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Long- and short-range structures of Ti;_,Hf Ni; o/1.1Sn
half-Heusler compounds and their electric transport
propertiesy

Matylda N. Guzik, @ +°° Matthias Schrade, @ ° Raluca Tofan,” Patricia A. Carvalho,®
Kristian Berland,”® Magnus H. Serby,? Clas Persson,”
Anette E. Gunnaes® and Bjern C. Hauback®

A commercially feasible, nontoxic material that would convert heat into electricity in an efficient and cheap
way has not yet been identified. Half-Heusler compounds are one the most interesting candidates but to
become competitive their thermoelectric properties still need to be improved. Atomic substitution and ex-
cess Ni in the crystal structure of ternary MNiSn half-Heuslers are among the most successful approaches
used to boost their performance. Here, we report on the effect of both methods applied simultaneously to
the series of polycrystalline Ti;_yHfNi; 0,1.15n, x = 0.00, 0.10, 0.15, 0.20, samples. High-resolution synchro-
tron powder X-ray diffraction studies combined with transmission electron microscopy demonstrate the
crystallization of single or multiple Hf-substituted half-Heusler phase(s). The analysis of their long-range
atomic structures shows that most of them contain interstitial Ni atoms disorderly distributed at the nomi-
nally vacant 4d sites. However, the short-range atomic correlations suggest that, for some compositions,
excess Ni creates an orderly arranged additional atomic plane at the vacant fcc sublattice, which can be
seen as a defective half- and/or full-Heusler phase. The results also show that the Ni-rich samples crystal-
lize with the micrometer-sized full-Heusler phases, while all Hf-incorporating compositions present disper-
sion of HfO, nanoprecipitates in the grains of the half-Heusler matrix. This research is complemented by
thermoelectric transport measurements of the studied compositions in the range of 300-750 K. The results
suggest that neither Seebeck coefficient nor electrical resistivity shows an obvious correlation with the ob-
served microstructures. These finding are discussed with respect to previously proposed transport

rsc.li/crystengcomm mechanisms.

Introduction

A good thermoelectric (TE) material is defined by high energy
conversion efficiency, light weight, good chemical and me-
chanical stability, low-toxicity and an affordable price." Half-
Heusler (HH) compounds potentially satisfy all above condi-
tions and for this reason have been extensively investigated
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over the last two decades.”> These cost-effective materials,
consisting of environmental friendly and abundant elements,
are chemically stable in the medium to high temperature
range (600-1100 K).>”> However, the HHs still present chal-
lenges that must be addressed before they can be effectively
implemented in technological applications. One of the main
obstacles is their high thermal conductivity as compared to
current alternatives.>® Thus, to enhance the TE performance
of HHs, various synthesis and processing methods, modifying
chemistry and microstructure (e.g. atomic substitution, dop-
ing, nanostructuring), have been applied separately or
jointly.>*”® Although, the advances achieved so far demon-
strate that their TE properties can be significantly improved,
our understanding of key factors that govern the TE efficiency
of HHs is still limited. This is mostly due to the strong re-
search focus on thermal and electric transport properties of
this family of compounds and less attention to their struc-
tural characterization. In addition, there is large variation in
the data reported for nominally identical HH compositions,
prepared by either the same or different synthesis methods.
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From this perspective, insight into the relationship between
structural and TE properties of both already studied and yet
unexplored HH compositions is needed to accelerate progress
in the field.

N-type HHs, with the general chemical formula ABC (A, B-
transition metal atom, C-main group element), crystallize
with a cubic symmetry (F43m). Their crystal structure can be
perceived as an interpenetration of four face-centered cubic
(fee) lattices with four characteristic crystallographic sites in
the unit cell: 4a (0, 0, 0) occupied by A, 4c (1/4, 1/4, 1/4) occu-
pied by B, 4b (1/2, 1/2, 1/2) occupied by C atoms and the ad-
ditional nominally unfilled tetrahedral 4d site (3/4, 3/4, 3/4).
Ti-Rich Ti;_,M,NiSn (M = Hf, Zr), as the lightest and cheapest
among other n-type HHs, should be of great interest for prac-
tical applications, however, their relatively poor thermoelec-
tric performance make them less attractive than other HH
compositions.” ™ Although, structural studies of TiNiSn and
Ni-rich TiNi;.,Sn compounds, based on powder X-ray and
neutron diffraction (PXD and PND, respectively) as well as
scanning transmission electron microscopy (STEM) are quite
vast,»®'?! there is a limited number of reports on
substituted Ti; ,M,NiSn in the Ti-rich region.”>*® Consider-
ing that: i) understanding of the crystal structure is crucial
for optimization of thermoelectric performance, and ii) Ti-
and Ni-rich (Ti,Hf)NiSn phases are among the least-studied
compositions, we have in this work synthesized and
performed a comprehensive structural characterization of
n-type compounds with the general formula Ti, Hf,Ni,Sn, x
=0.00, 0.10, 0.15, 0.20 and y = 1.0, 1.1. Our previous investi-
gation showed that high-quality diffraction data, in particular
high-resolution, are indispensable for reliable crystallo-
graphic analysis of HH phases.”” Thus, in the present study,
all samples were examined by high-resolution synchrotron ra-
diation powder X-ray diffraction (SR-PXD).

The reported PXD data for arc-melted and annealed (1073
K) Ti;, ,HfNiSn, x = 0.00, 0.05, 0.10, 0.20, 0.30, 0.40, 0.50,
showed formation of the HH phase but also small amounts
of FH and Sn;Tie.>* Samples with x = 0.10 and 0.20 demon-
strated reduced Seebeck coefficient (S) and the electrical con-
ductivity (), in the range of 300-950 K. Higher Hf concentra-
tion (x = 0.30-0.50) increased the values of both parameters.
The overall increase of the TE performance was explained by
the Hf-induced reduction of the lattice thermal conductivity
with no clarification of changes observed in the electric trans-
port properties. Data for Tigo5Hf, osNiSn and Ti, ,Hf, sNiSn,>*
prepared by arc melting/spark plasma sintering and
annealing at 1073 K, showed reduced electrical resistivity (p =
¢") in comparison to pure TiNiSn. The Hf presence de-
creased the Seebeck coefficient in both samples, however,
much lower |S| was observed for Ti,,Hf, sNiSn, indicating a
higher intrinsic carrier concentration.* As expected, the ther-
mal conductivity (x) of both materials was also lower than
that of TiNiSn. In other studies, Ti,_HfNiSn, x = 0.25 and
0.50, were characterized by higher electrical resistivity than
TiNiSn, however its lower value was observed in a sample
with the higher Hf amount.>* Interestingly, changes in S var-
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ied. While for Ti, ;sHf, »5NiSn, the observed |S| were higher
than for TiNiSn in the range of 300-850 K, for Ti, sHf, sNiSn,
S increased only slightly between 550 K and 700 K,
suggesting a similar intrinsic carrier concentration. Hf substi-
tution also lowered x, which was similar in both samples. Re-
cently, a Ti, ,Hf,NiSn, ,Sb, sample series prepared by low-/
high-temperature rapid solidification and spark plasma
sintering, was investigated by PXD and STEM.>® Diffraction
data reported for as-solidified Ti,_Hf,NiSn, x = 0.0, 0.2, 0.3,
0.4, 0.5, showed the presence of the HH phase in both low-
and high-temperature processed powders. Additionally, FH,
Sn;sTis and metallic Sn were detected. The sample phase com-
positions changed upon densification, resulting in formation
of the phase-pure HH materials, in the low-temperature solid-
ified powders. However, PXD measurements were carried out
with a laboratory diffraction instrument (1 = Cu Ka), which
due to possibly limited-resolution®” may have generated data
with insufficient quality for reliable phase analysis. STEM in-
vestigation of the local disorder in the same sample series
showed fluctuation in the HH chemical composition, signal-
ing a possible phase separation. These studies did not report
nucleation of FH precipitates but demonstrated formation of
the large local lattice strain originating from the presence of
disorderly distributed Ni atoms, which induced (Ti,Hf)/Sn
anti-site defects.>

In the research reported on the TiNiSn-based HH systems,
the amount of Ni has been shown to affect the electric trans-
port properties and, at the same time, reduce of the lattice
thermal conductivity in the HH compounds.”'*'*'® Studies
performed so far indicate that excess Ni either statistically oc-
cupies an available subset of tetrahedral interstitial sites (4d)
in the HH structure and/or becomes a nucleation center of
the full-Heusler phase(s)."*'>'>**73! In this work, through
comprehensive investigation of long- and short-range atomic
structures of the Ti, Hf,Ni,Sn HH phases, x = 0.00, 0.10,
0.15, 0.20 and y = 1.0, 1.1, we address three questions: 1)
what is the nature of Hf-/Ni-related processes in the selected
HH compounds, 2) what is the correlation between a long-
range atomic order and a local atomic structure in HH
phases, and 3) what is the relationship between the crystal
chemistry/microstructure and electric transport properties of
chosen compositions.

Experimental details
Synthesis and processing of materials

Two series of polycrystalline samples, with the following nomi-
nal compositions: Ti;—Hf,NiSn and Ti,_,Hf,Ni, ;Sn, x = 0.00,
0.10, 0.015, 0.20, were synthesized. Metallic pieces (Ti, Hf, Ni,
Sn: Goodfellow, purity >99.5%) were first arc melted under Ar
atmosphere, in a water-cooled cooper heart with a tungsten
electrode. To improve sample homogeneity pellets were flipped
and remelted several times. The obtained ingots were ball
milled with an 8000D SPEX mixer for 6 minutes, at constant ve-
locity of ca. 1000 rpm. Mechanochemical powder processing
was carried out in stainless steel vials, with a ball-to-powder

This journal is © The Royal Society of Chemistry 2019
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weight ratio of 3:1. The resulting fine-grained powders were
cold pressed into pellets, wrapped in Ta foil and subsequently
sealed under Ar atmosphere in stainless steel tubes. The sam-
ples were then annealed at 950 °C for one week and eventually
water quenched. Prior to characterization, the pellets were cut
into smaller pieces with a diamond saw.

Characterization methods

High-resolution SR-PXD measurements of both as-cast and
heat-treated materials were carried out at the Swiss-
Norwegian Beamline, ESRF, Grenoble (France). Data were col-
lected at the BM31 station, equipped with a high-resolution
powder X-ray diffraction instrument (2 = 0.50218 A, 26 = 1-
40°, point detector with analyzer crystals). The samples were
crushed with a mortar to a fine powder and loaded in sealed
0.3 mm diameter boron-glass capillaries, which were rotated
during measurements to improve powder averaging. The col-
lected data were analyzed by Rietveld refinements using the
Fullprof Suite program.®> The analysis of Bragg scattering
provided exhaustive information on the long-range order of
the HH atomic structure, represented by the unit cell (i.e. the
time- and space-averaged position of atoms). The diffraction
profiles were modelled with a pseudo-Voigt peak shape func-
tion and the background was defined by interpolation be-
tween manually chosen points. The SR-PXD data of the
Ti;-Hf,NiSn sample series were fitted against the Ni-rich
model of the HH phase, which represented an averaged
atomic arrangement within the HH matrix and included oc-
cupancy of the nominally unfilled 4d crystallographic posi-
tion. Rietveld refinements of the SR-PXD patterns for the
Ti;-Hf,Ni, ;Sn sample series were performed with an addi-
tional model of the FH crystal structure with an independent
lattice parameter. For the identified HH/FH phase(s), the fol-
lowing parameters were allowed to vary during the refine-
ment cycles: a scale factor, up to six profile parameters (U, V,
W, mixing factor and two asymmetry parameters), a unit cell
parameter, overall or individual displacement parameters, an
occupancy factor for 4a, 4c/8c and 4d sites. Due to a high
number of phases and/or poor crystallinity of the as-cast pow-
ders, the occupancy of the 4d interstice in the HH structure
was refined only for the annealed samples. All data were
corrected for X-ray absorption, which was calculated assum-
ing a packing fraction of 0.5 in the capillaries.

The microstructure and chemical composition in the se-
lected samples of the annealed Ti,_,HfNiSn series were char-
acterized by transmission electron microscopy (TEM) and an-
nular bright field (ABF)/high-angle annular dark field
(HAADF) scanning transmission electron microscopy (STEM)
coupled to X-ray energy dispersive spectroscopy (EDS). As SR-
PXD did not provide any information about short-ranged
structural features, TEM was also applied to investigate a lo-
cal atomic arrangement (i.e. a short-range atomic structure)
in the chosen materials. This work was performed with a
DCOR Cs probe-corrected FEI Titan G2 60-300 instrument,
with 0.08 nm nominal spatial resolution when operated at

This journal is © The Royal Society of Chemistry 2019
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300 kv, equipped with a Bruker SuperX EDS system compris-
ing four silicon drift detectors. TEM sample preparation in-
volved depositing powder suspended in isopropanol on lacey
carbon grids followed by shielded plasma cleaning. The local
crystal structure and lattice strain were analyzed by
performing fast Fourier transform (FFT) with the DiffTools*’
and geometric phase analysis (GPA) script packages, devel-
oped for Digital Micrograph (Gatan Inc).

The in-plane Seebeck coefficient and electrical resistivity
were measured under Ar atmosphere using a custom made set-
up.** Each sample was measured over up to six heating-cooling
cycles and pellets were not polished in between. In Fig. 8 only
one full cycle is displayed for clarity, as no significant changes
in the electric transport properties were observed. The thermal
conductivity was not measured here, as the samples were only
compacted by cold-pressing of powders, followed by conven-
tional sintering, and were likely to deviate in their relative den-
sity, thus preventing a meaningful comparison.

ADb initio calculations

Density functional theory (DFT) was used to calculate the
mixing energy of Ti; Hf,Ni,Sn as a function of y, for selected

(a)

Tiy gHf, oNi, ;Sn

Ti, gHf, ,NiSn

Tio gsHfo.4sNiy 1S
Tiy g5Hfy 1sNiSN
Tig gHfo 4Niy Sn

’9 TigoHf, ;NiSn

TiNi, ,Sn
TiNiSn

8.1 108 135 162 189
2 theta [ °]

(b)

Tiy gHfy ,Ni, ;Sn
A A—  Tigy gHf, ,NiSn
Tig gsHfo 45Niy S0
A A— Tig gsHf sNiSN
Tiy gHfo 4Ni, Sn
Tiy oHf ,NiSn
TiNi, ,Sn
TiNiSn

G SN S S -
L
L

8.1 10.8 13.5 16.2 18.9
2 theta [ °]

Fig. 1 High-resolution SR-PXD profiles (1 = 0.50218 A) for the arc
melted (a) and annealed (b) Ti;_HfNi; 0/1.1Sn powders.
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x values. A supercell approach was employed with the Vienna
ab initio simulation package (VASP), a projector-augmented
plane-wave code, with the Perdew-Burke-Ernzerhof (PBE) ex-
change-correlation function.*>*® The recommended Ni maxi-
mum energy cutoff of 270 eV was utilized**® and the struc-
ture was relaxed until interatomic forces became smaller
than 0.02 eV A™. For each composition, five 2 x 2 x 2 conven-
tional unit cells were generated with a pseudo-random distri-
bution of Hf/Ti substitutions and Ni interstitials. Semi-
uniformity was imposed, by considering only subcell, where
the number of Ni and Hf within each of 1 x 1 x 1 subcells
could differ by no more than 1. For a given composition, only
the supercell with the lowest mixing energy was retained.

Results and discussion

High-resolution synchrotron powder X-ray diffraction (SR-
PXD) study

Ti, ,Hf,Ni,Sn as-cast samples. The high number of identi-
fied phases and poor crystallinity of the as-cast powders lim-
ited number of refined parameters during the Rietveld analy-
sis (Table 1 and ESIf). Thus, as already mentioned in section
Experimental details, the obtained compositional and struc-
tural information is only partial. Due to that, numbers listed
in Table 1 represent a trend among identified phases in stud-
ied compositions and should not be treated as absolute
values. The SR-PXD data of the arc melted TiNiSn and TiNi, ;-
Sn show the formation of HH, FH, binary Sn;Tis, Sn;Tis and
metallic Sn (Fig. 1a, Table 1 and ESIt). The refined value of
the HH unit cell parameter in TiNi, ;Sn, a = 5.9504(1) A, is
slightly larger than in TiNiSn, a = 5.9484(2) A, and both are
significantly enlarged compared to the same phase present in
the already reported annealed and/or hot-pressed/spark
plasma sintered materials (~5.93 A).%®13:14:16719.24.37 Thjg jg
likely due to the higher degree of intrinsic disorder in their
crystal structures, as commonly observed for phases formed
in rapidly cooled/solidified powders. The FH lattice constant
is identical in both samples, a = 6.0599(2) and 6.0596(2) A for
TiNiSn and TiNi, ;Sn, respectively, and smaller than values
reported for the annealed TiNi,Sn (a = 6.095(3) A).>® The Hf-
containing samples crystallize with the same compounds as
TiNi, ¢/1.15n, but a second HH phase is formed in addition.
The observed phase compositions are in agreement with the
theoretical predictions for the Ti, ,Hf,NiSn system>® and with
the experimental results published for arc melted samples
with the same compositions."****° The unit cell parameters
of Ti;_Hf,NiSn HHs formed in each sample differ slightly,
which results from small deviations in their chemical compo-
sitions. Both phases are Ti-rich, but one of them has a higher
amount of Ti (hereafter referred to as HH1 or Ti-enriched)
than the other (hereafter referred to as HH2 or Hf-enriched).
Interestingly, the HH phases formed in both investigated se-
ries exhibit almost the same Ti/Hf fraction at 4a sites
(Table 1). The increasing amount of Hf reduces the occu-
pancy of the 4a site by Ti in both HH structures (Table 1),
and in turn, expands their unit cells. The results also demon-
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strate incorporation of Hf into the FH structure but show
that increasing Hf content decreases the FH concentration in
both sample series. A summary of the Rietveld refinement re-
sults is presented in Table 1.

Ti, ,Hf,Ni,Sn annealed samples. High-resolution SR-PXD
data for the annealed Ti,_,HfNi, ¢ ,Sn materials indicate a
tremendous change of the phase abundance in both sample se-
ries (Fig. 1-3, Table 2 and ESI{). Powder patterns of TiNiSn and
TiyoHf 1NiSn are indexed with a single HH phase that ac-
counts for 95.2 and 95.4% of the sample mass, respectively.
Apart from that, only small amounts of metallic Sn and HfO,
are present in the samples (Table 2). The latter appears to form
easily and has already been reported in Hf-based MNiSn pow-
ders."”*” The corresponding Ni-rich compositions tend to addi-
tionally form an ordered FH phase, whose fraction is highest in
the Hf-free TiNi; ;Sn (9.8 vs. 6.8 wt% in Ti, ¢Hf, ;Ni; ;Sn). Its
occurrence lowers the concentration of HH in both TiNi, ;Sn
and Ti, oHf,, 1Ni; ;Sn (89.7 and 91.5 wt%, respectively). The HH
lattice constant in TiNiSn and TiNi,;Sn is 5.93419(3) and
5.94226(3) A, respectively. The slightly larger a value of the lat-
ter is likely to result from a higher degree of disorder in the
crystal structure caused by the excess Ni. In both HHs, Ni oc-
cupies orderly the 4c site but its presence at 4d varies and cor-
responds to 5% and 8% in TiNiSn and TiNi, ;Sn, respectively
(Fig. 3 and Table 2). The a values as well as the fractions of dis-
ordered Ni atoms are in agreement with previous reports for
nominally identical samples,'>*%*%18:19

The HH phases formed in TiyoHf,;NiSn and
Tiy oHfy 1Ni; ;Sn have similar averaged chemical compositions
refined to Tip.o06Hf0.004NiSN and Tip g,5Hf.075Ni;.00SN, respec-
tively (Fig. 2 and Table 2). Interestingly, Rietveld analysis
does not suggest any extra Ni in the HH structure in the
nominally stoichiometric sample. However, in Tip o,5Hfy 075
Ni; oSN, 9% of the 4d site is occupied by disorderly distrib-
uted Ni atoms. This could be a reason of the larger lattice
constant obtained for this phase (a = 5.95402(6) A), as com-
pared to TiyeosHfo0eaNiSN (@ = 5.94192(6) A), despite a
slightly lower fraction of Hf in the structure (Fig. 3). The FH
phase formed in Ti, oHf, ;Ni; 1Sn does not show any Ni defi-
ciency, as previously reported by Downie et al."®

SR-PXD patterns for TipgsHfy 15Nij o/1.1Sn and Tip gHf) »-
Ni; 01.1Sn suggest that two Ti-rich HH phases (HH1 and
HH2, see section Ti;_Hf,Ni,Sn as-cast samples) and a small
amount of HfO, are formed in both samples. The Ni-rich ma-
terials crystallize with an additional FH phase, while in the
Ni-stoichiometric series, metallic Sn is observed in addition
to the HH phases. HHs formed in corresponding samples of
both series reveal similar refined compositions (see Table 2).
An increasing amount of Hf reduces the number of Ti at the
4a site in the HH crystal structures but does not affect signifi-
cantly the FH fraction formed in the Ni-rich samples. In
Tiy gsHf, 15NiSn, the small difference in lattice constants be-
tween HH1 and HH2 (a = 5.94969(8) A vs. 5.9647(1) A, respec-
tively) can be attributed to the variation in the Hf/Ti ratio.
The Rietveld refinements demonstrate that, while the 4c site
is fully occupied by Ni atoms in both phases, the 4d position

This journal is © The Royal Society of Chemistry 2019
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is filled to much lesser extent. Only 4% and 1% of the site is
disorderly populated by Ni in the crystal structure of HH1
and HH2, respectively (Table 2 and Fig. 3).

In nominal Ti, gsHf, 15Ni; 1Sn, 7.4 wt% of FH is formed at
the expense of the Hf-enriched HH2 (14 wt%). Its presence in-
creases the amount of HH1 by 6 wt% and rises the fraction of
interstitial Ni from 4% to 10%, compared to Ti, gsHf 15NiSn.
While the unit cell parameters of HH2 (Table 2) are almost the
same in Tiy gsHf, 15NiSn and Tig gsHf, 15Ni; 1Sn, the a value for
HH1 in the Ni-rich composition is somewhat larger. This could
result from a slightly higher Hf and/or extra interstitial Ni frac-
tion in the crystal structure.

The abundance of phases in nominal Ti, gHf, ,NiSn is com-
parable to that of Ti,gsHf, 15NiSn, with a small increase in
HH2, which takes place at the expense of HH1 (Table 2). The
reduced amount of Ti in both structures leads to an expansion
of their unit cells (a = 5.95511(8) and 5.9738(1) A for HH1 and
HH2, respectively). The higher amount of Hf in HH1 raises the
fraction of interstitial Ni populating the 4d site, as compared to
HH1 of Ti, gsHf, 15NiSn. However, it does not affect the occu-
pancy of this site in HH2. Though, the phase composition of
Tiy sHf, ,Ni; ;Sn is the same as of Ti, gsHf, 15Ni; ;Sn, the frac-
tion of compounds present varies (Table 2). The FH phase crys-
tallizes at the cost of Ti-enriched HH1 and its amount is higher
than in Tij gsHf, 15Ni; ;Sn. At the same time, in the Ni-rich
Tiy ¢Hf, ,Ni; 1Sn the fraction of Ti-enriched HH1 and amount
of extra Ni at the 4d site is higher than in Ti, gHf, ,NiSn.

The obtained results suggest that the single, thermody-
namically stable Ti, ,Hf,Ni,Sn HH phase crystallizes exclu-
sively in samples with the following nominal compositions:
TiNiSn/TiNi, ;Sn and Ti, oHf, ;NiSn/Ti, (Hf, ;Ni; ;Sn. The solu-
bility limit of Hf in TiNiSn and TiNi, ;Sn is not affected by the
Ni amount. The experimental range of the Ti;_,Hf,Ni; ¢/1.1Sn
solid solution in the Ti-rich system is 0 < x < 0.15 at 1223 K
and appears more restricted than the solubility regions
suggested earlier by empirical (Tio,4Hf, 26NiSn at 1273 K)*”*"

6 | CrysttngComm, 2019, 00, 1-13

and theoretical studies (Ti g3Hf, 1,NiSn at 1273 K,*° miscibil-
ity over the whole composition range at 500 K (ref. 42) or 700
K (ref. 43)). For samples with x > 0.15, formation of two Hf-
incorporating HH phases is observed. Both compounds are
Ti-rich and separation into more abundant Ti-enriched (HH1)
and less abundant Hf-enriched (HH2) compositions is ob-
served. In the Ti;_Hf,NiSn samples, excess Ni is associated
exclusively with the HH phase as no FH is formed. Ni atoms
are distributed disorderly at the nominally vacant 4d site in
the HH crystal structure. In the Ni-rich compositions, segrega-
tion of the FH phase takes place. In Ti,yoHf,;Ni; ;Sn and
Tig gsHfy 15Ni; 1Sn, FH accommodates less Ni (6.8 and 7.4%,
respectively) than the 4d sites in the HH structures (~9% oc-
cupancy). However, in Ti, gHf, ,Ni; 1Sn the opposite trend is
observed (8.7% of FH vs. 7.8% of Ni at the 4d site in HH).
Interestingly, in all Ti-enriched compositions, regardless of
the nominal Ni amount, higher percentage of Ni occupies the
4d site (4-10%) than in Hf-enriched phases (0-4%). The pres-
ence of Hf in the Ni-rich samples also hinders crystallization
of the FH phase as compared to TiNi, ;Sn. The abundance of
HfO, in the Ti;_,Hf,NiSn sample series is rather constant,
while its concentrations rises in Ti, ,Hf,Ni, ;Sn as the Hf
amount increases (1.7 wt% and 3.64 wt% in Ti, oHf, ;Ni; 1Sn
and Ti, gHf, ,Ni; 1Sn, respectively). Metallic Sn, present only
in the Ti;_,Hf,NiSn sample series, gradually disappears with a
higher fraction of Hf in the sample (2.0 wt% and 0.67 wt% in
TiyoHf, 1NiSn and Ti, gHf,, ,NiSn, respectively). Its concentra-
tion in the TiNiSn and TiNi, ;Sn samples is the same and
equals 0.45 wt%. A summary of the Rietveld refinements is
presented in Table 2.

DFT calculations

The DFT calculations were performed to get a better insight
into the observed preferential distribution of Ni atoms over
compositionally different HH phases. The simulations

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The refined occupancy of the 4d site by Ni atoms in the HH1
and HH2 phases presented as a function of the Hf concentration in
nominal Tiy_,Hf,Nig 0/1.1Sn.

spanned three systems: the parental TiNi;.,Sn and HfNi;.,Sn
as well as the substituted Tijg;5Hf) 125Niz,Sn (x = 0.000,
0.125, 0.250, 0.375, 0.500, 0.625, 0.750, 0.875, 1.000), which
represented the average HH composition among the refined
stoichiometries. The formation energies (Fes) obtained by
DFT, relative to HH and FH, are positive for all studied con-
figurations and point to the thermodynamic instability of the
solid solution and/or ordered arrangement of Ni atoms/va-
cancies between x = 0 and 1 at 0 K. The values are highest for
HfNi,.,Sn, while those for TiNi;,,Sn and Tiy g75Hf) 125Ni;+,Sn
are significantly lower (Fig. 4) and rather similar. In all sys-
tems, FEs are rising with increasing concentration of extra Ni
in the HH crystal structure and exhibit a slight asymmetry
around x = 0.5. This is most pronounced for HfNiSn. Such
behavior suggests that the cost associated with insertion of
Ni atoms into the vacant sublattice in the HH phase is
slightly higher than formation of less costly Ni vacancies in
the FH crystal structure. Although, our experimentally stud-
ied HH compositions reveal only small difference in Ti/Hf
concentrations, the observed higher fraction of the disor-
dered Ni atoms at the 4d site in the Ti-enriched phases follow
the theoretically predicted pattern.

Transmission electron microscopy (TEM) study

High-resolution S/TEM was used to further investigate the grain
morphology, chemical composition and local atomic arrange-
ment in selected powders of the annealed Ti,_,Hf,NiSn series, x
=0.10, 0.15 and 0.20. The studied samples exhibit a broad dis-
tribution of particle sizes, ranging from a few nm to a few um.
The grains of the HH phases are typically submicrometer-sized
and show surface oxidation in addition to embedded nano-
inclusions, likely to result from precipitation. The density, size
and chemical composition of the precipitates vary among sam-
ples and appear to depend on Hf concentration (ESIf). EDS
analysis of Ti, oHf, ;NiSn reveals the presence of Sn, TiO, and
HfO, nanoinclusions (Fig. 5 and ESI{). The latter are most

8 | CrysttngComm, 2019, 00, 1-13
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Fig. 4 DFT formation energies per unit cell relative to HH and FH end
states for MNiy,NiSn, where x = Ni.

abundant in the HH matrix and present spherical morphologies
(Fig. 5 and 6). The shape of these nanoparticles, with sizes up
to 80 nm, suggests isotropic endotaxial nucleation/growth
within HHs. Indexation of the FFT of HAADF images shows that
the phases adopt the (202)u50,//(002)armarix and [101]uso //
[110]tamarix Orientation relationship, assuming the monoclinic
oxide symmetry. The HfO,/HH interface is semicoherent with
the local strain concentrated in misfit dislocations (Fig. 6). Pres-
ence of HfO, precipitates, in the form of both embedder nano-
inclusions and particles dispersed at HH grain boundaries, has
already been reported for the p- and n-type half-Heusler systems
and their structural characterization revealed monoclinic sym-
metry, the same as HfO, observed by SR-PXD in the present
study.**® However, here the atomic arrangement of the crystal-
line HfO, nanoprecipitates appears to have a higher symmetry
than the one of the relaxed oxide structure. It resembles the te-
tragonal distortion already reported for the full-Heusler nano-
inclusions in TiNiSn.*' Analysis of the high-resolution SR-PXD
data of this powder does not show any disorderly distributed Ni
in the HH crystal structure or segregated FH phase, which is
consistent with the TEM results as neither Ni-rich HH regions
nor FH (nano)precipitates are observed.

In the TigHf,,NiSn specimens, high-resolution TEM
(HRTEM) reveals ‘mosaic’-like domains, which represent the
short-range atomic order. These regions, with sizes up to 20
nm, consist of different orientation variants of the underlying
HH structure (Fig. 7a). Fast Fourier transforms of adjacent
domains in (110)yy lattice images show extra spots due to a
local periodicity of 1/3(111), not existing in the pristine HH
phase (Fig. 7a and b). This highly ordered local atomic con-
figuration corresponds to the presence/absence of sets of
atoms parallel to {111} planes. The atomic positions associ-
ated with this periodicity may correspond to the nominally
vacant 4d site, which from the analysis of the long-range
atomic order, is known to be partly occupied by Ni (Table 2).
Therefore, by combining information on the long-range HH
structure, as obtained by SR-PXD, with the observed short-
range atomic correlations, two structural models with

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Low magnification HAADF STEM image of Tig oHfo 1NiSn; (b)
inset with ABF STEM image of HH particle with precipitates; 1 - TiO, 2
- HfO,, 3 - Sn; (c-g) corresponding elemental EDS maps.

Fig. 6 (a) STEM-HAADF image of TigoHfp1NiSn showing HfO, nano-
precipitate embedded in the HH matrix and corresponding fast Fourier
transform with encircled common reflections of the HH and HfO,
phases; (b) magnified region of the semicoherent HH/HfO, interface;
(c) geometric phase analysis (GPA) image showing strain localization at
the HH/HfO, phase boundary; (d) Bragg filtered image emphasizing
the dislocation position.

variable Ni distribution are suggested. The first proposes that
every third subset of the available 4d sites in the HH crystal
structure is populated by Ni and corresponds to a defective
HH phase (Fig. 7c). In the second model, the Ni atomic ar-
rangement resembles the one in MNi,Sn (FH) but with one
in six of the Ni sites (8c) becoming vacant (Fig. 7d). This one
represents a defective FH structure. The occurrence frequency
of the occupied crystallographic positions suggests the fol-
lowing stacking sequence of {111} planes: HH-HH-FH-HH-

This journal is © The Royal Society of Chemistry 2019
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HH-FH... and FH-FH-HH-FH-FH-HH... for the defective
half-Heusler and full-Heusler models, respectively. Compari-
son of the experimental data with simulated electron diffrac-
tion patterns (Fig. 7c and d), for the proposed Ni atomic con-
figurations, does not allow to distinguish between the defects
present in the Ti, gHf, ,NiSn sample. However, both models
demonstrate that the local ordering of Ni atoms could be re-
sponsible for the formation of the modulated structure ob-
served by HRTEM. The performed DFT calculations also do
not indicate one energetically favored atomic configuration
as the formation energies for the defective HH and FH struc-
tures are very similar (Fig. 4).

The local atomic correlations, clearly seen at the nano-
metric scale, do not show long-range periodicity as no super-
structure peaks are present in the Ti,gHf, ,NiSn diffraction
pattern. Still, the findings evidence a complex nature of inter-
atomic correlations in the HH crystal structure, with excess
Ni possibly occupying the nominally unfilled 4d sites. The
observations demonstrate that interstitial Ni in the
Ti;—Hf,NiSn HH structure may form locally ordered Ni-rich
stacking faults, whose arrangement resembles the FH phase.
The modulated domains observed in the present work differ
from previous S/TEM studies reporting Ni-rich FH nano-
inclusions in TiNiSn (ref. 21 and 47) and domains with dis-
tinct random arrangements of Ni at both the 4c¢ and 4d sites
in Ti,_ Hf,NiSn.>® They are also unlike modulated structures
in ZrNiSn and Zr, sHf, sNiSn, where a variable local occupa-
tion of structural vacancies by excess Ni resulted from a
spinodal decomposition.*® However, the nature of the ob-
served in this work short-range atomic structures bares simi-
larities with the modulated Heusler-based shape memory
martensites.”> While the modulation in martensitic phases
arises due to shuffling of the (110) FH planes in the [110] di-
rection, which results in extra satellites on the rows of 110 re-
flections; here, the mechanism that generates extra satellites
on the rows of 111 reflections is most likely diffusional rather
than displacive.

Electric transport properties

Temperature dependence of the Seebeck coefficient (S(7))
and electrical resistivity (p(7)) was measured for the annealed
samples, in the range of 300-750 K (Fig. 8 and Table 3). The
obtained values were then used to calculate the thermoelec-
tric power factor (PF = §%/p). The measured S(T) and p(7) for
both sample series are shown in Fig. 9. Regardless of the Ni
amount, all samples show relatively large, negative values of
S(T), |-150| < S(T)max < |-190] uV K™, and the decrease of p
with increasing temperature. As compared to the literature,
S(T)max and pma(T) for TiNiSn and TiNi; ;Sn are within the
range of values reported for the same nominal
compositions.*'*'42%2* The thermal conductivity was not
measured for studied materials, as the powders were only
compacted by cold-pressing, followed by conventional
sintering, and were likely to deviate in their relative density,
thus preventing a meaningful comparison.
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Table 3 Selected values of the Seebeck coefficient (S), electrical resistivity (o) and power factor (SZ/p) for the annealed Ti;_(Hf,Ni,Sn sample series

TigoHfy 1NiSn Tiy oHf, 1Ni; 1Sn  Tij gsHfy 15sNiSn  Tig gsHf 15Ni; ;Sn Tip gHE, ,NiSn  Ti, gHf,, ,Ni; ;Sn

TiNiSn TiNi, ,Sn
Stmax [LV K] 190 570 x) 150 (730 x) ~200 (635 K) —170 (587 k)
S380 x [UV K] -145 -111 -140 -160
S730 k [UV K] -185 -150 -197 -164
Paso x [MQ cm] 5.54 3.55 7.68 8.71
Pmin(z30x) [MQ cm] 2.94 2.15 3.64 3.99
S%/pmax 1.22 1.04 1.04 0.64

The S(T) plots for the Ti,_ HfNiSn and Ti;_HfNi;;Sn
sample series show the same trend with the temperature rise.
However, the S(T) dependence for the Ni-rich compositions is
weaker than that for nominally stoichiometric samples, as
reflected in a flat shape of the corresponding S(7) curves: all
nominally Ni-stoichiometric compositions show a smaller
thermopower at 380 K than their Ni-rich counterparts, but
the opposite trend is observed at 730 K. No systematic varia-
tion of the Seebeck coefficient with the nominal Hf concen-
tration is observed, which is in agreement with previous re-
ports.>>>>  Furthermore, the thermopower of the Ni-
stoichiometric samples goes through a broad maximum, usu-
ally attributed to the onset of intrinsic conductivity, but no
clear correlation of the Hf fraction and the temperature of
maximum thermopower could be confirmed. The electrical
resistivity of both sample series follows roughly the trend of
the Seebeck coefficient: at constant temperature, when the
thermopower decreases, the resistivity also decreases
(Fig. 10), as expected for samples with different charge carrier
concentrations. Unfortunately, we were not able to obtain
meaningful Hall effect measurements for the current sample
series, probably a consequence of the relatively low densifica-
tion. However, it is easily understood that isovalent substitu-
tion of Ti by Hf at the 4a site does not lead to a systematic
variation of the charge carrier concentration, with
unintentional impurities as the main source of charge car-

(a)
: : O y=1.0at380K
-40 - TI1-foleysn ® y=1.0at730 K
0 y=1.1at380K
® y=11at730K
-80 |
o o
§ 420 F
= o
160 |-
8 . ®
200 |-
1 " 1 " 1 " 1 " 1
0.00 0.05 0.10 0.15 0.20

X

=175 (587 x) ~163 (587 k) =190 (587 k) =172 (587 k)
-123 -130 -144 -157
-170 -154 -183 -167
7.49 5.75 8.85 7.99
3.32 2.94 4.36 3.79
0.87 0.84 0.77 0.74

riers in the present samples. On the other hand, we also note
that interstitial Ni is not necessarily an efficient dopant in
MNiSn, as has been rationalized by the Zintl-Klemm formal-
ism,” which explains the similar values of Seebeck coefficient
and resistivity independent of the nominal Ni content. Excess
Ni forms rather an impurity band within the fundamental
band gap, resulting in only a small increase of the carrier
concentration and in turn, the flatter S(7) curves as compared
to the Ni-stoichiometric series.>"*°

While there is, again, no clear trend related to Hf
content, p(T) of the Ni-rich samples is generally lower than
that of the Ni-stoichiometric ones. The Ti,oHf,Ni;Sn/
Tiy oHf( 1Ni; ;Sn sample pair is the notable exception to this
observation.

Results of the TE transport measurements do not prove
any obvious relation of both S(7) and p(7) with their refined
microstructural composition, despite the significant spread
of investigated compositions and phase relations. This, some-
what disappointing, absence of a simple relationship is, how-
ever, as much a result, as the opposite finding would have
been. Our study indicates that despite all the microstructural
variations and structural features of the investigated samples,
the thermoelectric transport in these compounds can still be
described by charge carriers populating the regular bulk
band structure of the half Heusler system, without exotic
scattering mechanisms. In more detail, we can discuss the

(b)
15
: : O y=1.0at380K
[ TI1-xH.|:xNIysn ® y=1.0at730 K
il 0 y=1.1at380K
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X

Fig. 9 (a) Composition dependence of the Seebeck coefficient S and (b) electrical resistivity p for the Ti;_Hf,Ni,Sn sample series at 380 and 730 K.
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Fig. 10 The Seebeck coefficient (S) plotted against electrical resistivity
(p) for all Tiy_,HfNiy 0/1.1Sn samples at 380 and 730 K.

observed transport properties in the light of the (micro)struc-
tural features of the samples as presented in section high-
resolution SR-PXD and TEM. To that end, it is helpful to
shortly review different scenarios that have been proposed to
explain the promising TE properties of similar half-Heusler
compositions. A popular concept of engineering high-
performance thermoelectric materials is that of energy filter-
ing, where scattering of electrons at the coherent interfaces
between the matrix and nanoprecipitates is assumed to be
highly sensitive to the energy of the charge carrier.”'*4¢>17>3
This results in an effective trapping of low energy carriers
and thereby increase of S(7) without negatively affecting the
electrical resistivity. However, due to the number of influenc-
ing parameters, it is difficult to unambiguously confirm this
phenomenon experimentally. For half-Heusler systems, inter-
faces between the HH-matrix and metallic FH-nanoinclusion
have been discussed as a potential source of energy filtering.’
It has also been argued that inclusions of insulating ZrO, or
HfO, have a similar effect.**™*®*">5* 1t should be noted,
however, that while the authors of both works discuss the
data in the light of energy filtering, their observations are
qualitatively different: Makongo et al’ report for HH/FH
composites an increasing thermopower with a decreasing car-
rier concentration, while for HH/ZrO, composites reported by
Chen et al.”" the alleged increase of thermopower was accom-
panied by an increase in carrier concentration. In the sample
series investigated in this work neither the presence of sub-
stantial amounts of HfO, (also in form of nanoinclusions)
nor that of full-Heusler phase leads to a substantial change
of the TE transport parameters, as compared to the samples
without those additional phases (ESIT). A precipitate induced
energy filtering does not seem to play a significant role in the
studied sample series. This is in general agreement with ear-
lier work."” However, energy filtering requires charge carriers
of different energy in order to be effective, i.e. fairly high ex-
trinsic doping levels. The samples studied here are nominally
undoped, so that a potential energy filtering effect could re-
main undetected.
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Conclusions

The investigated polycrystalline samples of the Ti;_,Hf,Ni,; o/; 1Sn
series show the formation of single or multiple Hf-
incorporating HH phase(s), of which most contain disorderly
distributed Ni at the nominally vacant 4d site. While Hf-based
compositions show a tendency to formation of HfO, nano-
inclusions in the HH matrix, samples containing
overstoichiometric Ni crystallize with the micrometer-sized FH
phase. Neither occurrence of HfO, precipitates nor presence of
extra interstitial Ni or HH phase separation appears to influ-
ence significantly the electric transport properties of the inves-
tigated samples. The interstitial Ni atoms occupying the nomi-
nally vacant fcc sublattice (the 4d site) in the HH phase do
not tend to crystallize as FH nanoinclusion. Instead, they ap-
pear to stay inside the HH crystal structure and form orderly
arranged additional plane, absent in the pristine HH com-
pound. The local atomic arrangement resembles closely the Ni
atom distribution in the FH phase, but the question whether
the observed configuration should be perceived as a defective
HH and/or FH crystal structure remains open.
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