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Abstract: An unprecedented NiSn; intermetallic with CoGex-type crystal structure has been
recovered (at ambient conditions) after high-pressure high-temperature treatment of a Ni33Sns7
precursor alloy at 10 GPa and 400°C. The orthorhombic structure with Aeam space group
symmetry is pseudotetragonal. Based on the evaluation of powder X-ray diffraction data, lattice
parameters of a = b = 6.2818 A and ¢ = 11.8960 A have been determined. Complicated line
broadening and results of a further microstructure analysis, however, imply a defective character
of the crystal structure. First-principles calculations with different model structures and a

comparison with structural trends in the literature suggest that at the high-pressure high-
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temperature conditions a CuAb-type crystal structure might be stable, which transforms to the

recovered CoGes-type crystal structure upon cooling or the release of pressure.

Keywords: Intermetallic compounds; Soldering; High-pressure synthesis; X-ray diffraction;

First-principles calculations



1. Introduction

Various scientific reasons motivate the current exploration of high-pressure (non-geologic)

inorganic materials. These include:

(1) Appearance of interesting bonding situations and novel features in atomic structure [1].

(11) Enforcing chemical bonding in systems with no or poorly pronounced compound
formation at ambient pressure [2—4].

(ii1))  Avoiding the loss of volatile elements from the system during high-temperature treatment
[5].

(iv)  Testing of computational methods to predict high-pressure phases (high-pressure

materials genome) [6].
Studies on intermetallic phases constitute a significant part of that research [1, 4—6].

Relatively few studies have been devoted to transition metal-Sn phases (stannides) [7], although
there has been some success in preparing new phases combining late 3d metals and the lower and
higher homologues of Sn, i.e. Ge and Pb [8-10]. These preparations evidently made use of a

negative volume of formation of the new phases in view of the large volume of the elements.

Our own interest in the intermetallics of late transition metals and Sn is not only inspired by pure
curiosity but also by the importance of such intermetallics in solder interconnects in electronic
industry [11-13]. We expect that knowledge on the intermetallic phases being formed (and
stable) at elevated pressures will also expand knowledge of phase stability at ambient pressure in
a relevant way. This is because stable high-pressure phases may show up at ambient pressure as

metastable ones or be stabilized by elemental substitution.

The equilibrium phase diagram of the Ni-Sn system at ambient pressure, relevant for the present
work according to Ref. [14], is shown in Figurel(a). This diagram indicates the existence of
intermetallics with the formulas NizSn (low- and high-temperature phases), NizSnz, and Ni3Sna.
Note that more recent research has shown that the Ni3Snz region depicted in Fig. 1(a) actually
comprises differently ordered phases within its large compositional range (Nij+sSn, the
differently ordered phases are not separately depicted in Figure 1(a); see [15]). Ni3Sn4 is the most
Sn-rich intermetallic, which is regarded as a phase stable at ambient pressure. There are also

reports about a NiSns intermetallic developing upon metastable solidification of Sn-rich Ni-Sn
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melts or upon low-temperature reactive interaction between the elements [16, 17]. NiSn4 appears
to show differently stacked variants of its layer structure, depending on the preparation conditions

[18, 19], and is most likely only metastable at ambient pressure.
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Figure 1: (a) Phase diagram of the Ni-Sn system at ambient pressure adapted from Ref. [14]. The
compositions of the likely metastable NiSns and the presently reported NiSn, high-pressure
phases are indicated. (b) Schematic cross-sectional drawing of the pressure-cell employed for the
high-temperature high-pressure experiments: s - specimen, ¢ - CsCl capsule, p - m-ZrO; plugs, t -
W/Re type C thermocouple junction, a - Al,Os capillary, f - metal foil furnace (= resistive heater),

o - m-ZrO; octahedral pressure medium, pc - Cu protective coil.

In the present paper, the preparation of a new binary NiSn; intermetallic by means of a high-
pressure heat treatment is reported. The results of the experimental structure determination on
that material recovered at ambient conditions are supported by first-principles calculations on
energetically optimized static structures, also rationalizing the stabilization of a NiSn, phase with
respect to NizSns and -Sn, the phases usually considered as stable at ambient conditions below

the liquidus line.

2. Methods



2.1 First-principles calculations

The model crystal structures considered in the course of first principles calculations were the
stable Ni3Sn4 and f-Sn structures, as well as four crystal structures with NiSn, composition:
CuAlz-, CoGes-, PdSnz-! and CaFa-type NiSna (compare Figure 2 and Table 1). Their structures
were anticipated as candidates upon inspection of the crystal structures of “late” transition metal

distannides MSn> but also digermanides and disilicides (see also Section 4).

All first-principles calculations based on density functional theory (DFT) were performed by the
Vienna Ab initio Simulation Package (VASP) [21]. The ion-electron interaction was described by
the projector augmented wave method [22] and the exchange-correlation functional was
described by the generalized gradient approximation (GGA) developed by Perdew, Burke, and
Ernzerhof (PBE) [23]. Ten electrons (3d%4s*) were treated as valence electrons of Ni and fourteen
(4d'°55?5p?) of Sn. In the VASP calculations, a default plane wave cutoff energy of 269.5 eV was
employed for structural relaxations in terms of the Methfessel-Paxton method [24]. Final
calculations of total energies were performed by the tetrahedron method with a Blochl correction
[25] using a wave cutoff energy of 520 eV. The employed k-points meshes as well as the number
of atoms in the supercell for each structure are listed in Sec. 2.3 (cf.,, Table 2). The self-
consistency of total energy was converged to at least 10® eV per atom. Due to the magnetic
nature of pure nickel and many of its intermetallics, all calculations on Ni-containing materials
were performed by spin polarization calculations assuming ferromagnetic coupling. However,

only pure Ni remained spin polarized among the currently studied structures.

Lattice parameters and fractional coordinates are reported as obtained by the as-relaxed VASP

calculations. Taking the atomic volume ¥

(V,)"? were performed. The resulting energy vs. volume data points for the

considered structures were evaluated by a four-parameter Birch-Murnaghan (4BM) equation of

state as formulated in Ref. [26]. The coefficients of that equation can directly be expressed in

! Note that in some works the orthorhombic CoGes-type structure is alternatively referred to as PdSn,-type structure.
In this work we use the denotations of structure types as used e.g. in ref. [20], referring the PdSn, type to the
tetragonal polytype of the CoGes-type structure.



terms of the energy at the ground state Eo, the volume Vo, the bulk modulus By as well as its

pressure derivative B, at a pressure of P =0 GPa (~ ambient pressure), yielding

9 , LA AN (A
E_EO+EVOBO (6—30)—(16—330)(7j +(14 330)(1/] (4 30)(1/) (1)

Note that the Vo values determined by the EOS fitting (listed in Table 2) deviate up to about 1%

from the ¥, values derived from the lattice parameters (listed in Table 1).

Table 1: Crystallographic characteristics of the model structures considered for NiSn» based on
the present first-principles calculations by full relaxation of the lattice parameters together with

the presently obtained experimental results from PXRD.?

Structure for NiSn, | Space Fraction of 4* | Lattice parameters Axial ratio
group | Sn layers a,b,c, A
CuAl type I14/mem | O 6.4498, 6.4498, 5.5623 ¢ _ 0431
2a '
CoGe; type Aeam® | 1/2 6.3463, 6.3660, 11.903 c
=0.468
4+/ab
PdSn; type 14i/acd | 1/2 6.3692, 6.3692, 23.643 c
— =0.464
a
CaF, type Fm3m |1 6.3692, 6.3692, 6.3692 @ _ 1
a
experimental® Aeam? 1/2 6.2818, 6.2818, 11.8960 c
=0.471
4+/ab

2 Further details of the relaxed crystal structures may be obtained from the joint CCDC/FIZ Karlsruhe online
deposition service:https://www.ccdc.cam.ac.uk/structures/? by quoting the deposition number CSD-2103460-
2103463. The experimental structure model has been deposited under CSD-2103459. ® This structure was originally
described in the subgroup Aba2 [27] with Aea?2 being the version according to ref. [28] using the e glide plane. The
standard setting of the centrosymmetric supergroup taken into account in some later works [9] corresponds to a space
group symbol Cmce (old symbol: Cmca) being the standard setting according to ref. [28]. That setting is also used in
the CIF file CSD-2103463 whereas here the Aeam (old symbol: Abam) setting is used, being compatible with a

pseudotetragonal c¢ axis. ¢ See Table 3 for more details.

2.2 High-pressure high-temperature heat treatments



Single-phase Nii3s5Sn powder obtained in a previous study [29] as well as Sn powder (Sigma
Aldrich, 99.8% trace metals basis, < 45 um) were used as starting materials. The powders were
finely ground and sieved to a particle size of less than 50 um. The powders were then mixed to
yield an average composition of Ni33Sne7 and pre-pressed to a pellet of 3.0 mm diameter and 2.3
mm height. The pellet was sealed into a CsCl capsule with 0.6 mm wall thickness to prevent the
specimen from oxidation during the heat treatments. The filled capsule had final dimensions of

4.2 mm diameter and 3.4 mm height.

For the heat treatment at 10 GPa and 400°C, a multi-anvil assembly of type “14/8” has been
employed. This involved an octahedral pressure cell with an edge length of 14.5-14.7 mm and
WC-Co anvils with 8 mm edge truncations. A cross-sectional drawing of the employed
octahedral pressure cell is shown in Figure 1(b). Capsule and specimen were inserted into a
central borehole in the m-ZrO> pressure medium, which was lined with a 65 pm Kanthal A1 foil
resistive heater. The capsule was held in place by m-ZrO; plugs. Type C thermocouples
(W5%Re/W26%Re, ConceptAlloys, Inc.) were routed concentrically through a bore in the upper
plug and fixed on top of the capsule lid by a four-hole Al,O; capillary (Friatec GmbH). The
boreholes along the thermocouples were cemented with m-ZrO,. All m-ZrO; parts were
manufactured in-house. To protect the thermocouple against mechanical damage, Cu coils of 7
mm length were placed around the thermocouple and inserted approximately 1 mm deep in the

pressure medium.

The samples have been pressurised in a uniaxial press with 10 MN maximum ram force, which
was equipped with a Walker-type [30] multi-anvil apparatus (both Voggenreiter
Sondermaschinen GmbH). The pressure scale has been calibrated in an additional calibration
experiment at room temperature using a method adapted from [31] and described more closely in

the Supplementary Material of Ref. [32].

Heating was started after the maximum pressure of 10 GPa (at a press force of 5.36 MN) had
been reached. After heating at 400 °C for 8 h, the specimen was quenched to room temperature

by switching off the power supply.

It should be noted that due to the steep thermal gradients in the small pressure cells, the
placement of the thermocouple on top of the CsClI capsule can cause significant deviation of the

measured temperature from the actual temperature of the specimen. Employing dedicated
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software [33] we estimated that the measured temperature of 400°C can indeed be in the order of
10-15% lower than the actual temperature of the specimen due to thermal gradients in the

pressure cell.

2.3 Materials analysis

Powder X-ray diffraction (PXRD) data was recorded on a Bruker D8 Advance (Bruker AXS)
Bragg-Brentano-type diffractometer equipped with an X-ray tube with Co anode, a quartz
Johannsson-type monochromator in the incident beam to eliminate all radiation components
except CoKan (wavelength A = 1.78897 A) and a LynxEye 1D detector in the diffracted beam.
The data was recorded from a tiny piece of powdered alloy recovered from the high-pressure
high-temperature treatment which was sedimented onto a (510)-cut “zero background” Si wafer

in a range of 26 = 20...140° with a step size of = 0.01°.

The PXRD data was evaluated using the TOPAS [34, 35] software package. The background was
described by a 7™ order Chebyshev polynomial. Single-peak fitting on some low-angle
reflections was performed with Lorentzian functions to yield fitted full-width-at-half maximum
(FWHM) values. For Pawley [36] and Rietveld fits, the peak profile shapes were assessed by
fitting parameters of a variant of the pseudo-Voigt function [37]. Additionally, parameters
accounting for Lorentzian shaped anisotropic microstrain broadening as described in [35, 38]
were refined to account for the pronouncedly Aikl-dependent line broadening, allowing only
parameters of the Gaussian part of the isotropic pseudo-Voigt function [37] to be non-zero. While

the zero-error was taken fixed as 0, a specimen displacement parameter was refined.

For the scanning electron microscopy (SEM) measurements, an alloy piece was cold-embedded
into epoxy resin avoiding any thermal treatment. After conventional grinding and polishing,
vibrational polishing using colloidal silica (20 nm) was applied as final step. To ensure electrical
conductivity, the specimen was coated by a thin carbon layer. A JEOL JSM 7800F instrument
was used at a voltage of 20 kV with a beam current of 7 nA to obtain backscattered electron
(BSE) images. In these, the regions (phases) with high electron densities (average atomic

number) appear light, and such with low electron densities appear dark. For further phase



identification electron backscattered diffraction (EBSD; Hikari Super, EDAX) and electron
dispersive X-ray spectroscopy (EDS; Octane Elite, EDAX) were used. Kikuchi patterns were
stored alongside to evaluate different eligible structure models (see Table 3). Apart from the
NiSny phase treated as discussed in some more detail in section 3.2, indexing was attempted for
the following phases with the indicated lattice parameters for simulation of the Kikuchi patterns:
£-Sn (I41/amd, a = 5.83 A, ¢ =3.18 A), NisSns (C2/m, a = 1220 A, b=4.06 A, c =522 A, B=
105.17°) and Ni3Sn (P63/mmc, corresponding to the high-temperature HT phase, a = 4.10 A, ¢ =
5.18 A).

3. Results
3.1 First-principles calculations

The relaxed lattice parameters from the first-principles calculations have been compiled in Table
1 whereas the fitted parameters of Eq. (1) have been compiled in Table 2. Drawings of the four
model structures based on the relaxed structure parameters are presented in Figure 2. Figure 3(a)
and 3(b) show the energy of formation values and the absolute volume V} values of the NiSn,

model structures in comparison with the corresponding values of Ni3Sns and /-Sn, respectively.
The results of the first-principles calculations have revealed that at 0 GPa the following holds:

(1) For NiSn, the CaF»-type structure has the lowest energy value, with the CoGez- and PdSn;-
type structures (which can be regarded as polytypes) having somewhat higher energies and the
CuAb-type structure having the highest energy. The energy value of the CaF»-type NiSny is
located —10.9 meV/atom below the line connecting the energy values for NizSns and f-Sn,
indicating its stability with respect to NizSng + Sn, which are usually considered as the only

stable phases in this compositional range.>

(i1) The trend in volumes of the NiSn> model structures is opposite to that for the energies: The
volume for the CaF»-type structure is the largest and that of the CuAl-type structure is the

smallest. The values pertaining to all model structures except for the CaF, type are located below

2 o-Sn with the diamond structure is not considered here, but calculations not shown here have demonstrated that
CaF,-type NiSn; is by —1.6 meV stable against Ni3Sns + ~Sn. Note that also y-Sn [39] has not been considered in
the present calculations.



the line connecting the volume values due to Ni3zSns and £-Sn, indicating that all model structures

except for the CaF» type have a negative volume of formation with respect to Ni3Sn4 and S-Sn.

This implies stabilization of the CoGe»-, PdSn»-, and CuAl>-type structures at elevated pressures

with respect to Ni3Sns and /-Sn.

Table 2: Results from fitting of the parameters of the equation of state in eq. (1) for the different

Ni—Sn crystal structures considered in the first-principles calculations. In addition, the total

number of atoms in the indicated non-primitive unit cells (uc) and the k-point meshes used for

first-principles calculations are also listed. For the lattice parameters, see Table 1.

Structure Space Atoms/uc | k-meshes | DFT Volume Bulk Pressure
group energy Vo, A’ per | modulus derivative of bulk

Eo, eV atom By, GPa modulus B,
per atom

Ni Fm3m |4 30x30x30 | —5.5699 | 10.943 193.8 491

Niz;Snyg C2/m 7 13x10x8 | 4.9114 | 18.389 96.6 5.22

F-Sn 14/amd | 2 18x18x31 | —3.9661 | 28.425 47.6 4.84

Ni3Sny + S-Sn? | — —4.7014° | 20.619° - -

CuAlr-type 14/mem | 12 8x8x9 —4.6635 | 19.495 83.9 5.15

NiSnz

CoGe:-type Aeam® | 24 6x6x3 —4.6973 | 20.244 82.2 491

NiSnz

PdSn,-type 141/acd | 48 5x5x%1 —4.6931 | 20.201 81.7 5.05

NiSnz

CaF»-type Fm3m | 12 10x10x10 | —4.7123 | 20.861 80.6 5.93

NiSnz

@ Average for mechanical mixture with Ni33Sne; gross composition. ® See also footnote a to Table 1.
spin polarization considered.

¢ Ferromagnetic
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Figure 2: Illustration of the tetragonal or pseudotetragonal model structures considered for NiSn,

in the present work containing (a, b) two types of Sn layers and (c) Ni layers, where the layers

shown in (a, c) assume positions differently shifted perpendicular to the stacking direction. The

considered structures shown in clinographic projection are (compare Table 1): (d) CuAl,-

(I4/mcm space group symmetry), (¢) CoGe- (encountered here; Adeam), (f) PdSnz- (/41/acd,

second origin choice) and (g) CaFa-type (Fm3m) structures of NiSnp. All structures are

represented with the ¢ axis pertaining to the chosen space group setting (Table 1) aligned in

vertical orientation and depicting always a part of a crystal comprising 8 Sn layers. The

coordination of Ni by 8 Sn atoms is depicted in (h)—(j). Note that the unit cells have different

kinds of origins depending on the space group setting used for the respective structure.
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Figure 3: Results DFT-based first-principles calculations of NizSn4 and /~Sn as well as of NiSn,
with structures according to the prototypes (in italics) listed in Table 1 and 2: (a) Energy of

formation values calculated from the Ey values of the indicated structures and the Eo values of Ni
and £-Sn and (b) absolute volumes V) at a pressure of 0 GPa. The differences between the NiSn»
points and the grey lines connecting the values for NizSns and A-Sn allow discerning the energy

and volume of formation of the respective NiSn» structures from a mixture of Ni3zSng + £-Sn.

3.2 Experimental results

A series of EDX analyses conducted at different locations on the cross-section of the high-
pressure heat-treated alloy revealed that the majority of the sample volume had a uniform
composition of NiSnz os+0.06. Remaining Sn- and Ni-rich regions, which are well visible as lighter
and darker regions upon backscattered contrast imaging (see Figure 4(a)), were identified as /-Sn
and Ni3Sn> by means of EBSD (see Figure 4(b, ¢)). Kikuchi patterns from thin rims surrounding
the Ni3Sn; particles could not be indexed by any reasonable phases. This is most likely due to the
tiny crystallites leading to Kikuchi pattern superposition and thus failure of indexing. We suppose
the presence of Ni3Sns in these regions. Simultaneous presence of these Sn- and Ni-rich regions

imply incomplete inter-diffusion during the high-pressure high-temperature treatment.
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Figure 4: Scanning electron microscopy analysis of the microstructure of the Ni33Sne7 alloy after
high-pressure high-temperature heat treatment at 10 GPa and 400°C. (a) Image taken with
backscattered electron contrast, (b) EBSD phase map showing NiSn; in green, Ni3Sn> in blue,
and f-Sn. Grey regions (band contrast) include Ni3Sns being likely too finely crystalline to allow
indexing. (c) EBSD inverse pole figure map for NiSn, with respect to the sample surface with the
color key in the upper left corner. Non-NiSn regions are shown in grey (band contrast). NiSnz
could be indexed equally well with the CoGez- and PdSnp-type structures. Indexing was
eventually done using the PdSnx-type structure to avoid pseudosymmetric orientation solutions;

see text.

The chemical composition of the intermetallic, which complies with the stoichiometric NiSny,
eased interpretation of the PXRD data. By comparison with the tetragonal or pseudotetragonal
CuAl-, CoGez-, and PdSna-type structures, it turned out that the strongest Bragg reflections at 26
= 33.1°, 47.5°, and 49.0° in the powder X-ray diffraction data (see Figure 5) were indeed

compatible with such (pseudo)tetragonal structures.

Single-peak fits performed with Lorentz functions yielded peak widths which vary
discontinuously with the diffraction angle (see Figure 5(a), light blue numbers), implying
complicated microstructural origin of the broadening. The small amount of powder incompletely
covering the irradiated area of the sample holder causes a 26-dependent overshoot of the
irradiated area, which is difficult to reproduce accurately with an instrumental standard®. In any
case, we refrained from assessing the instrumental line broadening, which would be a prerequisite
for quantitative interpretation of anisotropic line broadening. Instead, for the following Pawley
and Rietveld refinements we used a combination of isotropic Gaussian and anisotropic

Lorentzian line broadening as indicated in Section 2.3 to describe the peak shapes.

3 This irregular distribution of a thin powder layer also will have its effect on the refined atomic displacement
parameter.
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Full evaluation of the PXRD data then revealed that all clearly visible Bragg reflections can be
explained by the presence of a CoGes-type NiSn, structure, which is not the case for the other
considered structures for NiSn,. Rietveld refinements reveal, however, that there is only limited
agreement achievable between the observed and calculated reflection intensities. Attempts to
introduce variable site occupation (as e.g. used in ref. [27] for this structure type) or split
positions (as e.g. used in ref. [20]) did not resolve the issues. Further, it was not possible to
attribute the discrepancies between observed and calculated intensities by diffraction
contributions from A-Sn, Ni3Snz or NizSns detected in small fractions in the course of the SEM

analysis (see Figure 4).

Structural parameters were determined as follows:

Pawley fits were performed while restricting a = b for the corresponding lattice parameters,
considering absence of discernible splitting of e.g. the 200/020 reflections (see Figure 5(a)). Note,
moreover, that the presence of anisotropic microstrain broadening obstructs accurate
determination of independent lattice parameters from severely overlapping reflections [40].
Furthermore, but actually not strictly necessary (due to the robust treatment of correlated
parameters), the intensities of the ikl and khl reflection pairs predicted due to space group
symmetry, occurring at the same peak position, were constrained to be identical. Reflections
having very small calculated intensity according to the CoGe:x-type structure model for NiSn;
(e.g., taking the parameters from the first-principles calculations) being located in the vicinity of
other strong reflections, were fixed to zero intensity. By using this procedure, it is avoided that
observed intensity is described with “wrong” reflections, which may lead to inappropriate values
of the refined lattice parameters as a result of the Pawley refinement with otherwise freely refined
reflection intensities. This measure was required due to the presence of relatively broad
reflections in combination with a large number of available reflection positions compatible with
unit cell and space group. A comparison between the observed and calculated profiles is shown in

Figure 5(b).

The lattice parameters determined by means of Pawley fits are compiled in Table 3. The lattice
parameters and parameters describing the line broadening were held fixed and used in the
subsequent Rietveld refinements. The texture was treated conservatively by refining one

parameter within a March-Dollase model [41].
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True Rietveld refinement was then performed with a conservative texture model giving the
results listed in Table 3 and the fit as displayed in Figure 5(c). The limited agreement between
observed and calculated integrated reflection intensities is probably due to an incomplete
consideration of structural disorder including layer faulting leading to complicated modifications
of the intensity profile. Nevertheless, it appears that the produced NiSn» is, on the average, of the
CoGez-type structure. Validity of that structure is additionally supported by the close agreement
of the lattice parameters from experiments and the first-principles calculations (order of 1 % or
less). Deeper insight into the atomic structure (including planar faulting) could be provided by
means of local methods like transmission electron microscopy with selected area diffraction and
high-resolution imaging. Note that investigation of the ground powder did not reveal
pronouncedly anisotropic shapes of the powder particles or signs of plastic deformation due to

the grinding process.

It was possible to index the Kikuchi patterns obtained from the NiSnz regions taken in the course
of the SEM investigations (Figure 4) using the CoGe>-type structure model determined by PXRD
(see Table 3). During indexing two orientations differing mutually by a rotation of 90° around the
[001] direction result in basically identical reliability parameters. This implies tetragonal
pseudosymmetry of the orthorhombic CoGe;-type structure. Closer analysis has revealed that e.g.
the 21//12/ bands of the orthorhombic structure breaking the tetragonal pseudosymmetry are not
visible. Their masking can be caused by the strong higher-order 42//24/ bands (not breaking the
pseudosymmetry). Smearing of the 21//12/ bands can also be caused by planar faulting.
Moreover, faulting in the stacking sequence can in particular lead to 90° twinning on (001) planes
on a fine scale, making the diffraction pattern macroscopically tetragonal. In fact, it turns out that
indexing is also successful with the tetragonal PdSn>-type structure for NiSn, (using a ¢ lattice
parameter twice as long as for the CoGe»-type structure), as the diffraction patterns of the PdSn»-
and CoGe;-type structures mainly differ by the 21//12/ bands invisible in the present Kikuchi
patterns. As a unique orientation solution results upon indexing with the tetragonal PdSna-type
structure, this structure was used to evaluate the Kikuchi patterns in terms of crystallite
orientation revealing a well-recrystallized microstructure with globular grains as it concerns the

NiSn; phase, see Figure 4(b,c).
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Figure 5: Powder X-ray diffraction data (CoK e radiation) of the Ni33Sne7 alloy recovered from

the high-pressure heat temperature treatment at 400°C and 10 GPa. The XRD data indicate that

the crystal structure of the resulting NiSn, phase is of CoGe; type. (a) Overview with the scan as

a black line and with some reflections labelled with /Akl-indices pertaining to the pseudo-

tetragonal unit cell employing the Aeam setting, with the 122 reflection being, in particular,

characteristic for the assessed structure type. Light blue numbers give the full-width-at-half-

maximum values determined by single-peak fitting hinting at anisotropic line broadening. Results

of (b) Pawley and (c) Rietveld refinement shown for a low-angle region of the scan with

observed profile as black data points, red lines for the calculated profiles and grey lines at the

bottom to indicate the difference curve, respectively.
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Table 3: Most important results of Pawley and subsequent Rietveld refinements of CoGes-type
NiSn; based on powder X-ray diffraction data shown in Figure 5 (using the Aeam setting of the

space group symmetry).

Pawley refinement

Lattice parameters® a=b=62818 A
c=11.8960 A
Residual parameters Rwy=0.137, R, =0.104
Rietveld refinement
Lattice parameters as from Pawley refinement
Atomic site, Wyckoff symbol, | Ni, 82,0 0 0.1131(8)
fractional coordinates x y z° Snl, 8f, 0.3086(5), 0.1719(5), 0
Sn2, 1/40.2518(4) 1/4
March-Dollase fitting parameter | Consideration of 001 texture with the parameter amounting
for texture [41] 1.091(4)
Residual parameters Ry, =0.181, R, = 0.137

2 Due to the high number of data points, an unnaturally small value of the standard deviation of the lattice parameters
is obtained. Here the lattice parameters are given with a precision of 0.0001 A. ® A single common atomic
displacement parameter was refined for all atoms leading to B = 0.55(5) A% This value is definitely affected by the
small amount of powder (beam overspill) and a most likely incomplete structure model implied by the incomplete
description of the observed intensity profile by the used model, see text and Figure 5.

4. Discussion

Is has been shown that a high-pressure high-temperature heat treatment at 10 GPa and 400°C of a
NizSn2+Sn powder mixture with a nominal composition of Ni33Sne7 results in the formation of a
new intermetallic phase NiSn,. The intermetallic recovered from the multi-anvil experiment has a
faulted pseudotetragonal CoGe;-type structure. This crystal structure type has been described
previously as a mixed structure between CaF> and CuAl; type [20, 27, 42], as illustrated in Figure
2. In the (cubic) CaF»-type structure (see Figure 2(g)) only layers with squares of tin atoms
(vertex symbol 4* [43], Figure 2(a)) exist, with Ni atoms arranged in layers as depicted in Figure
2(c) which are enclosed in a cubic environment by Sn (see Figure 2(j)). In contrast, the CuAl>-
type structure (see Figure 2(d)) consists of combined square/triangular Sn layers (vertex symbol
32434, Figure 2(b)) with Ni atoms enclosed in a square antiprismatic environment (see Figure
2(h)). While the Ni layers are identical in the CuAl- and CaF»-type structures in Figure 2(c),
their stacking differs. The Ni layers are directly stacked above each other in the case of the
CuAl,-type structure, leading to short Ni—Ni distances along the stacking direction. A distance of
c/2 =2.78 A is obtained taking into account the results of the first-principles calculations, which

is sufficiently short to be relevant for chemical bonding [44, 45]. Such bonds are depicted as grey
17



solid lines in Figure 2(d). In contrast, in the CaF»-type structure the Ni layers are mutually shifted

by a/2 or by b/2 avoiding such short Ni—Ni pairs.

In the CoGex-type structure there is an alternate sequence of 4* and 32434 Sn layers (see Figure
2(e)), leading to modified square antiprismatic environments of Ni by Sn and isolated short Ni—
Ni pairs parallel to the ¢ axis (see Figure 2(i)). The PdSna-type structure (see Figure 2(f)) is also
of mixed character, but differs from CoGe: in terms of the lateral positions of the 32434 Sn
layers. For more detailed considerations on the stacking sequences of the discussed structures, see

[20, 42].

It is instructive to calculate the ratio of the average spacing of the 32434 Sn layers and the
geometric average of the two basis vector lengths (a and b in the chosen space group settings)
perpendicular to the stacking direction, in short, the axial ratio. As shown in Table 1, this value
increases with an increasing fraction of 4* Sn layers. As it might be expected from the good
agreement between lattice parameters from experiments and first-principles calculations (see
section 3.2), the predicted and experimentally determined axial ratios for CoGez-type NiSn agree
well. In contrast, the predicted axial ratios for CuAly- and CaF»-type NiSn> do not agree with the

experimentally determined value.

The CoGesx-type crystal structure has not only been observed for CoGe, [27] but also for
isoelectronic NiGe> [9], being a lower homologue of NiSn,. NiGe: has first been prepared by
treatment of a Ni-Ge alloy at elevated pressure. In later work NiGe> could also be obtained by
means of non-equilibrium procedures conducted at ambient pressure [46, 47]. Ternary variants of

the structure type have been produced at 0 GPa in Ni(Gei1.56Alo44) [48] and NiGe.5Gao s [49].

Most notably, CoixNiSnz (0.23 < x < 0.53) also can be produced in the CoGe:-type structure
whereas the structurally closely related tetragonal PdSna-type polytype is obtained under
modified experimental conditions [20]. In contrast, binary CoSn, has a CuAlx-type crystal
structure [45]. Hence, a structure change occurs relative to CoSn> towards a ternary Co1—NiSn2
solid solution at some value x > 0, while this solid solution did not include the binary NiSn; at 0
GPa [20]. The extension to the binary NiSn; end-point has now been achieved under high-
pressure conditions (see however, the discussion on polymorphism below). Some Coi-Ni.Sny
solution starting at CuAl>-type CoSnz but not extending to NiSn has also been reported in refs.

[50, 51]. Note, that in this latter experimental/theoretical work a structural change as reported for
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CuAb-type CoSn; was not considered/reported [20], and no evidence excluding such a structure

change was provided.

As discussed in detail in ref. [20, 52], the experimentally determined crystal structures of
transition metal distannides evolve systematically with increasing electron number supplied by
the transition metal in terms of CuMgx — NiMgr — CuAl, - CoGe,.* When additionally
considering the digermanides and disilicides of the late 3d transition metals (Fe...Ni; see Table 4,
i.e. not taking into account the earlier transition metals as candidates for CuMg>- or NiMg>-type
distannides), it becomes evident that for a given transition metal element (in particular Co), the
sequence of structure types appears to be continued towards the CaF» type upon going from Sn
and Ge to the smaller Si atoms. The observed structure types compiled in Table 4 imply that the
preferred structure type is not only a pure consequence of electron count but likely also a function

of atomic size.

Table 4: Overview of known late 3d transition metal disilicides, digermanides and distannides.
Cu does not appear in such compounds. Likewise, diplumbides of the listed transition metals are
unknown.

Si Ge Sn®
Mn _ CuAl, [54] CuAl [55]
Fe CaF-related [56] CuAl [57] CuAl, [58]
Co CaF; [59] CoGe: [27] CuAl [58]
Ni CaF, [27] CoGe:* [9] (CoGe)*

2 First prepared under high-pressure conditions, but also obtained by different means at ambient pressure. ® As
considered in more detail previously [52], the earlier distannides (Cer, ....) feature the CuMg; and, in a small window
of electron-to-atom ratios also the NiMg; structures. ¢ Present work, possibly CuAl, type at the given pressure-
temperature regime.

As mentioned in Section 3.1, the first-principles calculations reveal that the energy values Eo of
NiSn; in the CuAl-, CoGez-, PdSnz-, and CaF»-type structures differ only slightly (see Table 2
and Figure 3(a)), with the CaF»-type NiSn> structure attaining the lowest energy at 0 GPa. As
deduced from the volumes (see Table 2 and Figure 3(b)), it may be expected that the energetic
hierarchy changes significantly upon increasing pressure. This energetic hierarchy with

increasing pressure P can be assessed by comparison of the enthalpy H(P) values amounting to

4 In line with the above-mentioned Co;.,Ni,Sn; series [20], NiSn, can also be regarded as the yet unknown end
member of the Cr;_Ni.Sn, explored in ref. [53], yielding in that work, apart from CuMg»-type CrSno, also a NiMg,-
type Cro.g3Nio.17Sn2 and an CuAlx-type Cro.75Nio255ns.
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H(P) = E(V(P)) + PV(P) )

For that purpose, based on the volume derivative of Eq. (1), amounting to —P = dE/dV, V(P)
values up to 12 GPa have been obtained and used for the calculation of H(P). In Figure 6, the
values relative to the mechanical mixture NizSns + S-Sn with average composition of
Ni33Sn67/NiSn; have been plotted. The full lines give the values according to Eq. (2), whereas the
dashed line shown exemplarily for CaF> shows the evolution resulting from the approximation
H(P) = Eo + PVy valid for incompressible solids (see e.g. [6]). The calculated values of H(P)
predict that the CaF>-type NiSn; is stable up to about 4.0 GPa, where it should transform into
CoGex-type NiSnz and further into CuAl,-type NiSn; at about 7.7 GPa.

Evidently, the encounter of a CoGez-type NiSnz> as the product of the high-pressure high-

temperature heat treatment at 10 GPa and 400°C needs to be reconciled with the predicted

stability of CuAl-type NiSny at P > 7.7 GPa from the first-principles calculations. These

calculations basically pertain to the static structures at 0 K (i.e., not considering the zero-point

vibrational energy; in short: “0 K prediction”).

0.04

0.02 H

0.00

-0.02

20.044 CaFa-type CoGe,-type CuAl,-type
NiSn, NiSn, NiSn,

[H(NiSn,) — 7/9H(NiySn,) — 2/9H(p-Sn)] (eV per atom)

0 ) 4 6 8 10 12
Pressure P (GPa)
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Figure 6: Evaluation of the pressure-dependent enthalpy of formation of the four different NiSn,
model structures (type in italics) with respect to the value pertaining to a mechanical mixture
Ni3Sng + -Sn. The most stable NiSn; structure in a certain range of pressure is indicated at the
bottom. The solid lines are calculated according to Eq. (2). The dashed line exemplarily shows

the results for the approximation H(P) = Eo + PV} (see text).

If one assumes that the CoGes-type structure NiSny recovered after the high-pressure high-
temperature treatment was already present during this treatment, this would contradict the “0 K
prediction” (predicting a CuAlx-type NiSnz at 10 GPa). To explain this discrepancy, one may
consider an overestimation of the pressure present during the treatment, which, however, seems
unlikely. The applied assessment of the pressure does not include the thermal pressure caused by
the thermal expansion partially suppressed under high-pressure conditions. In that sense the 10

GPa given here is a lower limit for the actual pressure acting at 400°C.

Alternatively, one may assume that the low-volume CuAlx-type structure of NiSn, was indeed
present at 10 GPa and 400°C and transformed to the CoGe»-type structure upon cooling or upon
release of the pressure by a thermally activated shear/shuffle mechanism. This scenario is
supported by the existence of other binary systems in which a CuAl,-type structure seems to be
stabilized as the high-temperature phase against other structures. The first example to be
mentioned is rhodium distannide, RhSn>. CuAl-type RhSny appears to be a high-temperature
polymorph above about 500°C [27]. This high-temperature polymorph of RhSn: consisting
exclusively of 32434 Sn layers appears to transform more or less readily upon cooling towards
polymorphs containing CaF»-type layers [27, 42]. A partially disordered six-layer polytype with a
1/3 fraction of 4* Sn layers has been reported in [42], and a CoGex-type polytype (1/2 4* Sn
layers) has also been described [27].° Theoretical results from a second example, copper
dialuminide CuAl itself, provide further insight. In that case it has been revealed by means of
first-principles calculations on static structures comparable to those conducted here for NiSn; that
the CaF-type CuAl> has a lower energy than the experimentally well-established CuAl-type

CuAl [60] which is usually regarded as the equilibrium phase down to low temperatures. This

5 Notably, the lattice parameters reported for these polymorphs reveal the same increase of the axial ratio with
increasing CaF,-layer fraction as implied here by the results on the first-principles calculations of the various NiSn;
structures (see Table 2).
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has been explained with a high-temperature vibrational-entropic stabilization of the CuAl-type
CuAl due to characteristic soft phonon modes not available in CaF>-type CuAl. If this argument
is valid also for intermetallics like NiSn> or RhSnz, this would imply high-temperature
stabilization with respect to polymorphs containing CaF,-like 4* Sn layers like the CoGe:-type
structure. Hence, if the prediction of a stable CuAl>-type NiSn; at 10 GPa and 0 K based on the
first-principles calculations is valid, it is expected from the aforementioned findings that the
stability of CuAlx-type NiSn against the other three model structures is even enhanced by the

elevated temperature of 400°C.

A relatively rapid transformation towards the CoGes-type NiSn, from a CuAl, polymorph e.g.
upon cooling, may also explain the faulted character of its crystal structure implied by the PXRD
data and, to some extent, by the EBSD analysis. (Synchro-)shear/shuffle mechanisms changing
stacking sequences can, in fact, lead to characteristic faulting in the resulting structure, which
need not comply with equilibrium, as e.g. worked out previously in case of transformations

between different Laves phase polytypes [61, 62].

All these factors that may have an influence on the relative stability of the series of structure
types CuAl,, CoGeo/PdSn,, and CaF», have been summarized in Figure 7. The stabilization of the
CoGex-type structure against the CuAl-type structure with its increased number of electrons has
already been pointed out in ref. [52] and the extension to the CaF»-type structure is proposed

based on the increasing fraction of 4* Sn layers.

A

increasing temperature

v

increasing atomic size ratio

v

increasing electron/atom ratio
CuAl, CoGe,/PdSn, CaF,

Figure 7: The factors that influence the structure types (in italics) of late transition metal
disilicides, digermanides and distannides considered for NiSn, derived from Table 4 and from the

trends encountered for RhSn, [27, 42] and CuAl, [60]; see also text.

5. Conclusions
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High-pressure high-temperature treatment of a Ni33Sne7 pre-alloy at 10 GPa and 400°C leads to
the formation of a yet unknown NiSn, intermetallic with CoGe;-type crystal structure. First-
principles calculations performed on a series of NiSn> model structures support the experimental
observations, predicting (for 0 K) the stability of a CaF>-type NiSn» observed against Ni3Sng + f-
Sn, followed by CoGe>-type NiSn, above 4.0 GPa and CuAlx-type NiSn, above 7.7 GPa. The
latter fact supports that the CuAl>-type structure might be stable at 10 GPa and 400°C, such that
the observed CoGex-type NiSnz is the product of a polymorphic transition upon cooling or
decompression. From literature analysis of CuAl-type intermetallics, it is expected that the
CuAl type is additionally stabilized by vibrational entropy with respect to the CoGe> type. The
scenario of a potential polymorphic transition is further supported by the defective character of
the structure suggested by the pronounced line broadening observed in the powder diffraction

data.

In any case, the formation of a NiSnx-type phase at elevated pressures reveals that the existence
of distannides of the earlier 3d transition metals up to Co can be extended for Ni, and that

previously reported series of ternary distannides like Cri—.Ni,Sn and Coi—Ni:Sn also include

NiSno.
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