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Justification of crystal stability and origin of
transport properties in ternary half-Heusler ScPtBi

R. Majumder @ and S. K. Mitro (&

In this study, the mechanical stability, machinability, flexibility, ductility, hardness and crystal stability have
been analysed for the justification of suitability of ScPtBi for practical applications and device fabrication.
We observed that ScPtBi satisfies the Born stability criterion nicely as well as possessing a negative value
of formation enthalpy which suggests that ScPtBi is a mechanically stable compound and can be
synthesized by chemical synthesis techniques. We have investigated the nature of the bonding in ScPtBi
via Mulliken bond population analysis and charge density mapping which suggest that both ionic and
covalent bonding exist in the ScPtBi with bonding and anti-bonding features. We have correlated band
structure (BS), density of states (DOS), Fermi surface (FS) and charge density mapping to explain the
origin of transport properties in ScPtBi by exploring the electronic behavior in detail with the help of first
principles calculation. We have observed an octahedral hole like sheet due to a heavy hole pocket at the
I' point whose flat surfaces enhance transport properties in the direction parallel to the edges. The
electron and hole like multi sheets achieved in the same topology are favorable for skipping of carriers
and Fermi surface nesting. We have also calculated the electronic specific heat coefficient successfully

rsc.li/rsc-advances

1. Introduction

The research on topological insulators (TIs) is attracting the
increased attention of the research community for their broad
range of applications and exposure of interesting physics.'™*
Their novel quantum state in which the interior insulating
feature coexists with the conducting states on the edges or
surfaces, has made them reliable for several purposes.>®
Considering their scientific significance, the search for TIs has
been extended in different directions ranging from early binary
to ternary compounds. Among these ternary compounds, some
ternary half-Heusler (THH) compounds with 1:1:1 stoichi-
ometry together with a MgAgAs-type crystal structure can be
treated as TIs by alloying, applying strain and probing the band
topology.*” These THHs have been reported extensively over the
past few decades for their outstanding physical properties.®**
Their flexible band gap tuning capability ranging from wide
band gap semiconductors to zero band gap insulators introduce
them as “properties on request”.”> The ScPtBi is one of the
members of such THHs, possesses non-trivial band inversion
topology (the difference between I's and I's is positive) which is
one of the key features for the large magnetoresistance and high
mobility characters."® Despite its potential application sides,
this compound was not investigated extensively for a long time
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using the density of states at the Fermi level.

in contrast to the other ternary half-Heuslers belong to the same
family (28 members reported by W. Al-Sawai et al.®) due to its
unsuccessful synthesis attempts for thermal instability (no
matter polycrystal or single crystal).** But recently, Z. Hou et al.*®
have synthesized high quality ScPtBi single crystal successfully
and demonstrated some interesting properties of this material
ranging from large low-field magnetoresistance effect to a high
mobility over a wide range of temperature even up to room
temperature. They have proposed that ScPtBi is a potential
candidate for applications in high-sensitivity magnetic sensors
and one of the ideal systems for a comprehensive under-
standing of the rare-earth based half-Heusler compounds. After
their successful synthesis, some research on this promising
system has been already initiated with a new view and all of
them are based on the investigation on transport and thermo-
electric behaviors.'**® Though Z. Hou et al.*® successfully
synthesized the ScPtBi single crystal but they didn't discuss its
mechanical and crystal stability which is very important for the
consideration of practical applications and device fabrication.
However, ScPtBi possesses thermal instability but information
on crystal formation enthalpy, mechanical stability, machin-
ability, elastic moduli can be helpful to overcome the limita-
tions associated with thermal instability by choosing
appropriate synthesis techniques. Therefore, the primary
objective of this research is to discuss the crystal and mechan-
ical stability with the help of elastic constants and formation
enthalpy. At the same time, in view of materials science, elastic
constants are a very significant factor because using these some
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vital information such as ductility, Poisson ratio, hardness,
bonding nature, inter-atomic potential can be figured out
nicely.***® We have also focused on investigating the Milliken
bond population analysis and charge density mapping because
bonding analysis can give the information about the bonding
strength, bonding nature as well as bonding length which is
also important for understanding the material nature properly.

On the other hand, all the reported literature on ScPtBi have
focused on the thermoelectric and transport properties due the
potentiality of this material in this new window. Therefore, the
secondary purposes of this study is to find and discuss the
origin of transport properties reported in previous literature via
exploring the electronic properties with the help of Fermi
surface (FS), band structure (BS), density of state (DOS) and
charge density mapping. We hope that the findings of this
research will help to improve the transport properties for ScPtBi
as well as for these types of platinum-bismuthides in future by
understanding the origin of transport behaviors of ScPtBi. For
example, the addition of suitable doping, tuning BS by applying
hydrostatic pressure, magnetic fields, temperature etc. will be
possible to tune FS as well as electronic behaviors for upgrading
transport properties well as other properties.

2. Method of calculations

The first-principles calculations have been performed on
CASTEP (Cambridge Serial Total Energy Package) code™ in the
frame of density functional theory (DFT).>**' The generalized
gradient approximation (GGA) exchange correlation function
along with Perdew-Burke-Ernzerhof (PBE)* scheme have been
treated for this investigation employing the well-known Van-
derbilt type ultrasoft pseudopotential*® according to the ref. 17,
18 and 24, which were used to analyze similar type of THHs.
Since, the constituents of this material involve mass number
greater than 50, therefore, for all types of calculations, we have
included spin orbital interaction.”® To confirm the well
convergence of the geometrical optimization and the elastic
constant, cut-off energy of plane wave has been used 550 eV. The
k-point mesh of 8 x 8 x 8 grids has been chosen to sample
Monkhorst-Pack scheme?® for our ScPtBi system. Since, dense
mesh of uniformly distributed k-points is necessary for BS and
FS calculations. Therefore, the sampling of Brillouin zone has
been performed using a k-point mesh of 20 x 20 x 20 grid of
Monkhorst-Pack points for these investigations.”” The stress—
strain method has been employed to calculate the elastic stiff-
ness constants of ScPtBi at normal condition.”® The structure
has been optimized with the help of Broyden-Fletcher-Gold-
farb-Shanno (BFGS) algorithm.” The unit cell and atomic
relaxation are executed considering the total energy 5 x 10 ® eV
per atom, maximum force 0.01 eV A™!, maximum stress
0.02 GPa and maximum ionic displacement 5 x 10~ * A,

3. Result and discussions
3.1. Structural analysis

The ScPtBi possesses MgAgAs-type crystal structure belong to
the F43m space group (216), has been built by considering the Bi
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Fig. 1 Conventional unit cell of ScPtBi.

at Wyckoff position 4a corresponding to the coordinate (0, 0, 0)
while Sc and Pt atom at the Wyckoff position 4b (1/2, 1/2, 1/2)
and 4c (1/4, 1/4, 1/4), respectively.’**® The optimized conven-
tional unit cell for ScPtBi has been shown in Fig. 1. The equi-
librium lattice parameters and unit cell volume obtained in this
study have been enlisted in Table 1. We have compared our
results with experimental and theoretical data available for
ScPtBi."*** It can be observed that lattice constant obtained
from Vanderbilt type ultrasoft method is very much consistent
with the available data. Therefore for further analysis we have
used this pseudopotential to predict our results.

3.2. Elastic properties and crystal stability

The information about the elastic and mechanical behaviors of
a crystal is very much essential in the view of materials science.
Because several limiting factors are associated with the practical
applications of a material although has a successful synthesis
history. The tolerance ability of external stress under different
environment, flexibility, regaining ability to its original state
after the withdrawal of external deforming force, bonding
nature, ductility/brittleness and hardness of a solid substance
can be figure out by inquiring the elastic and mechanical
properties of a material. To understand the elastic and
mechanical properties nicely only three self sufficient elastic
constants for a cubic crystal are sufficient. Because in the case of
cubical symmetry Cy; = Cyy = C33, C15 = Cy3 = Cy3 and Cyy = Cs;s
= Cee."® On the other hand, the elastic and mechanical stability
can also be confirmed from these independent elastic constants
applying Born stability criterion. Since there is no evidence of
investigation of these parameters for ScPtBi. Therefore, various
elastic and mechanical properties such as the bulk modulus (B),

Table 1 Unit cell parameter (in A) and cell volume (in A% of cubic
ScPtBi in contrast to available theoretical and experimental data

ScPtBi Our cal. Expt. cal. Theo. cal.
Lattice constant, a 6.5752 6.50% 6.56° 6.57°
Cell volume, V, 284.29 274.63%, 282.307 283.594

@ Ref. 13. ¥ Ref. 14. ¢ Ref. 15. ¢ Calculated by using published data.
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shear modulus (G), Young's modulus (Y), Poisson's ratio (v),
Pugh's indicator (B/G), machinability index (uy), Vickers hard-
ness (H,) and Peierls stress (;,) have been calculated for the first
time for ScPtBi and summarized in Table 2. We have found that
ScPtBi is a mechanically stable compound as the Born stability
criteria is well satisfied by the elastic constants (see Table 2): Cy;
— C12>0,C,4y > 0and Cy4 +2Cq, > 0.%° Since, the material under
study has several unsuccessful synthesis attempts due to its
thermal instability although high class single crystal has been
reported by Z. Hou et al.** Therefore, it's very much important to
justify its formation enthalpy, crystal formation stability which
could be a guide line and clue for the next chemical synthesis
attempts to be successful in future applying a less expensive and
easier synthesis techniques. The chemical stability or crystal
stability of solid materials can be ensured via formation
enthalpy.*** In order to inspect the phase stability of the
studied THH ScPtBi, we have evaluated the formation energy for
ScPtBi. The formation energy (AEy) is defined as the subtraction
of the total energies of pure obligate atoms in their stable crystal
structures from the total energy of the solid material system.
Here, the formation energy (AEy) is calculated at zero tempera-
ture and zero pressure, therefore, the energy of formation is
equal to the enthalpy of formation i.e., AEf = AHy. The AE; of
ScPtBi is obtained from the expression:*"*
(ScPtBi) (89 _ yE(p[)

tot. .y, S (solid) S(solid)

N=(x+y+2)

— zEB))

S(solid)

AH; = A E[((Srcxnl))tBi) _ (1)

) represents the total energy per

, and gD

S(solid)

In eqn (1), here, Eﬁﬁfﬁtf;

(Sc)
S(solid

Pt)
(solid)

o B
total energies per atom of the pure elements Sc, Pt and Bi,
respectively, in their stable structures and N is the number of
formula units per unit cell. The calculated value of formation
enthalpy for the ScPtBi system is negative value (—7.326 eV per
atom) confirming THH ScPtBi stable phase. The observed value
of formation enthalpy suggest from the knowledge of thermo-
dynamic, the ScPtBi is energetically favorable and this structure
is achievable to be formed experimentally by chemical
synthesis. The elastic constant C;; gives the hints of the elas-
ticity along the length wise direction and thus can be useful to
measure the response to the stiffness of materials against the
uniaxial strain. With a large value of C;4, ScPtBi is stiffer than
the other half-Heuslers belong to the same family (see Table

formula unit, whereas, E. represent the
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2).'%*% For details investigation of elastic and mechanical
behavior of ScPtBi, we have calculated above-mentioned
parameters (B, G, Y, and ») using flowing expressions which
have been enlisted in Table 2:'*

B=py= 2B ®)
G=Gy= NI )
- GBS (@)
V:% 5)

We have compared our results with some Bi-based half-
Heuslers (ScPdBi, ScNiBi, LuPtBi, and LuPdBi) and our results
are in good agreement with the available data for other half-
Heusler compounds. The high value of B for the half-Heusler
ScPtBi high incompressibility character
compared to the isostructural half-Heuslers ScPdBi, ScNiBi,
LuPtBi, LuPdBi and LuPdSb.'*** The resistance to plastic
deformation can be measured by the Shear modulus, G and is
associated with a crucial relationship with the hardness of
solids. The values of shear modulus, G of the material under
study reflects the higher resistance against plastic deformation
as well as show the high level of micro hardness of ScPtBi in
comparison to the recently reported isostructural half-Heusler
compounds.’®™® We know that materials can be classified as
either brittle or ductile in a practical situation. The Pugh and

indicates its

Poisson's ratios are powerful tools for the prediction of brittle
and ductile nature of solid materials. One can easily predict the
nature of ScPtBi (whether it is ductile or brittle in nature)
according to the limiting values reported in ref. 33 and 34. On
the other hand, Cauchy pressure, (C;,-C,44) also can be used as
a useful tool for the measurement of ductility/brittleness.** In
addition, the interatomic force here is basically central as the
value of Poisson's ratio is within the range 0.25 to 0.50.*® The

B
value of machinability index (,uM = C_) 3738 of ScPtBi half-

44

Heusler is larger (see Table 2) than LuPdBi (~1.67, calculated
by using given expression) and LuPdSb (~1.70) indicating that
ScPtBi is more machinable than the other two half-Heuslers."”*®

Table 2 The calculated elastic constants, C; (in GPa), bulk modulus, B (in GPa), shear modulus, G (in GPa), Young's modulus, Y (in GPa), Pugh's
indicator (B/G), machinability index um, Poisson’s ratio v, Vickers hardness H, (in GPa) and Peierls stress, o, (in GPa) of ScPtBi half-Heusler

Compound Ci1 Cio Cys B G Y B/G Unm v H, op Remarks
ScPtBi 165.0 76.1 61.3 105.7 53.9 138.2 1.96 1.72 0.282 7.83 1.89 [Our Cal.]
ScPdBi 113.1 53.5 39.2 79.3 29.8 79.0 2.67 2.02 0.333 3.31 — [Our Cal.]
ScNiBi 170.4 71.5 59.0 81.8 40.7 104.7 2.00 1.38 0.286 5.81 — [Our Cal.]
LuPtBi 143.6 67.8 15.6 93.0 37.9 100.1 2.45 — 0.320 2.86 — 16
LuPdBi 125.8 63.2 51.9 87.0 30.5 81.9 2.85 — 0.340 1.33 — 17
LuPdSb 151.3 76.6 59.6 101.5 49.4 127.6 2.05 1.70 0.290 6.91 — 18
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Thus, this study introduces a new half-Heusler which is fairly
machinable or better mechanical manipulation nature. An
(1—2w)Y
6(1+ )

moduli and Vicker's hardness to evaluate the hardness of
materials and using this correlation the observed value of
Vicker's hardness ~7.83 GPa (see Table 2) is fairly good for
conventional applications. The Peierls stress, o, can assess the
progress of dislocation of a crystal in a glide plane and details
explanation can be found in literature in ref. 36. The estimated
Peierls stress, o, of ScPtBi has been enlisted in Table 2 which is
high in comparison with several MAX phases (Ti,AlC, V,AIC,
Cr,AlC, Nb,AIC and Ta,AIC for which the values lie within the
range 0.7-0.98 GPa) and superconductor ((K;oo)(Bai.00)3
(Big.goNag 11)401, gives the g, value is 1.1 GPa).**** To conclude,
the movements of dislocation in ScPtBi compound may be more
difficult in contrast to the above mentioned superconductor
and MAX phases.

empirical model (Hv = )39"“’ correlating the elastic

3.3. Bonding analysis and charge density mapping

To choose a suitable synthesis process of a material it's very
important to know about the bonding nature and strength
among the constituent atoms. For example, ionic compounds
can be grown by the solid state reaction, solvent evaporation,
precipitation, or the electron transfer reaction incorporating
reactive and non reactive metals and nonmetals like halogen
gases or inert gases. As solids they can be electrically insulating,
but when melted or dissolved they become highly conductive,
because the ions are mobilized. Therefore, to get a deep insight
into the bonding strength among the atoms in the ScPtBi, we
have investigated the Mulliken bond population which is
particularly important for the measurement of bonding nature
and choosing proper synthesis techniques. The calculated
atomic Mulliken bond populations for ScPtBi have been
enlisted in Table 3. The Table 3 reveals that the ScPtBi can be
considered as the valance state of Sc®*°Pt "**Bi**! and the
charge (~1.33¢) is transferred from Sc and Bi to Pt. Since, the
negative and positive values of the population are representative
to ionic and covalent bonding, respectively and for zero value of
the population the bonding is perfectly ionic.'® Therefore, from
the observed values of the population for ScPtBi, it can be
concluded that the bonding exists between Sc-Pt is ionic
whereas for Pt-Bi it's covalent. The value of bonding length is
about 2.809 which are very much consistent with the reported
bonding length for other species of half-Heusler
compounds.'**® At the same time, bonding and anti-bonding
features among atoms can also be calculated using this bond

Table 3 Mulliken population analysis of ScPtBi from GGA method
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population analysis in which positive and negative values are
representative of bonding and anti-bonding nature, respec-
tively."® Therefore, from Table 3 it can be concluded that the
bonding nature exists between Pt-Bi whereas for Sc-Pt it's anti-
bonding.

To justify the Mulliken bond population analysis, we have
investigated the charge density difference mapping along the
(100) crystallographic plane with the help of a charge density
scale interns of light intensity. In the scale, the higher electron
density is indicated by blue colour and lower electron density is
represented by red colour. It's clear from the Fig. 2 that electron
density is very high for Sc and low for Pt. At the same time, there
is no overlapping between the electron density of Sc and Pt. On
the other hand, a clear overlapping can be observed between Pt
and Bi. Therefore, we can conclude that the bonding between Sc
and Pt is ionic and covalent bonding exists between Pt-Bi.
These bonding nature obtained from the charge density
mapping confirms Mulliken bond population analysis perfectly.

3.4. Electronic properties and origin of transport behaviors

To understand the optical, optoelectronic, photonic as well as
the electromagnetic response of materials preciously, the band
structure (BS) can be an effective tool. Therefore, a detailed
analysis of BS along with the density of states (DOS) has been
performed in this study to explore the electronic behaviors.
Fig. 3(a) (left panel) and Fig. 3(b) (right panel) represent the BS
and DOS for ScPtBi, respectively. The bands below the Fermi
level (in the energy range from 0 eV to —6 eV) are mainly
manifested by the 4d state of Pt whereas just above the Fermi
level (from the Fermi level to 4 eV) bands are mainly contributed
by 3d state of Sc. It can be clearly observed that the overlapping

Fig. 2 The 3D charge density difference mapping along (100) crys-
tallographic plane with an indicative electron density scale in terms of
light intensity where the high and light density of charge are indicated
by blue and red color, respectively.

Species s p d f Total Charge Bond Population Length
Sc 2.47 6.44 1.56 0.00 10.47 0.39 Pt-Bi 0.11 2.809
Pt 1.02 1.31 8.99 0.00 11.33 —1.33 Sc-Pt —1.39 2.809
Bi 1.09 3.11 0.00 0.00 4.20 0.31 — — —

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Electronic (a) band structure of ScPtBi (left panel) and the right panel shows the (b) density of states (total and partial).

of conduction bands (CB) and valance bands (VB) are only at the
I' symmetry line of the Brillouin zone and in other symmetry
points there is no overlapping of CB and VB. This nature of BS
(zero band gaps at I' point) clearly reflects the semi-metallic
nature of ScPtBi just like non-trivial semi-metallic nature of
HgTe.** The Iy states at the Fermi level have p-like symmetry,
while the valence level I's has s-like symmetry. The quantity, 4
(=I's — TI's) should be positive for non-trivial topology and
negative for topological trivial system according to band inver-
sion symmetry. It can be clearly seen from the calculated BS in
this work, the quantity 4 is positive for ScPtBi. This confirms
the non-trivial band inversion of ScPtBi which is very significant
and convenient characteristic for this type of THHs.*** These
non-trivial bands inversion are mainly responsible for attrib-
uting outstanding transport properties for these THHs.***® The
flat bands located at the lower portion around —6 eV of the BS
are manifest by the 4s state of the Sc. It should be noted that the
hybridization of 4s state of Sc with Pt and Bi is hardly possible
and this, in turn, reveals that the 4s states of Sc are irrelevant
near the Fermi level and can be treated as core electronic states.
On the other hand, bands lie just below the Fermi level are
contributed mainly due to the Bi-6p states. There is a strong
hybridization between 6p orbital of Bi and 4d orbital of Pt below
the Fermi level (can be confirmed from charge density mapping
marked by the white circles in Fig. 2) and which also can be
noticeable for between 6p-Bi and 3d-Sc above the Fermi level.
Therefore, p-d mixing of states has a vital contribution
throughout the all over BS of ScPtBi. Our study on BS is very
much consistent with the reported literature on different half-
Heusler compounds.®*>#

37486 | RSC Adv, 2020, 10, 37482-37488

The closer inspection of I' point on the Fermi level reveals
that only three significant bands crossing through the Fermi
level, namely a, b and c. Actually, these three bands manifest all
the electronic characteristics for ScPtBi along with the transport
behavior. The Fermi surface which is an important tool for the
visualization of electronic behavior depends much on these
significant crossing bands. Fig. 4 shows the Fermi surface
topology for the ScPtBi mainly originated due to the bands
crossing through the Fermi level. The Fermi sheet within the
octahedral shape originated due to the existence of a heavy hole

y

Fig. 4 The 3D Fermi surface topology of ScPtBi cubic half-Heusler
compound.

This journal is © The Royal Society of Chemistry 2020
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pocket at the I' point. At the same time, electron like curved
Fermi sheets with nesting features along the I'-W direction and
at the corners of the topology is manifested by electron pocket.
The heavy hole pocket at the I' point is mainly contributed by
the bands ‘a’ and ‘b’ crossing from the valance band to the
conduction band. Equally important, comparatively lighter
electron pockets are manifested by the band ‘c’ crossing from
the conduction to the valance band (see Fig. 3(a)). Shrivastava
et al. have demonstrated the similar contributions of bands for
LuPtBi.*

The flatness of the octahedral surfaces is conducive to
enhance the transport properties of ScPtBi.** The origin of
observed outstanding transport properties including high
mobility at nearly room temperature investigated by Z. Hou
et al. is the flatness of the hole pocket at I' point.”* Which
suggests that to attain better transport properties in these type
of THHs hole like sheet with hole pocket should be flat
reasonably. These multi sheets Fermi surfaces with flat faces are
the favorable condition for skipping of carriers and Fermi
surface nesting®* (can be seen in I'-W direction as well as in the
corners of the topology). The existence of multi like sheets
(electron and hole like sheets) in the same topology is also an
important character to obtain the multi-band nature.*® It's
worth mentioning that the presence of a heavy hole pocket at I
point together with a lighter electron pocket in the same
topology is very convenient for this type of half-Heusler
compounds.’ Therefore, it can be easily concluded that
ScPtBi exhibit all the necessary properties to show important
properties ranging from emerging thermoelectric transport to
ultra-high mobility of carriers. The electronic specific heat
coefficient (y) is very important parameters to discuss the
electronic behaviors of materials. The electronic specific heat
coefficient is defined as the fraction of heat used by the electron
to raise up the energy of itself and a much important factor for
attributing thermoelectric transport properties because the
specific heat of electrons varies with absolute temperature in all
the states of materials. To evaluate electronic specific heat
coefficient, density of states at Fermi level, N(Ey) is very essen-
tial. One can easily find out the electron phonon coupling
constant by comparing theoretical electronic specific heat
coefficient with experimental electronic specific heat coefficient
via the relationship mentioned in ref. 52 and the theoretical
electronic specific heat coefficient can be calculated using the
following expression:*

 wky’N(Er)
=3 (6)

The calculated value of electronic specific heat coefficient is
~4.08 mJ K> mol™" which is comparable to the observed
theoretical value for Co,FeGa Heusler compound (~4.9 mJ K>
mol )%

4. Conclusion

In summary, in the present study, we have justified the crystal
stability of THH ScPtBi by incorporating the elastic constants

This journal is © The Royal Society of Chemistry 2020
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and formation enthalpy measurement techniques. At the same
time, we have discussed about the origin of transport properties
in ScPtBi by exploring electronic behaviors with the help of BS,
DOS and FS analysis. The calculated formation enthalpy and the
Born stability criteria show that ScPtBi has the good alloying
ability as well as structural stability. Bonding analysis confirms
a valance state of Sc®*°Pt '**Bi®3! where charge (1.33¢) is
transferred from Sc and Bi to Pt. Both the ionic and covalent
bonding with bonding and anti bonding features is available in
ScPtBi with a bonding length of ~2.809. To discuss the origin of
transport properties in ScPtBi, we have observed a hole like
sheet at the I' point which is manifested by heavy hole pocket
and electron like sheets on the corners of the topology with
nesting features. The flatness of the planes of hole like sheet at
I' point is the main origin of the transport behaviors of ScPtBi.
The electronic specific heat coefficient has been also calculated
successfully using the density of states at the Fermi level, Ey.
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