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Studies of vacancy-mediated anomalous transport properties have flourished
in diverse fields since these properties endow solid materials with fascinating
photoelectric, ferroelectric, and spin-electric behaviors. Although phononic
and electronic transport underpin the physical origin of thermoelectrics,
vacancy has only played a stereotyped role as a scattering center. Here we
reveal the multifunctionality of vacancy in tailoring the transport properties of
an emerging thermoelectric material, defective n-type ZrNiBi. The phonon
kinetic process is mediated in both propagating velocity and relaxation time:
vacancy-induced local soft bonds lower the phonon velocity while acoustic-
optical phonon coupling, anisotropic vibrations, and point-defect scattering
induced by vacancy shorten the relaxation time. Consequently, defective
ZrNiBi exhibits the lowest lattice thermal conductivity among the half-Heusler
family. In addition, a vacancy-induced flat band features prominently in its
electronic band structure, which is not only desirable for electron-sufficient
thermoelectric materials but also interesting for driving other novel physical
phenomena. Finally, better thermoelectric performance is established in a
ZrNiBi-based compound. Our findings not only demonstrate a promising
thermoelectric material but also promote the fascinating vacancy-mediated
anomalous transport properties for multidisciplinary explorations.

Transport properties of a solid material can be mediated by structural
defects that breed multifarious novel behaviors for applications in
thermotics, electronics, optics, magnetics, etc'™. Vacancy has been
identified as an important type of defect and its versatility has been
manifested in diverse areas, e.g., anomalous d° ferromagnetism in
dielectric oxides>®, the delicate quantum nature of color centers in
diamond”®, and Rashba spin-orbit coupling in inversion-symmetry-

breaking systems’. However, the functionality of vacancy seems sterile
in thermoelectrics, where it basically acts as a phonon scattering
center'®", Recent investigations of vacancy-ordering-induced topolo-
gical electronic transition in Eu,ZnSb,"” and vacancy-related strain
engineering in PbTe" are particularly impressive for their high ther-
moelectric performance results, signifying that vacancy could play a
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more pivotal role in advancing thermoelectrics beyond its phonon
scattering functionality.

The emerging 19-electron half-Heusler (HH) materials provide an
ideal platform for exploration of vacancy-mediated anomalous trans-
port properties since their inherent vacancy is vital to their structural
stability'*". In contrast to a typical 18-electron HH with unfilled anti-
bonding states, a stoichiometric 19-electron HH is electron-sufficient
and its densely occupied anti-bonding states will thus increase its
instability. Following the valence-balanced rule, the defective structure
of a stoichiometric 19-electron HH accommodating a large con-
centration of cationic vacancies is energetically preferred, and a
number of stable compounds have also been experimentally
reported’®™®, A thorough examination of the thermodynamic stability
and delicate control of vacancy concentration has been undertaken to
discover new defective 19-electron HHs that extend the family of
Heuslers'”*'. Meanwhile, the major drawback of thermoelectric HHs—
their intrinsically high lattice thermal conductivity (k.)—has been
addressed to some extent (Fig. 1)'**%, For instance, the room-
temperature k. of defective NbggCoSb is -4.2 W m™ K™, while that
of NbCoSn is 7.7 W m™ K., There is no doubt that vacancy-mediated
short phonon relaxation time will give rise to such reduced k.
Nonetheless, the question whether vacancy endows defective 19-
electron HHs with other anomalous transport properties remains
nearly unaddressed. It is thus compelling to dig more deeply into the
multifunctionality of vacancy in tailoring the phononic and electronic
transport properties of defective 19-electron HHs.

Here we first describe an emerging defective ZrNiBi with a pure
HH phase. Its randomly distributed zirconium vacancy is revealed
using high-angle annular dark-field scanning transmission electron
microscopy. Another distinctive structural characteristic is the exis-
tence of twofold twinning, which is rarely reported in HHs. More
intriguingly, this material is distinguished among HHs due to its
anomalous phononic and electronic transport mediated by its
vacancy. An exceptionally low k;,; of ~1.4 Wm™K™ at room tempera-
ture is obtained in defective ZrNiBi, the lowest among the HH family
and comparable to that of other outstanding thermoelectric materials
(Fig. 1). Besides the contribution of vacancy-mediated short phonon
relaxation time, the phononic dynamics elucidates that the origin of
such low ki, also correlates with vacancy-induced local soft bonds,
low-lying optical phonons, and anisotropic lattice vibrations. In addi-
tion, the electronic band structure is modified by the cationic vacancy
so that a flat band is observed near the conductive band minimum,
which is unique among HHs and of great importance in physics. The
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Fig. 1| Comparison of room-temperature lattice thermal conductivity among HHs
and other typical thermoelectric (TE) materials'®**%,

flat band results in a large density of states near the band edge, which is
particularly desirable for the electron-sufficient thermoelectric mate-
rials since large density of states effective mass requires high optimal
carrier concentration. Finally, further carrier concentration optimiza-
tion endows the defective ZrNiBi-based material with better thermo-
electric properties, allowing it to outperform various typical n-type
HHs. We believe that our findings of vacancy-mediated anomalous
transport in defective ZrNiBi will stimulate the discovery of novel
phenomena and the development of both innovative theories and
potential technological applications.

Results
Crystallographic features
According to the Open Quantum Materials Database, the stoichio-
metric ZrNiBi with a valence electron count (VEC) of 19 lies above the
convex hull (hull distance is ~0.065eV/atom) constructed by con-
necting the vertices based on the T=0K formation energies of all
phases in its composition space, indicating that it is thermo-
dynamically unstable. This is consistent with the X-ray diffraction
(XRD) results shown in Fig. 2a, in which additional ZrNi alloy peaks can
be observed. On the other hand, although Zrq;sNiBi is valence
balanced [net valence, NV=3 (0.75Zr*" s°d®)-0 (Ni® d'°)-3 (Bi*
s’p®) = 0], Bi impurity phases were detected in this composition. By
artificially tuning the Zr vacancy concentration to ~12% (i.e., Zro ggNiBi),
phase-pure samples can be repeatedly achieved. It should be noted
that the XRD patterns for Zrq g;NiBi samples from two different bat-
ches showed contrasting phase purity despite the identical synthesis
method used for each, where the sample from Batch I was found to be
phase-pure while a tiny amount of Bi impurity was observed in the
Batch Il sample (Figure Sla). We speculate that the maximum Zr
vacancy concentration for achieving stable phase purity is ~12%, and
ZroggNiBi is thus designated for further discussion. Like typical 18-
electron HHs, Zro ggNiBi is crystallized in a cubic structure with space
group F43m, in which Bi (purple) and Ni (red) atoms form a tetra-
hedrally bonded sublattice with Zr (green) atoms partially filling the
octahedral voids around the tetrahedral sublattice, as schematically
illustrated in Fig. 2b (the white sphere represents Zr vacancy, Vz,).
Moreover, a JEM-ARM200F C,-corrected transmission electron
microscope (TEM) was employed to reveal the microstructure of
Zro ggNiBi. As displayed in the low-magnification TEM image in Fig. 2c,
visible string contrasts indicated by arrows are ubiquitous throughout
the material, and these stem from the existence of a high density of
twins. The high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) image in Fig. 2d further illustrates the
atomic configuration of this twinning structure. The shared twin plane
between the matrix and the primary twin Tl is the (111) plane and the
twin angle is ~55°, which corresponds well with the theoretical angle of
54.7° between the (111) and (002) planes. Interestingly, a secondary
nanotwin T2 (delineated by blue dashed lines) is observed inside the
primary twin T1. According to the atomistic dynamics of the self-
activated hierarchical twinning behavior”, the emission of Shockley
partial dislocations from the intrinsic kinks on the twin boundaries will
occur when the kink height is greater than five atomic layers, which in
turn induces the nucleation and growth of secondary nanotwins. The
unique twinning structure is also verified by the corresponding fast
Fourier transform (FFT) (inset, Fig. 2d), in which the superposition of
diffraction spots from the matrix, the primary twin, and the secondary
nanotwin (marked by different colors) is evident. With its twofold twin,
Zro ggNiBi is distinguished among the family of HHs since reports of
twinned HHs have been rare. The contributing role of high-energy ball-
milling and annealing processes in the formation of twinning struc-
tures has been discussed for various materials®*”, but it has not been
reported for either ball-milled or annealed HHs. It should be noted that
the “ball-milling + hot-pressing”-synthesized ZroggNiBi is not phase-
pure, but the annihilation of the impurity phase can be observed
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Fig. 2 | Crystallographic properties of defective ZrNiBi. a Vz-concentration-
dependent XRD patterns for ZrNiBi-based compounds. b Crystal structure of
phase-pure Zrq ggNiBi. Green, red, purple, and white spheres represent Zr, Ni, Bi,
and Zr vacancy, respectively. ¢ Low-magnification TEM image of Zro ggNiBi.
Twinning-structure-induced string contrasts are indicated by arrows. d Atomic-
resolution HAADF-STEM image showing the twofold twinning structure of

Zro gsNiBi. Yellow dash-dotted lines represent the boundary between the matrix

V,,-induced intensity reduction

2 3 4
Distance (nm)

and the primary twin T1 and blue dashed lines delineate the region of the secondary
nanotwin T2. Inset: corresponding FFT diffraction pattern showing the super-
position of diffraction spots from the matrix (red solid circles), the primary twin
(yellow solid circles), and the secondary nanotwin (blue dotted circles). e HAADF-
STEM image showing the atomic configuration of a single domain of Zrg ggNiBi and
f the corresponding intensity profile within the 4a plane (region marked by the
yellow dashed rectangle in e).

following an additional annealing process (Figure S1b). Such recrys-
tallization behavior could correlate with thermally activated atomic
diffusion, as well as with twinning-process-associated atomic
rearrangement®*?’, where the formation of twins enables the existence
of an interfacial network at a low energy state and thus stabilizes the
structure™®.

In addition to the unique twinning configuration, the structure
also accommodates a large concentration of cationic vacancy. Fig-
ure 2e presents the HAADF-STEM image of a single domain taken along
the [110] direction. Crystallographically, the specific atom on each
Wyckoff position 4a (0,0,0) (i.e., Zr), 4b , 1, 1) (i.e, Bi), and 4c
G, 1, D (i.e., Ni) is visible without any overlapping along this direction.
To verify the existence of Zr vacancies, the intensity profile within the
4a plane (region marked by a yellow dashed rectangle) was processed.

As displayed in Fig. 2f, the intensity reduction detected at different
positions corresponding to the orange solid circles within the yellow
dashed rectangle in Fig. 2e indicates that the Zr sites are not fully
occupied. In contrast, only a slight intensity fluctuation of Bi atoms can
be observed (Figure S2). In addition, the intrinsic Zr vacancies seem to
be randomly distributed rather than exhibiting short-range order
(SRO), which was discovered in other defective 19-electron HHs (e.g.,
Nbo.sCoSb*). This can be ascertained from the dissimilar diffraction
patterns for NbggCoSb and ZrgggNiBi, in which the presence and
absence, respectively, of a SROed-vacancy-induced diffuse band is
observed. Xia et al. found that the SRO configuration favors a lower
energy state, but the twinning configuration shows similar efficacy. In
addition, stacking fault energy could be another coupling factor since
SRO has a positive influence on it”, while twins are more easily formed
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in face-centered-cubic materials with low stacking fault energy®. As a
result, competition between these two atomic configurations may
occur. It should also be noted that the microstructure is highly sensitive
to the synthesis process used, which allows for the possibility to finely
control the atomic configuration, as well as the structure-property
relationship, of defective HHs.

Phononic dynamics
It is foreseeable that the intrinsic vacancies and twins in Zrg ggNiBi will
endow it with strong phonon scattering. According to the Klemens
model*?, point defects mainly scatter the high-frequency phonons and
the scattering rate depends on the atomic mass fluctuation caused by
the point defect. In principle, vacancy will produce much stronger
fluctuation than substitutional impurity and thus acts as a more
effective scattering source. Nonetheless, the phonon scattering effect
of twinning structures remains a subject of debate. The results of some
calculations and experiments have indicated that the contribution of
twin boundaries to phonon scattering is significant, while other
reports have argued that they have a weaker scattering effect than
grain boundaries®. It should be noted that most twinned crystals have
been reported with coherent twin boundaries, and such coherence is
suspected to induce minor thermal boundary resistance. In Zrg ggNiBi,
the formation of the secondary nanotwin originates from the
defect (kink) on the twin boundary, implying that the compound’s
lattice coherence has been interrupted. It is thus reasonable that the
twofold twinning configuration also contributes to effective phonon
scattering.

More intriguingly, ZrogsNiBi possesses much lower ki, than
Nbg gCoSb (Fig. 3a) although its vacancy concentration is lower, indi-
cating that there are other underlying mechanisms responsible for its
extraordinarily low k... The kinetic theory provides a direct correlation
between a solid material’s ki,; and its phonon relaxation time (deter-
mined by scattering) and group velocity*'. Since the phonon group
velocity in the low-frequency region can be approximated by the
sound velocity (vs), the measured v values of various HHs were com-
pared for further discussion'®*, In a ball-and-spring lattice, v is
governed by the restoring force (F) and the average mass (M) as
Vs~ (5)1/ 2. As shown in Fig. 3b, there is no doubt that heavy-element-
containing HHs exhibit lower vs. For instance, the v, values of Zrq ggNiBi
and Nbg gCoSb are 2500 ms™ and 3313 ms™, respectively. In addition,
the relativistic contraction of the Bi-6s orbital enables inert chemical
bonds®* (i.e., a global weak interatomic force). It should also be noted
that, regardless of their similar M or the nature of Bi, Zro ggNiBi is
distinguished among the heavy-element-containing HHs by its anom-
alously low vs. We assumed a much weaker interatomic force in
Zro.gsNiBi and then calculated its electron localization function (ELF)
and bond lengths to investigate its bonding characteristics
(2x2x2 supercell with removal of one Zr atom corresponding to
Zro.s75sNiBi, hereafter approximated as Zrq ggNiBi). The ELF value ran-
ges from O to 1, where ELF =1 indicates complete localization of elec-
trons. Figure 3¢, d illustrates the projected two-dimensional ELFs along
the (011) plane for Zr, ggNiBi and ZrCoBi, respectively, in both of which
thin gray circle-like contour lines denote regions with the ELF value of
0.8, thus revealing strong electron localization in the Bi atoms for both
materials. This phenomenon is similar to that observed in RhBi4, which
was attributed to the material’s lone pairs of Bi atoms®. More intri-
guingly, asymmetric distribution of the electron cloud in the Bi atoms
that adjoin Zr vacancies is observed in Zrq ggNiBi, as evidenced by the
existence of regions with the higher ELF value of 0.85 (denoted by the
thick black crescent-like contour lines in Fig. 3c) in the direction of the
vacancies. As a result, a local structural distortion occurs and is
accompanied by diverse bond lengths (dni.gi=2.67-2.78 A and d,.
i =2.68-2.71A), in contrast to ZrCoBi, which shows identical Co-Bi
and Zr-Co bond lengths (-2.70 A). Such diversity in bond lengths
permits large and anisotropic atomic displacement, which is a typical

indicator of soft bonds. Atomic displacement parameters (ADPs) will
be discussed later. Both the appearance of asymmetric electron loca-
lization in the vacancy-neighboring Bi atoms in ZroggNiBi and the
slight changes in its Zr-Ni bond lengths indicate the local softening of
chemical bonds in this case, and this can also be ascertained from the
results of ADP analysis discussed below. Evidently, the nature of Bi and
the existence of Zr vacancy are together responsible for the hier-
archical chemical bonds (coexistence of global and local soft bonds) in
Zro 8sNiBi, which can disrupt phonon propagation and result in much
lower vs.

To further discern the fantastic phonon dynamics of Zrq ggNiBi, its
phonon dispersion, phonon density of states (PDOS), and
temperature-dependent ADPs were studied (Fig. 3e). First, no ima-
ginary frequency was observed in the phonon dispersion of Zr ggNiBi,
implying its dynamical stability. In contrast to corresponding results
for ZrCoBi (Fig. 3f) and phonon dispersion results for the supercell of
ZrgCogBig (Figure S3), the flattened phonon dispersion and large ADPs
of Zro ggNiBi reinforce our finding of its soft bonding nature since the
reduced overall group velocity can be directly visualized by the flat-
tened phonon dispersion and the loosely bound atoms tend to vibrate
with larger displacement. The PDOS of Zr, ggNiBi shows that its lattice
vibration with a frequency below -3 THz is mainly dominated by Bi
atoms and that the cutoff frequency of its acoustic phonons is
~2.2 THz, which is significantly lower than that for ZrCoBi (approaching
4 THz). Moreover, differing from ZrCoBi with a large acoustic-optical
gap, Zrq.gsNiBi features low-lying optical phonons (1.5-3 THz) that are
strongly hybridized with acoustic branches (in the frequency range
between 1.87 and 2.22 THz). We expect that these low-lying optical
phonons originate from the compound’s local soft bonds, and an
analogous phenomenon was also reported for a-MgAgSb*°. Impor-
tantly, these soft optical modes with nearly vanishing group velocities
show a non-propagating-like behavior while enabling additional scat-
tering for heat-carrying acoustic phonons. The prevailing viewpoint is
that thermal resistance results from the lowest-order three-phonon
scattering, which gives rise to a T dependence of kj,**. However,
a higher-order phonon scattering process considering optical
phonons has gained increasing attention and its adequacy has also
been proved in other materials such as boron arsenide*** and hybrid
perovskites*+*,

It should be noted that there are visible fluctuations in the ADPs
for each atom in the supercell of Zry ggNiBi, as shown in Fig. 3e with
details along the three Cartesian directions plotted in Figure S4, which
is attributed to the diversity of bond lengths. The ratios of the largest
to smallest ADPs for Zr, Ni, and Bi are 1.24:1, 1.12:1, and 1.65:1, respec-
tively, at room temperature. Moreover, the smallest ADP for Bi in
Zr ggNiBi shows only a minor difference compared to the ADP for Biin
ZrCoBi, indicating the similar vibrating modes in these two materials
governed by a global soft bond. The fact that the largest and second-
largest ADPs respectively correspond to Bi5 and Bi4 (both along the y-
axis), which both show an asymmetrically distributed electron cloud
adjacent to a Zr vacancy (see Fig. 3c), attests to the existence of a
vacancy-induced much softer local chemical bond. In addition, decent
lattice anharmonicity in ZroggNiBi is evidenced by its anisotropic
ADPs, especially at ambient temperature. Such anisotropic behavior is
usually absent in highly symmetrical HHs (e.g., identical ADPs along
the three Cartesian directions for ZrCoBi) and is also correlated to the
local soft bonds in the case of ZrgggNiBi. Therefore, our in-depth
analysis of vacancy-mediated anomalous phononic transport in
Zro ggNiBi successfully elucidates the origin of its intrinsically low ki,
which is attributed to the multiple phonon scattering processes in the
compound and its global and local soft bonding environment.

Electronic properties
Given the multifunctionality of vacancy in tailoring phononic proper-
ties, as well as the potential for high thermoelectric performance, the
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Fig. 3 | Phononic properties of defective ZrNiBi. a Comparison of temperature-
dependent lattice thermal conductivity among Zrg ggNiBi, ZrCoBi, and Nbg gCoSb.
b Experimentally determined sound velocity of various HHs with respect to their
average atomic mass'®* %, The gray shaded region shows the trend of v, ~ oy
and the corresponding data of possible HHs are from the AFLOWLIB.org database®®
(see details in the Supplemental Material). Calculated two-dimensional ELFs along

T (K)

the (011) plane together with corresponding bond lengths for ¢ Zro ggNiBi and

d ZrCoBi. Thin gray circle-like and thick black crescent-like contour lines corre-
spond to the ELF values of 0.8 and 0.85, respectively. Calculated phonon disper-
sion, PDOS, and ADPs for e Zrq ggNiBi and f ZrCoBi. Ranges of ADPs for all atoms in
the supercell of Zry ggNiBi (see Figure S4) are shown in (e).

electronic properties of ZrgggNiBi deserve further attention. The
electron-sufficient configuration of ZrgggNiBi results in n-type self-
doping behavior, which can also be identified by the negative Seebeck
coefficient (S). As seen in the unfolded electronic band structure of
Zro.gsNiBi (Fig. 4a), the Fermi level lies well above the conductive band
minimum (CBM) with an electron concentration of -9.89 x10% cm™
and the CBM locates at the X point with three-fold valley degeneracy,
which is analogous to most 18-electron HHs. By plotting the Pisarenko
relation as shown in Fig. 4b, the modeled density of states (DOS)

effective mass is ~-6.0 m, (details for the single parabolic band model
are provided in the Supplemental Material). It should be noted that the
CBM of a HH is primarily governed by the interaction between the d-
orbitals of two transition metals*® (e.g., Zr and Ni in the compound
studied here). This orbital configuration should give rise to a similar
conductive band structure among different compounds when the two
transition metals are unchanged, such as the comparable DOS effec-
tive mass values of ZrNiSn and ZrNiPb (-3.0 m.)***%. In addition,
ZrCoSb and ZrCoBi also display identical behavior***°, further
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thermal conductivity and power factor (top panel) and reduced Fermi energy
(bottom panel) for Zrg ggNi;.Co,Bi.

confirming the negligible influence of the main group element on the
CBM. The larger m" of Zr ggNiBi thus seems counterintuitive, but the
flat band near the CBM along the T and X directions that exists in
ZrossNiBi is not observed in either ZrNiSn or ZrNiPb. This flat band
probably arises from the localized orbital around the vacancy,
resembling HfO,, in which the vacancy causes a local spin state and
unexpected ferromagnetism®. Moreover, based on the theory of
topological quantum chemistry”, the nature of symmetry-enforced
Fermi degeneracy at high-symmetry points qualifies this material as a
type of topological electronic material, analogous to YPdBi docu-
mented in ref. 52. We thus speculate that this material could attract
considerable attention for condensed matter physics research due to
its exotic band structure. We further estimated the mean free path of

an electron at -6.33 A based on the formulamfp =, /2E Fm, & where E,
mj, i, and e are the Fermi energy, effective band mass (m"=N2/’m}),
mobility, and elementary electron charge, respectively. The mfp of
Zro.ssNiBi is comparable to its lattice constant (-6.19 A), suggesting
that its electron transport has reached the loffe-Regel limit**, which is
reasonable given its unconventionally defective structure. This also
implies that the carrier filtering effect from twin boundaries could be
negligible since electrons are scattered before this effect occurs.
Nonetheless, a deep Fermi level location is unfavorable to good
thermoelectric performance. Hong et al. specified that the optimal
position of the Fermi level is near the band edge**. To downshift the
Fermi level in the ZrgggNiBi-based compound, acceptor cobalt was
thus doped for electron capture. The temperature-dependent S of
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Zro 8sNi1.xCo,Bi is presented in Fig. 4c. In accordance with the inverse
correlation between S and carrier concentration, |S| increases with
increasing doping concentration (x), suggesting that cobalt provides
efficient electron capture. As a result, the electron concentration is
reduced to ~1.48x10*cm™ for ZrgggNip.s;C00.43Bi. Electrical con-
ductivity (o) decreases with increasing x, also in accordance with the
reduced electron concentration (Fig. 4d). Since electronic thermal
conductivity (k) is determined by the carrier concentration as well,
high ke is a major drawback of Zrg ggNiBi that can be addressed via the
efficient electron capture provided by cobalt doping. As shown in the
top panel of Fig. 4e, the contribution to total thermal conductivity
(Kor) from electrons is ~63% at room temperature and, following the
Wiedemann-Franz law, becomes more significant with increasing
temperature. On the other hand, the electronic contribution is sig-
nificantly suppressed in Zrg ggNig s7C00.43Bi (bottom panel, Fig. 4e),
such that phonons have the dominant role in heat conduction (the
phononic contribution can be found in Figure S5). Consequently,
cobalt doping enables synergistic optimization of both k.. and power
factor (PF, the product $%0), which is a unique advantage over the
typical 18-electron HHs. Most 18-electron HHs are intrinsic semi-
conductors and optimization of their performance thus relies on an
elevated carrier concentration that will inevitably lead to a mono-
tonically increased k... The countertrend behavior of the compound
studied here is illustrated in the top panel of Fig. 4f. We further
determined the composition-dependent reduced Fermi energy
&= é—FT where kg is the Boltzmann constant), and the results are
shown in the bottom panel of Fig. 4f. The band-edge-approaching &
observed for Zr ggNig 57C00.43Bi is in line with expectations given the
corresponding improvement in thermoelectric performance.

Figure of merit

Benefitting from the efficient electron capture discussed above, the
peak ZT of ZrgggNigs7C00.43Bi is five times that of the undoped
Zro ggNiBi (Fig. 5a). By further alloying isovalent antimony at the bis-
muth site, a peak ZT of -1.0 at 973K is obtained for
Zr.88Nip57C00.43BigoSbo;  (the thermoelectric properties of
Zro sgNio.57C00.43Bir,Sb;, are shown in Figure S6; additionally, the
phase purity of all Zrg ggNi;..Co,Bi;.,Sb, samples studied is shown in
Figure Slc). The performance advantage of this material over other
typical n-type HHs is evidenced by the comparisons shown in Fig. 5b,
Cl618353849505558 - Although the archetypal ZrNiSn-based HH exhibits
similar ZT values at lower temperatures, the bipolar transport effect
causes its performance to degrade at high temperature, making it
incompatible with p-type HHs working at 973 K. In comparison to the
recently reported n-type ZrCoBi-based HH with high performance at
973 K, an overall enhanced ZT can be observed in the material studied
here. Consequently, ZrgggNips57C00.43BigoSbo; exhibits a decent
average ZT (over the range of 300-973K), outperforming various
defective 19-electron and typical 18-electron HHs.

Discussion

Given that defects have been regarded as an additional degree of
freedom for boosting thermoelectric performance, studies of the
vacancy-abundant half-Heuslers have the potential to reshape the
development of high-temperature thermoelectric materials. Here we
modeled the figure of merit of the defective ZrNiBi at 973 K. When the
electron transport of defective ZrNiBi reaches the loffe-Regel limit
(electron mean free path ~a, where a denotes the lattice constant)* and
its phonon transport follows the Cahill model (minimal lattice thermal
conductivity ~0.66 W m™ K™%, its figure of merit exhibits an impressive
value of -2.2 at the electron concentration of 4-5x10%cm™
(Figure S7a). It should be noted that our transmission electron micro-
scope results revealed a random distribution of vacancies in Zrq ggNiBi,
in contrast to some typical defective 19-electron half-Heuslers that have
been reported to show short-range order among their vacancies (e.g.,
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Nbg gCoSb?). It is thus natural to examine whether the performance of
defective ZrNiBi could be enhanced if its degree of vacancy order can be
improved. However, the existence of vacancy pairs and vacancy triplets
complicates the short-range order in defective 19-electron half-Heusler
systems®. Since long-range order is an extreme case of vacancy order,
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we assumed the existence of long-range-ordered vacancies in Zrg ggNiBi
(where the shortest inter-vacancy distance of v/2a is assigned to the
electron mean free path) and, correspondingly, the material’s figure of
merit as a function of both lattice thermal conductivity and electron
concentration was plotted in Figure S7b. In comparison to the frame-
work of the loffe-Regel condition, the optimal electron concentration is
shifted to a lower range and the material exhibits better performance,
e.g., its peak figure of merit is enhanced to ~2.7 as the lattice thermal
conductivity decreases to the value estimated by the Cahill model. It
must be noted that a system with only long-range-ordered vacancies is
hardly achievable based on experimental results, so the trend found
from our model sets an upper bound for the thermoelectric perfor-
mance of defective ZrNiBi while the degree of vacancy order can serve
as a control for its figure of merit. In fact, current optimization
approaches have resulted in a peak figure of merit of -1.0 for a
Zr.ggNiBi-based material at a lattice thermal conductivity of ~-0.9 Wm™
K™ and an electron concentration of ~1.5x10* cm™. To fulfill its ther-
moelectric potential, delicate phonon and electron concentration
engineering (toward lower values for both lattice thermal conductivity
and electron concentration) is necessary. In addition, vacancy manip-
ulation for ordered distribution enables further enhancement of per-
formance as depicted in Figure S7c.

In summary, an emerging defective ZrNiBi-based compound with
distinctive structural characteristics and anomalous transport proper-
ties that distinguish it among the half-Heuslers is introduced. Its ran-
domly distributed cationic vacancies and twofold twins were directly
visualized using real-space imaging. Phonon dynamics analysis
demonstrated that vacancy-induced point defect scattering, low-lying
optical phonons, anisotropic vibrations, and local soft bonds, going
beyond the conventional vacancy scattering model, together correlate
highly with the compound’s extraordinarily low lattice thermal con-
ductivity (-1.4 W m™ K™ at room temperature). Regarding its electronic
properties, experimental Pisarenko relations and first-principles calcu-
lations confirmed the existence of a flat band near the conductive band
minimum that is also vacancy related and has been rarely reported in
other half-Heuslers. Together with the symmetry-enforced Fermi
degeneracy at high-symmetry points, the exotic band structure makes
defective ZrNiBi quite appealing for condensed matter physics
research. With the benefits of vacancy-mediated anomalous transport
properties and optimized downshifting of the Fermi level to the band
edge, significantly enhanced thermoelectric performance was achieved
in a defective ZrNiBi-based material, outperforming various typical
n-type half-Heuslers. We expect that the discovery of this promising
thermoelectric material could further advance the potential of ther-
moelectric half-Heuslers and that our findings of vacancy-mediated
anomalous transport properties will trigger in-depth research on other
fascinating defect-driven phenomena.

Methods

Material synthesis

The phase-pure ZrNiBi-based compounds were synthesized by ball-
milling, hot-pressing, and annealing processes with high-purity raw
elements (Zr sponges, 99.2%; Ni powder, 99.8%; Bi pieces, 99.99%; Co
powder, 99.8%; and Sb shots, 99.8%). The raw elements were stoi-
chiometrically weighed and then loaded into an argon-filled stainless
steel jar for the subsequent ball-milling process. After 20 h of ball-
milling, each obtained nanoscale powder sample was hot-pressed at
~1000 K with a holding time of 2 min. Each resulting solidified disk was
sealed in a quartz tube and then annealed at 973K for 40 h. The
heating rates for hot-pressing and annealing were -150 K/min and
3.8 K/min, respectively.

Structure characterization
X-ray diffraction (XRD, Rigaku SmartLab diffractometer) was per-
formed to identify the phase composition of each sample.

Transmission electron microscopy (TEM) and high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM)
investigations were carried out using a double-Cs corrected JEM-
ARM200F equipped with a cold field emission gun (FEG) source.
Specimens used for TEM observation were prepared by traditional
mechanical polishing, dimpling, and subsequent ion milling with a
liquid nitrogen stage. All the HAADF images in this study were Fourier-
filtered to reduce the influence of random noise.

Transport measurement

The Seebeck coefficient (S) and electrical conductivity (o) of each
sample were simultaneously measured using a commercial system
(ZEM-3, ULVAC). Hall carrier concentration (ny) was obtained using a
physical properties measurement system (PPMS, Quantum Design)
under a magnetic field of +7 T and electrical current of 8 mA. Thermal
conductivity (ki) Was calculated based on k... =DCpp, Where D is
thermal diffusivity measured by laser flash (LFA 457, Netzsch), Cp is the
specific heat obtained by the Dulong-Petit law, and p is mass density
determined by an Archimedes’ method. Electronic thermal con-
ductivity (kele) was calculated based on ke = LoT, where L is the Lorenz
number deduced by the single parabolic band model and T is the
absolute temperature. Lattice thermal conductivity (ki) was deter-
mined by subtracting the k. from k.. Sound velocity (vs) studies were
carried out using a RITEC RAM-5000 Advanced Ultrasonic Measure-
ment System, which incorporates a pulse-echo technique for time
propagation measurements. Piezoelectric transducers (Olympus NDT,
Inc.) operating at a frequency of 10 MHz were used to generate and
receive longitudinal and shear ultrasonic bulk waves. Propylene glycol
and shear wave couplant (SWC) (both from Olympus NDT Inc.) were
used as couplant materials for longitudinal and shear modes, respec-
tively. The time resolution achieved in our experiments was better
than 0.2 ns.

Theoretical calculation

First-principles density functional theory (DFT) calculations were car-
ried out using the Vienna ab initio Simulation Package (VASP) with the
projector augmented wave (PAW) scheme®. The Perdew, Burke, and
Ernzerhof (PBE) electronic exchange correlation functional was used
under a gradient-generalized approximation (GGA)®'. We used a con-
stant energy cutoff of 500 eV to truncate the plane-wave basis and a
roughly constant density of k-points (30 A%) of Monkhorst-Pack®? point
meshes to sample the Brillouin zones. All structures were relaxed with
respect to all the forces, and components of the tensors were below
0.01eV/A and 0.2 kbar, respectively. A 2 x 2 x 2 supercell with 23 atoms
following removal of one Zr atom (i.e., Zr,NigBig) was used to calculate
the electronic structure of Zrgg7sNiBi. To determine the band struc-
ture, the band unfolding method (BandUP code)®® was used to unfold
the band structure of the supercell into its primitive Brillouin zone.
Phonon dispersions of Zrg75NiBi and ZrCoBi were calculated using
2x2x2 supercells with 184 atoms and 3 x 3 x3 supercells with 81
atoms, respectively, by the finite displacement method implemented
in the Phonopy package®”.

Data availability

All data are available in the main text and the Supplementary Materials.
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