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Accurate determination of the intrinsic electronic structure of thermoelectric 
materials is a prerequisite for utilizing an electronic band engineering strategy 
to improve their thermoelectric performance. Herein, with high-resolution 
angle-resolved photoemission spectroscopy (ARPES), the intrinsic electronic 
structure of the 3D half-Heusler thermoelectric material ZrNiSn is revealed. 
An unexpectedly large intrinsic bandgap is directly observed by ARPES 
and is further confirmed by electrical and optical measurements and first-
principles calculations. Moreover, a large anisotropic conduction band with 
an anisotropic factor of 6 is identified by ARPES and attributed to be one of 
the most important reasons leading to the high thermoelectric performance 
of ZrNiSn. These successful findings rely on the grown high-quality single 
crystals, which have fewer Ni interstitial defects and negligible in-gap states 
on the electronic structure. This work demonstrates a realistic paradigm 
to investigate the electronic structure of 3D solid materials by using 
ARPES and provides new insights into the intrinsic electronic structure of 
the half-Heusler system benefiting further optimization of thermoelectric 
performance.
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The knowledge of electronic structure is 
essential for understanding the physical 
properties of solids, such as the electrical 
resistivity ρ, thermopower α, and optical 
absorption, which lay the foundation of 
modern solid-state electronic devices, 
such as solar cells and thermoelectric 
modules. It has been established since 
the middle of the 20th century that the 
best thermoelectric materials are narrow-
bandgap semiconductors due to their 
characteristic electronic structure.[1] The 
bandgap, Eg, a foremost parameter derived 
from the electronic structure, plays a vital 
role in determining the peak value of the 
figure of merit zT of a thermoelectric 
semiconductor.[2,3] With increasing tem-
perature, the thermally excited minority 
carriers cross the bandgap, rapidly dete-
riorate the thermopower, and cause 
an increase of electrical and thermal 
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conductivities,[3] making the zT peaks at a certain tempera-
ture. Therefore, higher Eg generally leads to higher peak zT 
for a certain thermoelectric material. The band effective mass, 
mb*, another important parameter derived from the electronic 
structure, has an opposite contribution to carrier mobility and 
thermopower.[4,5] A probable solution to this dilemma is to take 
advantage of band anisotropy. The dispersive band guarantees 
high carrier mobility while the flat band direction serves as the 
carriers’ reservoir securing good thermopower.[4,6] Therefore, 
accurate determination of the electronic structure is significant 
for understanding the high thermoelectric performance of good 
thermoelectric materials.[3,6,7]

Half-Heusler compounds have recently attracted consider-
able attention from the thermoelectric community.[8,9] Three 
representative systems, i.e., MNiSn (M = Ti, Zr, and Hf),[10,11] 
MCoSb,[12,13] and RFeSb (R = V, Nb, and Ta),[14,15] have been 
developed as good thermoelectric materials with zT values 
above unity. These good results make the half-Heusler system 
very promising for high-temperature power generation 
especially with their good mechanical properties and thermal 
stability. Different from some other good thermoelectric mate-
rials, one remarkable feature contributing to the high zT of 

half-Heusler compounds is their high electrical power factor 
(PF = α2/ρ). Therefore, in-depth experimental investigation of 
the electronic structure and accurate acquisition of the related 
parameters (e.g., Eg, mb*, and anisotropic factor) would be 
significant for understanding the good thermoelectric per-
formance of half-Heusler compounds. Particularly, under the 
context of that lattice thermal conductivity of thermoelectric 
materials has been well tamed through multiple strategies.[16]

MNiSn, as the first found half-Heusler thermoelectric 
system,[17] serves as a ripe platform for exploring the intrinsic 
origin of high PF. In recent years, large density of states near 
Fermi energy,[18] low deformation potential,[19] and high band 
degeneracy,[20] have been recognized as important factors that 
contribute to high PF. However, there are still some unre-
solved problems related to the electronic structure of MNiSn, 
such as “the real Eg of MNiSn.” This problem can be dated 
back to the original work of Aliev et al.,[16,17] who first found 
that the intermetallic compounds MNiSn consisting of three 
metallic elements show a semiconducting behavior. Using the 
temperature-dependent resistivity and optical transmittance 
and reflectance measurements, they reported an Eg of approxi-
mately 0.2 eV based on polycrystalline samples synthesized by 
arc-melting, which was confirmed by subsequent studies.[21] 
All these results are summarized in Figure 1a. However, a 
dilemma emerged when the first-principles calculations were 
carried out to study the electronic structure of ZrNiSn. In 1995, 
Öğüt and Rabe reported a calculated Eg of 0.5 eV,[22] which was 
later validated by following theoretical calculations.[18,23] It is 
easily found that the experimental Eg is much smaller than the 
calculated one. This is highly unexpected because the first-prin-
ciples calculations usually underestimate, not overestimate the 
bandgap of a material.[24,25] With the considerable experimental 
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Figure 1. a) Bandgap Eg of ZrNiSn, identified by multiple methods. The blue regions show the Eg of polycrystalline samples from the previous 
studies.[17,21] The red region shows the Eg obtained from the single crystals in this work. Eg_re is obtained from the resistivity measurement:  
ρ ≈ exp(Eg_re/2kBT). Eg_op is derived from the optical measurement. Eg_GS is the Goldsmid–Sharp bandgap.[34] Eg_ARPES is derived from the ARPES study. 
Eg_FP is from the first-principles calculations. b) Crystal structure of ZrNi1+xSn (left panel) and ZrNiSn (right panel), respectively, drawn with VESTA.[35] 
The corresponding electronic structure is exhibited below the crystal structure. CB and VB denote the conduction and valence bands, respectively. 
c) Schematic showing the pseudo-binary phase diagram of ZrNi1+xSn and ZrNiSn.[33] The blue and red arrows indicate high-temperature and low-
temperature preparation techniques, respectively.
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results, it is found that in nominally stoichiometric polycrys-
talline ZrNiSn, generally synthesized by high-temperature 
technique (e.g., arc melting, induction melting, and levitation 
melting), there is always some excess Ni occupying the inter-
stitial sites.[25–28] As a result, the actual composition becomes 
ZrNi1+xSn (x is about 5%). These interstitial Ni atoms form 
additional in-gap states in the forbidden gap,[29] which lead to  
that the observable Eg is the gap between the conduction band 
(CB) and the in-gap states, instead of the valence band (VB),[25] 
as schematically shown in Figure 1b. Although this finding 
well explains the difference between the observable experi-
mental Eg and the calculated one, the real Eg of ZrNiSn, the gap 
between CB and VB, remains unresolvable. Furthermore, there 
is still no experimental work that directly investigates the CB 
of ZrNiSn using angle-resolved photoemission spectroscopy 
(ARPES) technique, which is significant for understanding its 
high power factor and zT since ZrNiSn is a good n-type ther-
moelectric material.

These above-mentioned issues principally can be resolved 
by performing high-resolution ARPES studies on ZrNiSn, 
which enable direct observation of the intrinsic electronic struc-
ture.[30] Recently, ARPES experiments have been carried out  
to investigate the quasi-1D and 2D thermoelectric materials 
CsBi4Te6

[31] and SnSe,[32] respectively, and significantly different 
intrinsic electronic structure was revealed. However, it is more 
challenging to perform ARPES study on 3D crystals in con-
trast to the 2D layered compounds. A big technical problem is 
how to cleave the crystal to secure a well-ordered surface. Fur-
thermore, for the current study, to observe the CB of ZrNiSn, 
heavily doped n-type single crystals are needed because only 
occupied electronic states below the Fermi level can be resolved 
by ARPES. Additionally, the existence of Ni in-gap states in the 
forbidden gap might cause difficulties in distinguishing the 
CB and VB. In this work, we have overcome these challenges 
and first revealed the intrinsic electronic structure of 3D half-
Heusler compound ZrNiSn by ARPES. An unexpectedly large 
intrinsic bandgap and anisotropic CB are directly observed by 
ARPES.

Previous studies have demonstrated that the existence of 
Ni in-gap states in ZrNi1+xSn makes the observable Eg much 
smaller than the real one,[25] as shown in Figure 1b. Therefore, 
to observe the intrinsic Eg of ZrNiSn, it is crucial to growing the 
crystals with reduced Ni interstitial defects. From the pseudo-
binary phase diagram of the ZrNi1+xSn and ZrNiSn system 
(Figure 1c), it is found that there is an obvious increase in the 
solubility of excess Ni in ZrNi1+xSn with increasing tempera-
ture. As an intermetallic compound, ZrNiSn polycrystalline 
ingots were usually synthesized by using arc melting, induc-
tion melting, or levitation melting.[9,10,28] The ingots are formed 
after rapid cooling from its liquid state (the melting point of 
ZrNiSn is 1465 °C),[33] as indicated by the thick blue arrow  
in Figure 1c. Thus, more Ni interstitial defects might be easily 
formed in the obtained polycrystalline samples. To obtain the 
crystals with less Ni interstitial defects, it is crucial to growing 
the crystals at lower temperatures with a slow-growing rate, as 
shown by the thin red arrow in Figure 1c.

Herein, undoped and Sb-doped ZrNiSn single crystals have 
been grown with a low-temperature preparation technique, 
i.e., solidification in a Sn-rich melt by slow cooling (2 °C h−1) 

from 1100 to 650 °C, details can be found in the Experimental 
Section. The optical image of the as-grown crystals, which 
have a typical length of 2 mm and shiny surfaces, is shown in 
Figure 2a. Powder X-ray diffraction (XRD) patterns of undoped 
ZrNiSn and Sb-doped ZrNiSn0.97Sb0.03 crystals are shown in 
Figure S1 (Supporting Information) and no obvious impurity 
phase is observed. The crystallinity and orientation of the crys-
tals are further checked with Laue diffraction measurement. 
The obtained Laue diffraction pattern can be indexed based on 
the 43F m space group and superposed well with a theoretically 
simulated pattern (Figure S2, Supporting Information). The 
optical and backscattered scanning electron microscope images 
of the polished ZrNiSn and ZrNiSn0.97Sb0.03 single crystals 
in Figures S3 and S4 (Supporting Information), respectively, 
show the homogenous phase. The lattice parameter of ZrNiSn 
single crystal is calculated to be 6.1033(2) Å at 300 K (Table S1, 
Supporting Information), which is appreciably smaller than 
the value of 6.1141(1) Å for ZrNi1.046Sn,[26] indicating that the 
studied single crystals might have fewer Ni interstitial defects. 
The actual compositions of the undoped ZrNiSn and Sb-doped 
ZrNiSn0.97Sb0.03 single crystals were carefully examined using 
energy-dispersive X-ray spectroscopy (EDX) and wavelength-
dispersive X-ray spectroscopy (WDX), respectively (details are 
in Tables S2 and S3, Supporting Information). The results indi-
cate a smaller amount of excess Ni (about 1–2%) in the studied 
single crystals, compared to that of about 5% in the poly-
crystalline crystals using high-temperature preparation tech-
nique.[25,26] Moreover, we found the actual composition of the 
as-grown single crystals still shows similar excess Ni of about 
1–2% even under the condition that the initial Ni content is 
changed. For further validation, the inductively coupled plasma-
optical emission spectroscopy (ICP-OES) analysis was carried 
out on the undoped single crystals. The actual composition 
is identified as Zr0.995Ni1.009Sn0.996 with a standard deviation 
of approximately 1% for each element (Table S4, Supporting 
Information), agreeing well with the WDX results. Therefore, 
the lattice parameter and compositional analyses demonstrate 
the high-quality of the as-grown single crystals with fewer Ni 
interstitial defects, paving a good foundation for carrying out 
the ARPES study.

For ARPES experiments, Sb-doped n-type ZrNiSn0.97Sb0.03 
single crystals are chosen so that the CB could be observed. 
The crystals are first oriented along the [110] direction and then 
cut into bar sharp. To secure a well-ordered cleavage surface of 
these 3D crystals, a small incision perpendicular to [110] direc-
tion is first cut using a 50 µm wire saw (Figure S5, Supporting 
Information). With this pre-processing of the crystals, we have 
reached a high success rate to cleave this 3D crystal, as evi-
denced by the shiny and flat (110) cleavage surface (Figure S5b, 
Supporting Information). The ARPES measurements are thus 
carried out on the (110) surface, which corresponds to the red 
plane in the bulk Brillouin zone (Figure 2b). With the photon 
energy ranging from 60 to 160 eV, we can capture the informa-
tion of the electronic structure of ZrNiSn in a whole Brillouin 
zone. The photon energy-dependent Fermi surface map of 
ZrNiSn0.97Sb0.03 in ky–kz plane is presented in Figure 2c. The 
data show strong dispersion along kz direction, indicating the 
bulk electronic band information. The CB at X point is clearly 
resolved, agreeing with the calculated electronic structure  
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(Figure 2d). The energy-dependent 3D intensity plot of the 
photoemission data in kx–ky plane is presented in Figure 2d, 
which show clear CB and VB.

For further analysis of the intrinsic electronic structure, 2D 
ARPES intensity plot along Γ–X direction acquired with the 
photon energy of 125 eV at 17 K is exhibited in Figure 2f. This 
experimental electronic structure enables us to check whether 
the Ni in-gap states exist or not. As previously reported by 
Zeier et al.,[25] 5% excess Ni on interstitial defects are expected 
to produce flat in-gap states within the kx–ky plane. How-
ever, such flat bands are not observed in the forbidden gap 
(Figure 2f), indicating a negligible effect of Ni in-gap states 
in the studied single crystals. Without the obvious effect of 
Ni in-gap states, the experimental electronic structure offers a 
chance to resolve the real Eg between CB minimum and VB 
maximum. To accurately characterize the Eg, we consider the 
energy distribution curves at the Γ and X points (Figure S6, 
Supporting Information). The energy distribution curves show 
a peak at −0.71 eV, corresponding to the VB maximum at  
Γ point. The intensity peak of the electron pocket is at −0.05 eV, 
pointing to the CB minimum at X point. As a result, the  
Eg-ARPES of ZrNiSn is derived as 0.66 ± 0.1 eV. The error bar 
is set by the energy resolution of the ARPES experiment. This 
unexpectedly large Eg_ARPES is approximately two to three times 
higher than the values previously reported on the polycrystal-
line samples synthesized by high-temperature technique (as 
shown in Figure 1a).

The experimental electronic structure from ARPES enables 
us to directly acquire the electronic structure-related param-
eters of ZrNiSn, i.e., band effective mass and anisotropic 
factor, which are important for understanding the origin of 
high PF in half-Heusler thermoelectric materials. The Fermi 
surface mapping of ZrNiSn0.97Sb0.03 in the kx–ky plane is pre-
sented in Figure 3a. The CB at the X point shows an obvious 
anisotropy with an ellipsoid shape, which is much flatter along 
the X–Γ direction (kx axis) than that along the X–U direction 
(ky axis). To confirm this result, the Fermi surface was fur-
ther calculated using the first-principles calculations at a car-
rier concentration of 5 × 1020 cm−3, matching the experimental 
nH of ZrNiSn0.97Sb0.03 (Figure S7, Supporting Information). 
Figure 3b shows the calculated electron pocket with the same 
Brillouin zone setup with Figure 3a, which also exhibits an 
ellipsoidal Fermi surface. To obtain the band effective mass, 
ARPES intensity plots along the X–U and X–Γ directions are 
presented in Figure 3c,d, respectively. The electron pockets are 
fitted with a parabola (red lines). Along X–U, we obtain E − EF = 
(−0.05 ± 0.01) + 5 × ky

2, while along X–Γ, E − EF = (−0.05 ± 0.01) +  
0.8 × (kx + 1.06)2. According to the formula m* = ћ2(∂2E/∂k2)−1, 
the derived effective mass along X–U (mt*) and X–Γ (ml*) direc-
tions is 0.76 and 4.8 me, respectively. As a result, the anisotropic 
factor K (K = ml*/mt*) is calculated to be about 6. In compar-
ison, the ml* and mt* from the calculated electronic structure 
(Figure 2d) are 0.4 and 3.3 me, respectively, giving a K value of 8.  
Combining the results from ARPES and calculations, it is 
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Figure 2. a) Optical image of as-grown single crystals on a 1 × 1 mm2 grid. b) Brillouin zone with high-symmetry points. In the momentum coordinate, 
kx–ky is set up within the red plane, while the ky–kz plane in blue. c) Fermi surface intensity plot in the ky–kz plane at kx = 0, acquired with linear horizontal 
photon with photon energy ranging from 60 to 160 eV. The black lines represent the Brillouin zone in the ky–kz plane. d) Calculated electronic band struc-
ture for ZrNiSn. e) 3D intensity plot of the photoemission data, showing the Fermi surface and electronic structure of ZrNiSn, including two electron 
pockets at X point and a hole pocket at Γ point. f) ARPES intensity plots along Γ–X direction, taken with the photon energy of 125 eV as indicated in (c).
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confirmed that the CB of ZrNiSn has a relatively large aniso-
tropic characteristic. Large band anisotropy was also found for 
the other good thermoelectric materials,[3,4,6,36] such as PbTe 
(K = 8), SnTe (K = 9), and GeTe (K = 22). Previously, high band 
degeneracy Nv was found contributing to the high performance 
of half-Heusler compounds.[20] Herein, together with the exper-
imentally confirmed large band anisotropy K, the so-called 
Fermi surface complexity factor NvK

[5] is expected to be high for 
half-Heusler compounds, which lays the electronic structure 
origin of their high electrical PF.

Moreover, the density of the state effective mass md* can be 
calculated via the expressions: md* = Nv

2/3mb* and mb* = (ml* ×  
mt*2)1/3, where Nv is the band degeneracy and equals to 3 for 
the CB of ZrNiSn. The derived md* from the ARPES data 
is 2.9 me, which shows good consistency with the value of 
2.8–3.0 me calculated from the effective mass model[37] based 
on the transport data.[19]

To crosscheck the bandgap, we performed optical reflectivity 
measurement on undoped ZrNiSn single crystal at 10 and 
300 K. The derived optical conductivity is presented in Figure S8 
in the Supporting Information. To extract the indirect Eg-op  
and direct Eg from the spectra, we plotted (ε2ω2)1/2 and (ε2ω2)2 
versus frequency to estimate the bandgaps, respectively 
(Figure 4a,b), where ε2 is the imaginary part of the complex die-
lectric function. The extrapolations of the linear parts of these 
spectra intersect the axis of abscissa providing the values of the 
bandgaps.[38] As a result, an indirect Eg_op of 0.45 ± 0.1 eV was 
derived, which is in agreement with Eg_FP, but smaller than that 

of Eg_ARPES. Different experimental techniques generally have 
different uncertainty of energy resolution, which might explain 
the deviation of Eg from the optical and ARPES measurements. 
Moreover, a direct bandgap of about 1 eV was also derived for 
ZrNiSn (Figure 4b), corresponding to the minimum direct 
bandgap of 0.9 eV at X point from the calculated electronic 
structure (Figure 2d).

Furthermore, the electrical resistivity ρ of undoped ZrNiSn 
single crystals above room temperature was measured and 
shown in Figure 4c. The ρ exhibits a typical semiconducting 
behavior. The bandgap Eg_re is estimated using the high-tem-
perature resistivity data, as shown in the inset of Figure 4c. Eg_re  
of 0.46 eV is obtained for the studied single crystals, which is 
twice larger than the one obtained from polycrystalline samples 
by Aliev et al.[17] The derived bandgap from electrical resistivity 
shows a reasonable agreement with the ones from first-princi-
ples calculations, and the ARPES and optical measurements. 
Therefore, it can be concluded that the low-temperature growth 
technique used in this work guarantees high-quality ZrNiSn 
samples with fewer Ni interstitial defects, enabling the mani-
festation of the unexpectedly large intrinsic bandgap.

The large bandgap is generally desired for high peak zT 
at elevated temperatures, as it can effectively suppress the 
thermal excitation of minority carriers and bipolar effect. 
The comparison of peak zT values for the three famous half-
Heusler thermoelectric systems MNiSn, MCoSb, and RFeSb is 
shown in Figure S9 in the Supporting Information. The zT of 
MNiSn system peaks between 800 and 1000 K, whereas the zT  
of MCoSb and RFeSb does not culminate even above 1100 K. 
The reason for this difference lies in that MNiSn system, syn-
thesized by high-temperature technique, generally has excess 
Ni interstitial defects and thus shows a smaller Eg (0.2–0.3 eV,[21]  
Figure 1a). In contrast, the Eg is generally larger than 0.5 eV 
for MCoSb and RFeSb systems.[13,14] The above results dem-
onstrate that MNiSn crystals with fewer Ni interstitial defects 
could be grown with low-temperature technique, which ena-
bles the manifestation of the unexpectedly large intrinsic Eg 
(0.5–0.6 eV) in MNiSn. Therefore, a higher peak zT might be 
achieved at higher temperatures in n-type MNiSn with fewer 
Ni interstitial defects to match its p-type counterpart (MCoSb 
and RFeSb).

It is thus interesting to further check the Seebeck coefficient 
of the as-grown single crystals above room temperature. Due 
to the small size of single crystals, it is not possible to measure 
the Seebeck coefficient with commercial ZEM-3 and Linseis 
LSR-3 systems. Herein, a home-made setup with a two-probe 
configuration[39] was employed to measure the Seebeck coeffi-
cient of the single crystals. It is challenging to get reliable See-
beck coefficient of the undoped crystals due to the large contact 
resistance, but we succeed in measuring the Seebeck coeffi-
cient of heavily doped single crystals. As exhibited in Figure 4d, 
the absolute Seebeck coefficient of these heavily doped crystals 
shows a degenerate-semiconductor behavior and keeps increase 
up to 900 K, which is the upper limit temperature of the home-
made setup. It is expected that the Seebeck coefficient should 
further rise with increasing temperature above 900 K.

MNiSn system with fewer Ni interstitial defects demon-
strates a large intrinsic bandgap and thus suppressed bipolar 
effect. Moreover, higher carrier mobility and lattice thermal 
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Figure 3. a) Fermi surface intensity map in the kx–ky plane measured 
with the photon energy of 125 eV. b) Fermi surface from first-principles 
calculations. ARPES intensity plot along c) X–U and d) X–Γ, respectively. 
The red lines are fitted with a parabola while the blue lines show the error 
bar set by the ARPES energy resolution.
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conductivity are also expected due to the lack of point defect 
scattering.[40] Therefore, distinct from utilizing the Ni inter-
stitial defects to suppress the lattice thermal conductivity, the 
investigation of the intrinsic electronic structure in this work 
demonstrates a new direction of half-Heusler thermoelectric 
research, namely, enhancing the electrical properties by elimi-
nating the intrinsic defects. Some very recent experimental 
works on Ni-poor TiNiSn system have shown that it is indeed 
promising to improve the electrical power factor and zT value 
by reducing Ni content.[40,41] Considering that (Zr,Hf)NiSn-
based compounds generally demonstrate higher zT than the 
TiNiSn system even with excess Ni interstitial defects, it is thus 
optimistically predicted that higher thermoelectric performance 
might be achieved in (Zr,Hf)NiSn-based compounds by elimi-
nating the Ni interstitial defects.

In summary, based on the well understanding of pro-
cessing–structure–property relationships, high-quality undoped 
and Sb-doped ZrNiSn single crystals with fewer Ni interstitial 
defects have been grown using the low-temperature technique. 
High-resolution ARPES experiment was successfully carried 
out to reveal the intrinsic electronic structure for the first time. 
An unexpectedly large intrinsic bandgap of 0.66 ± 0.1 eV was 
found by ARPES, which is approximately two to three times 
higher than the values reported in previous polycrystalline 
samples with considerable Ni interstitial defects. Moreover, the 
anisotropic characteristic of the conduction band of ZrNiSn 
was directly observed and the experimental effective mass and 
anisotropic factor were derived from the ARPES study. These 
results demonstrate a feasible paradigm to investigate the elec-
tronic structure of the 3D solid materials by using ARPES and 

provide new insights into the intrinsic electronic structure of 
the half-Heusler system which could be helpful to further 
enhance their thermoelectric performance.

Experimental Section
Single Crystal Growth and Characterization: The undoped ZrNiSn 

and Sb-doped ZrNiSn1−ySby single crystals were grown using the Sn 
Flux method.[42] The starting powders of Zr, Ni, Sn, and Sb were mixed 
together in a molar ratio of 1:1+x:10:y (x = −0.1–0.15, y = 0–0.04). Next, 
the mixture was sealed in a dry quartz tube under high vacuum. The 
tube was heated up to 1100 °C in 15 h and further dwelled for 24 h. For 
crystal growth, the tube was slowly cooled down to 650 °C at a rate of 
2 °C h−1. After the growth process, the liquid Sn flux was removed by 
either decanting or centrifuging. Some additional Sn on the surface of 
the crystal was further cleaned by etching in dilute hydrochloric acid. The 
crystals were checked and oriented at room temperature by a Laue X-ray 
diffractometer. The phase purity of the crystals was checked using XRD 
on a Philips X’pert diffractometer with Cu Kα radiation (λ = 1.54184 Å). 
To study the microstructure and the actual composition, the crystals 
were first polished and examined using optical microscopy. The 
scanning electron microscope (SEM) backscattering images were 
obtained using SEM (JSM7800F, JEOL). Quantitative electron probe 
microanalysis of the crystals was carried out using an EDX spectroscopy 
analyzer (Phoenix V 5.29, EDAX) and a WDX spectrometer (Cameca SX 
100) using the pure elements as standards. To further confirm the actual 
composition of ZrNiSn single crystals, ICP-OES was carried out. Three 
independent weights of approximately 5 mg (exactly weighed in) sample 
were digested with an acid mixture of 2.75 mL HCl, 0.5 mL HNO3, 
and 50 µL HF in the microwave system MLS-Ethos Plus at 155 °C for 
15 min. After being cooled to room temperature, each solution was 
completely transferred into a volumetric flask (50 mL) and filled up with 
ultrapure water. All three solutions were analyzed using an Agilent 5100 
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Figure 4. Optical estimation of the indirect a) Eg_op and the b) direct Eg, respectively. c) Electrical resistivity versus temperature for two undoped ZrNiSn 
single crystals, denoted as S2 and S3, respectively. The inset shows the Eg_re estimated using the formula: ρ ≈ exp(Eg_re/2kBT). The polycrystalline data 
are taken from Aliev et al.[17] d) Temperature-dependent Seebeck coefficient for four Sb-doped single crystals denoted as S4 to S7.
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SVDV ICP-OES. The matrix-matched standards for the calibration of 
the spectrometer were prepared from single-element standards. The Hf 
content was below the limit of detection (< 100 ppm).

Longitudinal and Hall resistivities were measured by a standard 
four-probe method using the Physical Property Measurement System 
(PPMS, Quantum Design). The accuracy of the resistivity measurement  
was ± 3%. Hall carrier concentration nH was calculated using the 
equation nH = 1/(eRH), where e is the unit charge and RH is the Hall 
coefficient. The carrier mobility µH was calculated using µH = RH/ρ. The 
resistivity above room temperature was measured with a homemade 
setup using the four-probe method.

Optical Measurement: The optical reflectivity measurements 
were performed on an undoped ZrNiSn single crystal with a lateral 
dimension of 2 × 2 mm2. The crystal had a polished shiny surface with 
an orientation along 〈111〉. The optical reflectivity R as a function of 
frequency ω was measured using a standard method[38] with a Bruker 
Hyperion microscope attached to a Bruker Vertex 80v Fourier transform 
spectrometer. Freshly evaporated gold mirrors served as the references. 
Complex optical conductivity was obtained from R(ω) using Kramers–
Kronig transformations.[38] High-frequency extrapolations were made 
utilizing the X-ray atomic scattering functions. For the extrapolations 
toward zero frequency, a constant (dielectric) reflectivity was assumed.

ARPES: The ARPES experiments were conducted at the SIS endstation 
at Swiss Light Source, with a Scienta R4000 analyzer. The photon energy 
was in the UV region (20–200 eV). The samples with a typical size of 
about 1 × 1 × 2 mm3 were cleaved at 15 K in high vacuum chamber, with 
base vacuum higher than 5 × 10−11 Torr.

First-Principles Calculations: First-principles calculations on ZrNiSn 
were performed using the projector augmented wave method, as 
implemented in the Vienna ab initio simulation package (VASP).[43] 
The Perdew–Burke–Ernzerhof generalized gradient approximation[44] 
for the exchange–correlation potential was used for the band structure 
calculation. The k-mesh of the calculation for the Fermi surface, which 
was visualized in the XcrySDen package,[45] was 45 × 45 × 45 for the 
primitive cell. A plane-wave energy cutoff of 520 eV and an energy 
convergence criterion of 10−4 eV for self-consistency were adopted. All 
the atomic positions were relaxed to equilibrium until the calculated 
Hellmann–Feynman force on each atom was less than 10−2 eV Å−1.
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[22] S. Öğüt, K. M. Rabe, Phys. Rev. B 1995, 51, 10443.
[23] P. Larson, S. D. Mahanti, M. G. Kanatzidis, Phys. Rev. B 2000, 62, 12754.
[24] A. Seidl, A. Görling, P. Vogl, J. A. Majewski, M. Levy, Phys. Rev. B 

1996, 53, 3764.
[25] W. G. Zeier, J. Schmitt, G. Hautier, U. Aydemir, Z. M. Gibbs, 

C. Felser, G. J. Snyder, Nat. Rev. Mater. 2016, 1, 16032.
[26] H. Xie, J. Mi, L. Hu, N. Lock, M. Chirstensen, C. Fu, B. B. Iversen, 

X. Zhao, T. Zhu, CrystEngComm 2012, 14, 4467.
[27] H. Xie, H. Wang, C. Fu, Y. Liu, G. J. Snyder, X. Zhao, T. Zhu, Sci. 

Rep. 2015, 4, 6888.
[28] R. A. Downie, S. A. Barczak, R. I. Smith, J. W. G. Bos, J. Mater. 

Chem. C 2015, 3, 10534.
[29] a) K. Miyamoto, A. Kimura, K. Sakamoto, M. Ye, Y. Cui, K. Shimada, 

H. Namatame, M. Taniguchi, S.-I. Fujimori, Y. Saitoh, E. Ikenaga, 
K. Kobayashi, J. Tadano, T. Kanomata, Appl. Phys. Express 2008, 
1, 081901; b) X. Kozina, T. Jaeger, S. Ouardi, A. Gloskowskij, 
G. Stryganyuk, G. Jakob, T. Sugiyama, E. Ikenaga, G. H. Fecher, 
C. Felser, Appl. Phys. Lett. 2011, 99, 221908.

[30] N. Xu, G. Autès, C. E. Matt, B. Q. Lv, M. Y. Yao, F. Bisti, V. N. Strocov, 
D. Gawryluk, E. Pomjakushina, K. Conder, N. C. Plumb, M. Radovic, 
T. Qian, O. V. Yazyev, J. Mesot, H. Ding, M. Shi, Phys. Rev. Lett. 
2017, 118, 106406.

[31] S. Ju, W. Bai, L. Wu, H. Lin, C. Xiao, S. Cui, Z. Li, S. Kong, Y. Liu, 
D. Liu, G. Zhang, Z. Sun, Y. Xie, Adv. Mater. 2018, 30, 1704733.

[32] a) Q. Lu, M. Wu, D. Wu, C. Chang, Y.-P. Guo, C.-S. Zhou, W. Li, 
X.-M. Ma, G. Wang, L.-D. Zhao, L. Huang, C. Liu, J. He, Phys. Rev. 
Lett. 2017, 119, 116401; b) Z. Wang, C. Fan, Z.-X. Shen, C. Hua, 
Q. Hu, F. Sheng, Y. Lu, H. Fang, Z. Qiu, J. Lu, Z. Liu, W. Liu, 
Y. Huang, Z.-A. Xu, D. Shen, Y. Zheng, Nat. Commun. 2018,  
9, 47.

[33] a) A. Page, C. Uher, P. F. Poudeu, A. Van der Ven, Phys. Rev. B 2015, 
92, 174102; b) P. Sauerschnig, A. Grytsiv, J. Vrestal, V. V. Romaka, 

B. Smetana, G. Giester, E. Bauer, P. Rogl, J. Alloys Compd. 2018, 
742, 1058.

[34] H. J. Goldsmid, J. W. Sharp, J. Electron. Mater. 1999, 28, 869.
[35] K. Momma, F. Izumi, J. Appl. Crystallogr. 2011, 44, 1272.
[36] a) H. Wang, Y. Pei, A. D. LaLonde, G. J. Snyder, in Thermoelectric 

Nanomaterials, Vol. 182 (Eds: K. Koumoto, M. Takao), Springer, 
Berlin, Heidelberg 2013; b) M. Hong, J. Zhou, Z. G. Chen, Adv. 
Mater. 2019, 31, 1807071.

[37] A. Zevalkink, D. M. Smiadak, J. L. Blackburn, A. J. Ferguson, 
M. L. Chabinyc, O. Delaire, J. Wang, K. Kovnir, J. Martin, 
L. T. Schelhas, T. D. Sparks, S. D. Kang, M. T. Dylla, G. J. Snyder, 
B. R. Ortiz, E. S. Toberer, Appl. Phys. Rev. 2018, 5, 021303.

[38] a) M. Dressel, G. Grüner, Electrodynamics of Solids: Optical Properties 
of Electrons in Matter, Cambridge University Press, Cambridge 2002; 
b) P. Y. Yu, M. Cardona, Fundamentals of Semiconductors, Springer, 
Berlin, Heidelberg 1996.

[39] K. Imasato, S. D. Kang, G. J. Snyder, Energy Environ. Sci. 2019, 12, 
965.

[40] Y. Tang, X. Li, L. H. J. Martin, E. Cuervo Reyes, T. Ivas, 
C. Leinenbach, S. Anand, M. Peters, G. J. Snyder, C. Battaglia, 
Energy Environ. Sci. 2018, 11, 311.

[41] W. Ren, H. Zhu, J. Mao, L. You, S. Song, T. Tong, J. Bao, J. Luo, 
Z. Wang, Z. Ren, Adv. Electron. Mater. 2019, 5, 1900166.

[42] a) P. C. Canfield, Z. Fisk, Philos. Mag. B 1992, 65, 1117; b) W. Kafer, 
K. Fess, C. Kloc, K. Friemelt, E. Bucher, in XVI ICT ‘97. Proc. 
ICT’97. 16th Int. Conf. Thermoelectrics (Cat. No. 97TH8291), IEEE, 
Piscataway, NJ 1997, p. 489.

[43] a) G. Kresse, J. Furthmüller, Phys. Rev. B 1996, 54, 11169; 
b) P. E. Blöchl, Phys. Rev. B 1994, 50, 17953.

[44] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77,  
3865.

[45] A. Kokalj, J. Mol. Graphics Modell. 1999, 17, 176.


