn and
Pt3Sn are used as catalysts for ethanol electrooxidation (Chia and Lee 2010).
The family of ternary Pt-Cu-X, Pt-Sn-X and Cu-Sn-X alloys contains several
hundred compounds. Among them, nine isostructural families of compounds
can be identified, six with rare earth (R) elements (RCuSny - Cmem, RCusSny
- P4/nmm, R3CuySny - Immm, RCuSn - P63mc, RCuSn - P63/mmec, RPtSn
- Pnma, RPtSn - P62m) and two with 3d transition metal elements (M)
(M CuySn - Fm3m, MPtSn - F43m) (Hellenbrandt|2004). However, no Pt-Cu-
Sn ternary compound had been reported until very recently, when a mineral

grain with approximate composition Pt(Cugg7Sng33) was discovered in an



ore from the Bolshoy Khailyk placer deposit, Eastern Sayans in the east of
Russia (Barkov et al|[2018)). After an initial characterization of this grain
by Laue microdiffraction at the Advanced Light Source, Berkeley (beam line
12.3.2) by us, a request to register this new phase as a new mineral species
has been submitted. As this mineral is exceedingly rare, we synthesized this
ternary Pt-Cu-Sn compound in order to provide sample material for more
detailed studies of its structure, stability and physical properties. Syntheses
have been carried out by heating mixtures of the elements in a furnace and in
an electric arc melter. Samples were characterized by X-ray powder diffraction,
differential scanning calorimetry (DSC), thermal relaxation calorimetry, and
scanning electron microscopy studies. Density functional theory-based model

calculations complemented the experimental studies.

2 Experimental

2.1 Synthesis

Pt(Cup679n0.33) was synthesized by heating stoichiometric mixtures of ana-
lytical grade powders of platinum (0.2-1.8 pm, ChemPUR 99.95%), copper
(<150 pm, ChemPUR 99.99%) and S-tin (<71 pm, MERCK 99%). Powders
of platinum, copper and tin in a molar ratio of 3:2:1 were homogenized in an
agate mortar and pressed into pellets of 4 mm diameter. In order to avoid
oxidation, the pellets were placed in silica glass tubes, which were flushed
three times with argon before sealing. As it had been reported earlier that
[-Sn nucleation is a key step in the formation of Sn-based compounds (Ma

et al.2018)), we have employed a variety of synthesis conditions in a conven-



tional oven starting at low temperature when investigating the formation of
Pt(Cug¢75n0.33) (Tables|l|and . Based on results of DSC measurements (see
below) a heating rate of 6 K/min was selected for all syntheses. In one set
of experiments the furnace was switched off after holding the temperature at
the maximum temperature, and the pellets were cooled down in the furnace
to ambient conditions within several hours. In a second set of experiments,
the pellets were quenched to ambient temperature in less than one minute us-
ing compressed air. It is worth noting that the temperatures explored in this
study are rather low, as the melting point of platinum is ~2041 K (Bezemer

and Jongerius||1976)).

Pt(Cug,g7Sn0.33) was also synthesized in an arc-melter (MAM-1, E. Biihler
GmbH, Hechingen) by melting a stoichiometric mixture of the elements. Pow-
ders of the elements were mixed in an agate mortar and pressed into pellets
of 4 mm diameter as described above. Prior to the arc melting experiments,
the sample chamber was flushed three times with argon and remaining traces
of oxygen were removed by melting a titanium sphere in the sample chamber.
Temperatures in the arc melter are substantially higher than in the furnace
(>2000 K as the melting point of Ti is exceeded). After the synthesis, the
pellet rapidly (<1 min) reached ambient temperature after the arc is switched

off.



2.2  Characterization

2.2.1 Powder diffraction

Powder X-ray diffraction patterns were collected at ambient temperature with
a Panalytical Philips X'Pert diffractometer using the pellets without further
sample preparation. Cuk,; radiation from a Cu anode operating at 40 kV
- 30 mA and a focusing Johansson Ge monochromator was used. Powder
diffraction patterns were measured with a PIXcel?” 2x2 detector. Instrumen-
tal parameters were obtained by measuring a Si-standard. Indexing was per-
formed using the DICVOL program (Boultif and Louer|2004), while Le Bail
fits and Rietveld refinement were performed using the program FULLPROF
(Rodriguez-Carvajal [1993)). A linear interpolation between approximately 30
manually selected points for the background and a pseudo-Voigt profile func-

tion were used.

2.2.2  Differential scanning calorimetry

Differential Scanning Calorimetry was carried out using small pellets of a
stoichiometric mixture of elemental platinum, copper and tin powders in molar
ratio of 3:2:1. To establish sufficient thermal contact between the alumina
crucibles and the sample the mixtures were homogenized in an agate mortar
and pressed into small pellets. Pellets of 10-20 mg of sample were placed in
open alumina crucibles. A NETSCH DSC 204 F1 Phoenix instrument was
used. Measurements were carried out with heating-cooling rates ranging from
1 K/min to 6 K/min in a helium atmosphere in the temperature range between

300 - 680 K.



2.2.8  Scanning electron microscopy

The morphology and characteristics of the surface of the samples were observed
by Scanning Electron Microscopy using a Phenom World Pro X Desktop SEM
microscope operating at 15 kV. Images were acquired using a BSE-detector.
Semi-quantitative element identification was performed by X-ray energy dis-
persive spectroscopy (EDS) using an acceleration voltage of 15 kV. Several

regions of the pellets were selected for the measurements.

2.2.4 Heat capacity measurements

The heat capacity measurements were performed at temperatures between
3.8 - 393 K using a relaxation calorimeter (Physical Properties Measurement
System (PPMS), Quantum Design). A compacted, polycrystalline fragment
with mass 14.98(2) mg was measured at 150 different temperatures. At each
temperature, the heat capacity was measured three times by the relaxation
method using the two-7 model. The temperature step was reduced logarithmi-
cally from 393 K to 3.8 K. The accuracy of our experiments was established by
measuring the standard reference materials SRM-720 (AlyO3) and Cu (Alfa
Aesar, 99.999%). The deviation of our data for SRM-720 from to those pub-
lished by Ditmars et al.| (1982) was within 2% in the range of 395 K to 50 K
and was within 6% below 5 K. The deviation of our data for Cu from those
reported by Lashley et al. (2003) was 1% in the range from 300 K to 40 K,
and 2% below 40 K. The standard molar entropy S5g 5 and the enthalpy
change in between 0-298.15 K, A Hy_295.15, were computed with the following

equations:

298.15

R C
8298.15: / ?pdT (1>



and

298.15

AI—IO—298.15 = / deT (2>

Neglecting the difference between C), and Cy at lower temperatures, the Debye

temperature #p can be determined using

1274 T3
Cv=73 "R<9D) 3)

where n is the number of atoms per unit cell and R = 8.31446 J mol'K~!

(Hunklinger|[2009)).

2.2.5 High energy synchrotron diffraction experiments

Powder diffraction patterns were collected at the High Energy Diffraction
Beamline P21.1 (PETRA III, DESY, Hamburg, Germany) on pellets reacted
according to the temperature profile S5 described in Table [2l The diameters
of the pellets were 2 and 4 mm. Diffraction patterns were acquired using a
wavelength of 0.1204 A and a PerkinElmer XRD 1621 detector. The beam
size was 1000 x 500 um (H x V). The sample-to-detector distance of 1353.5
mm and the wavelength were determined employing a Ni reference sample.
All the diffraction data were processed with the Dioptas software (Prescher

and Prakapenkal[2015]).

2.2.6 High pressure diffraction experiments

High pressure experiments using diamond anvil cells were carried out at the
Extreme Conditions Beamline P02.2 (PETRA III, DESY, Hamburg, Ger-

many) (Liermann et al.[2010). A 10x 15 x 5 um? fragment of a Pt(Cug ¢7Sng.33)



from the S4 synthesis (Table [2) was loaded into a Boehler-Almax type dia-
mond anvil cell (DAC) (Boehler|2006)) for the high pressure experiment. A ruby
chip was loaded and the pressure was determined using the ruby fluorescence
method (Mao et al.[[1978; |[1986)). Ne was employed as a pressure-transmitting
medium. The sample was placed in a 175 pm diameter hole which was drilled
by a custom-built laser lathe in a pre-indented Re gasket (45 pm in thick-
ness). The diamond culets had a 350 pum diameter and an opening angle
of 70°. Diffraction patterns were acquired using a wavelength of 0.2893 A,
a beam focused to 9 x 3 pm? (H x V) full width at half maximum using
compound reflective lenses, and a PerkinElmer XRD1621 flat panel detector.
The sample-to-detector distance of 395.71 mm and the wavelength were de-
termined employing a CeOs reference sample. Measurement times were 10 s,
during which the samples were rotated by 4+ 10° around an axis perpendicular
to the beam. All the diffraction data were processed with the Dioptas software
(Prescher and Prakapenka|2015). Powder diffraction data were collected from
ambient pressure up to 36(2) GPa. Lattice parameters have been obtained
from Le Bail fits using GSAS/EXPGUI (Toby|[2001). The bulk modulus was

derived using the EoSFit7 program (Gonzalez-Platas et al.|[2016)).

3 Density functional theory

Density functional theory (DFT) calculations were performed using the CASTEP
code (Clark et al.[2005)). The code is an implementation of Kohn-Sham DFT
based on a plane wave basis set in conjunction with pseudopotentials. The
plane-wave basis set is unbiased (as it is not atom-centered) and does not

suffer from the problem of basis-set superposition error unlike atom-centered



basis sets. It also makes converged results straightforward to obtain in practice,
as the convergence is controlled by a single adjustable parameter, the plane
wave cut-off, which we set to 450 eV. All pseudopotentials were ultrasoft,
and were generated using the PBE exchange-correlation functional (Perdew
et al|/1996) using the 'on the fly’ parameters included in the CASTEP dis-
tribution. The Brillouin-zone integrals were performed using Monkhorst-Pack
grids (Monkhorst and Pack [1976]) with spacings between grid points of less
than 0.02 A~!. Full geometry optimizations of the unit cell parameters and
the internal coordinates were performed until forces were converged to <0.01

eV/A and the residual stress was <0.02 GPa.

As CASTEP employs periodic boundary conditions, the Cu-Sn disorder was
approximated, first by carrying out calculations in a 3 x 3 x 3 supercell in
space group P1 containing 27 formula units with random exchange of Sn and
Cu. A further set of calculations were carried out in a supercell where the
Sn and Cu atoms were exchanged to give a “special quasi-random structure”
(Zunger et al.[1990). The special Quasirandom Structure (SQS) was generated
using the method suggested by van de Walle et al.| (2013). The algorithm
searches for the best periodic approximation to the true disordered state for
a given number of atoms per supercell. The method is based on Monte Carlo
simulated annealing iterations with an objective function that seeks to match

the maximum number of correlation functions.



4 Results and Discussion

4.1 Differential Scanning Calorimetry

The onset of a reaction in the mixture of the elements is clearly observable

by DSC (Figure . At 500 K, superposed on the broad endothermic signal
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Fig. 1. Differential scanning calorimetry curve of a stoichiometric mixture of ele-
mental platinum, copper and tin powders in molar ratio of 3:2:1 heated and cooled

with 6 K/min.

associated with the melting of tin (T, (Sn)~503 K (Jiang et al.|2006)) a
very narrow exothermic signal appears. |Loomans and Fine (2000) reported a
similar behaviour in Ag-Cu-Sn ternary alloys which they associated with the
formation of a non-eutectic intermetallic alloy. In contrast to the observations
by [Loomans and Fine| (2000), where the exothermic signal is just above the
background level, in this study the magnitude of the exothermic heat flux is
considerably larger. The associated chemical reaction is irreversible, as there

is no corresponding signal in the flat DSC curve obtained on cooling. No

10



significant change other than an increase in the data scatter in the heat flow

is observed if the heating rate is decreased to 1 K/min.

4.2 Powder diffraction at ambient conditions

The powder diffraction patterns from the mixture of the elements, after ho-

mogenization in the mortar, and from the products of the synthesis can be

seen in Figures [2] and [3]
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Fig. 2. Le Bail fitting of X-ray powder diffraction patterns using A = 1.5406 Aof
Pt-Cu-Sn (3:2:1) before the reaction and after different synthesis routes (S1, S2, S3
and S4), see Tables|l] and [2 The asterix in the diffractogram from the S4 synthesis

highlights the most intense reflection of the secondary 7’-Cu;Sny phase.

The lattice parameters of the obtained phases are shown in Tables [I| and
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The diffraction pattern from the Pt-Cu-Sn starting mixture shows narrow
reflections from copper and S-tin but broad reflections from platinum. This
difference is due to the variation in particle size (Pt: 0.2-1.8 pum, Cu: <150

pum, and S-tin: <71 pm).

The maximum temperature (Tax(S1) = 573 K) in synthesis S1 was above
the exothermic reaction observed by DSC. The diffraction pattern shows that
the elements partially reacted, but after cooling only binary compounds were
present (Table . Platinum remains partially unreacted at these conditions.
This synthesis clearly shows the complexity of reactions in the Pt-Cu-Sn sys-
tem, as the formation of PtSny, PtCu, CusSn, CugSns, PtSn and PtsSns is
observed. The lattice parameters obtained for those compounds agree with

those reported earlier (Table [1)).

In synthesis S2, the temperature is first raised slightly above the exothermic
reaction and then increased to a nominal temperature of 773 K. At these
conditions Pt(Cug 7509 33) was obtained, although not as a pure phase as it is
accompanied by moderate amounts of PtCu (Table . The diffraction peaks
are unusually broad in samples obtained when using these conditions. X-ray
diffraction peaks noticeably broaden either when crystallites become smaller
than about a micrometer or if the lattice is strained, e.g. due to an abundance
of defects (Ungar| [2004). Because the pellet was cooled down slowly in the
furnace, broadening due to lattice strains seems unlikely. If broadening is due
to crystallite size, then this implies that at 773 K the Pt(Cugg75n¢33) phase is
just starting to be formed. It is worth mentioning that the synthesis of this Pt-
based compound is achieved at around one third of the melting temperature of
platinum. This is considerably lower than the formation temperatures reported

for binary Pt-based alloys (e.g. PtSny ~1000 K, PtCu ~1100 K, PtSn ~1170

13



K, or Pt3Sn ~1370 K (Anres et al.|1998, |Abe et al./2006])).

In synthesis S3 the maximum temperature was 1023 K. At these conditions the
formation of Pt(Cugg7Sngs3) could also be observed. However, considerable
amounts of PtCu, Pt3Sn and n’-CusSny are also present. At this temperature
the reflections of Pt(Cuge7Sn9.33) are sharp and intense, which indicates that
the crystallinity is much improved in comparison to the sample obtained at

773 K.

It has been reported that solid state diffusion controls the growth of phases in
Sn-based systems (Baheti et al.[2018). Therefore, in order to promote diffusion,
in synthesis S4 we first heated the sample to a temperature slightly above the
exothermic reaction, maintained this temperature for 5 h, and then increased
the temperature to 1023 K. This procedure leads to the formation of almost
pure Pt(Cugg7Sng.33) (Table , Figure . The S4 synthesis contained a small
amount of a secondary phase, which has been tentatively assigned as n'-CusSny
(Figure [2). The lattice parameters obtained by a Le Bail fit (Table [2) are
similar to those reported by [Larsson et al.|(1994). Several attempts with slight
changes of the stoichiometry were carried out in order to investigate if this
could lead to the formation of a single Pt(Cug 67510 33) phase, but a secondary
phase was always observed. However, the amount of 7’-CusSny in the pellet
is so small that it was impossible to perform a reliable Rietveld refinement of

this phase and establish its concentration.

Synthesis S5 was done using the same temperature profile as in S4, but the
pellet was quenched using compressed air instead of cooling it down slowly in
the furnace to ambient conditions within several hours. This procedure leads

to the formation of pure Pt(Cug¢7Sng.33), independent of the pellet diameter,

14



where diameters of 2 and 4 mm were employed (Figure [3| Table [2)).
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Fig. 3. Rietveld refinements of Pt(Cugg75n9.33) obtained by a two stage synthesis

in which the samples were temperature-quenched with compressed air (Table

syntheses S5 and S6).
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4.8 Arc-Melting synthesis

Pt(Cup 67910 33) was also synthesized in an arc-melter by melting the elements
(S7). The Le Bail fit of the powder diffraction pattern of Pt(Cugg7Sn¢ 33) from
the arc-melter is shown in Figure [d The lattice parameters are listed in Table
Bl The reflections from the sample obtained by arc-melting are broad. As men-
tioned above, the broadening can be associated to small crystallites or strains
(Ungar [2004). The pellet in the arc-melter was heated and quenched much
faster than in the furnace-based experiments and hence both the presence of
small crystallites and strains are to be expected. The arc-melter synthesis pro-
duced two other phases: cubic PtggCug; (Table |3) and a further phase that
could not be identified due to the strong broadening of the reflections of the

main phase and the significant overlap of reflections.

In order to release strains and to evaluate the thermal stability of Pt(Cug 7510 .33)
obtained by arc-melting, the sample was heat treated. First, the temperature
was increased from ambient consitions to 973 K with a rate of 1.3 K/min. The
sample was then kept at this temperature for 144 h. Afterwards, the sample
was cooled down to ambient conditions in the furnace within 12 h (Table
synthesis S7-annealed). The unidentified reflections observed in synthesis S7
disappeared while reflections due to Pty 9Cug; remained after annealing (Fig-
ure [4)). The diffraction pattern of the annealed Pt(Cugg75n0.33) sample shows
sharp reflections, but all of them show peak splitting. The best Le Bail fit-
ting was achieved using three different unit cells, two cells with space group
P4/mmm and one with Pmmm (Table [3, Figure [d). The peak splitting and
the loss of symmetry is very likely related to short-range order such as the one

observed in other Cu-based compounds (Tsatskis and Salje 1998, Wolverton

16



et al./|[199])).
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Fig. 4. Le Bail fits of Pt(Cug75n0.33) synthesized in an arc-melter by melting the
elements (synthesis S7, table [2)) and after annealing the pellet at 973 K for 144 h
((synthesis S7-annealed, table ) Ptg.9Cug.1 was identified as a secondary phase.

Unidentified reflections are highlighted with asterixs.

4.4 Microstructures

The synthesis products have been characterized by scanning electron mi-

croscopy. Representative images are shown in Figure [5| In general, the mi-

17



crostructure observed in the SEM images can be related to the phases iden-
tified in the diffraction patterns (Figures [2[ and , Tables , and . Several
phases can be observed in the samples from the synthesis S1 and S3 (Fig-
ure a,c) while only two phases are detectable in syntheses S2 and S4 (Fig-
ure b,d). Figure d shows a homogeneous microstructure which, according

to X-ray diffraction, corresponds to Pt(Cugg7Sng 33).

18



(a) S1 - 573K (b) S2 - 523K - 773 K

(c) S3 - 1023K (d) S4 — 523K - 1023 K

(e) ST — Arc-melter

Fig. 5. Scanning electron micrographs of the microstructure of Pt-Cu-Sn (3:2:1)
pellets after different synthesis routes in the furnace (S1, S2, S3 and S4) and in the

arc-melter (S7).
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The pellet synthesized by arc-melting shows a homogeneous dendritic mi-
crostructure (Figure e,f). During the arc-melter synthesis, the heating and
cooling rates are fast, with (dT/dt) ~ 2000 K/min. Such large cooling rates
lead to a homogeneous nucleation in the melt (Kurz and Fisher|1998). In
single-phase alloys, the nuclei grow into primary crystals which rapidly be-
come unstable and transform to dendritic form. These dendrites grow freely
in the melt in an equiaxial shape because their latent heat is extracted radially
through the undercooled melt and they finally impinge on one another (Kurz
and Fisher|1998). EDX analysis from several regions of the pellets gives an ap-
proximate composition of PtCug 7(1)Sng 3(1) which is in satisfactory agreement

with the nominal Pt(Cug7Sng 33) stoichiometry.

4.5  Pt(CugerSngss) crystal structure

The unit cell of Pt(CuggrSngs3) was determined from the S5 and S6 pow-
der diffraction patterns using the DICVOL program. The Rietveld method as
implemented in the FULLPROF program was used to refine the crystal struc-
ture. The results of the Rietveld refinements for Pt(Cugg7Sng33) are shown
in Figure [3] The lattice parameters, the atomic parameters and the reliability
factors are given in Tables [4] and [f] Refinements of the site occupancies give
an approximate composition of Pt(Cugsg5)Sno.41(5)), which is in very good

agreement with the nominal Pt(Cugg7Sng 33) stoichiometry.
The crystal structure of the Pt(Cugg7Sn0.33) compound is shown in Figure |§|

20



It is a tetragonal distorted CsCl-type structure, space group P4/mmm, in
which Cu and Sn occupy the same Wyckoff position (1d). The results from
the annealed arc-melter sample imply that annealing leads to short-range order

in the structure, but this needs to be further explored.

Fig. 6. Crystal structure of Pt(Cuge7Sng33) obtained by Rietveld refinement.

Pt-atoms are depicted as gray spheres while Cu/Sn atoms are shown as red spheres.

4.6 Heat capacity

Figure |f| shows the heat capacity of Pt(Cugg7Sng.33) (pellet from S5) between

3.8 and 393 K, while the T3-plots are shown in Figure . The heat capacity
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is 54.3(6) J mol ' K~! at 298.15 K. The data was fitted by fifth-order polyno-
mial functions in three temperature ranges. Polynomial coefficients are given
in Table [6] The data implies that there is no structural or magnetic phase

transition at ambient pressure between 3.8 K and 400 K.
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Heat capacity (J mol ™t K'l)
|_\
o

o

0 100 200 300 400
Temperature (K)

Fig. 7. The heat capacity of Pt(Cug¢7Sng33) (synthesis S5 Tab. [2) measured be-
tween 3.8 and 393 K. Experimental data are shown as dots, the continuous curve is

the result of a polynomial fit.

The Debye temperature of Pt(Cugg7Sn0.33) was determined using eq. |3 and is
0p = 221(4) K. It is in similar to the Debye temperatures of elemental platinum
(236(2) K(Arblaster|[1994))) and tin (200(3) K (Bryant and Keesom|1961))), but

smaller than the Debye temperature of copper (342-345 K(Arblaster|2015)).

The standard entropy for Pt(Cug g7Sng.33) is S59g 15 = 79.9(7) J mol'K~! and
hence is very closs to the concentration-weighted sum of the pure elements (Pt:
41.53 J mol 'K~ (Arblaster [1994), Cu: 33.1 J mol"'K~!, (Arblaster| 2015))
a-Sn: 44.14(42) and p-Sn: 51.18(08) (Gamsjager et al.|[2012).
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Fig. 8. T3-fit of Pt(Cug ¢7Sng.33) (S5) is represented by the solid line. The dashed

line represents the extrapolation of the fit.

The enthalpy, Hsgs 15-HS, for Pt(Cugg7Sngs3) at 298 K is H = 11.345 (kJ
mol ') and thus close to the concentation-weighted sum of the values for the
elements (Pt: 5.694 kJ mol~! (Arblaster|{1994)), Cu: 5.003 kJ mol~! (Arblaster
2015, and Sn: 6.316 kJ mol™! (Khvan et al.[2019)).

4.7 Pt(CugerSngss) compressibility

The equation of state of Pt(Cuge7Sng 33) has been obtained up to a pressure
of 36(2) GPa. The bulk modulus obtained from fits of 2"¢ and 3"?-order Birch-
Murnaghan equations of state to the experimental data and to the results of
the DFT calculations are given in Figure [9] and Tables [7] and [§] The compres-

sion behavior of the lattice parameters is also shown in Figure [0} The experi-
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Fig. 9. Pressure dependence of lattice parameters from experiment (synthesis S4)
and DFT of Pt(Cug 67Sn0.33) up to 36 GPa, and fits of third order Birch-Murnaghan
equations of state to the data. The open circles represent DFT data froma 3 x 3 x 3
supercell in which Cu and Sn atoms have been exchanged randomly, while the solid
circles are results for a 54 atom special quasi-random structure. The experimental
bulk modulus is 215(3) GPa with a B’ = 5(2), while the theoretical bulk moduli are

191(2) GPa for the “random” structure and 173.6(2) GPa for the SQS structure.

mental bulk modulus is &~ 220 GPa, depending on which equation of state is
employed. A fit to the DFT results are slightly lower (174 - 200 GPa), which is
due to the often observed underbinding in DFT-GGA-PBE calculations. The
c-axis is more compressible than the a-axis, which is the expected behavior
as the c-axis is longer and hence interatomic distances along [001] are larger
than in the (001) plane. No pressure-induced structural phase transition has
been observed upon pressure increase in the pressure range sampled here. The
results show that Pt(Cugg7Sng33) is more compressible than platinum (276
GPa), but less compressible than copper (138 GPa) or f-tin (52.8 GPa) (Li

and Wu/[2001)). There are no readily available bulk moduli for binary Pt-Cu,
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Pt-Sn and Cu-Sn compounds. However, the compressibility of Pt(Cugg7;5n¢.33)
is similar to those of CoPt and NiPt alloys (~220 GPa) (Shen et al. 2013).
The two DF'T calculations with different distributions of the Cu and Sn atoms
give similar bulk moduli, thus showing that the bulk modulus is essentially

independent of the local atomic arrangement in this compound.

5 Conclusion

The successful synthesis of a novel compound in the Pt-Cu-Sn system has
allowed us to obtain physical and thermodynamic parameters, which will help
to better understand the formation of this extremely rare mineral in nature.
The peak splitting observed when quickly cooled samples were annealed points
toward the tendency of the (Cu,Sn)-sublattice to order, but the exploration
of this was beyond the scope of the present study. Finally, we have begun to
use this compound as a base to derive single phase high entropy alloys by

substitution on the sub-lattices and these results will be reported elsewhere.
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Table 1

Conditions used during the synthesis of Pt(Cug ¢7Sn0.33) and the products obtained.

Synthesis | Temperature /| Obtained phases - Le Bail /A Reported phases / A

Pt (a = 3.9187(1), Fm3m) Pt (a = 3.9156, ICSD-241774)
Elements | Ambient Cu (a = 3.6158(1), Fm3m) Cu (a = 3.6149, ICSD-627114)

B-Sn (a = 58324(1), ¢ = |BSn (a = 5.8313, ¢ = 3.1814,

3.1819(1), I41/amd) ICSD-52269)

Pt (a = 3.9151(4), Fm3m) Pt (a = 3.9156, ICSD-241774)

B Sn (a = 3.287, ICDD-01-073-
Sn (a = 3.2846(7), Im3m)

6846)
91 573 K - PtSny (a = 6.422, ICDD-00-007-
PtSny (a = 6.4238(8), Fm3m)
0371)
PtaSnsg (a = 4.3418(9), ¢ = | Pt2Sng (a = 4.334, ¢ = 12.96,
12.971(2), P63/mmc) ICDD-03-065-3553)

PtSn (a =4.073(1), c = 5.460(2), | PtSn (a = 4.100, ¢ = 5.432,

P63 /mmc) ICDD-00-025-0614)
PtCu (a = 3.796, ICDD-00-048-

PtCu (a = 3.7986(5), F'm3m)
1549)

v-CugSn (@ = 6.2156, ICSD-

v-CusSn (a = 6.206(1), F43m)
185003)

n-CusSns (a = 4.2498(8), ¢ = | n-CugSns (a = 4.2062, ¢ =

5.0698(8), P63/mmc) 5.0974, ICDD-00-047-1575)

b6 K /min heating rate. After keeping the sample for 10 h at the highest temperature the furnace
was switched off and the pellet was cooled down to ambient conditions in the furnace within 12

h.
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Table 2

Conditions used during the synthesis of Pt(Cug ¢7Sn9.33) and the products obtained.

Synthesis | Temperature [®Pl| Obtained phases - Le Bail / A Reported phases / A
Pt(CuO,67Sn0,33) (CL = 2.8194(5),
S2 523 K- 7713 K | ¢ = 3.6668(8), P4/mmm)
~ PtCu (a = 3.796, ICDD-00-048-
PtCu (a = 3.879(1), Fm3m)
1549)
Pt(CuO‘67Sn0.33) (a = 2.8244(1),
¢ = 3.6198(1), P4/mmm)
S3 1023 K - PtCu (a = 3.796, ICDD-00-048-
PtCu (a = 3.8026(2), Fm3m)
1549)
] PtsSn (¢ = 4.0, ICDD-01-072-
Pt3Sn (a = 3.9875(1), Pm3m)
2978)
n'-CusSny (e = 10.1016(3), b
n'-CusSny (a = 9.83, b = 7.27, ¢
= 7.1896(2), ¢ = 9.8058(2),
= 9.83, $=62.5°, ICSD-150125)
B=62.518(1)°, P21/c)
Pt(CuO,67Sn0,33) (CL = 2.8220(1),
S4 523 K- 1023 K | ¢ = 3.6363(1), P4/mmm)
n'-CusSng (o = 10.1209(3), b
n'-CusSnyg (a = 10.1209(3), b =
= 7.1995(2), ¢ = 9.8125(3),
7.1995(2), ¢ = 9.8125(3)
£=62.396(2)°, P21/c)
523 K - 1023 K Pt(CuO‘67Sn0.33) (a = 28211(1),
S5 ;
Quenched ¢ = 3.6489(1), P4/mmm)
523 K - 1023 K | Pt(Cug7Sno.ss3) (a = 2.8256(1),
S6 i

Quenched

¢ = 3.6258(1), P4/mmm)

lal 6 K /min heating rate. After 10 h at the highest temperature the furnace was switched off and the

pellet was cooled down to ambient conditions in the furnace within 12 h. Compressed air was used

for temperature-quenching the samples after taking them out of the furnace.

(] In those syntheses where two temperatures are given, the sample was kept at the initial annealing

temperature for 5 h, and then was kept at the second temperature for 10 h.
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Table 3

Arc-Melter synthesis of Pt(Cug g79n0.33) and the products obtained.
Synthesis Obtained phases - Le Bail / A Reported phases / A
Pt(Cu0,67Sn0,33) (CL = 2.8290(2), c = 3.6570(2),

S7 P4/mmm)
PtgoSng.1 (a = 3.9566(5), Fm3m) Pto.9Sng.1 (a = 3.9416, ICSD-105797)
Pt(Cu0,67Sn0,33) (a = 2.83100(4), C =

3.64482(5), P4/mmm)
S7-annealed @ Pt(Cugg7Sngss) (¢ = 2.83355(4), ¢ =

3.64972(5), P4/mmm)
Pt(CuO.67Sn0.33) (a = 2.8369(1), b= 2.8476(1),

¢ = 3.6556(1), Pmmm)
Pt0.928n0.08 (CL = 3.9827(1), Fmgm) Pto.gsn(]i (CL = 3.9416, ICSD—105797)

[ The annealing was done using a 1.3 K/min heating rate up to 973 K where it was keep for 144 1
After the isotherm time was completed, the furnace was switched off and the pellet was cooled down &

ambient conditions in the furnace within 12 h.
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Table 4

Lattice parameters of Pt(Cugg75n0.33) from Rietveld refinement and from DFT.

Lattice Parameters (@ SH S6 DFT [Pl
a/A 2.82101(3) | 2.8262(1) 2.8762
c/A 3.64874(6) | 3.6248(1) 3.6984
V /A3 29.037(1) 28.953(1) 30.56

@] Density from X-ray diffraction: 15.976 g/cm® (S5) and 15.945
g/cm? (S6) .

bl The DFT values are % of the supercell used in all the calculations.
The angles of the supercell deviated by <0.1° from 90° after the

geometry optimization.
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Table 5

Pt(Cug675n0.33) crystal structure obtained by Rietveld refinement and reliability

factors. Space Group P4/mmm.

S5 - A = 1.5406A

Atom | Wyckoff position | x/a | y/b | z/c B/ A? Occupation
Pt la 0 0 0 0.20(2) 1.0
Cu / Sn 1d 0.5 | 05 | 05 0.41(3) 0.68(1) / 0.32(1)
x> R, Ruwp | Rexp | Ry | data points | independent parameters
11.6 8.64 13.5 | 3.95 | 8.67 6855 10
S6 - A = 0.1204A
Atom | Wyckoff position | x/a | y/b | z/c B/ A? Occupation
Pt la 0 0 0 0.58(4) 1.0
Cu / Sn 1d 0.5 | 05 | 0.5 0.63(9) 0.648(5) / 0.352(5)
2 R, Ruwp | Rexp | Ry | data points | independent parameters
5.57 3.43 8.82 | 2.13 | 2.62 2877 8
Table 6

Heat capacity data were fitted in three different temperature ranges using fifth-

order polynomial functions Cp(T) = ag + a1 xTasxT?a3xT> + agxT* 4 a5xT°

T range ag a1 ao as ay as
393 K-50 K| -21.132 1.1119 | -0.0075682 | 2.7352e-05 | -4.9738e-08 | 3.6051e-11
50 K-10 K 1.1308 -0.246 0.015998 | 0.00015861 | -8.1091e-06 | 6.6106e-08
10 K- 3.8 K | -0.027122 | 0.027553 | -0.0072684 | 0.0012926 | -7.0547e-05 | 2.3771e-06
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Table 7

Bulk modulus of Pt(Cugg7Sng.33) using 2"%-order Birch-Murnaghan equation of

state.

xzo /A or A3 | By / GPa | B/
a 2.829(2) 239(9) 4
c 3.627(3) 193(7) 4
V 29.02(7) 222(8) 4
V (DFT, random) 30.42(6) 200(5) 4
V (DFT, SQS) 30.57(8) 189(8) 4

Table 8

Bulk modulus of Pt(Cugg7Sng.33) using 3'%-order Birch-Murnaghan equation of

state.
o/ A or A3 | By /GPa | B’
a 2.830(3) 222(29) | 5(2)
c 3.626(4) 201(23) | 3(1)
1% 29.03(9) 215(27) | 5(2)
V (DFT, random) |  30.49(9) 179(18) | 5(1)
V (DFT, SQS) 30.6(1) 174(28) | 5(2)
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