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Abstract

Rietveld analysis of neutron powder diffractionadbtis been used to investigate the compositions
of XNiSn (X = Ti, Zr, Hf) half-Heusler alloys prepad by solid state reactions. All samples
containing Ti have 2-3% excess Ni, whereas the sswpith X = Zr, Hf are almost stoichiometric.
Samples with mixed X-metals are characterised bytlesence of 3-4 distinct; XX’ xNi1+,Sn half-
Heusler phases. Variable temperature and time diepéemeutron powder diffraction for X = Ti and
X = TigsHfg sdemonstrates that both the amount of excess Nitenghase distribution are stable
up to at least 600C. Debye temperatures of 367(2) K and 317(2) K vedatained from the thermal
displacement parameters. The samples containiagelécharacterised by a ~0.15 eV bandgap and &
monotonously decreasing Seebeck coefficient. Thepositions with Zr and Hf have similar
bandgap values but show ambipolar transitions. ysmalbf the thermoelectric transport data of
degenerately dopedgl#Zro sNiSm_,Sh, samples using a single parabolic band model deirades

that the transport is limited by alloy scatterimglgyielded an effective carrier mass of 2.5(1) m

Introduction

Half-Heuslers (HHs) show great promise in the figldhermoelectric waste heat recovery, in
which they can be used to improve the energy efiicy of any heat-generating proct3he
performance of a thermoelectric material is detaguiby its figure of merit, zT =*$/px, where S

is the Seebeck coefficient,is the electrical resistivity is the sum of the lattice;) and
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electronic ey thermal conductivities, and T is the absolutegerature. The large power factors
(S°/p) possessed by HHs make them an obvious choidadamoelectrics research, but high
values mean that alterations to the structure lmishade to reduag,; and achieve high zT
values®®

Recently, phases on the XNiSn-X%8n HH full-Heusler (FH) pseudo-binary have generate
substantial interest (where X = Ti, Zr, Hff: °The addition of excess Ni has been found to have a
significant impact on the thermoelectric propertiesparticular, large reductions in the thermal
conductivity of TiNi+,Sn samples have been reportedin addition, simultaneously enhanced S
and electrical conductivitys(= 1) was reported for ZpgHfo 7Ni1+,S, and enhanced S with
only a minor reduction i has been found in diZro oNi1+ySn and p-type

TiosHf05C01+,SM oSy, *° Simultaneous improvements in S andre not expected in
homogenous semiconductors, where they depend &lyes carrier concentratioriThe
observation of this effect therefore suggests po&tntial barriers, due to FH nano-inclusionsefilt
out low energy carriers leading to an enhancemi8t'bindeed, the formation of FH nano-
inclusions within the HH matrix has been reportedniany of these studiés? ***®*However, not
all samples containing excess Ni (y > 0) show enbarents of S anel, and other reports observe
only micro-inclusions of the FH phase!*We recently reported an in-depth study of TiN8v (M
= Co, Ni, and Cu) nanocomposites prepared via stdite reactions and showed that the excess
metal is relatively homogeneously distributed véthupper limit <2 nm for any segregated
TiNi>Sn FH inclusion$® The absence of clear inclusions demonstrateshbategree of
segregation is sensitively dependent on the sapipleessing, which is in keeping with the wide
variety of nanostructures reported in the literafuf Another topical issue in this field regards the
low k (= 2-3 W mi* K™ that is sometimes observed in XNiSn and XCoShpsesrwith mixtures of
Ti, Zr and Hf, and which is important to underpif 2 11°?*Recent studies have linked the law
to phase segregation into multiple half-Heuslersglsawith different ratios of X-metais?

However, our results for the 1LiZr,NiSn series indicate that this multiphase behavieur
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kinetically controlled, and has a secondary imment(T) after alloy scattering, suggesting that the
presence of all three of Ti, Zr and Hf is nee&fe@ther approaches aimed at minimisiqginclude
off-stoichiometric X%Ni,Sns (X = Ti, Zr) compositions that form a HH matrixcaa number of
segregated phas&s?’ addition of a Tio Fex95 eutectic® InSb inclusions in TiCoSB: *°and phase
segregation involving mixtures of HH phaseés.

Neutron powder diffraction is a powerful tool toachcterise metal-rich HH alloys due to the
excellent scattering contrast between the elenmetent. ' *In addition, the bulk nature of the
technique means a representative average pictotgasmed. For the TiNilybn (M = Co, Ni, and
Cu) nanocomposites it was possible to accountlfexaess metal present in the saniflin case

of the M = Ni series, the excess Ni was dividedrdkie matrix (nano-inclusions with diameter < 2
nm) and over a distinct FH phase with the sum oksg Ni equal to the nominal y value. This
analysis also allowed us to determine that Co gubss in the matrix, while Cu is part of a
nanosegregated FH phase. Here we have extendeaptiizach to the high-zT XNiSn and

Xo5X 0sNiSn parent materials. This has enabled the acedetermination of the experimental
compositions, and of the multiphase behaviour dleatirs in these samples. In addition, we also
present a detailed thermoelectric property anabyfstiegenerately and non-degenerately doped

XNiSn and % sX ¢.sNiSn compositions.

Experimental

The synthesis of the XNiSn an@ X’ osNiSn (X, X’ = Ti, Zr or Hf) samples has been regain
Ref. 25. Neutron powder diffraction data for theaenples were collected on the upgraded
POLARIS instrument at the ISIS facility, Rutherfok@pleton Laboratory, UK. Powders were
loaded into cylindrical sample cans and diffractiata were collected at room temperature for
300pAh proton beam current to the ISIS target, corradptg to ~2 hours neutron beam time. In
addition, two samples were studied at elevated ¢égatpres: TiNiSn (373 to 973K in 100K steps)

and TpsHfpsNiSn (293, 473, 673 and 873K). The neutron scaigeengths are#p=-3.4 fm, b, =

3
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7.2fm, s = 7.7 fm, y; = 10.3 fm and &, = 6.2 fm. Crystal structure refinement was by the
Rietveld method using the GSAS suite of prograntstae EXPGUI graphical interfacé.®*
Profile function three for time-of-flight data inSAS was used to fit the peak shape. The
thermoelectric characterisation for these sampkesneported in Ref. 25 but no data fitting was

undertaken in that study.

Results

1. Room Temperature Structures

A convenient way to view the XNiSn half-Heuslewsture is as a face-centred-cubic lattice of Sn,
where all the octahedral holes are occupied byXreaif the tetrahedral holes (herein Y1) are filled
with Ni. This leaves half the tetrahedral holes gn{jy2). The Y2 sites are fully occupied in the
Heusler structure, leading to an increase in sgemep symmetry (fronfr43mto Fm3m) and

lattice parameter¥a ~ 0.2 A). TiNiSn is semiconducting with strongbhigisation between Ni and
Sn s- and p-orbitals, while the valence and condndiands are formed by hybridisation of the Ti
and Ni d-orbitals® TiNi,Sn in contrast is metalli€ and this difference in chemical bonding is
responsible for the absence of solid solution fdiome®*?

TiNiSh, ZrNiSh and HfNiSh: The Rietveld fits to the POLARIS data are preseimdeg. 1. A

single half-Heusler phase was used in the fitsthadesulting lattice and atomic parameters are
reported in Table 1. These agree well with previpteported value® Maintaining a

stoichiometric TiNiSn model, with Ti, Ni and Sn treir expected sites (X, Y1, Z), resultsyfr=

8.8. Two models were subsequently identified teatited in an improvement jA. The first of
these involves 2% excess Ni on the vacant tetrah&@ site. The second model has 3% inversion
of Ti and Sn (i.e. GiorSr.odNiSno.e7Tio.09). Both models producg = 8.2 °= 7.9 from a LeBail

fit). Larger degrees of inversion are needed fergteviously reported TihNpsSn (6% inversion)

and TiNi,oeSn (10% inversion) samplé#\ nominal TiNiSn ¢s Sample was also prepared by
standard solid state reaction and best-fit model®vound for TiNj os62Sn or 9% Ti-Sn inversion.

4
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Furthermore, HfNiSn requires 30% inversion of Hil&8n, or <1% excess Ni. ZrNiSn was found to
be stoichiometric despite the presence g@Barand Np ¢S, secondary phases. The much smaller
variation in Y2 site occupancies suggests thaptleeence of excess Ni is the most plausible
interpretation of our data. This is in keeping wiitle covalent bonding in these structures and the
large energetic cost for X/Sn inversion.

TipsZrosNiSn: Our previous work demonstrated that the ingots witked X metals are not phase
pure but contain multiple %X’ \NiSn half-Heusler phasé3 A total of 4 half-Heusler phases were
used to fit the NPD data, as shown in the ins&igo1d. The lattice and atomic parameters for the
4 phases are presented in Table 2. The Zr contexatob phase was calculated from the lattice
parameters using Vegard's law,pand by refining the X-site occupancy)xIt was not possible

to determine ¥ for the most minor phase, present at 3 wt%, aadttupancies were kept fixed at
the X, values. The xvalues are plotted against i Fig. 2a. From this figure, it may be seen that,
for xy > 0.5, there is good agreement betwegand x,. At lower values of x however, the refined
Xy are somewhat larger thap. X his indicates a departure from Vegard’s law it x indicating

a lower Zr-fraction than that derived from theitstparameter. This discrepancy does not lead to
any significant difference in average compositibthe multiphase samples. The highest resolution
backscattering detector (bank 5) was used to gestaimate of any peak broadening caused by
further compositional fluctuationax).” All profile function parameters, exceptwhich models
microstrain, were kept fixed at the average vatudhle XNiSn end-members. For a cubic system,
the microstrain can be easily related to a spreadvialue®® and the calculated values ftx are
tabulated in Table 2 and are shown in Fig. 3a.rieefient of the Y2 site occupancy revealed that Ni
partially occupies the Y2 site in 2 of the 4 HH pha (Table 2). The largest excess of Ni (y =
0.052(2)) was found in the phase with=x0.153(3). The average composition of this samjale
found to be Tg a95(7Zr0.505(7Ni1.028¢3SN, Which is in good agreement with the nominahbug and

indicates the presence of 3% excess Ni.
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TipsHfosNiSh: This sample shows similar multiphase behaviourigedro sNiSn and was analysed
analogously. The refined Hf occupancies were faiorae % = 0.195(5), 0.54(2), 0.581(9) and
0.87, where the last value was fixed todue to the low abundance of this phase. Theakues are
in good agreement with,Xor x = 0.5, with a small discrepancy for lower x, as sken
TiosZrosNiSn (Fig. 2a). Thé\x values are comparable to those found ywdiip sNiSn and are
shown in Fig. 3b. Two of the HH phases were foundantain Ni on the Y2 site. The refined
values are presented in Table 2 and the Ni comdepiotted in Fig. 2b. The average composition
was found to be FisaHfo.47(1Ni1.01965N.

ZrosHfosNiSh: The narrow range of unit cell parameters obsergethis composition (due to the
similar radii of Zr and Hf) means only one phaseldde identified, instead of the three that were
observable in the X-ray data (Fig. ¥)The lattice and atomic parameters are present&dbte 2.
Refinement of the Y2 site occupancy suggestedstimsple is stoichiometric, and does not contain
any excess Ni. The final fitted composition of te@nple was found to be

Zro so@aHfo.a1aNi1002@SN, consistent with the X-ray ddtsand the nominal composition.

2. Temperature Dependence Studies

TiNiSh: The fitted lattice parameters, fractional site gamcies and fit statistics are presented in
Table 3. The unit cell volume was found to increlasearly above 300 K, as illustrated in Fig. 4a.
The volume expansion could be fitted by V(T) s Acoth@p/T), where A is a scale factor afg
is the Debye temperature. From this fif%/205.4(1) &, A = 2.6(2) and)p = 347(22) K. This is
consistent with literature values which pgtin the range 360-420 # The temperature
dependence of the thermal displacement paramédggsdf each atom are plotted in Fig. 4b. The
similar gradients and magnitudes indicate thathadle atom types vibrate at around the same
frequency. The values for Sn are slightly reducadmared with Ti and Ni due to its larger mass.
Using the average slope and mass of TiNiSn a Debgperature of 367(2) K was obtairiédn

excellent agreement with the value from the fitédl volume, and the literature. The Ni
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occupancies on the Y1 and Y2 sites were also fimeeach temperature step and remained
constant within one estimated standard deviati@bl@ 3).

TipsHfosNiSh: The fitted lattice parameters, weight fractionte siccupancies and fit statistics are
presented in Table 4. The lattice parameters fcn ehase were found to increase linearly with
temperature. The increase in temperature was ftauhdve very little effect on the distribution of
the phases in this sample. The Ti:Hf ratio remai@etbst constant for each phase, while Ni(2) site
occupancy was found to decrease somewhat at thedtigneasured temperatures. The weight
fractions of each of the phases remained constnteen 273 and 873 K. The overall composition
and distribution of phases therefore do not chang@ficantly with temperature. The temperature
dependence of the average thermal displacemennhptess for the two most abundant phases was

used to estimate the Debye temperature, which alaslated to be 317(2) K.

3. Thermoelectric properties

The use of band models to fit experimental therexek data is increasingly common. The
simplest of these models is the single parabolidbaodel which is most readily applied in the
high temperature and degenerate semiconductingfimhere the chemical carrier concentration
(n) is assumed constant. Th@) of electron doped §ZrosNiSn_,Sh, samples (z = 0.005, 0.01
and 0.02) is shown on a log-log plot in Fig. 5ae Blopes fall between 0.2-0.7, where values
between 1-1.5 are expected for electron transpoiteld by acoustic phonon scattering. The lower
values observed here are characteristic of allaftexing® As both acoustic and alloy scattering

are energy independent, an identical S(T) is exssééand the familiar expressions for S and n can

be used:
k( 2F
S:—( l—ﬂj (Eq. 1)
el F,
2m'kT )"*
n:4]7( H? J F1/2 (Ea. 2)
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Here, k is Boltzmann’s constant, e the electronrgdah is Planck’s constant, m* is the effective
carrier mass is the reduced Fermi level measured from the cctimmluband minimum (EKT),

and F are the Fermi integrals, which were evaluated mioaly (¢ is the reduced energy):

gl'de
+ Exple 7]

F, (’7)=Il (Eq. 3)

The magnitude of S is therefore only a functiom¢Eq. 1), while m* can be evaluated using the
value gained from the experimental S, and the cta&maarrier concentration (Eq. 2). The
calculated carrier concentrations were (z = 0.808 x 16° m?), (z = 0.01, 1.83 x fdm®) and (z
=0.02, 3.66 x 18 m®) and the obtained m* values are 2.33(m= 0.005), 2.51 g(z = 0.01) and
2.64 m (z = 0.02) where gis the electron mass. These values are in goaagmt with

published data for ZrlNi,Sn HH alloys!” *® As a further test of the validity of the SPB mouel
calculated the predicted temperature dependenSeusing the constant carrier approximation, and
these curves are plotted in Fig. 5b. There is alggreement below 400 K, while S is
overestimated above this temperature, which tylyiciginals the presence of minority charge
carriers. The(T) and S(T) for the non-Sb doped (non-degenesatgiples containing Ti are shown
in Fig. 5¢c-d. Thep(T) follows a thermally activated temperature defence over the entire
measured temperature interval (300-730 K). Thedittandgap values arg £0.12-0.15 eV (see
Table 5) which is much smaller than the 0.45 eV gaglicted from first principles calculatiofts.
The observation of reduced bandgaps is common i Pland points towards the presence of in-
gap states due to structural disorder and/or exde¥sSimilar bandgap values are observed for
SPS processed giiZro sNiSn samples! demonstrating that these values are not affettedgly by
porosity. The S(T) for these compositions showsaalgal monotonous decrease (Fig. 5d). By
contrast, the S(T) for samples containing Zr andidfcharacterised by a maximum near 350 K (X
= Zr) and 550 K (X = ZysHfq 5 Hf), followed by a rapid decrease (Fig. 5f). Trapid decrease is
caused by the onset of minority carrier (p-type)duection, which is also evident in tp€l') data

(Fig 5e). The maximum for X = Zr is lower than refedl in the literature (550 K, and this may
8
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be linked to presence of impurity phases in thida (Table 1). The (T) - 1/T data for the
samples without Ti are shown in Fig. 5e, and rexsda& presence of similar bandgap values below
the onset of minority carrier conduction (0.07-0eMg Table 5). In addition, the Goldsmid-Sharp
formula was used to extract a value for the bandigap the S(T) datd’ These are larger and fall
between 0.3 — 0.4 eV (Table 5). The discrepancyden the bandgap values fr@fT) and S(T)

data has recently been discussed and results remaobility difference between electrons and
holes, and leads to overestimates when using &ssichl Goldsmid-Sharp equatitfithe bandgap
values observed here are consistent with recegplgrted values of 0.13 eV for ZrNiSn from room

temperature optical measuremetits.

Discussion

There is now substantial evidence confirming thate is no solubility of excess Ni in the HH
structure, and that segregation into a HH matrix &H inclusions occurs® We have previously
reported extensive electron microscopy characterisaf a TiNk osSn sample which was prepared

in an identical manner to the samples discussezl(eey. by solid state reactions without post
synthesis processind) This revealed that the excess Ni is finely dispensithin the matrix with a
limit < 2 nm on the size of the nanoinclusions. & demonstrated that ~2% additional Ni was
present in all TINIMSn samples investigated. This was attributed tcstdleility of competing Ti-

Sn binary phases. The observation of 2-3% exce$srikhe samples containing Ti, and the absence
of excess Ni for samples with X = Zr, Hf (Table2)}is in keeping with this earlier observation, and
emphasises the need for a tight control of thel®gi$ conditions. One of the most striking features
of the transport data is the gradual decreaseToff8f samples containing Ti, and the absence of an
ambipolar transition (the onset of minority carmenduction). This occurs for both TiNiSn and the
multiphase samples, suggesting that the phasegsggre has limited impact. Density functional
theory calculations reveal similar bandstructugesd = Ti, Zr and Hf with an indirect gap of ~0.45

eV between th€ and X points? and it is therefore not immediately apparent wti) ®ehaves



Journal of Materials Chemistry C Page 10 of 25

differently. As the experimental bandgaps are edgloer similar, it is tempting to link the absence
of minority carrier conduction to the presencelet&on doping from the 2-3% excess Ni in these
samples. However, literature data reveals thaathieipolar transition survives in ZriN{Sn

samples with 6% excess Ni>?suggesting that there may not be a link to thewarnof excess Ni,
or that it may depend on the exact nature of tres@lsegregation. The ZiNjSn samples were
prepared from the melt and it is likely that thigl wause a difference in the degree of segregation
of the FH phases. This can have a significant impadhe properties: for example the changes in
S(T) andp(T) in the TiNk+ySn series with finely dispersed excess Ni are stersi with
conventional dopind® whereas enhancements in S due to carrier filtaxiexg observed in hot-
pressed compositions containing well-defined FHuisions** Further work is needed to fully
elucidate the difference in behaviour between #rmees that contain Ti and those that do not. At
this point the most plausible explanation is thatdifference in behaviour is linked to a
microstructural effect that only occurs in the jerese of Ti, and is not directly linked to eithee th
multiphase behaviour or the presence of excesshii.S(T) for degenerately doped 34ro sNiSn.
Sh, samples can be modelled adequately using a gpagébolic band model with the mobility
limited by alloy scattering. The observation ofreartransport limited by alloy scattering is
reasonable as the compositional changes due te glkgsegation of the X-site metals occur over
relatively large lengthscales (31n).2% > ®*These distances are greater than typical electean
free paths, and are therefore not expected to inghamgly on the carrier transport.

Neutrons probe a larger sample volume than X-rayd,the phase distributions in the
multiphase samples (Fig. 3) are significantly naeothan determined from X-ray data. The
present data are more representative of the budjgesting that 3-4 discrete phases are indeed
present with the broadening of the individual HHa¥+and neutron profiles (quantified Aas) at
least partially due to microstrain effects and salely linked to compositional variations. Some of
the refined compositions fall outside of the thedyreamic limits for mixing of the X-metafs,
suggesting that the final observed phase distohus kinetically controlled. The temperature-

10
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dependent neutron diffraction study int@ Hfo sNiSn showed no change in phase-distribution as
the temperature was increased (Fig. 4, Tables. 3 4ddition to the temperature steps reported in
Table 4, this sample was held at 8@for 6 hours and re-measured at regular intervéls.
reflections remained the same shape throughoutatig no change in the distribution. In terms
of application this highlights that these matersisw stability to prolonged exposure to high
temperatures, which is of vital importance for theelectric materials. The variable temperature
data also afforded the extraction of a reliableveste of the Debye temperatures for TiNiSp €
367(2) K) and TgsHfosNiSn @p = 317(2) K).

The main conclusion is that XNiSn half-Heuslers pl® are susceptible to phase
segregation as exemplified by the presence ofndishialf-Heusler compositions for samples with
mixtures of X metals, and full-Heusler domainsamgles containing Ti. The onset of minority
carrier conduction observed for XNiSn samples itland Hf is suppressed in the samples

containing Ti.
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Figure Captions

Fig. 1. Observed (circles), calculated (solid linajl difference Rietveld neutron powder diffraction
profiles for (a) TiNiSn, (b) ZrNiSn, (c) HfNiSn, Yd'ig.sZrosNiSn, (e) TisHfpsNiSn and (f)

Zro sHfp sNiSn. Bragg markers correspond to the half-Heyshases used to fit the pattern
(summarised in Table 1-2), except for ZrNiSn wheemarkers are for ZrNiSn, g8, Niz /S

and ZrNpSn (bottom to top). Bank 5 and 4 are the backsoatt@nd 90 degrees detector banks,

respectively.

Fig. 2. (a) Fitted X-metal fractionsg)kagainst those calculated from Vegard’s law) (o) Ni(2)
site occupancy for the XX’ «\Ni1+,Sn phases present in thgsX"osNiSn samples (X, X’ = Ti, Zr,

Hf). Additional TiNiSn data from Ref. 7.

Fig. 3. Phase distribution gxand compositional spreadx) for the X..X' x<NiSn phases present in

the Xp.5X 0.sNiSn samples (X = Ti, Zr, Hf).

Fig. 4. Temperature dependence of the unit cellmel for TiNiSn. The solid line is a fit (see
manuscript text). (b) Temperature dependence afirenal displacement parameters of Ti, Ni and

Sn.

Fig. 5. Temperature dependence of the electrisatreity and Seebeck coefficient for (a, b)

degenerately doped gl4Zro sNiSm .Sk, (¢, d) non-degenerate XNiSn samples containingTX =

and (e, f) non-degenerate XNiSn samples with X FHir

12
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Table 1: Lattice parameter (a), fractional siteupancies (occ), thermal displacement parameters

(Uiso / A?) and fit statistics for the XNiSn (X = Ti, Zr, H§amples.

X Ti Zr Hf
a (A 5.9298(1) 6.1089(1) 6.0795(1)
X Occ 1 1 1
Us, 0.00494(7) 0.0057(2) 0.0047(5)
Ni(1) Occ 1 1 1
Uso  0.00498(5) 0.00461(6) 0.0046(5)
Ni(2) Occ 0.024(1)  0.002(1)  0.009(2)
Us, 0.00498(5) 0.00461(6) 0.0046(5)
sn Occ 1 1 1
Us  0.00407(5) 0.0021(2) 0.0036(5)
Wt% 100 95.00(8) 99.17(3)
v 8.2 9.9 7.4
Bank 5 3.4 3.0 2.8
WR,/% Bank 4 2.0 2.4 2.2
Bank 3 2.1 2.5 2.2
Bank 5 4.2 4.2 5.1
Ry/% Bank4 3.2 5.0 4.2
Bank 3 3.6 3.0 3.0
Bank 5 5.7 7.1 8.5
R/% Bank4 6.2 6.0 7.3
Bank 3 7.5 7.2 5.3

X: 4a (0, 0, 0), Ni(1):4c (Ya, Ya, Ya) , Ni(2)4d (%2, %4, ¥4), Sdb (Y2, Y2, ¥2). ZrNiSn contains 0.93(7)
wt% ZrsSny, 3.36(3) wt% Ni e S and 0.44(1) wt% ZrNBn. HfNiSn contains 0.83(3) wt% H$O
Bank 5, 4 and 3 are the backscattering, 90 degmed$ow angle detector banks, respectively.

13
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Table 2: Lattice parameters (a), weight percent@gt¥%), fractional site occupancies (occ), therdiaplacement parametersi{lJ A%, xy calculated
from Vegard's law, ¥obtained fronthe refined X-site occupancies, compositional spiaa), and fit statistics for the %X’ \NiSn phases present in

the Xo.5X 0.sNiSn samples (X, X' = Ti, Zr, Hf).

a (A wit% XIX’ Ni(1) Ni(2) Sn Xy Xr AX ¥ Bank wR, R, R
Ti0_5Zr 0_5NiSn / fitted Composition: Tio_4g5(7)zr 0_505(7Ni1_028(3§n
occ  0.847(3)/0.153(3) 1 0.052(2) 1
5.9815(2) 183(2) |, 0.0052(1) 0.0052(1)  0.0052(1)  0.0052(1) 291 0153 0.12(1)
occ  0.53(1)/0.47(1) 1 -0.003(8) 1 5 28 46 59
6.0240(2)  19.7(1) \, " 0o00213(4)  0.00213(4) 0.00213(4) 0.002134) >°)  047()  0.10(1) e 4 16 29 36
occ  0.412(6)/0.588(6) 1 0.032(4) 1 ' 3 17 29 54
6.0406(1)  59.2(7) \, " goo653(4)  0.00653(4) 0.00653(4) 0.00653(4) -2  0.588(6) 0.07(1)
occ 0.04/0.96 1 0 1
6.10202)  2.7(1) 0.0010(2) 0.0010(2)  0.0010@2)  0.0010(2) %W 0.96 0.06(1)
Ti0_5Hf0_5NiSn / fitted CompOSition: Ti0_53(1Hf0_47(1Ni1_019(5§n
occ  0.805(5)/0.195(5) 1 0.030(4) 1
5.9834(3) 141 0.0050(2) 0.0050(2) 00050(2)  0.0054(2) 236 0.195(5) 0.12(1)
occ  0.46(2)/0.54(2) 1 0.00(2) 1 5 20 27 18
6.0046(3)  23(1) , ' 0o0524(5)  0.00524(5) 0.00524(5) 0.00524(5) 20 0:54(2)  0.04(1) o 4 15 26 48
occ  0.419(9)/0.581(9) 1 0.024(6) 1 ' 3 20 25 28
6.0157(1)  €0.109) \, ' go0s24(5) = 0.00524(5) 0.00524(5) 0.00524(5) >’ 0-581(9)  0.03(1)
occ 0.13/0.87 1 0 1
6.0604(3)  30®) ,  000007(7)  0.00007(7) 0.00007(7) 0.00007(7) 'Y .87 0.08(1)
Zr 0_5Hf0_5NiSﬂ / fitted Composition: Zr0_59(4Hf0_41(4Ni1_002(3§n
occ  0.59(4)/0.41(4) 1 0.002(3) 1 5 21 44 6.0
6.0926(1)  98.9(1) |, 0.0066(2) 0.00495(6) 0.00495(6) 0.0017(2) 4% 0594 014 h9 4 50 31 51
3 2.9 3.7 3.2

Zro sHfo sNiSn contains 1.1(1) wt% MNSr.
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Table 3: Temperature evolution of the lattice par@mn(a), thermal displacement parameters, (4?), Y2 site occupancy (occ) and fit statistics for

TiNiSn between 293 and 973 K.

293 K 373 K 473 K 573 K 673 K 773 K 873 K 973 K
a (A) 5.9297(1) 5.9333(1) 5.9329(1) 5.9453(1) 5.9514(1) .95B6(1) 5.9641(1) 5.9710(1)
Ti Usw  0.00495(7)  0.0061(1) 0.0078(1) 0.0095(2) 0.0107(2) 0.0130(2) 0.0142(3) 0.0167(2)
Ni(1) Us  0.00499(5) 0.00609(6) 0.0078(1) 0.00946(7)  0.019p9( 0.01276(9)  0.0147(2) 0.0164(1)
Ni(2) occ  0.022(1) 0.019(1) 0.019(1) 0.018(1) 0.019(1) 0.)5(  0.020(1) 0.015(1)
Us  0.00499(5) 0.00609(6) 0.0078(1) 0.00946(7)  0.019P9( 0.01276(9)  0.0147(2) 0.0164(1)
Sn Us  0.0045(6) 0.00527(9)  0.00703(1)  0.0066(9) 0.0099(1) 0.0119(2) 0.0134(2) 0.0155(1)
r 8.6 4.1 4.0 4.0 3.8 4.1 4.1 4.3
wR, Bank5 3.1 2.0 2.0 2.1 2.1 2.2 2.2 2.3
Bank4 2.0 1.4 1.3 1.3 1.2 1.2 1.2 1.4
Bank3 2.1 1.0 1.2 1.1 1.1 1.3 1.2 1.3
Rp Bank5 3.6 2.3 2.5 2.4 2.5 2.6 2.7 2.7
Bank4 3.2 2.8 2.3 2.3 2.3 2.1 2.0 2.2
Bank3 3.6 1.1 1.3 1.2 1.1 1.4 1.3 1.4
RZ  Bank5 5.4 3.4 3.6 4.1 4.5 5.7 6.4 6.4
Bank4 6.2 4.3 4.7 7.8 7.5 8.3 8.9 10.7
Bank3 7.6 7.5 7.5 10.9 10.5 11.5 10.8 10.0

The 293 K pattern was collected outside of thedoen
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Table 4: Temperature evolution of the lattice pagtars (a), fitted Hf fractions (x), Ni(2) site

occupancy, weight percentages (wt%), thermal dismpeent parameters £/ A% and fit statistics

for the TixHfYNiSn phases present in the FHfo sNiSn sample.

Phase 293 K 473 K 673 K 873 K
1 a(A) 5.9834(3) 5.9950(3) 6.0074(6) 6.0192(5)
X 0.195(5) 0.223(5) 0.210(9) 0.206(8)
Ni(2)  0.030(4) 0.027(4) 0.016(5) 0.011(7)
Wit%  14(1) 16(1) 16(1) 15.5(2)
Uieo 0.0050(2) 0.0060(2) 0.0088(2) 0.0132(4)
2 a(A) 6.0046(3) 6.0164(2) 6.0285(3) 6.0394(4)
X 0.54(3) 0.559(9) 0.57(1) 0.59(2)
Ni(2)  0.00(2) 0 0 0
Wit%  23(1) 27.6(7) 29.8(9) 25.2(1)
Uiso 0.00524(5)  0.00770(4)  0.01068(5) 0.01378(8)
3 a(d) 6.0157(1) 6.0262(1) 6.0378(1) 6.0490(1)
X 0.581(9) 0.588(4) 0.610(5) 0.592(6)
Ni(2)  0.024(6) 0.022(5) 0 0
Wt%  60.1(9) 54.0(7) 51.8(9) 56.3(1)
Uiso 0.00524(5)  0.00770(4)  0.01068(5) 0.01378(8)
4 a(A) 6.0604(3) 6.0691(4) 6.0800(4) 6.0919(7)
X 0.87 0.87 0.87 0.87
Ni2) O 0 0 0
Wt%  3.0(8) 2.8(1) 2.9(1) 2.9(2)
Uiso 0.0001(3) 0.0004(5) 0.0021(6) 0.0050(9)
Current* 450 200 200 75
v 6.0 2.4 2.4 1.0
wR, Bank5 2.0 1.4 1.4 1.7
Bank4 1.5 1.0 1.3 1.4
Bank3 2.0 2.2 1.9 1.5
Rp Bank5 2.7 2.5 2.4 2.9
Bank4 2.6 1.6 2.8 3.3
Bank3 2.5 2.5 2.2 2.0
R Bank5 1.8 3.0 3.6 5.2
Bank4 4.8 8.8 0.8 7.0
Bank3 2.8 3.5 5.3 9.4

*: Integrated proton beam current to ISIS targeAh
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Table 5. Summary of bandgap values and pre-expahéttors obtained from fits to electrical

resistivity data, and thermal bandgap values obthirsing the Goldsmid-Sharp formdfa.

Composition Fitting range (K) E;(eV)  po (ML cm) E, = 2e|Sax] Tmax
TiNiSn 300 - 730 0.148(2) 1.43(8)

Tig:HfoeNiSn 300 — 730 0.132(2) 1.80(9)

ZrNiSn 300 — 450 0.155(5) 13.7(2) 0.271(8)
Zro:HfoeNiSn 300 - 570 0.099(5) 3.5(2) 0.392(7)
HfNiSn 300 - 570 0.068(5) 6.0(2) 0.310(5)

17
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Fig. 2
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Fig. 3
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Fig. 5
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