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Deeper understanding of electrical and thermal transport is critical for further development of ther-
moelectric materials. Here we describe the thermoelectric performance of a group of rare-earth-bearing
half-Heusler phases determined in a wide temperature range. Polycrystalline samples of ScNiSb, DyNiSb,
ErNiSb, TmNiSb, and LuNiSb are synthesized by arc melting and densified by spark plasma sintering.
They are characterized by powder x-ray diffraction and scanning electron microscopy. The physical prop-
erties are studied by means of heat-capacity and Hall-effect measurements performed in the temperature
range from 2 to 300 K, as well as electrical-resistivity, Seebeck-coefficient, and thermal-conductivity mea-
surements performed in the temperature range from 2 to 950 K. All the materials except TmNiSb are
found to be narrow-gap intrinsic p-type semiconductors with rather light charge carriers. In TmNiSb, the
presence of heavy holes with large weighted mobility is evidenced by the highest power factor among
the series (17 uW K2 em™! at 700 K). The experimental electronic relaxation time calculated with the
parabolic band formalism is found to range from 0.8 x 10714 t0 2.8 x 10™!4 5. In all the materials studied,
the thermal conductivity is between 3 and 6 W m~' K~! near room temperature (i.e., smaller than in
other pristine d-electron half-Heusler phases reported in the literature). The experimental observation of
the reduced thermal conductivity appears fully consistent with the estimated low sound velocity as well as
strong point-defect scattering revealed by Debye-Callaway modeling. Furthermore, analysis of the bipolar
contribution to the measured thermal conductivity yields abnormally large differences between the mobil-
ities of n-type and p-type carriers. The latter feature makes the compounds examined excellent candidates

for further optimization of their thermoelectric performance via electron doping.

DOL: 10.1103/PhysRevApplied.14.054046

I. INTRODUCTION

Half-Heusler (HH) phases are equiatomic compounds
crystallizing in the cubic MgAgAs-type structure (space
group F43m, no. 216) with composition MTZ, where M
denotes an early transition metal, rare-earth element, or
alkaline-earth metal, T stands for a late transition metal,
and Z corresponds to a main-group element. For decades,
this family of compounds has been extensively inves-
tigated from multiple perspectives. In recent years, HH
phases have been studied particularly deeply in the con-
text of possible nontrivial topology of their electronic
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structure [1-3], coexistence of magnetism and supercon-
ductivity [4,5], heavy-fermion behaviour [6,7], and giant
magnetoresistance [8,9], as well as their thermoelectric
(TE) properties [10—13].

TE application appears to be of particularly high impor-
tance due to the contemporary global energy crisis. HH
compounds are well suited for this purpose because of
their high energy-conversion efficiency [10], accompanied
by excellent mechanical properties [14] and outstanding
thermal stability [15].

One of the widely recognized thermoelectric HH com-
pounds is Hf;_,Zr,NiSn;_,Sb, [16]. The figure of merit
[ZT = (S?/kp)T, where S denotes the Seebeck coeffi-
cient, x corresponds to thermal conductivity, and p stands
for electrical resistivity] exceeded in its case the critical
border of unity [16]. Subsequently, the relation between
the structural disorder and thermoelectric properties was
extensively studied for ZrNiSn-based thermoelectrics

© 2020 American Physical Society
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[17-21]. To construct a device, however, n-type and p-
type legs with similar properties are necessary. For almost
a decade, intuition-driven research did not succeed in find-
ing a high-ZT p-type counterpart from the HH group.
Eventually, the border of ZT = 1 was crossed with p-type
HH compounds as a result of in-depth studies. The most-
prominent examples include ZrCoBi, in which enhanced
TE performance was achieved due to high band degen-
eracy and low sound velocity [10], NbFeSb with heavy
p-type charge carriers [22], and TaFeSb, which was dis-
covered by an “inverse-design” ab initio search aimed at
identifying materials with tailored functionalities [23].

These findings motivate us to continue in-depth research
into alternative interesting subfamilies among HH phases.
One such group is the rare-earth-bearing HH compounds
RTXZV, where R is a rare-earth element, 7% corresponds to
a transition metal from the tenth group of the periodic table
(TX = Ni, Pd, Pt), and Z¥ = Sb, Bi. Literature data show
that RTXZ" materials might possess lower thermal conduc-
tivity than their well-known d-electron counterparts when
pristine ternary compounds are considered [24,25]. What
is more, several reports revealed that rare-earth-bearing
HH phases might exhibit sizable crystallographic disorder
[26-29], which was previously determined as a beneficial
feature for TE energy conversion of HH phases [30].

Stimulated by these hints, we perform a detailed study
of thermoelectric transport for RNiSb compounds. As an
extension to our research on high-temperature TE behav-
ior of arc-melted RNiSb samples [31], here we report
structural, electronic, and thermal properties of DyNiSb,
ErNiSb, TmNiSb, and LuNiSb densified by spark plasma
sintering (SPS) after arc melting. The most-important out-
come is analysis of bipolar thermal conductivity with a
simple, yet-underutilized model [32]. In conclusion, the
model encourages electron doping for RNiSb compounds
due to superior mobility predicted for the n-type carriers.
The results of our investigations are discussed together
with those obtained recently for SPS-treated ScNiSb [26].
The present work is part of our larger project aimed at
understanding the structural and magnetotransport proper-
ties of HH compounds R7XSb and RTXBi [33-41].

II. EXPERIMENT

Polycrystalline samples of DyNiSb, ErNiSb, TmNiSb,
and LuNiSb are synthesized by arc-melting elemental rare-
earth metals (lumps, 99.9 at. %), nickel (rod, 99.99 at. %),
and antimony (lumps, 99.999 at. %) on a copper hearth in
an ultrapure (5N) argon atmosphere. Because of intensive
evaporation of antimony during melting, approximately
6% of its nominal mass is added beforehand. Subsequently,
the arc-melted buttons are annealed in an evacuated quartz
tube at 973 K for 2 weeks. The so-obtained ingots are
hand-ground into a fine powder. To obtain dense bulk
samples suitable for measurement of TE properties, the
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FIG. 1. Heating (red) and pressurizing (blue) cycles for RNiSb

powders during spark plasma sintering.

spark-plasma-sintering technique is used (SPS-515 ET, Dr
Sinter setup, SDC Fuji, Japan). The powders are loaded
into graphite dies (diameter 10 mm) and heated to 1223 K
at a rate of 50 K min~! under uniaxial pressure of 90 MPa.
Afterward, densification is continued by heating of the
sample to 1273 K at a rate of 5 Kmin~! under pressure
of 100 MPa (see Fig. 1).

The samples after SPS treatment are characterized by
powder XRD performed at room temperature with an
X’pert Pro PANalytical diffractometer with Cu Ko radi-
ation. The reflection positions obtained by profile decon-
volution for RNiSb samples (R = Dy, Er, Tm,Lu) are
corrected with use of silicon as an internal standard (a =
0.54305 nm at room temperature [42]). Crystal-structure
refinements are done with the program WinCSD [43]. The
compositions of the samples are determined by energy-
dispersive x-ray spectroscopy (EDS) with an FEI scanning
electron microscope equipped with an Apollo X silicon
drift detector. For EDS analysis we use the spectral lines
R Lo (where R = Dy, Er, Tm, Lu), Ni K&, and Sb La with
a beam landing energy of 20 keV. The relative error of this
technique is below 2%. The Archimedes method is applied
to determine experimentally the density of the samples
(dexpt)-

The Seebeck coefficient (S) and the electrical resis-
tivity (p) are measured simultaneously under a helium
atmosphere in the temperature range from 350 to 950 K
by the temperature-differential method and the four-probe
method, respectively, implemented in a Linseis LSR-3
apparatus. For each sample, several measurements are con-
ducted with different constant-temperature gradients of 30,
40, and 50 K. All these measurements give the same results
within an experimental accuracy of 3% for S and 5% for p.
Therefore, in the following text, only the data obtained for
the gradient of 50 K are presented.

054046-2



THERMOELECTRIC PERFORMANCE...

PHYS. REV. APPLIED 14, 054046 (2020)

T 1T vl T T TT | T TT I TTT1T ]
DyNiSb]
v v v

A

3

L
f'.lf'.%—'
.....bo

Il A

T

+ EINiSb

Intensity (arb. units)

L

-
H
=
Z
9)]
=5

20 30 40 50 60 70 80 90
20 (degrees)

FIG. 2. XRD patterns for samples RNiSb (R=
Dy, Er, Tm,Lu). Triangles denote Bragg reflections from
silicon standard, the asterisk corresponds to the impurity signal
from the Dy;NigSbs phase, and open and closed circles stand for
reflections from NiSb and the oxide R, O3, respectively.

The thermal diffusivity (D) is measured in the temper-
ature range from 300 to 923 K by the laser flash method
(NETZSCH LFA 457). The thermal conductivity (k) is
derived from the relationship x = DC,,dexyt, Where C, =
3n,R represents the specific heat (n, is the number of atoms
in a formula unit and R is the gas constant). The estimated
uncertainty of « is about 10%.

Low-temperature measurements of the electrical resis-
tivity, specific heat, Seebeck coefficient, and thermal con-
ductivity are performed in the temperature range from
2 to 300 K with a Quantum Design physical-property-
measurement system (PPMS-9). The electrical resistivity
is measured by the standard four-point dc technique. Elec-
trical leads are made from Ag wires attached to the sample
surface with use of silver-epoxy paste. The heat-capacity
measurements are performed by the relaxation method
and with the two-t model. For the Seebeck-coefficient
and thermal-conductivity studies, gold-plated copper
electrodes are attached to the specimens with use of silver-
epoxy paste. The experimental uncertainties in the low-
temperature determination of p, S, and « are 0.01%, 5%,
and 5%, respectively.

ITI. RESULTS

A. Structural properties

All the major Bragg peaks in the XRD patterns of the
prepared materials are easily indexed with the MgAgAs-
type lattice (Fig. 2). The lattice parameters of the HH
phases obtained are listed in Table I. They are in good
agreement with the literature data [25,28,44]. For DyNiSb,

TABLE 1. Structural parameters of RNiSb materials studied.
Data for ScNiSb are acquired from Ref. [26].

RNiSb  a(A)  V(A3)  dieor (gcm™>) doxpr (gem™)

ScNiSb  6.0761(4) 224.32(5)  6.674(2) 6.58(1)
DyNiSb 6.2977(2) 249.49(9)  9.348(1) 8.78(2)
ErNiSb  6.2607(1) 245.61(5)  9.476(1) 9.22(5)
TmNiSb 6.2446(1) 243.67(4)  9.595(1) 9.30(7)
LuNiSb 6.2220(1) 240.93(1)  9.875(1) 9.73(3)

we observe Bragg reflections from impurities; the strongest
one near 26 = 35° is marked by an asterisk in Fig. 2.
Careful analysis of the XRD pattern leads us to ascribe the
extra peaks to a hitherto-unknown phase, Dy;NigSbs, that
crystallizes with a monoclinic Y3NigSbs-type structure
[45] [space group P12y/m1,no. 11. a = 10.565(4) A b=
4.126(2) A, ¢ = 12.620(7) A, B = 113.66(1)°]. Detailed
study of the crystal structure and physical properties of
Dy;NigSbs will be the subject of a separate study. For
ErNiSb, TmNiSb, and LuNiSb, we observe traces of NiSb
and R,03, which are denoted by open and closed circles
in Fig. 2, respectively. The SEM studies reveal that all
the SPS-prepared RNiSb samples contain no gas cavities,
pores, and/or microcracks. Exemplary results of the EDS
imaging of polished surfaces for the TmNiSb sample are
presented in Fig. 3 and tabulated in Table II. The chem-
ical composition of the main phase (marked in Fig. 3 by
points 1-3) is depleted in Ni and Sb. Areas 4—6 correspond
to NiSb precipitation detected also by powder XRD, while
points 7 and 8 correspond to either elemental Tm or small
quantities of thulium oxide Tm;Os. All other RNiSb sam-
ples exhibit qualitatively similar tendencies in the chemical
composition, except for DyNiSb, for which we observe

FIG. 3. SEM-EDS chemical mapping for TmNiSb. The scale
bar applies for all panels. Quantitative analysis of the marked
areas is given in Table II.
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TABLEII. Results of the EDS imaging for TmNiSb. The listed
areas correspond to those marked in Fig. 3.

Area Tm (at. %) Ni (at. %) Sb (at. %)

1 36.56 30.15 33.29

2 37.33 30.24 32.43

3 37.75 27.56 34.69
Tm37(1)Nizo(2)Sbsz )

4 14.64 43.26 42.1

5 14.87 42.24 42.88

6 8.14 47.86 44
Tm3(4)Nigs(3)Sbas)

7 63.78 15.15 21.06

8 70.13 15.64 14.23

Tme74)Niisa)Sbiss)

also a Dy;NigSbs phase in the EDS image. For each spec-
imen, the pycnometric density is less than the theoretical
density (deor) calculated from the XRD data (see Table I).
The relative mass density is always greater than 94%.

B. Electrical properties

The results of electrical-transport measurements are
summarized in Fig. 4(a). All the RNiSb samples are found
to exhibit semiconducting behavior with the resistivity
spanning a wide range from less than 10 2 m near 950 K

for RNiSb (R = Dy, Er, Tm, Lu) to 2200 Q2 m at 2 K for
ScNiSb. The decrease of p with rising temperature from
2 to 300 K observed for ScNiSb, TmNiSb, and LuNiSb
is associated with extrinsic activation of charge carriers
[9]. In turn, metalliclike transport found for ErNiSb and
DyNiSb in a similar temperature range likely arises from
the large number of in-gap states created by crystallo-
graphic disorder. In this context, it is worth recalling that it
was shown for semiconducting d-electron HH phases that
their intrinsic energy gap vanishes for 15% antisite defects
between 4a and 4b Wyckoff sites [46], and other defects
were also calculated to reduce the band gap [47]. The topic
was recently discussed from an experimental perspective
for TaGelr [48].

As can be inferred from Fig. 4(a), for each sample,
p(T) forms a hump in the temperature region from 220
to 480 K, which likely signals saturation of extrinsic trans-
port. Above 650 K, an exponential decrease of the resistiv-
ity with increasing temperature is seen, which is a charac-
teristic feature of the intrinsic conductivity regime. These
high-temperature data are approximated by the classical
Arrhenius formula:

1/p = 0o exp(—Eg/2kpT), (1

where E, stands for the intrinsic band gap and oy denotes
the conductivity coefficient (kp is the Boltzmann constant),
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FIG. 4. Temperature dependencies of (a) electrical resistivity (note the semilogarithmic scale), (b) Seebeck coefficient, (c) Hall
carrier concentration, (d) Hall mobility, (e) thermoelectric power factor (PF), and (f) weighted mobility calculated from Eq. (6) of the
RNiSb specimens. Circles represent the measurements performed with the Quantum Design physical-property-measurement system
(PPMYS) platform, while open squares correspond to the data obtained with a Linseis LSR-3 apparatus (LSR). The solid lines in (a)
denote least-squares fits of the Arrhenius law [Eq. (1)] to the experimental data above 650 K. The electrical resistivity and Seebeck-

coefficient data for ScNiSb are obtained from Ref. [26].
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TABLE III. Electronic transport characteristics of the RNiSb
samples. oy and E, are the parameters obtained from Eq. (1); £
is the energy gap derived from Eq. (2).

RNiSb oo (u'm™h) E, (meV) E} (meV)
ScNiSb 0.94(2) 383(2) 214(11)
DyNiSb 0.41(4) 130(2) 89(4)
ErNiSb 0.46(1) 170(2) 125(6)
TmNiSb 0.53(1) 205(1) 145(7)
LuNiSb 0.61(1) 193(1) 121(6)

and the so-derived parameter values are given in Table III.
Remarkably, all the band gaps are found to be rather nar-
row. The previously published ab initio values of E, for
ScNiSb and LuNiSb are 0.24 and 0.20 eV, respectively
[34,35]. The preliminary band structures for DyNiSb,
ErNiSb, and TmNiSb result in respective band gaps of
0.31, 0.28, and 0.25 eV [49]. The experimental E, for
ScNiSb is larger than that predicted by ab initio calcu-
lations. Underestimation of the band gap is a common
problem in density-functional-theory methods [50]. Here
it should be noted that the value estimated for ScNiSb
is smaller (383 meV vs 470 meV) than that derived in
Ref. [26] with the formula 1/0 = o, + 0¢ exp(—E, /2kpT),
in which an extra parameter, o,, was considered to describe
residual conductivity due to the presence of disorder-
related in-gap states. The previously applied model was
able to cover a wider temperature range, but its accu-
racy of determining £, was considerably lower [26]. In
the case of other RNiSb materials, the experimental band
gaps are slightly smaller than the theoretical ones. Specu-
latively, this phenomenon might result from the presence
crystallographic defects, which are known to reduce £, of
HH compounds [46,47,51]. Nevertheless, in none of the
cases is the discrepancy between the theoretical value and
the experimental value of £, large enough to formulate a
strong thesis on disorder.

It is worth noting that the electrical properties of the
RNiSb samples densified by SPS are fairly similar to those
of samples synthesized by single-step arc melting [31]. For
both series of samples, ScNiSb has the largest electrical
resistivity below 300 K, the p(7) variations of DyNiSb
and ErNiSb show wide maxima near 200 K, and the resis-
tivity of TmNiSb and LuNiSb varies with temperature in
a quasilinear manner in the range from 100 to 300 K.
Above 650 K, all the samples, regardless of the preparation
method, show a behavior typical of intrinsic semiconduc-
tors. Obviously, some differences between the two series
are found as regards the absolute values of the resistiv-
ity, and they can naturally be attributed to different levels
of crystallographic disorder and the influence of synthesis-
dependent microstructure. In addition, differently prepared
samples may contain diverse secondary phases, or at least
their amounts may be dissimilar in the SPS-treated speci-
mens and the arc-melted specimens.

Figure 4(b) displays the temperature dependencies of the
thermoelectric power of the RNiSb compounds. In each
case, the Seebeck coefficient is positive and reaches large
values, up to 240 £V K~ for ScNiSb at 450 K. According
to the Goldsmid-Sharp relation (e stands for the elementary
charge) [52],

Smax = E;/26Tmaxa (2)

the maxima in S(7) with the coordinates (7inax, Smax) define
the Seebeck band gap Ej;. The so-obtained values of £ are
notably smaller than the values of E, found from the resis-
tivity analysis (see Table III). As in the series of arc-melted
samples [31], ScNiSb exhibits the largest thermopower
among the SPS-treated RNiSb phases. Some quantitative
differences between the two series can be related to dissim-
ilar disorder effects as well as distinct synthesis-dependent
microstructure of the samples. An extended comparison
of the literature data available for the RNiSb compounds
can be found in Ref. [31]. Theoretical predictions demon-
strate that structural disorder in HH compounds, especially
Ni interstitial atoms in ZrNiSn, can effectively reduce the
band gap [21]. Indeed, in most reports of disordered poly-
crystalline materials, the experimental E, is smaller than
the band gap obtained from ab initio calculations; see, for
example, Refs. [17,19,53]. Recently, Fu et al. [20] showed
that high-quality ZrNiSn single crystals virtually free of
interstitial atoms and subsequent in-gap electronic states
exhibit a considerably larger band gap than the polycrys-
talline counterparts. We suggest that single-crystal growth
can be an interesting way to better understanding the
structural disorder in RNiSb thermoelectrics.

The temperature variations of the carrier concentration
(n) in the RNiSb samples derived from the Hall-effect mea-
surements are shown in Fig. 4(c). At room temperature, in
each compound, 7 amounts to about 10?° carriers per cubic
centimeter, which is an order of magnitude smaller than the
values reported for the best-known optimized p-type HH
thermoelectrics [10,13,23]. This important finding is cru-
cial for prospective applications of the RNiSb compounds
as alternative TE materials. In the Drude model, which
is relevant for materials with a moderate to high concen-
tration of noninteracting carriers, the resistivity should be
inversely dependent on n:

o~ =0 =nepu. 3)
The Seebeck coefficient in the degenerate regime varies
with the carrier concentration according to the following
formula:

8712k123 T \2/3
S= gzl (3;) @

where meg denotes the effective mass of the charge car-
rier. Equations (3) and (4) support the observation for
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RNiSb ternaries of an inverse correlation of the resistivity
and thermopower with n. Bearing in mind the rather-
complex nature of the polycrystalline samples, each with
a different rare-earth element, the qualitative agreement
with the expectation should be considered satisfactory. The
nonuniversal temperature dependencies of the Hall car-
rier concentration below 300 K are similar to the behavior
reported for other HH phases [54,55].

For all the samples studied but ScNiSb, the Hall mobil-
ity (ugy) continuously increases with increasing tempera-
ture above 75 K [see Fig. 4(d)]. Such behavior suggests
that in these materials either ionized-impurity scattering
[56] or grain-boundary scattering [57] might be the most-
important charge-carrier-scattering mechanism. The find-
ing of similar mobility curvature in an undoped ZrNiSn
single crystal [58] (free from grain-boundary scattering)
indicates that the influence of ionized impurities is most
likely to dominate the carrier mobility in RNiSb com-
pounds above 75 K. For ScNiSb, .y saturates above about
200 K near a value of 25 cm? V™! s~!, which is similar that
reported for the best HH thermoelectrics [13,30].

The experimental resistivity and thermopower data are
used to calculate the temperature dependencies of the
power factor (PF = S§%/p) displayed in Fig. 4(e). The
largest power factor of about 17 uW K2 cm™~! near 700 K
is found for TmNiSb, which opens a large space for opti-
mization (e.g., by doping or improving the microstructure).
This value is larger that that obtained for the arc-melted
sample of the same material (11 W K~2 cm~! at 750 K
[31]) but is still within the expected range of alterations
for disordered materials. In contrast, the power factor of
9 uW K2 cm™! of the SPS-treated ScNiSb sample is
smaller than the power factor of 14 uW K2 cm™! of
the arc-melted specimen (both at 750 K) [31]. Regardless
of these findings, it should be noted that all these power
factors are significantly reduced with respect to those of
state-of-the-art HH thermoelectrics, which exhibit power
factors as large as 5060 uW K2 cm™! after optimization
through proper charge doping [10,11,13].

J

383 1 exp (

Another way to compare the quality of thermoelectric
materials is the weighted mobility (U) defined by Slack

[59] as
Meir\ "
U=m< ) , 5)

e

where o stands for the upper limit of mobility for the
material in the intrinsic regime and m, is the mass of a
free electron. The maximum power factor achievable by
tuning the carrier concentration is proportional to U, and U
is related to the thermoelectric quality factor (B) as

B 8k 2 8en2(2mokpT)3? ET,
3e 3h3 K

where «;, represents the lattice thermal conductivity [59].
Since electrons and holes in each material are characterized
by different effective masses and mobilities, U can also be
used to compare n-type and p-type transport in the same
compound in order to guide the proper doping direction.

Qualitatively, in the RNiSb materials, dissimilar £, val-
ues that are obtained from the Goldsmid-Sharp equation
and the Arrhenius fit hint at significant differences between
the weighted mobility of n-type and p-type carriers [53].
The observation of rather-low values of Tiy,x compared
with values for other p-type HH compounds [10,13,23]
indicates that the thermopower of the materials studied
is influenced by minority (n-type) carriers with plausible
superior U.

Commonly, U is quantitatively determined with use of
the mex and po values calculated from the thermopower
and Hall-effect data. However, especially when the Hall-
effect data are not available, U of the majority carriers
can be estimated by use of a formula approximating the
weighted mobility in the Drude-Sommerfeld free-electron
model within an accuracy of 3% for Seebeck coefficients
when [S] > 20 uV K1 [61]:

U= ——— _
8reQma )2 p

After reducing the constants, one can rewrite the formula in simpler form:

_ 2) 318
kp/e + 72 kg/e (6)
1 4+ exp [—5 (kLS/'e —1)] 1 +exp [5 (k‘;/‘e — 1)]
IS _ 3 _IS]
CXp (kB/e 2) N 72 kg/e )

(%) Gram) (500
U=3310| —
Vs | \p[r2m]/ \ 300

1 +exp [—5 (%/‘e - 1)] I +exp [5 (ki;s/le B 1)] v

(
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where p corresponds to the electrical resistivity measured
in micro-ohm meters, 7 denotes the temperature in kelvins,
S stands for the thermopower, and kz/e = 86.3 uVK™!.

The so-derived temperature dependencies of U of
p-type carries in the RNiSb compounds are presented in
Fig. 4(f). The highest U is found for TmNiSb and LuNiSb,
which is consistent with the highest power factor observed
for those phases. These values are somewhat lower than
the weighted mobility of the best TE materials, such as
BiTe; (U =250 cm®> V™! s7! near room temperature
[62]) or Na,CosSby; skutterudites (U = 340 cm? Vg™t
at 300 K [63]), yet are comparable with those of other
well-known thermoelectrics, such as p-type PbTe (U =
130 cm* V7! s7! at 300 K and 60 cm? V7' s7! at
600 K [64]) or HH phases (e.g., FeV|_,Nb,Sb with U =
60 cm? V~! s7! at 300 K [13]).

According to the parabolic band model (PBM) [65], the
Seebeck coefficient depends on the chemical potential (1)
in the following manner:

ks (2R
hE)

where F; () is the Fermi integral of order j,

¢/ (d¢)
F. —_— 9
i) ./0 1 +exp(& —n) ©)

Furthermore, the same PBM predicts a simple correlation
between the Hall concentration of majority p-type carriers
and their effective mass:

2mekp T\
n:4n($) Fip(m).

The values of m.g at 300 K determined from Eq. (10) are
collected in Table IV. Clearly, all the RNiSb compounds
investigated, except TmNiSb, are light-carrier p-type con-
ductors with meg close to the mass of a free electron.
For ErNiSb, meg = 1.17m, is almost equal to the exper-
imental value of 1.2m, reported before [66]. In the case
of ScNiSb and LuNiSb, ab initio calculations performed
for the ideal MgAgAs-type model with a modified-Beck-
Johnson-potential local-density approximation yield the
band masses of p-type carriers m; of 0.36m, and 0.23m,,
respectively [34,35]. From the formula [67]

(10)

Megr = N2 my, (11)
where N, is the degeneracy of the valence bands [in RNiSb,
N, = 6 at the I" point [34]], one finds mes = 1.19m, and
0.76m, for ScNiSb and LuNiSb, respectively. These val-
ues are somewhat smaller than the experimental findings
(1.52m, for ScNiSb and 1.40m, for LuNiSb). The dis-
crepancy can be attributed to structural disorder (e.g., split

positions of Ni [26] or vacancies at the Ni site [29] previ-
ously found for ScNiSb) that was not taken into account
during ab initio calculations [34].

To cross-check the validity of Eq. (6), which was pro-
posed very recently [61], the intrinsic mobility wy of
p-type charge carriers at 300 K was determined with the
PBM formula [68]

F_ip
2F,

i = Ko (12)

and then the effective mass meg.y was extracted from the
equation

(13)

Remarkably, the so-obtained effective masses are similar
to those calculated within the Fermi-integral formalism
(see Table IV), which proves the reliability of our method
of estimating the weighted mobility without knowing the
Hall data.

As a next step in the characterization of the electronic
properties of the RNiSb materials, the carrier scattering
time t at 300 K is calculated from the formula

Wo = €T /Mef. (14)
The so-obtained values of 7 are given in Table IV. In the
case of ScNiSb and LuNiSb, these data can be compared
with the results of ab initio calculations performed within
the deformation-potential theory [69], assuming predom-
inant scattering charge carriers on acoustic phonons.
According to Refs. [34,35], in these two compounds, T =
1.21 x 107 and 5.61 x 107!* s, respectively. The dis-
crepancies (see Table IV) can be attributed to structural
disorder in the real samples, but they may also originate
from the presence of additional scattering mechanisms,
such as grain-boundary or alloy scattering. It is worth men-
tioning that knowledge of the actual value of 7 is crucial in
advanced ab initio searches for alternative thermoelectrics
among HH phases, which are conducted in terms of the
constant-relaxation-time approximation [70—73].

C. Heat capacity

Figure 5(a) shows the temperature dependencies of the
specific heat (C,) of the nonmagnetic compounds ScNiSb
and LuNiSb. Near 300 K, C, is close to the Dulong-Petit
limit of 3n,R = 74.8 Jmol™' K~!. Below 7 K, C, varies
with 7° [see the inset in Fig. 5(a)], as predicted by the
Debye model. The so-obtained Sommerfeld coefficients
are y = 0.5(1) and 0.8(2) mJ K2 mol ™!, for the Sc-based
and Lu-based antimonide, respectively. These small val-
ues of y are consistent with low electrical conductivity
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TABLE IV. Electronic transport characteristics of the RNiSb samples: effective mass from the PBM m [Eq. (10)], intrinsic p-type
mobility uo [Eq. (12)], effective mass from weighted mobility cross-check m.g¢y [Eq. (13)], mean p-type-carrier scattering time t [Eq.
(14)], Lorenz factor L [Eq. (18)], and PBM-derived Lorenz factor L* [Eq. (19)].

RNiSb Megr (Me) o (em? V=171 Meey (M) 7 (1074 55) L1078 QWK™?) L* (1078 QWK™?)
ScNiSb 1.52 30.6 1.60 2.78 1.65 1.60
DyNiSb 0.56 53.5 0.63 1.80 2.23 2.32
ErNiSb 1.17 10.9 1.21 0.76 2.08 2.14
TmNiSb 2.61 17.1 3.09 2.68 1.69 1.63
LuNiSb 1.53 29.1 1.40 2.66 1.89 1.87

in both materials. As displayed in Fig. 5(a), the measured
C, (T) data can be well approximated in the entire temper-
ature range measured by the Debye formula corrected for
anharmonicity [74]:

x* exp(x)

omR ( T\ [0/
L / e
l—aT \Op 0 [exp(x) — 177

(15)

C,=yT+

where ®p represents the Debye temperature, « is the
anharmonicity factor, and x = hv/kgT. In the least-squares
fitting of Eq. (15) to the experimental data, the values of
y determined at low temperatures are used. The analyses
yields ©p = 354(1) K and o = 0.97(6) x 10~* K~! for
ScNiSb and ®p = 271(1) K and o = 1.5(1) x 1074 K~!
for LuNiSb. The values of ®p obtained are similar to those
reported in the literature for other HH antimonides [31,55,
75]. The anharmonicity contribution to C,, is broadly simi-
lar to that of other known intermetallics [76,77] and can be
speculatively described as a disorder-related effect [78].

The specific heat C,(T) of DyNiSb, ErNiSb, and
TmNiSb is presented in Fig. 5(b). Above approximately
20 K, the measured data form a nearly universal curve
that approaches 3n,R near room temperature. Below 3 K,
the specific heat of DyNiSb exhibits a A-shaped maximum
[see the inset in Fig. 5(b)] that signals the antiferromag-
netic phase transition reported in the literature [39,79].
For the other two materials C,(7) shows some upturns
with decreasing temperature, which might be tentatively
associated with magnetic fluctuations in a critical region
of some hypothetical magnetic ordering that possibly sets
in below the lowest temperature measured. The minus-
cule discontinuity in C,(7) of ErNiSb near 3 K might
result from antiferromagnetic ordering in the contaminant
Er,03;, which is characterized by the Neél temperature
of 3.4 K [80].

To determine the Debye temperature of ErNiSb,
DyNiSb, and TmNiSb the following equation is
applied [81]:

. 1/3
Op(RNiSb) (M2 + MY + M (16)
®p(LuNiSb) M 4 M2+ M ’

where M is molar mass of the corresponding atoms.
The so-estimated Debye temperatures are 277 K, 275,
and 274 K for Dy-bearing, Er-bearing, and Tm-bearing
phases, respectively. To cross-check the applicability of
this approach to the materials examined, ®p is calcu-
lated from Eq. (16) also for ScNiSb. The result is ®p =
339 K, which is in reasonably good agreement with the
experimental value of 354 K.

On the basis of the anticipated similarity of the phonon
spectra of ErNiSb, DyNiSb, and TmNiSb to the phonon
spectrum of LuNiSb, corroborated by nearly the same
values of ®p, the magnetic contribution ACp,gn to the
specific heat of the compounds bearing partially filled 4f
electron shells, is estimated by subtraction of the specific
heat measured for LuNiSb from the experimental C,(T)
data of the RNiSb phases with R = Dy, Er, and Tm. In
this approach, we assume that the anharmonicity effect and
the Sommerfeld contribution in all these compounds are of
similar magnitude. Then the so-derived ACiagn(7) varia-
tions are analyzed in terms of the Schottky formula, which
accounts for the crystalline electric field (CEF) effect:

Tigie M Eigi A} e AT — (ZigiA; e 4i/T)?

T2(ZigiAie=2i/T)? ’
(17)

A Cmagn =

where g; corresponds to the degeneracy of the ith CEF
level and A; is the energy separation of this level from the
ground state.

Figure 5(c) shows the result of least-squares fitting of
Eq. (17) to ACagn(T) for ErNiSb. In this compound, the
ground multiplet */;5,, of the Er’** ion splits in a cubic
electric field potential into two doublets and three quar-
tets [82]. As can be inferred from the Fig. 5(c), one can
obtain a reasonably good description of the experimental
data above 10 K for a doublet for the ground state and
excited CEF levels being a doublet located at A} = 6.7(3)
K and three quartets with energies A, = 86(2) K, A3 =
1152) K, and A4 = 160(4) K. This CEF scheme differs
from the model derived by means of an inelastic-neutron-
scattering experiment [60], which indicated a quartet as
the ground state, and the subsequent levels as a quar-
tet, a doublet, a quartet and a doublet separated from
the ground-state quartet by energies of 91, 108, 160, and
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FIG. 5. (a) Temperature dependencies of the specific heat of ScNiSb and LuNiSb. Solid lines represent the least-squares fits of the

Debye model. The dotted line corresponds to the Dulong-Petit limit. The inset displays the low-temperature C, (T) data plotted as a
function of temperature squared. The solid colored lines emphasize linear behavior. (b) Temperature variations of specific heat for
DyNiSb, ErNiSb, and TmNiSb. The inset shows the data in the low-temperature region. (c) Analysis of the CEF effect for ErNiSb.
The solid line denotes our fit of Eq. (17) and the gray line represents previous neutron-scattering results from Ref. [60].

220 K, respectively [see the gray line in Fig. 5(c)]. Spec-
ulatively, the discrepancy between the two sets of CEF
levels can be attributed to dissimilar synthesis-dependent
atomic disorder in different ErNiSb samples examined.

Similar analyses of the Shottky contribution to the spe-
cific heat are made for DyNiSb and TmNiSb; the results are
presented in Fig. S1 in Supplemental Material [83]. In the
case of the Dy>* ion located in a cubic CEF potential, the
multiplet °H s /2 splits into two doublets and three quartets
[82], as for Er’*. The best description of the ACpaen(T)
data in terms of Eq. (17) yield a doublet-doublet-quartet-
pseudo-octet (two degenerate quartets) CEF scheme, and
the energies A} =23(1) K, Ay =65(1) K, and A3y =
153(3) K. In turn, for the ground-state multiplet *Hg of
the non-Kramers ion Tm>*, one expects in a cubic crys-
tal field the presence of two singlets, a doublet, and three
triplets [82]. The calculations performed lead to a doublet
as the ground state, and excited CEF levels being a sin-
glet, a singlet, and three triplets located at energies A =
343) K, A, =313) K, A3 =69(1) K, Ay = 128(3) K,
and As = 170(5) K.

D. Thermal transport

The temperature dependencies of the thermal conduc-
tivity in the RNiSb samples are shown in Fig. 6(a). The
overall shape of «(7) with a maximum near 50 K and
a broad minimum located in the region from 400 to 600
K, observed for all these compounds, is characteristic
of crystalline narrow-gap semiconductors. At 300 K, the
magnitude of ¥ in DyNiSb, ErNiSb, TmNiSb, and LuNiSb,
measured in the experiment with the NETZSCH LFA 457
device, is relatively small (3.5-5.9 W m~! K~!). These
values are smaller than those reported for archetypal HH
thermoelectrics before optimization (6.3 W m~! K~! for
HfNiSn, 8 W m~!' K~! for ZrNiSn, and 9 W m~! K~!
for TiNiSn [84], 13 W m~! K~! for VFeSb [24], and

9 W m™! K! for ZrCoBi [10]), yet are compara-
ble to those of other rare-earth-bearing HH compounds
(e.g., 5 W m~! K=! for HoPdSb [24], 3.5 W m~! K~!
for ErPdSb [55], and 2.8 W m~! K~! for YPtSb [85]).
Thus, all four antimonides investigated can be considered
as good candidates for alternative TE materials, especially
if their electronic transport behavior is optimized. In the
case of ScNiSb, the thermal conductivity at 300 K is
larger than yet still comparable to that of the other pristine
HH compounds listed above. The SPS-treated ScNiSb and
TmNiSb samples exhibit somewhat different « (7) in com-
parison with the solely-arc-melted specimens [31]. This
finding provides another indication of the influence of the
synthesis method and impurities obtained on the transport
properties of the RNiSb compounds.

Figure 6(b) shows an exemplary analysis of the thermal
conductivity in TmNiSb (the results obtained for the other
RNiSb phases can be found in Fig. S2 in Supplemental
Material [83]). In the steady-state experiment, the mea-
sured data are significantly affected in the region from 200
to 300 K by radiative losses. To account for this effect, the
low-temperature experimental data are corrected by sub-
traction of kg o< T° [see the dashed curve in Fig. 6(b)] in
such a way as to reach at 300 K a value of kcorr = & — Kiad
equal to the thermal conductivity observed at this tem-
perature in the experiment with the NETZSCH LFA 457
device.

In the next step, the polar electronic contribution to
the thermal conductivity [Kel.polar; S€€ the black squares in
Fig. 6(b)] is calculated from the Wiedemann-Franz law,
Kel-polar = LT/ p, where L is the Lorenz number. From the
formula [86]

L =1.54exp(—|S|/116), (18)
where S is expressed in the unit of microvolts per kelvin
and L is expressed in the unit of 1078 QW K72, L =
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(a) Temperature dependencies of the thermal conductivity of the RNiSb materials. Circles denote the data obtained with

PPMS-9 (PPMS), squares correspond to the experiments performed with the NETZSCH LFA 457 device (LFA). The data for
ScNiSb are taken from Ref. [26]. (b) Analysis of the thermal-conductivity data for TmNiSb; for explanation, see the main text.
(¢) Thermoelectric figure of merit of the RNiSb compounds as a function of temperature.

1.69 x 1078 QW K2 is found for TmNiSb at 300 K.
Another way to determine L is provided by the PBM
formalism [65]. The expression

[ (k_3>2 SE M — 4R

e Fo(m)

yields for TmNiSb a value of 1.63 x 1078 Q W K2, which
is in very good agreement with the former estimate. Also
for the other RNiSb compounds, Eqgs. (18) and (19) give
mutually very similar values of L and L* (see Table 1V),
which proves the validity of the approach applied.

By subtraction of kel.polar (1) from ke (7), the lattice
thermal conductivity (k) is determined [see the red trian-
gles in Fig. 6(b)]. Below 300 K, these data are analyzed in
terms of the Debye-Callaway (DC) model [87,88]:

kg (kyT\> [O0/T rxte
=—— = = 2
KL= S, ( ki ) /0 (&5 — 1)? x, (20)

where x = hw/k,T. The phonon relaxation time (t) is
calculated assuming the contributions due to umklapp
(tv), point-defect-scattering (7,4), and grain-boundary-
scattering (7;) processes:

= )+ (21)
7, = BT’ exp(—C/T), (22)
14
-1 _ 4 3
T =Aw prs Nw, (23)
o= (24)
r

where B stands for the umklapp-scattering parameter, C
is the umklapp-scattering temperature coefficient, 4 corre-
sponds to the point-defect-scattering constant, J denotes
the average volume per atom, I" is the disorder-scattering

factor, and r represents the grain size. The sound velocity
(vy) is calculated from the Debye model:

kz®p

b= ST (25)

where N is the density of atoms. The so-obtained value
of v, in TmNiSb is 2518 ms~!. The results derived for
the other RNiSb compounds are listed in Table V. In all
these materials but ScNiSb, the sound velocity is about
2500 ms~!, which is similar to v, in the bismuthide
ZrCoBi, which is considered the smallest sound velocity
in the state-of-the-art HH thermoelectrics [10]. Damped v,
is desired for TE materials as it is usually associated with
an inherently small magnitude of the thermal conductiv-
ity [89]. For ScNiSb, vy = 3169 ms~! is found, which is
similar to the values reported in the literature for other HH
phases [30,88,90].

Fitting the DC model to the experimental data for
TmNiSb yields a satisfactory description of k;(7) below
300 K [see the solid red line in Fig. 6(b) labeled as
kpc]. Similarly good approximations are obtained for
the other RNiSb compounds investigated (see Fig. S2
in Supplemental Material [83]), apart from DyNiSb, for
which the multiphase character of the specimen hinders
Callaway fitting. The parameters obtained are listed in
Table V. The umklapp-scattering coefficients obtained
are similar to those obtained for other HH compounds
[88,90]. In turn, the point-defect-scattering parameter I'
is found to increase on going from ScNiSb via LuNiSb
to ErNiSb to TmNiSb, reaching values comparable with
those obtained for HH alloys in which point-defect dis-
order was intentionally introduced by doping [88,90].
This finding is likely related to the sizable amount of
crystallographic defects in RNiSb compounds. By com-
paring ScNiSb and TmNiSb between the SPS-densified
and the arc-melted [26] series, one can notice quali-
tative agreement between nonstoichiometry detected by
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TABLE V. Parameters obtained from the thermal-conductivity analysis for the RNiSb materials: umklapp-scattering coefficient B,
umklapp temperature parameter C, point-defect-scattering constant A4, point-defect-scattering factor I', grain size » [Egs. (20)—+24)],

sound velocity vy [Eq. (25)], and mobility ratio b [Eq. (26)].

RNiSb B(10718 K !5s) C (K) A (1079 &%) r r(107° m) v (ms™!) b

ScNiSb 3.92(2) 96(1) 0.19(1) 0.0033(1) 1.0(1) 3169(9) 7.9(2)
ErNiSb 2.95(9) 51(7) 6.95(21) 0.057(1) 4.6(3) 2530(9) 19.9(2)
TmNiSb 1.81(5) 154(7) 17.2(47) 0.139(9) 3.4(1) 2518(9) 31.5(4)
LuNiSb 4.98(6) 55(6) 1.82(2) 0.014(1) 1.8(1) 2484(9) 19.7(3)

EDS and the strength of point defects of phonons
revealed by Callaway fitting. In the case of ScNiSb,
the sample compressed by SPS is more ordered and its
EDS-derived composition is SClloo(l)Ni0_97(1)Sb0_99(1) [26],
while for the arc-melted specimen the composition is
Sc1.00¢1yNig.gs(1ySbo.goc1y [31]. According to expectations,
point-defect scattering of phonons is smaller for the SPS-
sintered sample (I" = 0.0033) than for the arc-melted
ScNiSb (I' = 0.026) [31]. In turn, for TmNiSb the SPS-
densified specimen exhibits a bigger deviation from the
ideal stoichiometry, Tm1,00(3)Ni0,78(5)Sb0,89(3), than its arc-
melted counterpart, Tm;j oo2)Nig.97¢2)Sbo.so2) [12]. In this
case also the point-defect scattering follows the tendencies
in EDS-derived chemical formulas. For more-disordered
SPS-densified TmNiSb, the scattering is large, ' = 0.139,
while for the arc-melted TmNiSb, the effect is less pro-
nounced, I' = 0.106 [31]. The crystallographic disorder
in RNiSb materials appears to be strongly sample depen-
dent. Here it is necessary to mention that the EDS-derived
chemical composition can have sizable errors. Further
study focused on the details of the crystal structure in the
studied compound family (e.g., by synchrotron-radiation
XRD) appears necessary. The magnitude of the average
size of grains is determined from the DC analysis for the
RNiSb samples is typical of that for non-nanostructurized
materials.

To summarize the aforementioned findings, the largest
thermal conductivity in the RNiSb series, found for
ScNiSb, can be rationalized by the observation of a rather-
high sound velocity in this antimonide its relatively low
density, and its high Debye temperature. In turn, the small-
est k value, established for TmNiSb, is associated with
high density of the compound, its small ®p, and small vy
as well as its very strong point-defect scattering. Here it
is necessary to mention that the thermal conductivity of
RNiSb materials can also be affected by the impurities.
However, this influence is assumed to be rather minor due
to lack of percolation paths and the small volume of the
impurities for all the RNiSb materials apart from DyNiSb.

As an extension of the analysis of the low-temperature
k(T) data, also the heat transport in RNiSb at high tem-
peratures is examined quantitatively. For this purpose,
we assume that in the region of intrinsic conductivity a
contribution due to bipolar electronic excitations (kel-bipolar)
must be taken into account. The temperature dependencies

of the bipolar term are calculated with the formula [32,91—

93]
2
+4> (k—;)an (26)

where b is the mobility ratio of charge carriers, o is the
measured electrical conductivity, and E, is the intrinsic
energy gap (see Table III). Least-squares fitting of Eq. (26)
is performed to the total thermal conductivity subtracted
with lattice contribution obtained from the Callaway model
and the polar electronic part: Kiotal — KDC — Kel-polar- 1he
results obtained for TmNiSb are displayed in Fig. 6(b)
(see the open diamonds), and those derived for the other
samples studied are shown in Fig. S2 in Supplemental
Material [83]. The parameter » was found to span from 8 in
ScNiSb to 32 in TmNiSb (see Table V). Such large values
of the mobility ratio between n-type and p-type carriers
(here predominance of electrons is most likely) appears
fully consistent with the observed differences between the
energy gaps E, and E} calculated from the Arrhenius and
Goldsmid-Sharp formulas, respectively (see above).

As can be inferred from Fig. 6(b) (see the open black tri-
angles), the lattice contribution to the thermal conductivity
of TmNiSb at elevated temperatures, calculated as «; =
Ktotal — Kel-polar — Kel-bipolar, agrees with the DC prediction
kpc(T) [represented in Fig. 6(b) by the solid red line] that
is constructed only on the basis of the low-temperature
data. Similarly good agreement is obtained for the other
RNiSb compounds considered (see Fig. S2 in Supple-
mental Material [83]), which proves the relevance of our
approach. Another visualization of the overall validity of
the analyses comes from the comparison of the experimen-
tal k data collected at high temperatures with the function
X = kpc + Kel-polar + Kel-bipolar> traced in Fig. 6(b) by a
solid black curve (see also similar curves in Fig. S2 in Sup-
plemental Material [83]). Bearing in mind several simpli-
fications made in the bipolar-thermal-conductivity model,
such as the single parabolic character of valence and
conduction bands, fully intrinsic behavior, and acoustic
phonon interaction as the only carrier-scattering mecha-
nism [32], the agreement between the calculated data and
those measured experimentally appears very good, espe-
cially at elevated temperatures, where the RNiSb materials
can be considered intrinsic semiconductors.

b E,
Kel-bipolar = m kB_T
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The minimal lattice thermal conductivity (ki) can be
calculated with the Cahill formula [94]:

3n\'PIRT? [OD/T 3¢
Kmin = (_) B_/ —zdx
4 h@[) 0 (ex — 1)

27
The results obtained for TmNiSb [see the dashed-dotted
line in Fig. 6(b)] and the other RNiSb phases (see Fig.
S2 in Supplemental Material [83]) indicate that for each
compound ki, (7) is much smaller in the entire temper-
ature range considered than the experimental « (7). This
finding opens a perspective of significantly reducing the
thermal conductivity in these materials by proper elec-
tronic and/or phonon engineering, such as alloying or
nanostructurization.

From the experimental data collected for the RNiSb
compounds, one can calculate the thermoelectric figure
of merit (ZT = S*Tp~'k~"); the results are shown in
Fig. 6(c). The maximum value of ZT of 0.25 at 700 K
is obtained for TmNiSb. On the basis of the findings for
this material, its best TE performance is mostly governed
by intrinsic structural disorder, which brings about strong
point-defect scattering of phonons and an enhanced effec-
tive mass, which implies high weighted mobility and hence
a large magnitude of the power factor.

IV. CONCLUSIONS

We synthesize polycrystalline specimens of DyNiSb,
ErNiSb, TmNiSb, and LuNiSb by arc melting with sub-
sequent spark plasma sintering, and comprehensively char-
acterize their structural, electronic transport and thermody-
namic behaviors. The heat-capacity data for nonmagnetic
ScNiSb and LuNiSb are successfully described in terms of
the anharmonicity-corrected Debye model, while the data
for DyNiSb, ErNiSb, and TmNiSb are reasonably mod-
eled by our taking into account the crystal electric field
effect. All the RNiSb samples examined are found to be
intrinsic p-type semiconductors with an energy gap not
exceeding 0.4 eV. For DyNiSb, ErNiSb, TmNiSb, and
LuNiSb, the experimental band gaps are gently reduced
with respect to the theoretically predicted results, which
might result from the presence of crystallographic defects
producing in-gap states. The Hall mobility increases with
increasing temperature from 2 to 300 K, which indicates
grain-boundary and/or ionized-impurity interactions being
the main carrier-scattering mechanisms. The power fac-
tor determined for these materials is large, attaining for
TmNiSb a value of 17 uW K2 cm™! at 700 K. The same
sample shows the highest value of ZT of 0.25 at 700 K.
The effective mass determined from the PBM ranges from
as low as 0.56m, for DyNiSb to 2.61m, for TmNiSb, which
may reflect different levels and types of defects in distinct
RNiSb samples. For the Tm-based sample, the weighted
mobility calculated from thermopower and resistivity data

is found to be large as 93 cm?> V~! s7! at room tempera-

ture. By comparing these results with those derived from
the PBM formalism, we successfully verify an approxi-
mate expression for U. Using the parabolic band model,
we also estimate the electronic relaxation time 7 in the
RNiSb phases to be 0.8 x 107142.8 x 10~!4 5. The mea-
sured rather-low thermal conductivity in these materials
(k =36 W m~! K™!) is explained as a result of a low
sound velocity of about 2500 ms~! and strong point-
defect scattering due to significant disorder in the crystal
structure. Remarkably, the bipolar-thermal-conductivity
analysis indicates rapid minority-carrier activation at tem-
peratures as low as 300600 K. This abnormal feature
implies a large mobility ratio between minority (n-type)
and majority (p-type) charge carriers, which opens a
prospective for achieving superior thermoelectric perfor-
mance in the RNiSb compounds on their proper electron
doping. Reduction of the experimental band gap with
respect to theoretical values, anharmonicity detected in
heat-capacity analysis, and enhanced point-defect scatter-
ing of phonons suggest jointly that further studies of RNiSb
materials focused on determining precisely the structural
disorder might be very fruitful.
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