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Abstract High resolution synchrotron radiation powder X-mijfraction (SR-PXD) and
scanning transmission electron microscopy (STEMjehbeen employed for structural
characterization of MNiSn, MM’ osNiSn and M sM’ 929" o 2NiSn (M, M’, M” = Hf, Ti,

Zr) half-Heusler compounds, synthesized by arc ingeland thermal annealing. Rietveld
refinement results demonstrate that ternary Ti- ldfilased compositions crystallize with
only one half-Heulser phase, while two cubic phamesfound in samples with nominal
composition ZrNiSn. The performed analysis doessugjgest obvious presence of excess
Ni in any of the ternary compounds. Instead, itvehadisordered distribution of the
stoichiometric Ni atoms ovetc and the normally vacartd sites in ZrNiSn as well as

formation of Ni vacancies at tle site in ZrNp ggSn.



Introduction

The appealing concept to recover waste heat bygukermoelectric generators has
been explored theoretically and experimentallyesithe 50’s [1-3], but has turned out to be
challenging in practice. To make it possible, oeeds to overcome both the limitation
imposed by the Carnot efficiency of a device anthermoelectric material itself. The
effectiveness is characterized by the so-calleguite of merit”, termedT. It is defined by
three parameters: the Seebeck coefficient, therigacand the thermal conductivities,
which are strongly correlated through the mateglattronic structure and thus difficult to
optimize independently. Extensive efforts to idigntthe most promising groups of
thermoelectric materials have recognized half-H=u@HH) phases as potential candidates
[4]. A family of compounds with composition MNiSMM(= Hf, Ti, Zr) has attracted a
special attention. High thermoelectric performaniosy toxicity, mechanical robustness
and inexpensive constituents make them very atteador technological applications.
However, the characteristics of HH compounds inelsdme challenges that must be
addressed before they can be effectively implendestammercially. One of the main
identified obstacles is the high thermal conduttivin HHs as compared to their
alternatives [5, 6]. Various synthesis and procegsinethods, modifying compound
chemistry and microstructure, have been pursuddilar the properties of HH phases [5-
7], but an approach that could sufficiently imprdiaeir thermoelectric behavior is still to
be identified.

A good understanding of the crystal structure ke point in optimization of the

material thermoelectric performance [7-10] since tiwo are intrinsically linked. HH



compounds, with a general chemical formABC (A, B — transition metal aton; — main
group element), crystallize with a cubic symme#y4@m). Their crystal structure can be
perceived as an interpenetration of four face-cedteubic lattices, of which one is vacant.
Thus, for the studied MNiSn phases, four charastiericrystallographic sites can be
distinguished:4a (0,0,0) occupied by M4c (Y4, Y, Ya) occupied by N¢b (Y2, Y2, Y2)
occupied by Sn and the additional unfilled tetrabbdd site (34, %, ¥%). While many
studies refer to thermoelectric properties of tarily of compounds focusing on transport
and conductivity aspects, there is a limited numbérpublications dedicated to its
systematic structural characterization. Downie letirvestigated TiNiSn, and series of
MNiSn (M = Hf, Ti, Zr) samples prepared by solictsid reaction using high-resolution
powder neutron diffraction (PND) [11, 12]. For T the study showed the presence of
excess Ni (2%) in the HH crystal structure, disttéal over the nominally vaca#d site, or

a possible mixed occupancy of tha and4b crystallographic positions (3%) by Ti/Sn. In
the Sn-deficient sample a higher fraction of Ni vimsnd to be disordered at tHel site
(6%) or Ti/Sn inverse site occupancy up to 9% wagyested. Furthermore, they reported a
stoichiometric composition for ternary Hf- and Zased compounds. Downie et al. also
analyzed PND data of TiNiSn and TiNiy3 powders prepared by arc melting and thermal
annealing [13]. In this case, a higher fractiomxtess Ni was observed for the Sn-deficient
composition than for the nominally stoichiometridNiSn (6 vs. 4%, respectively). In both
compounds overstoichiometric Ni atoms occupied4tsite. In none of the structures a
substantial mixed atomic occupancy of #heeand4b sites by Ti and Sn was observed.
Regardless of the applied synthesis method, albiodéd samples, except for TiNiSn

prepared by solid state reaction, revealed a niatp composition [11, 14]. The same



research group also reported on structural chaizat®n of M.,M yNiSn (M, M = Hf, Ti,
Zr; x = 0, 0.25, 0.5, 0.75, 1) compounds prepangdcdlid state reaction from elemental
powder mixtures [12, 14]. While laboratory powderra¢ diffraction (PXD) data
confirmed the formation of multiphase HH phasesalh investigated pseudo-ternary
compositions[14], the quantitative analysis of higésolution PND data additionally
suggested the presence of overstoichiometric Nelacted Ti.ZrNiSn and Hf,TixNiSn
phases [11]. In contrary to the previous PXD ansg)yslfysZrosNiSn crystallized as a
single HH phase and it did not show any disordehefNi atom distribution. Downie et al.
also performed systematic PND studies on seri€éBNif;+ySn (y = 0, 0.025, 0.05, 0.075,
0.1, 0.25, 0.5, 1) compounds [12], where the cdemte of a TiNiSn matrix and
nanosegregated Tip8n full-Heusler (FH) phase was observed. In thisl\stthey pointed
out the importance of the diffraction data quafiy the reliable structural analysis of HH-
FH compounds. Douglas et al. investigated TiNiSd &mi; ;5Sn prepared by levitation
induction melting and thermal annealing [15]. Reswbtained by synchrotron radiation
PXD (SR-PXD) and PND suggested the multiphase behaof the nominally
stoichiometric sample. Diffraction data for the idih composition also indicated presence
of more than one HH phase. The best fit of the povdiffraction pattern was obtained by
applying a structural model consisting of two TiNi$IH phases, of which one was
stoichiometric, while the second one accommodatedss Ni at thdd site (5% from PND
data). These studies excluded a possible mixedpaowy of4a and/or4b sites by Ti and
Sn. Xie et al. [16] and Miyazaki et al. [17] perwed structural investigations of ZrNiSn
synthesized by levitation/arc melting and sparlsipla sintering. Densified, sintered pellets

were measured by SR-PXD. Both studies confirmedotlksence of disorderly distributed



overstoichiometric Ni in the crystal structure bétsingle HH phase. The analysis showed
excess Ni atoms at tHl site and excluded inverse occupancyatind4b positions by Zr
and Sn. The amount of extra Ni accounted for 5% @#idin studies by Xie et al. and
Miyazaki et al., respectively [16, 17]. Structumabalysis with PXD and single crystal
diffraction for the stoichiometric ZrNiSn and HfNiSy Romaka et al. [18, 19] confirmed
full occupancy of thelc site by Ni atoms and suggested its disorderedillision at the
normally vacant tetrahedral site (9 and 13% of & ZrNiSn; 11% of Ni for HfNiSn).
Interestingly, they observed a mixed Zr/Ni and Hftidcupancy with 1% of Ni at théa
site in both investigated compounds. Galazka 42@].performed Le Bail profile fitting of
laboratory PXD data collected foroksZro sHfo 3NiSn prepared by arc meting and thermal
annealing. The results showed formation of foundtrrally related phases with different
unit cell parameters, of which one was indexedtapRase and the remaining three as HH
phases. The studied sample also contained smallirgned impurity phases. Similar SR-
PXD studies on a sample with a nominal composiligzZro 2sHfo 2gNiSn were performed
by Schwall and Balke [21], where they observed fiom of only three HH phases.
Analysis of unit cell parameters indicated crystalion of Ti- and Hf-rich compositions.
The studies performed so far clearly show thastatiization of HH compounds is
strongly linked with the applied synthesis and pssing techniques. PXD and PND data
for the M-Ni-Sn ternary systems often reveal browag and/or asymmetry of cubic phase
reflections and thus suggest a presence of moredha HH phase. This cannot be easily
discriminated due to either strong overlapping cddg®) peaks with the available resolution
of the powder diffraction data or/and intrinsic $denproperties related to a complex

powder microstructure [5, 11, 13, 15]. The probkgppears to be even more pronounced in



M1xM xNiSn and (MM).1,M yNiSn with a partial atomic substitution, for whitdrmation

of several HH phases is an intrinsic materialsperty [11, 14, 20-22]. Even though PXD
is the most common technique used for qualitativd quantitative analysis of MNiSn
phases, not many users are sufficiently aware ttiatlimited resolution of diffraction
instruments can hinder correct identification o formed phases and their structural and
microstructural properties. To verify whether itassample- and/or measurement-related
problem, a systematic analysis of HH sample sésie®cessary. In order to partly answer
this question, we have investigated a family of HHEmpounds with the nominal
compositions: MNiSn, MsM ozNiSn and MsM 929V ¢29NiSn (M, M, M = Hf, Ti, Zr) by
using medium- and high-resolution SR-PXD instrureer@ur analysis is focused on
identification of crystallizing phases and thenustural characterization in view of the Ni
atom distribution and shows the benefit of obtagnoata with diffraction instruments
optimized for high resolution measurements (i.euiggmed with point detectors and
analyzer crystals) rather than a fast, multipurpseteip with a 2D area detector. The SR-

PXD analysis is complemented and verified by tleetebn microscopy studies.
1. Materials and methods

Polycrystalline samples of HH compounds, with nahinompositions TiNiSn,
HfNiSn, ZrNiSn, HbsZrosNiSn, HisTigsNiSn, TisZrosNiSn and TgsHfg 25710 29NiSn,
were prepared by standard metallurgical methodsceBipowders of elemental precursors
(Ni, Sn, Zr — Goodfellow; Hf, Ti — Alpha Aesar, piyr> 99.5%) were first arc melted in
the desired stoichiometric ratios. To improve sarmpbmogeneity the ingot was flipped

over several times and remelted. Subsequentlyintiet was crushed to powder, sealed in



an evacuated quartz ampoule, annealed at 850 °@rferweek and eventually water
guenched. The choice of annealing time and temperatas optimized based on our and
literature studies in order to ensure the highestcentration of the HH(s) and the lowest
abundance of secondary phases in the sample [117120, 21]. SR-PXD measurements
of the heat-treated powders were carried out at ESRenoble (France). Data were
collected at the ID22 beamline equipped with a higolution powder X-ray
diffractometer { = 0.4000 A, B = 1- 66°, point detectors with analyzer crystagglected
compositions were also measured with the multipsepBILATUS@ SNBL diffractometer
with 2D area detector at the Swiss-Norwegian Bezen({ihe BMO1 statior, = 0.6973 A),

at ESRF. Data collection at BM01 was done with tifferent instrumental settings. The
standard mode with a sample-to-detector distancdet6f4 mm allowed for measurements
to higher @ values (cut off = 60°) but at expense of dataltg®m. The higher resolution
mode, with a much larger sample-to-detector digag46.4 mm) limited the &2
measurement range to 24° but provided a signifigdodtter data resolution. The powders
were ground and loaded in sealed boron-glass adpsl with 0.3 mm (ID22) or 0.5 mm
(BMO1) diameter, which were rotated during measw@®s to improve powder averaging.
The collected data sets for the same sample wifidrelnt instrumental setups are presented
in Figure 1.

Data were analyzed by conventional Rietveld refiaet using the Fullprof Suite
program [23]. Depending on the compound, regulailloomson-Cox-Hastings pseudo-
Voigt peak shape function was used to model th&adiion profiles. The SR-PXD
background was defined by interpolation of manualgsen points. For the identified HH

phase(s), the following parameters were alloweday for each phase during the final



refinement cycles: a scale factor, up to sevenilprglarameters (Gaussian (U, V, W),
Lorentzian (X, Y) and two asymmetry parameter9)jt wcell parameter, overall or
individual displacement parameter(s), occupancyofafor 4b, 4c and4d sites in MNiSn,
and4a instead of4b for pseudo-ternary BEM o=NiSn and M.sM o.2dM 0.2NiSn. The data
were corrected for X-ray absorption, which was glted assuming a packing fraction of
0.5 in the capillaries.

The elemental analysis of all powders was caroed in a Hitachi tabletop
microscope TM3030 equipped with the energy dispersk-ray spectrometer (EDS)
Quantax 70. Annular bright-field (ABF) and high-gsgannular dark field (HAADF)
scanning transmission electron microscopy (STEM)pted to EDS was employed to
characterize the local structural properties anehtbal compositions of selected samples
(TINiSn, ZrNiSn, HbsZrpsNiSn). This work was performed with a DCOR Cs probe
corrected FEI Titan G2 60-300 instrument, with Or®8 nominal spatial resolution when
operated at 300 kV, equipped with a Bruker SupeDSEystem comprising four silicon
drift detectors. TEM specimens were prepared byosiépg droplets of sample powders
suspended in isopropanol on Cu-grids with laceyoaarfilms. After drying, shielded

plasma cleaning was performed for 90 seconds.
2. Results

2.1. High resolution synchrotron powder X-ray diffragtiSR-PXD)

The inability to resolve the Bragg peaks in the imed resolution

laboratory/synchrotron data of our samples resuliedopposing conclusions and



guestioned the reliability of the analysis. Thukresults presented here are based on high-
resolution SR-PXD data. Various structure modelsrewtested for ternary MNiSn
compositions. The results did not indicate M/Srensed site occupancy. For selected HH
phases, a significant improvement of the data &t wachieved when partial occupation of
Ni in the normally vacandd site was included in the refinements. For all ®ddernary
systems, refinements were performed assuming adalipancy of thda atomic site by M
atom(s). Due to the significant difference in elestnumbers between Ti and Sn, a crystal
structure model with the Sn sitéb) constrained to 100% was also tested for TiNiSo. N
changes in refined parameters were observed exfoephe higher values of estimated
standard deviations (ESDs), as compared to the Imatte Ti-constrained site occupancy.
For MosM 0sNiSn and MsM ¢29M ¢2NiSn compositions, the convergence during
refinements was not always reached when applyisguetural model that accounted for
the occupancy of théd site. Thus for selected systems, this atomic jposwas omitted in

the final refinements.
2.1.1. Ternary MNiSn phases

The diffraction data for the nominally stoichiometFiNiSn show presence of three
crystalline phases (Figure S1). In addition to thest abundant TiNiSn (98.6(3) wt.%),
both TiNLSn FH phase and Sn are present in minor amour8(10.and 1.21(3) wt.%,
respectively). The refined value of the HH unit galrametea = 5.93143(1) A is in a good
agreement with already published results obtainech PXD/SR-PXD (5.9300(1) A) [13,
14] and PND (5.9298(1) A) [11, 12] for the sameteys The Bragg peaks of the main

phase have a subtle shoulder on the left-handveideh can be successfully modeled by



the software asymmetry parameters. The refinedpascy of thedd site by Ni atoms is
insignificant (zero within the ESD) and the fin&fined composition of this HH phase
agrees well with the nominal one (Table 1). Isotrapsplacement parameters, refined for
each element individually (8), are reasonably low and do not suggest any désandthe
crystal structure.

For the sample with the nominal composition of KN the main HH phase
accounts only for 92.9(6) wt.% (Figure S2, Table The additional phases are FH
(HfNi>Sn), NgSnp, Hf2NioSn and metallic Hf (1.07(2), 1.38(6), 1.07(3) an@185) wt.%,
respectively). This system has not been studiedhigly resolution SR-PXD before. The
refined value of the lattice constant for HfNiSnaiss 6.08007(2) A, which is in good
agreement with published data obtained by highkisn PND (6.0795(1) A) [11]. The
broadening of the Bragg peaks for HfNiSn is muchrenpronounced than for TiNiSn
(Figure 2). However, it can be successfully modkidéth no need to implement a second
HH phase. Similar to the Ti-based phase, HfNiSrsdu# reveal any disorderly distributed
Ni atoms at thedd site. The remaining crystallographic positiofhs and 4b are fully
occupied by Ni and Sn atoms, respectively. Thieplaion is supported by low values of
Biso-

Interpretation of the data collected for the Zrti system is less trivial than for the
ternary compositions described above. The highlndsa SR-PXD patterns show
pronounced splitting of all Bragg peaks assignethéoHH phase (Figure 2 and 3a). This
suggests presence of two phases crystallizing thiéh same cubic symmetry but with
slightly different unit cell parameters, most liketlue to variations in their chemical

composition. This reproducible behavior was rewéalaly by high-resolution SR-PXD
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and was not visible in the lab diffraction pattenus in the synchrotron data collected with
a lower resolution instrument (Table 1). Two HH gés HH and HH, account for 72.1(3)
wt.% and 26.0(2) wt.%, respectively. Refined valwésthe lattice constant arey =
6.11259(1) A andy, = 6.10695(1) A (Figure 3a). While the first ongresponds well with
the values reported for sintered ZrNiSn sampleXibyet al. [16] and Miyazaki et al. [17],
for which presence of excess Ni was confirmed,seond one is in agreement with the
lattice parameter published by Downie et al. [13] for stoichiometric ZrNiSn. A
disordered distribution of Ni atoms over both cajylsigraphic sites is observed for HH
(98.4% at4c and 1.3% atdd), but there is no indication of excess Ni since tbtal
occupancy of Ni atomic positions is 99.7(2)%. Arselved enlarged unit cell volume can
therefore be due to disorder Ni atoms at4b@nd4d sites rather than due to excess Ni in
the structure. In HE a higher concentration of Ni atom vacancies adthsite is observed
(occupancy of 96.8(4)%). Rietveld refinements atsmggest negligible presence of Ni
atoms at thdd site (zero within the ESD value). In both H&hd HH crystal structures an
ordered distribution of Sn atoms (100%) at #tesite is confirmed. The displacement
parameters, refined individually for each elemeapt reasonably low values for both

phases. Summary of Rietveld refinements for aliaer phases are listed in Table 1.
2.1.2. Pseudo-ternary MsM o=NiSn and My sM o.29M ¢29NiSn phases

The powder diffraction pattern for the sample witie nominal composition
Hfo.sZrosNiSn is successfully indexed by four phases: two phidses that in total account
for 97.5 wt.% (HH = 79.0(1) wt.% and Hkl= 18.5(1) wt.%), S (1.71(5) wt.%) and

Sn (0.79(3) wt.%) (Figure 3b, Table 2). Hf and Avé been reported to form a continues
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solid solution within the whole composition range ;..M yNiSn, but multiple HH phase
formation in H$sZrosNiSn has also been suggested [14]. Based on lagrBXD data,
Downie et al. [14] showed strong asymmetry and deoang of Bragg peaks for
(Hf,Zr)NiSn but did not observe any splitting. Thefined HH lattice constanta; =
6.09540(1) A is comparable to the reported vallge96(1" and 6.0931(1)[11, 14],
while a, = 6.10017(1) A is somewhat bigger. The calculateeimical compositions, based
on Vegard’'s law [24, 25] and assuming 1:1:1 staiotetry, are: HH — Hfp 43ZrosNiSn
and HH — Hfy20ZrosoNiSn, but Rietveld refinements give the followinpishiometries:
HH; — Hfo.78Zr02Ni1 165N and HH — Hfy 2Zr0 71NiSn. The refined composition of HHs
rather close to the estimation from the unit celume, while the values obtained for HH
suggest formation of Hf-rich phase with a signific&action of extra nickel that occupies
disorderly the4d site (Figure 4a, Table 2). The observed expansfaie HH unit cell
volume could then be linked to the presence oftamil Ni at the4d position rather than
the Hf/Zr ratio at thela site alone. Due to the high degree of correlakietween refined
parameters, only the overall displacement parame&tere refined for each phase.

The SR-PXD data obtained for ¢4Tio sNiSn do not differ much from the reported
ones and confirm formation of multiple HH phaseshwiarious chemical compositions
(Figure 2 and S3, Table 2). However, the numbéditldfcompounds in the present sample
is greater than in previously reported samples wiémtical nominal stoichiometry [9, 11,
14]. The diffraction pattern suggests formatiorfied¢ different crystalline HH phases; =
5.93027(4) Aa, = 5.95906(7)as = 5.97687(8) Aa, = 6.03262(4) Aas = 6.05576(9) A,
and Sn. Refinements of occupancy factors at4aeand 4c atomic sites result in the

following compositions: HH — TiSnNi, HH — Hfo 10Ti0.90SNNi, HHs — Hfp 29Ti0.7:SNNi,
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HH4 —Hfo 50T10.50SNNb.os, HHs — HfpsoTi0.40SNNbos In HHy and HH, Ni vacancies are
likely to be formed and their concentration reactieslevel of 2% in both phases. Due to
the complex phase composition and high numbetttoidi parameters, refinement of the
site occupancy was not possible.

TiosZrosNiSn shows similar multiphase tendency. Bragg pdaks five different
HH phases and Sn can be seen in the SR-PXD pdfaure 2 and S4, Table 2). The
refined lattice constants ara; = 5.9638(1) A& = 5.9998(2) Aas = 6.0555(1) Aay =
6.0877(1),as = 6.0968(2) A. However, for this sample the deiaation of the occupancy
was not possible for any atomic position in thestal structure. Thus based on these
refined unit cell parameters only chemical composg using Vegard’'s law were
calculated under the assumption of a stoichiomelic and Sn content (HH -
Tiog2Zro18SNNi, HH — Tipe2Zro.38SNNi, HHs — Tig.2Zro.72SNNi, HH, — Tip.10Zr0.90SNNIi,
HHs — Tio.06Zr0.0sSNNi). Comparison of refined and calculated stanofetries for the
(Hf,Zr)NiSn phases suggests that the latter onebeamusted only if no extra Ni is found in
the empty cubic sublattice. Therefore, one coukliae that values calculated for HHs in
TiosZrosNiSn correspond to real values only if #hesite is unfilled.

TiosHfo 252r029NiSN also reveals a multiphase behavior but formy three HH
phases (Figure 2, 4b and S5, Table 2). Additionatigre are traces of TiO, ZrO and Sn.
The refined unit cell parameters am@ = 5.97604(6) A,a, = 6.04160(3) A,az =
6.07421(5). A similarity between; and the unit cell parameter of TiNiSman suggest
crystallization of at least one Ti-rich phase. Ti#ained values are close to the numbers
reported by Schwall and Balke [21] for a samplenviiite same nominal composition, even

though our applied synthesis method was differeminfthe one used in their study. The
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phase chemical compositions, obtained by Rietvefthements of th&la site occupancy
only, are: HH = Tip78Hfp11Zr01aNiSn, HH = Tig2eHfo32Zr03NiSn and HH =
Tio.1Hfo.44Zr0.4NiSN. Based on Vegard’'s law and assuming a nomyinedjual atomic
concentration of Zr and Hf, the compositions becohtig; = Tip 7Hfo 142r0.1NISN HH, =
TiosdHf0.31Z2r0.3INISN, and HH = Tip24Hfo 38Zr0.3dNiSn. The comparison between refined
compositions and those calculated from Vegard’'sdesvplotted in Figure 4b. Even though
the occupancy of thdd site was not refined in HH structures, the smaflecences
between refined and calculated values suggest tH&t phases formed in
TiosHfo25Zr02NiSn do not accommodate any extra Ni at the nosmalhcant
crystallographic site.

For all phases in the 5dTipsNiSn, TiysZrosNiSn and Tg sHf 25210 29NiSn samples,
only overall values of the displacement parametegse refined. Summary of Rietveld
refinements for the pseudo-ternary compositiondisted in Table 2.

The presented structural characterization of #rmeary MNiSn systems based on
high-resolution SR-PXD data clearly confirms HH gaaeparation in ZrNiSn for the first
time. One could assume that it is a result of fheliad synthesis methodology, which is
known to affect formation of HH phases and theieroical compositions. On the other
hand, it is highly possible that the lower resa@uatof powder diffraction data in previous
studies obscured the presence of multiple HH phaghsvery similar unit cell parameters.
High resolution diffraction patterns collected iNiSn and HfNiSn do not show obvious
Bragg peaks splitting but a visual inspection oé tdiffraction profile lines reveals
noticeable difference between the peak shapes adithsw Thus, one cannot exclude a

possible presence of multiple HH phases also isetl®mpositions, which are impossible
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to be discriminated even with the superb resolutibtine presented SR-PXD data. None of
the investigated MNiSn samples contains excessNdnetheless, in the Zr-based HH
phases a disordered distribution of Ni atoms iepke; either as a shared occupancy of
both 4c and 4d sites or through formation of vacancies. Analysfshigh-resolution
diffraction patterns of the pseudo-ternary systerosfirms formation of multiple HH
phases in all studied samples. Although #f,:sNiSn seems to be less prone to phase
separation than the other compositions, splittihgdld Bragg reflections is visible in the
diffraction pattern. Besides, the identified Hftriphase accommodates ca. 16% of the
overstoichiometric Ni at the normally vacadd site. This is higher than for the reported
HfNiSn, where the extra Ni concentration reachely aip to 11% [19]. Analysis of all
studied pseudo-ternary systems indicates thathenbdynamic stability of formed HH
phases could be strongly driven by the atomic siference between Hf, Ti and Zr.
Smaller variation in the radius of Zr and Hf atorasults in crystallization of only two HH
phases, while the Ti/ZrNiSn and Hf/TiNiSn systementain five different HH

compositions.

2.2. Electron microscopy

2.2.1. Scanning electron microscopy (SEM) with energy despive X-ray spectroscopy

(EDS)

Variations in chemical compositions across the pawghrticles were assessed by
SEM-EDS (Table 3 and supplementary materials). diiemical analysis of the ternary

MNiSn compounds shows a homogeneous distributiorelefents in the investigated
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powders and reveals a very good agreement witlrcohgpositions of the HH phases as
obtained by Rietveld refinements. Values of thematoconcentration for the pseudo-
ternary systems are also in agreement with the ¥BR-Bata analysis. For the nominal
Hfo.5ZrosNiSn powder, both Hf-rich and Zr-rich regions atiserved, but in HfsTipsNiSn
and TpsZrosNiSn more pronounced disparity in elements distrdsuand concentration is
revealed. This is in accordance with the presercaultiple HH phases as confirmed by
SR-PXD. The EDS results obtained fop Fifo 25Zr029NiSn clearly show the formation of

a Ti-rich region but also areas with an increassttentration of Hf and Zr.

2.2.2. High resolution scanning transmission electron mmscopy (STEM) with energy

dispersive X-ray spectroscopy (EDS)

High-resolution STEM was employed to further invgestte chemical compositions of
the phases formed and verify whether the local et@mangement is in agreement with the
averaged HH crystal structures. These measuremeats performed for selected
powders, for which the occupancies of both Ni ske=e refined from SR-PXD, i.e.
TiNiSn, ZrNiSn and HfsZrosNiSn. HAADF-STEM images of a [11Q}-oriented TiNiSn
particle are shown in Figure 5a and 5b. At thegh lebllection angles (99-200 mrad) the
contrast generated by incoherent scattering it iyugroportional tozZ?, whereZ is the
atomic number. Thus, the most intense (brightdésthi columns correspond to Sn, while
Ti and Ni atoms create a lower contrast. The intgnariations between théc and 4d
sites (Figure 5c) confirm an ordered arrangememiaiver4c in the HH crystal structure
and the vacancy of théd position in agreement with the Rietveld refinenserithe SR-

PXD analysis of HfNiSn shows the same averagedairgtructure as TiNiSn, and thus a
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similar local distribution of Ni atoms can be exygetfor this phase. The SR-PXD results
for ZrNiSn demonstrate the crystallization of twel ldHompounds and specific structures of
both phases. However, high resolution STEM fortthe Zr-containing materials revealed
a thick (5—-10 nm) layer of amorphous oxide, broadtlyering the HH particles (Figure 6).
The formation of Zr@ hinders the acquisition of atomically resolved HARSTEM
images necessary for accurate structural anallygsie S6). Even though, the columns of
Zr and Sn atoms can be clearly seen, as brightiresatin the dark background, it is not
possible to extract unambiguous information abbet Ni distribution over thdc and4d

sites in the formed HH phases.
3. Conclusions

The presented study of ternary MNiSn and pseudwtgr MysM osNiSn/
MosM 029M 08NiSn HH compounds, performed with high-resolutid®-BXD, reveal the
separation of HH phases in ZrNiSn andg o sNiSn systems, which previously only have
been reported to crystallize as single phase samnflee results do not confirm the
presence of excess Ni in the ternary Zr-based Habgdh Instead they suggest a disorder
distribution of stoichiometric amount of Ni atomseo 4c and the normally vacartd
crystallographic positions in ZrNiSn, and formatiminNi vacancies adc site in ZrNp ¢;Sn.
The presence of overstoichiometric Ni has beenicoafl only in the pseudo-ternary
Hfo.sZrosNiSn sample. The large amount of phases preseéheisamples for the remaining
systems with mixed Hf/Ti/Zr atomic composition hamd refinements of occupancy factors
at 4a and/or 4d sites. The high resolution STEM for TiNiSn confgnthat the local

distribution of atoms in the HH phases is in agreetmwith the averaged HH crystal
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structured obtained from powder diffraction datawever, for ZrNiSn and HEZrosNiSn,
the microscopy studies cannot be compared witt5Rd>XD results due to the formation
of the oxide layers on the particles surface, whiictits the quality of acquired HAADF-
STEM images. This work, along with a few other &ae reports, demonstrate that high-
resolution SR-PXD and/or PND data are indispenséblearry out reliable analysis of
structural properties of HH phases. Based on teegmted SR-PXD data comparison, we
encourage that published powder diffraction patteshould be provided along with a
parameter that could designate a quality of thegolution. So far, this is a very rare
practice for most of structural studies on HH miaterand strongly limits a chance for a

reliable comparison of obtained results.
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Table 1. Lattice parametersa), weight percentages, fractional occupancies (n),
displacement factors () and goodness-of-fit valueg’) for MNiSn HH phases obtained
by Rietveld analysis of high-resolution SR-PXD da@n the bottom, total weight

percentages of identified impurity phases.

M Ti Hf Zr
a[A] 5.93143(1) 6.08007(2) 6.11259(1) 6.10695(1)
abundance[wt.%] 98.6(3) 92.9(6) 72.1(3) 26.0(2)
refined composition TiNiSn HfNiSn ZrNiSn ZrNi 9 o7Sn
M 4a(0,0,0) n 1.0(-) 1.0(-) 1.0(-) 1.0(+)
B [AF 0.09(2) 0.291(7) 0.30(1) 0.24(2)
Ni;  4c (Y, Ya, i) n 1.024(8) 1.03(2) 0.984(2) 0.968(4)
Bso [A7] 0.32(2) 0.37(1) 0.415(9) 0.34(2)
Ni,  4d (3%, %, %) n 0.02(2) 0.02(2) 0.013(2) 0.005(3)
Bs [A7 - - 0.415(9)
Sn  4b (%, %, %) n 1.005(4) 1.01(2) 1.004(1) 1.002(2)
Bso [A? 0.423(9) 0.27(1) 0.33(1) 0.23(2)
Fa 2.02 4.00 1.73
Impurities [wt.%)] 1.40(2) 7.1(1) 1.9(3)
TiNiSn HfNi,Sn Zro
Sn Hf2Ni.Sn Sn
NisSn
Hf
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Table 2. Lattice parameteraj, weight percentages, fractional occupancies fgfired, Raiculatea— Obtained from Vegard's law),
displacement factors () and goodness-of-fit valueg’] for MosM’ o 5/MosM‘ 022M" ¢2:NiSn HH phases obtained by Rietveld
analysis of high-resolution SR-PXD data.

alA] refined composition  abundance[wt.%] MosM’ 05/ MosM 02M 025 Niy Ni, Sn Biso_overail [A7] Ve
4a(0,0,0) Ac (Ya, Ya , Ya) Ad (Ya, Ya, Ya) 4b (Y2, Y2, ¥2)

HfosZrosNiSn 2.06

6.09540(1) Hfo76Zr 0.22Ni1.16SN 79.0(2) n 0.78(2)/0.22(-) 1.001(3) 0.163(9) 1.0(-) 0.562(2)

6.10146(2) Hfo 22t o7NiSN 18.5(1) n 0.29(8)/0.71() 1.09(1) -0.04(3) 1.0(9 0.476(8)

HfosTipsNiSn 3.48

5.93027(4) TiNiSn 1.1(6) n 0.00(-)/1.00(2) 1.01(1) - 1.0 0.7(2)

5.95906(7) Hfo 1cTiosdNiSN 9.5(3) n 0.10(1)/0.90() 1.02(1) - 1.0 0.9()

5.97687(8) Hfo 25Tio-NiSN 26.1(6) n 0.29(1)/0.71() 0.99(2) - 1.0(9) 0.16(4)

6.03262(4) Hfos:Tio.4gNio.ceSN 57.002) n 0.51(3)/0.49() 0.98(2) - 1.0 0.16(2)

6.05576(9) Hfo sgTio.4oNio.ceSN 6.3(3) n 0.60(2)/0.40() 0.98(3) - 1.00) 0.21(6)

TiosZrosNiSn 2.22

5.9638(1) TiogsZr 01gNiSN 13.6(3) Newcuaed  0.82/0.18 1.00) 1.00) 0.97(8)

5.9998(2) Tio.e2Zr 02NiSN 26.4(6) Ncalculated 0.62/0.38 1.0(-) 1.0(-) 0.42(6)

6.0555(1) Tio26Zr 0-NiSN 33.9(9) Newcuaed  0.29/0.71 1.00) 1.00) 1.08(6)

6.0877(1) Tio16Zr 0.0NiSN 11.8(5) Newcuaed  0.10/0.90 1.00) 1.00) 0.7(1)
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6.0968(2)
TigsHfo252r 02dNiSN
5.97604(5)
6.04160(3)

6.07419(5)

Tio.0eZr 0.0NiSN

Tio.zeHf0.112r 0.1aNISN

Tio.2eHfo.37Zr 0.3NiSN

Tio.12Hf0.442r 0.4aNiSN

14.0(8)

36.4(3)
57.2(5)

4.9(2)

Ncalculated

0.06/0.94

0.775(3)/0.113(1)/0.113(-)
0.262(6)/0.369(3)/0.369(-)

0.12(4)/0.44(2)/0.44(-)

1.0(-)

1.0()
1.0()

1.0()

1.0(9)

1.0()
1.0()

1.0()

0.8(3)
1.86
1.01(2)
0.763(6)

0.98(4)
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Table 3.Chemical compositions of MNiSn, MV’ ¢ sNiSn and M sM’ ¢ 29V1" ¢ 29NiSn HH compounds as obtained by SEM-EDS.

nominal composition Ti [at.%] Hf [at.%] Zr [at.% ] Ni [at.%] Sn [at.%]
TiNiSn_averaged 33.9(7) 32.3(8) 34(2)
HfNiSn_averaged - 32(2) - 35.2(5) 32(1)
ZrNiSn_averaged - - 32(1) 33.6(7) 34(1)
Hfo_sto_sNiSrl

area_1 - 21.4(7) 15.8(9) 30.6(5) 32(1)
area_2 20.6(6) 10.7(6) 32.9(5) 35(1)
area_3 17.8(6) 15.7(9) 32.9(6) 34(1)
area_4 16.3(9) 17.9(6) 33.1(6) 33(1)
area_5 16.2(6) 20(1) 35.0(7) 29(1)
area_6 15.7(6) 20(1) 34.9(6) 30(1)

Hfg_sTig_sNiSn

area_1 26.2(4) 6.4(4) - 33.0(7) 34(1)
area_2 24.1(3) 9.5(6) 30.4(5) 36(1)
area_3 23.0(4) 9.8(6) 35.0(7) 32(1)
area_4 21.3(3) 13.5(8) 30.3(6) 35(1)
area_5 17.1(2) 16.9(9) 34.3(6) 32(1)
area_6 14.9(2) 19(1) 32.3(6) 34(1)
area_7 13.6(2) 15.0(8) 35.9(6) 35(1)
Tig_g,Zfo_sNiSﬂ

area_1 27.3(5) - 5.6(3) 32.9(8) 34(2)
area 2 23.7(4) 10.5(4) 33.4(7) 32(1)
area_3 20.8(4) 12.3(9) 32.4(8) 34(2)
area_4 20.0(3) 15.0(6) 32.5(6) 32(1)
area_5 18.4(3) 14.5(6) 33.7(8) 33(1)
area_6 17.5(3) 16.3(6) 32.2(6) 34(1)
area_7 13.9(3) 19.5(8) 33.2(8) 33(1)
area_8 11.5(2) 20.9(8) 35.2(7) 32(1)
area_9 9.8(2) 21.8(8) 33.4(7) 35(1)

Tio.sHf 02521 02NiISN

area_1 22.9(3) 4.7(3) 8.6(3) 32.3(6) 31(1)
area_2 22.0(3) 5.9(4) 7.2(3) 32.3(7) 32(1)
area_3 15.6(3) 10.2(7) 8.7(4) 35.4(8) 30(1)
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area_4 13.3(2) 11.5(4) 10.1(6) 33.9(6) 31(1)
area_5 11.7(2) 8.9(5) 12.4(4) 30.6(5) 36(1)
area_6 9.5(1) 11.1(6) 12.6(4) 35.5(6) 31(1)
area 7 8.4(1) 13.3(5) 12.9(8) 35.3(7) 30(1)
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Figure 1. SR-PXD patterns collected for ZrNiSn with diffeténstrumental setups; orange
— standard resolution mode, multipurpose PILATUS@BNliffractometer at BMOL1,
ESRF; green — high resolution mode, multipurpodeAPUS@SNBL diffractometer at

BMO1, ESRF; black — high resolution diffractomeaéeiD22, ESRF.
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Figure 2. High resolution SR-PXD profile of (220) Bragg pefk all investigated HH

systemsj = 0.4000 A.



30000

10000

Intensity [counts]

-10000 -

20000

b)

ZrNiSn Hf Zr NiSn
S on 150004 0.5 0.5
v g«m
S e e
S —_ S
=
z ‘& 10000 £
g (e ]
< £ sow.
El - 3 - .
] e L. 5000+
20[7 > 2009
@ AU
i ] I.II Laled o S
- | I [NRENIRIA] T TR TR EE R R e
E | [ WA RN) I LA R AT g
5000 i ‘H ot \‘IHHIIII‘\II\‘\II‘I\‘H‘ 10000000 N T 0
I L0 0 CTERY (AR RRUER CACLE U W CTOUEY TR O R g | : 1 -
: 1
T T T T T 1 -10000 T T T
10.0 20.0 30.0 40.0 50.0 60.0 0.0 21.0 42,0 63.0
201[°] 20[°]

Figure 3. Observed (red), calculated (black) and differertlae)) SR-PXD profilesj =

0.4000 A, for &) ZrNiSn,y’*= 1.73; andlf) HfosZrosNiSn, y°= 2.06. Vertical bars indicate

Bragg peak positions of contributing phases, fromtb bottom: ) HH;, HH,, ZrO and

Sn; ©) HH1, HH,, Sn, ZgSn. Insets show (220) reflection.
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Figure 4. Refined (circles) vs. calculated from Vegard's ([gguare) axis as a function of

metal fractions (x) in HH phases formed &) HfosZrosNiSn and ) Tig sHfo 25210 29NiSN.

Error bars fora are omitted as they are smaller than the sizeeo§ymbols (Table 2).
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Figure 5. (a) ABF-STEM image of TiNiSn obtained with a convergence angle of 31 mrad and a
collection angle range of 10-22 mrad; (b) HAADF-STEM image of the same region obtained
with a convergence angle of 31 mrad and a collection angle range of 99-200mrad. The TiNiSn
particle was observed along a[110]x zone axis. The overlays show schematic representations of

the HH unit cell (blue, orange and green circles represent Ti, Sn and Ni at 4c, respectively;



dashed white circles indicate the vacant 4d site); (c) intensity profile along sequential 4c and 4d
sites as observed along the dashed line in (b) confirming the ordered distribution of Ni atomsin

the HH crystal structure of TiNiSn.



Figure 7. The low-magnification HAADF-STEM images with corresponding EDS maps and
spectra for (a) TiNiSn and (b) HfosZrosNiSn indicating a significant difference in presence of

oxygen-rich regions (low in (a) and high in (b)) between both compositions.



