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Electronic structures and transport properties of RENiBi materials, where RE is Sc,Y, and Lu, were
investigated with the density functional theory methods. The results of the Seebeck coefficient, electrical
conductivity, and power factor obtained for YNiBi are in good accordance with available experimental
data. The effective masses of hole-like carriers in RENiBi compounds are expected to be relatively
low (0.24–0.36), and decrease with an increasing atomic number of the RE component. The longest
relaxation time of carriers, estimated within the deformation potential theory, is expected for LuNiBi.
However, this material revealed the narrower band gap, which limits the thermoelectric performance.
Although the room temperature power factor reaching 2.5 mW/(K2 m), obtained for optimally p-doped
LuNiBi, is lower than the recent predictions for YNiSb and LuNiSb, the results presented in this work
may encourage further experimental efforts in band engineering for Bi-based half-Heusler thermoelectric
materials.
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1. Introduction

Global environmental policy related to climate
change draws attention to energy conservation.
Thermoelectric materials are investigated due to
their possible applications in future devices for re-
covery of large amount of heat energy, e.g., the
waste-heat in heavy industry. Recent advances
in high-performance bulk thermoelectric materi-
als [1–4] imply half-Heusler alloys as a promising
family of compounds which may reveal improved
thermoelectric power factor (PF) and figure of merit
(ZT). Among the d-electron half-Heusler systems,
the p-type Fe–Nb–Sb materials exhibit very high
figure of merit [5–10].

Despite the fact that the experimental studies of
thermoelectric properties of Ni-based phases, i.e.,
antimonides RENiSb [11–19], where RE is rare-
earth element, indicate relatively low ZT at 300 K,
the recent theoretical investigations suggest promis-
ing upper limits of PF for optimally doped p-type
RENiSb intermetallics [20, 21]. Namely, PF in
YNiSb and LuNiSb reaches 4–5 mW/(K2 m) at
room temperature. One may notice an increase
in PF in this family of compounds with increasing
atomic mass of RE ion. It is also worth recalling
that the substitution of Sb with Bi ions leads to sig-
nificant improvement of thermoelectric conversion
efficiency in ZrCoSb [22].

Among the RENiBi half-Heusler phases PF of
1.3 mW/(K2 m) (not optimized with a doping)
was reported for YNiBi in the single experimen-
tal study [23]. The thermoelectric performance
of p-type ScNiBi and YNiBi was also investigated
in a semi-classical ab initio manner [24]. How-
ever, the data reported for these systems are some-
how biased [25–27], because the results of calcu-
lations with standard exchange-correlation func-
tionals yield underestimated band gaps of semi-
conductors. Furthermore, strong spin–orbit cou-
pling in such heavy-band systems leads to sub-
stantial changes of valence bands and significant
overestimation of power factors in the p-type
regime [28].

The simple approximation of the constant re-
laxation time is generally unsuitable for theo-
retical predictions of PF for half-Heusler anti-
monides [20, 21]. The most challenging issue is
therefore a reasonable approximation of the relax-
ation time of carriers. Quantitative predictions of
PF may be based on an estimation of the relax-
ation time within the deformation potential the-
ory [29]. In such a case, the scattering of charge car-
riers at high temperatures is dominated by acous-
tic phonons. Results based on this estimation
were reported in numerous recent investigations of
thermoelectric performance of various half-Heusler
phases [30–36].
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In this work, the electronic structures and ther-
moelectric properties of ScNiBi, YNiBi, and LuNiBi
were studied from first principles. The fully rela-
tivistic band structures of these systems were ob-
tained with the modified Becke–Johnson potential
(MBJLDA [37]) and the standard LDA [38] ap-
proaches. The thermoelectric characteristics were
obtained using the BolzTraP code [24]. The carrier
relaxation time was approximated based on the de-
formation potential theory. The results of PF for
the RENiBi materials were presented as a function
of carrier concentration and temperature. Optimal
PF predicted here may be assumed as reference up-
per limits for thermolectric performance in ScNiBi,
YNiBi, and LuNiBi half-Heusler phases.

2. Computational details

Structural and elastic properties of RENiBi ma-
terials have been studied with the use of the Abinit
package [39, 40]. The equilibrium geometries of the
unit cells were found via stresses/forces relaxation.
The elastic constants were obtained withing the
density-functional perturbation theory. The projec-
tor augmented-wave (PAW) atomic datasets taken
from the JTH table [41] with the Perdew–Wang [38]
(LDA) parametrization of the exchange-correlation
energy were employed for this task.

Next, the electronic structures of the systems
studied were investigated using the full-potential
linearized augmented planewave (FLAPW) method
implemented in the Wien2k package [42]. The
Perdew–Wang (LDA) [38] and MBJLDA [37]
exchange-correlation functionals were used.
The spin–orbit coupling was included and
the RKmax = 8 was used in all calculations.
A 12 × 12 × 12 k-point mesh was employed for
self-consistent calculations, whereas a 200000
k-point mesh was required for calculations of the
thermoelectric characteristics using the BolzTraP
code [24]. The relaxation time of hole-like carriers
was approximated within the deformation potential
theory [29]. The details of this approach were
extensively described in previous works [20, 21].

3. Results and discussion

The cubic lattice parameters a of 6.101, 6.328,
and 6.251 Å, calculated here for ScNiBi, YNiBi, and
LuNiBi, respectively, are slightly smaller with re-
spect to the experimental data [23, 43, 44]. An un-
derestimation of lattice parameters is a well-known
feature of the LDA approach. A higher value of a
for ScNiBi was reported in the recent GGA-based
investigations [27]. The cubic lattice parameters of
RENiBi systems are slightly bigger than those of
corresponding RENiSb half-Heusler alloys [11, 13].

The total DOS and the partial DOS plots, ob-
tained for RENiBi phases within the MBJLDA ap-
proach, are presented in Fig. 1. The relatively flat
shapes of the total DOS below VBM indicate rather

Fig. 1. Total density of states (DOS) and par-
tial DOS contributions for (a) ScNiBi, (b) YNiBi,
and (c) LuNiBi, calculated within the MBJLDA
approach.

low effective masses of hole carriers in the materials
studied. The valence band regions of these systems
are dominated by the Ni 3d states hybridized with
the Bi 6p states, whereas the RE d-type states are
dominating in the conduction band region. The to-
tal DOS and the partial DOS contributions coming
from Ni ions reveal similar overall shapes to those
recently reported for RENiSb materials [20, 21].

As depicted in Fig. 1c, the two-folded peak of the
Lu 4f states in LuNiBi is located below the Ni 3d
bands. The binding energy of the Lu 4f states in
LuNiBi is slightly higher than that of LuNiSb [21].
Furthermore, the positions of f -type DOS peaks in
some LuNiSi and LuNiGe materials [45, 46], as well
as LuN semiconductor [47], are closer to their Fermi
level or VBM.

As gathered in Table I, the RENiBi phases are
narrow band gap (Eg) semiconductors, similarly
to the RENiSb materials [20, 21]. The values of
LDA/MBLDA-derived Eg for the Bi-based com-
pounds, which are below 0.19 eV, are significantly
lower than those of the analogue antimonides. Fur-
thermore, the experimental value of Eg for Sc-
NiBi single crystal, estimated from the tempera-
ture dependence of the electrical resistivity to about
0.084 eV [43], is lower, whereas the experimental
value of Eg = 0.121 eV for LuNiBi [48] is higher
than our DFT-based predictions. It is also worth
mentioning that the values of EMBJLDA

g calcu-
lated for half-Heusler systems are generally close
to the corresponding LDA/GGA results [20, 21].
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Fig. 2. Band structures of (a) ScNiBi, (b) YNiBi, and (c) LuNiBi, calculated within the LDA (black lines)
and MBJLDA (red lines) approaches.

TABLE I

Band gaps Eg and heavy- and light-hole split-off en-
ergies ∆SO (in eV) calculated for ScNiBi, YNiBi, and
LuNiBi within the LDA and MBJLDA approaches.

Compound ELDA
g ∆LDA

SO EMBJLDA
g ∆mbjLDJ

SO

ScNiBi 0.158 0.222 0.163 0.231
YNiBi 0.166 0.304 0.190 0.345
LuNiBi 0.078 0.250 0.066 0.344

For some systems, i.e., LuNiBi, the use of the MB-
JLDA potential surprisingly leads to a small de-
crease in Eg with respect to ELDAg . The heavy- and
light-hole split-off energies ∆SO, which reveal the
strong spin–orbit coupling in the bisimides, depend
on a choice of an exchange–correlation functional.
One may notice an increase in the MBJLDA-derived
∆SO with increasing atomic number of the RE ion,
which is an opposite effect to that characteristic of
inverted band gap systems [49].

The band structures obtained for RENiBi phases,
depicted in Fig. 2, are in good accordance with other
theoretical results [3, 48, 50, 51]. The overall shapes
of VBM and conduction band minimum (CBM) re-
gions in all materials studied are similar to each
other as well as those of RENiSb systems [20, 21].
The MBJ-derived modifications of band structures
of RENiBi compounds are pronounced in energy re-
gions distant from VBM and CBM. As mentioned
above regarding the DOS plots in Fig. 1, the shapes
of heavy- and light-hole bands in the RENiBi sys-
tems suggest rather low effective masses of the
p-type carriers, which is generally desirable for the
thermoelectric performance because of a high mo-
bility of carriers [52].However, a flattened shape of
CBM in these materials reveals rather high effec-
tive masses, which indicate low thermoelectric per-
formance in the n-type regime.

The DFT-derived data required for an approxi-
mation of the relaxation time of hole carriers for
RENiBi phases are presented in Table II. Despite
the fact that the elastic constants Cβ and defor-
mation potentials Eβ reveal small variations among
these systems, the effective mass of hole carriers
meff follows a clear trend on the atomic number
of RE ions. Interestingly, the same values of meff

were reported for corresponding ScNiSb and YNiSb
phases, whereas LuNiSb was expected to exhibit
slightly higher meff than that obtained here for
LuNiBi [20, 21]. Such low effective masses of the
p-type carriers were also reported for LaPtSb [30]
and NbFeSb [32]. The values of Cβ of RENiBi
materials are generally higher than those of their
Sb-based counterparts, which strongly affects the
resulting relaxation time of the p-type carriers.
Namely, the τLDA and τMBJLDA estimated for the
RENiBi phases are significantly lower than those of
the corresponding RENiSb half-Heusler alloys.

TABLE II

Elastic constants Cβ (LDA), deformation potentials
Eβ for VBM, density of states effective masses meff

of hole carriers, and relaxation times τ calculated
for ScNiBi, YNiBi, and LuNiBi within the LDA and
MBJLDA approaches.

Compound
ScNiBi YNiBi LuNiBi

Cβ [GPa] 199 199 206
ELDA
β [eV] 39.7 36.8 36.7

EMBJLDA
β [eV] 42.7 39.7 39.9

mLDA
eff 0.36 0.27 0.24

mMBJLDA
eff 0.36 0.27 0.22

τLDA [fs] 20.3 36.4 45.2
τMBJLDA [fs] 17.6 31.3 43.6
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Fig. 3. (a) Seebeck coefficient S, (b) electrical con-
ductivity σ, and (c) power factor S2σ at 300 K, cal-
culated for hole-doped ScNiBi, YNiBi, and LuNiBi
within the MBJLDA (solid lines) and LDA (dotted
lines) approaches.

The results of the Seebeck coefficient S, electri-
cal conductivity σ, and power factor PF = S2σ as
a function of the carrier concentration p at 300 K,
obtained for the RENiBi phases, are presented in
Fig. 3. The variation of the features of band struc-
tures, discussed above for the data gathered in Ta-
ble I, leads to different results of the LDA and MB-
JLDA calculations.

The dependences of S(p) obtained for ScNiBi
and YNiBi are similar to each other. Maximum
values of S(p) in the materials reveal for small p,
and diminish with increasing p. In the Lu-bearing
system, S(p) is strongly suppressed by the nar-
row band gap. At the same time, σ of this sys-
tem is significantly higher than those of the Sc-
and Y-bearing phases, which is directly related to
the highest relaxation time τ predicted for the Lu-
based bisimide. Because the final results of PF are
dominated by σ, the superior thermoelectric perfor-
mance is obtained for LuNiBi. On one hand, PF of
RENiBi phases is connected with atomic numbers
of RE ions, which are revealed in very low effec-
tive masses of the p-type carriers. On the other
hand, the relatively narrow band gaps in these sys-
tems limit their thermoelectric performance with re-
spect to that of RENiSb half-Heusler alloys [20, 21].
One may further consider that the PF of LuNiBi
may be significantly improved by a widening of
a band gap, as demonstrated in the case of high
performance p-type FeNbSb based thermoelectric
materials [9].

According to the experimental study for the
YNiBi phase [23], this material exhibits small val-
ues of S (below 0.1 mV/K) and σ (105 Ω−1 m−1) for
carrier concentration p of 1019 cm−3 at room tem-
perature, which are in good accord with the the-
oretical predictions presented in Fig. 3. However,
the experimental PF of 1.1 mW/(K2 m) at 300 K
is noticeably lower than the maximum theoretical
value of 1.8 mW/(K2 m). One may consider that
the electronic structures and scattering of carriers
of real systems are strongly affected by various de-
fects, which are not included in the calculations for
ideal crystals. Nevertheless, the results of σ pre-
sented here are reasonable. It should be mentioned
that slight overestimations of predicted σ in a low
T -range and satisfactory accordance between mea-
sured and calculated σ in a high-T regime, were
reported for ScNiSb [16, 20] and FeNbSb materi-
als [32]. The theoretical results may be generally
regarded as the upper limits of PF possible to ob-
tain in real materials. The power factors of RENiBi
compounds at 300 K, presented in Fig. 3, are lower
than those predicted for YNiSb and LuNiSb [21]
and the literature data for the best known p-type
thermoelectric materials [53].

The experimental thermal conductivity
κ = 3.5 W/(m K), reported for YNiBi [23], is
significantly lower than the previous theoretical
estimation of 10.6 W/(m K) [54]. The room
temperature figure of merit in YNiBi, being less
than 0.08, is comparable with those reported for
RENiSb systems [11–19]. According to the theoret-
ical predictions for ScNiBi, YNiBi, and LaNiBi [54],
κ decreases with increasing atomic number of RE
ions in the RENiBi family of compounds. Thus,
the superior figure of merit in the Lu-bearing
phase can be expected. This issue requires further
experimental research.

The dependences of the optimal PF values on
the temperature for the RENiBi materials, dis-
played in Fig. 4, are rather flat regardless the carrier
concentration. The LDA-derived optimal PF are
clearly higher than the results obtained within the
modified Becke–Johnson approach. However, the
latter parametrization of the exchange-correlation
energy yields more reasonable band structures of
semiconductors [37], and one may assume that the
MBJLDA-derived data are better predictions of the
properties of real systems.

As can be inferred from the temperature depen-
dences of the power factor of RENiBi phases with
different concentrations of hole carriers, depicted
in Fig. 5, the best thermoelectric performance of
these systems at room temperature is predicted for
p of about 1019 cm−3. The optimal doping of about
1020 cm−3 is predicted for the higher temperature
regime. Despite the fact that the dependences of PF
on T in these materials are slightly different from
those previously reported for Ni- and Pd-based an-
timonides [20, 21], i.e, the small variation of opti-
mal PF on T is found for the bisimides, the optimal
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Fig. 4. (a) Optimal power factor S2σ in a wide
range of temperature and (b) corresponding hole
carrier concentration p, calculated for ScNiBi,
YNiBi, and LuNiBi, within the LDA (dotted lines)
and MBJLDA (solid lines) approaches.

Fig. 5. Power factors S2σ for various hole carrier
concentrations (in cm−3) for (a) ScNiBi, (b) YNiBi,
and (c) LuNiBi, calculated within the MBJLDA ap-
proach. The optimal PF curve (labeled max) corre-
sponds to optimal carrier concentration, which gen-
erally varies with changing the temperature.

doping levels at room temperature, as well as at
higher temperatures, seem common for RENiSb and
RENiBi half-Heusler alloys. The origin of the rel-
atively high PF in Ni-based phases at low temper-
atures is connected with the numerous split bands
below VBM and low effective masses of hole carri-
ers, which promote a high Seebeck coefficient and
a high relaxation time of the p-type carriers.

4. Conclusions

The electronic structures of ScNiBi, YNiBi, and
LuNiBi exhibit features that promote an occurrence
of high thermoelectric power factors. Although
these systems show the lowest effective masses of
the p-type carriers among the Ni-based half-Heusler
bisimides and antimonides, the very narrow band
gaps of the Bi-bearing half-Heusler alloys limit their
thermoelectric performance with respect to those
of similar antimonides. The power factor at room
temperature predicted here for LuNiBi, reaching
2.5 mW/(K2 m) for carrier concentrations of about
1019 cm−3, might be improved with some band engi-
neering. The results presented in this work may en-
courage further experimental investigations of elec-
tronic structures and thermoelectric properties of
RE element bearing half-Heusler bisimides.
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