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Theoretical studies of thermoelectric properties usingnitio electronic structure calculations help not only
to understand existing experimental data but also to preéiw materials which can be potentially good ther-
moelectrics. However, in these studies it is inevitablenhply some approximations. It is therefore important
to verify their reliability. To this end, we have investigdtthe validity of the rigid band approximation (RBA),
commonly used in calculating thermopow&) in doped (sometimes heavily) narrow band gap semicondsicto
We have considered two important systems: half-Heusler) (HigoSb and PbTe. We calculate band structures
of pure and doped systems (using quasi-periodic approlam&PA) by employing density-functional method.
We then use Boltzmann transport theory to calculate theomepusing both RBA and the band structure with
QPA. We find that band structures do not change significantigniisovalent impurities are present excepting
in specific cases. However, charged impurities (relevattiéadoping case) providing carriers can change the
host band structure appreciably. We find that impuritieseinegal remove existing degeneracies which tend to
reduce the RBA value dfS|. The reduction is significant in both HfCoSb and PbTe whemggthdefects are
present.

PACS numbers: 71.15.Mb, 71.55.-i, 72.10.-d, 84.60.Rb



I. INTRODUCTION

Thermoelectric (TE) devices are used for energy conversimt as power generation from waste heat or heat pumps for
heating or cooling. The efficiency of thermoelectrics defseon the transport coefficients of a TE material through threed-
sionless figure of merT = S0 T /k, whereo is the electrical conductivitBis the thermopower (or Seebeck coefficieffit)s
temperature, and is the thermal conductivity. The thermal conductivity igeji by the sum of contributions from the electronic
carriers kg) and the latticeK;). To improve the efficiency of thermoelectrics (which degnnZT), one can use two different
approaches : increase the power facRif & S70) which is usually achieved by engineering the electromigtstire, and reduce
Kk by introducing phonon scatterers without affecting thettm transport:2 However, the fact that increasimgby increasing
the carrier concentration usually decreases the magnitu8and increasesy makes the first approach rather difficult.

Metals have larges but very small| S| whereas insulators have very smallbut large| S|. Both these are not good
thermoelectrics. On the other hand, narrow-band-gap serdicctors optimize botlr and| S| and are known to be best ther-
moelectrics. Also, in semiconductors one can control thesport properties by carefully controlling the carriencentration
through doping. In fact, it is well known that changes in tlerier concentration and manipulation of the electroniocitire
in the neighborhood of the band gap and chemical potentiaindeed increase the power factor of the materiabr exam-
ple, Heremanst al. doped Tl impurities in PbTe which is known to create a resoaatate near the top of the valence band
and change the host band structfi®imilarly Androulakiset al. use K defects to produce strain induced changes in the band
structure while controlling the carrier concentrationifh Na impurities.

From a theoretical prospective, thermoelectric propgiee obtained by first carrying out electronic structurewations
using ab initio methods and then using these results in transport coefficedoulations. Theoretical calculations are used
not only to understand the existing experimental resultsalso to predict potentially new high performance therraotic
materials. In carrying out these calculations one usualikes several approximations, one of them is the RBA. In RB5, i
assumed that the band structure of the host is unchangeddiygdddowever, its validity needs to be carefully checketisT
is the main focus of this work. For the sake of illustration mave chosen two very well studied systems: one HH compound
HfCoSb, and the other PbTe.

HfCoSb crystallizes in the cubic MgAgAs-type structure gihtan be regarded as four interpenetrating face-centetsd c
(FCC) lattices: a lattice of Hf atoms and a lattice of Sb atoimgether forming a rock-salt structure, and a lattice ofa@ms
occupying the center of every other4$h, cube formed by nearest neighbor Hf and Sb atoms, while thteseof the remaining
Hf,Shy cubes are vacafitHalf-Heuslser compounds are semiconductors when thergSavalence electrons per unit cétf?
This is indeed seen in HfCoSb where calculations with loeaisity and generalized gradient approximations (LDA/GGiké
a band gap 0f~1.0 eV at 0 K. Compared to HfCoSh, PbTe has a simple rocksalttste with 2-interpenetrating FCC lattice.
The band structure of PbTe is well-knoWhiGGA calculations give a direct band gap of 0.2 eV (at 0 K) wheeevalence
band maximum and the conduction band minimum occur &t thaint of the Brillouin Zone (BZ). When optimally doped, both
HfCoSb and PbTe give relatively high power factors at mitherature range (300KT < 800 K). This has made them quite
attractive for thermoelectric devicé$:®

Theoretical electronic structure calculations give thedstructureg; , wherei is the band index anki is the wave vector
of the electron. Using thesgy one calculates transport coefficients. Within Boltzmaansport equation approach, tensors of
electrical conductivity @) and Seebeck coefficierts{g) at zero electric fieldE are given by

Oup(T.b) = g [ dape) |- 70054 e &
Vap (T = g5 [ Gu(e)(e - )| - 22028 | e @
Sj = (0 YaiVaj, (3)

wheree is the electronic charge; and 3 are tensor indicesQ, u, and fg are the volume of unit cell, chemical potential, and
Fermi-Dirac distribution function, respectively. In Ed).repeated indes implies summation over that index. In Egs. 1 and 2,
the transport function (TF) tensoy,g(€) is defined as

Oqp(€) = %%T(i,k) “Va(i,k)-up(i,k) - 8(e— g ), (4)

whereN is the number ok points sampled in the®1Brillouin zone (BZ) in thek-summation. In the TF tensaw, (i,k)(a =
x,y,2) is the a™ component of the group velocity(i,k) of carriers andr(i,k) is the relaxation time. The velocities can be
obtained from the band dispersion using the relation

10§k

Ua(i,k) = ﬁm )



3

As shown above, thermopower and electrical conductivigyfanctions of the TF, which is energy dependent, coming filoen
density of state (DOS), velocity of carrier§, k), and relaxation time(i,k). Among these, DOS andare directly affected by
the electronic structure; .

In theoretical calculations of transport coefficients figatarly in complex systems, one commonly uses two appnations:
rigid band approximation (RBA) and energy-independersixaiion time. In RBA it is assumed that doping a system doés no
change the host band structure, only the chemical potesftaaiges with doping concentration and of course temperailre
relaxation time in general depends on energyand temperaturel() i.e. T(¢,T). TheT dependence of transport coefficients
such aso, S, andkg comes from, in addition to other sources, explitidependence of (¢, T) and implicitly through its
energy dependence. A full energy ahdlependence study afe, T) usingab initio band structure calculations even in simple
semiconductors is not possible at the present time. Howedetailed studies of(¢, T) using Kane model band structures and
theoretical expressions developed by Rawthl.2%21 for electron-impurity and electron-phonon couplings hbgen done in
PbTe&223and BbTes.?* Ahmad and Mahant? found that the total relaxation time in PbTe can be approtéahaxtremely well
by a scaling equation

ar—"?

Ttm(S,T):W, (6)
where the parametees b, ¢, p andr areT and ¢ independent but depend on carrier concentration and otimefamental
constants such as electron-phonon coupling strengthT ey found that the energy dependence, controlled by trenpeter
had very little contribution to th& dependence of the transport coefficients, the major carioibs coming from the parameter
p and theT dependence of other parameters such as band gap, effeafige @bc. In particular, in the calculation of thermopower
wheret(g, T) appears both in the numerator and denominator, the riagigpendent factor cancels out keeping only the weak
r-dependent term. Since tlfedependence off was hardly affected by (see Fig. 10 of ref 23), we can assume,T) to
be energy independent in the calculation of transport coeffis at temperatures where electron-phonon scattermg poth
acoustic and optical phonons) control the relaxation timehis paper, therefore, we have assurméd T)=1(T). In this way,
we decouple the two major approximations, study each of thegparately. Also, Chapet al. have calculate®using a simple
model which takes into account tkedependence af in doped skutterudite® They also find a rather small difference in tBe
from constant approximation.

Recently Popescu and Woods (PW) have discussed the pitgsibienhancing thermoelectric properties (power fad@ét-
and ZT) of PbTe by electronic structure modifications andostmicturing?® For the former they use a modified density of states
caused by a resonant state (due to an impurity) near the chbpaitential. With this modified DOS and the associatedspart
velocity they have calculated the PF using energy-depdmdkxation time?? For the same carrier concentration, they indeed
find an enhancement in the PF (and also ZT) depending on thigopaand width of the resonance peak. This indicates that
RBA is not adequate for impurities (dopants) which stromglydify the host DOS. Although the PW model is empirical, this
is an exciting result. To see if such an enhancement will lesgmt in more realistic electronic structure calculatiand to
critically test the validity of RBA, we have investigatecathffect of impurity on the electronic structure and tramspmperties
by employingab initio calculations. For this purpose we investigate the eleatrstmucture and thermopower of PbTe and
HfCoSb with different concentrations and types of impesiti

The paper is arranged as follows. In Sec. Il, we briefly desctihe computational procedure. We present our results and
discussion in Sec. lll. A brief summary is given in Sec. IV.

II. COMPUTATIONAL DETAILS

Scalar relativistic electronic structure calculationsevearried out within density-functional theory (DFT) ugithe projector
augmented wave (PAW) methddsas implemented in VASE® The Perdew-Burke-Ernzerhof (PBE) generalized gradient co
rected exchange-correlation functiorfdisere used in our calculation. An energy cutoff of 400 eV wasdfsr the plane-wave
expansion, with a total energy convergence of the order of &¥.

We use the quasi-periodic approximation (QPA) to calculageeffect of impurity on the band structure. In this model th
impurities are introduced into a periodic array of supdscef the host. If the size of the supercell is large enougéntthe
interaction between the impurities belonging to differempercells is negligible.

We first start our calculations with the FCC primitive unilié@ving three atoms Hf, Co, and Sb in HfCoSb, and two atoms Pb
and Te in PbTe. We then calculate the band structure of treeqmmpounds using a simple cubic (SC) unit celk L x 1) having
12 atoms for HfCoSh, and ax22 x 2 cubic supercell (CSC) having 96/64 atoms for HfCoSh/Pi¥e.introduce impurities
in the 1x 1 x 1 SC and/or % 2 x 2 CSC. We optimized the lattice parameters as well as the frsitions using total energy
calculations for all the cases studied. These optimizadgtres are then used to calculate the electronic bandsteuand
other properties. For PbTe, we include spin-orbit intéeactSOIl) since it is known to be very importatftHowever, SOI effect
is found to be negligible in HfCoSb.
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FIG. 1. Band structure of HfCoSb with different BZ schemes: KCC, (b) simple cubic (SC), and (cx2 x 2 cubic supercell (CSC). For
SC, we show the contribution of Gborbital (blue triangles) and Hf orbital (red circle) to the bands. The size of the symbolsesgnts the
strength of the contributions. The Fermi level is set to beead energy.

An accurate study of defect induced changes in the bandstauequires large supercells. Similarly accurate catauh of
transport coefficients requires a dense sampling okthpace. In addition to these, if SOI interaction is importamd one has
to include SOI in the band structure and transport coeffidaitulations, the computational requirement becomezmely
prohibitive. We have therefore calculated thermopoweH0oSb and PbTe without SOI. This should be adequate for BfCo
We will show that this is also adequate for PbTe.

Thermopower of HfCoSb with and without impurity were cabteld using band structure obtained with X381 x 31
Monkhorst-Pack-point samplingd! for (1 x 1 x 1) SC to get more accurate velocit@s>3?-39n case of PbTe, 2% 21 x 21
k-point sampling was used for the CSC. The transport coeffisieere calculated using BoltzTrap developed by Madsen and
Singh (MS)33 Note that for accurate calculations of transport coeffisi@me needs to use very large number of points in the
summation ovek (See Eqn. 4). MS have employed an interpolation method taimbiccurate values fof(i,k) by fitting the
band structure to analytical forms using a dekgeesh.

I1l. RESULTSAND DISCUSSION
A. HfCoSbh
1. Band structure

As discussed earlier, HfCoSb consists of four inter-pertieiy FCC sublattices: Hf at (0, 0, 0); Co gt &, 2); Sbat §,3,3)

and vacancy aty, %, %). The band structure in the FCC BZ along symmetry directibhs L — ' — X — Z—W — K near the

Fermi level is shown in Fig. 1(a). It shows an indirect gap 4f3leV. The valence band maximum (VBM) occurs atltipoint
and is nearly degenerate (withitd meV) with the maximum at thE point. The conduction band minimum (CBM) occurs at
the X point. There are two degenerate bands at the L point and tlegenerate bands at thepoint for the VBM. However,
there is no degeneracy for the CBM.

To study impurity effects in a system using the QPA, one fiestds to understand how the band structure of the pure HfCoSb
looks like with different types of BZ such as FCC, X1l x 1) SC, and 2 2 x 2 CSC28 We show the band structure with SC cell
along high-symmetry directiol®—I — X—M —T in Fig. 1(b). The VBM occurs at the point, and nearly degenerate with the
one at thd” point. The CBM occurs at thE point. Let us first understand the difference in the bandcttres between FCC
and SC BZ’s. The volume of SC BZ h%ﬁ of the FCC BZ and SC BZ maps inside the FCC BZ. Thmoint in the FCC BZ maps
to theR point in the SC BZ. In addition, folding at the middle bfX in the FCC BZ corresponds 1o-X in the SC BZ. Thus
the middle point of -X in the FCC BZ becomes th¢ point in the SC BZ. Because of this mapping, the position ef\{BM
changes from the-point in the FCC BZ to th&-point in the SC BZ, and the CBM which is at tiepoint in the FCC BZ maps
to thel” pointin the SC BZ. When we use CSC BZ (Fig. 1(c)), each symyrditection betwee andR/X/M of the SC BZ is
folded through the middle. ThuR:, X-, andM-points in the SC map to the-point in the CSC BZ. This results in the VBM to
be at thd™ point. One can see that the band structure maps and agrgeselénot only for the overall shape but also for the
detail energy values when the bands are folded from FCC to @&SC BZ's. This gives us confidence in the convergence of
the 2x 2 x 2 supercell calculations.

In our previous papéf we have pointed out that the calculated transport properi¢ifCoSb with RBA gives the highest
power factor (PF) for a hole concentration-of4 x 10?%/cm?® corresponding to a doping of 25 %, assuming that each dopant
contributes one hole. The fundamental question we adde¥ssi$iwhether for such a large concentration of hakesdoping
level, is RBA good? To answer this question, we use a SC céll &vatoms of each element and replace one of the elements
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FIG. 2. Band structure with SC BZ for (a) b#fsZrg.25CoSbh, (b) HfCg 75lrg.25Sb, (¢) HfCoSh 75Big 25. The Fermi level is set to be at zero
energy.
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FIG. 3. Band structure with SC BZ for (a) fHsYo25C0Sh, (b) HfCg75Feyo5Sh, (c) HfCoSk75Gey o5, (d) HfCoSk 75Sm 05, (€)
HfCoSh, 75Phy 25. The Fermi level is set to be at zero energy.

by an impurity atom, resulting in 25 % doping. We study bottwaent-impurities and impurities that lead pedoping. We
show the band structure of isovalent impurities in Fig. 2emehthe impurities and the atom they replace are (a) Zr, Hfr(b)
Co and (c) Bi, Sb. These should be compared with Fig. 1(b)revhe plot the contribution frord-orbitals of Co and Hf. As
seen in Fig. 1(b), VBM at th& point and CBM at thé point are predominantly Cd; while VBM at thel™ point is Hf-d. Ir
substitution changes the host band structure significdotlipoth VBM near theR-point and CBM near th€-point (compare
Figs. 1(b) and 2(b)), while Zr or Bi substitution does notmge the host band structure appreciably (compare Figs.ah()
2(a), 2(c)). Interestingly, in contrast to the VBM at the Rripthe one at th& -point is not affected by the impurities.

As regard9-doping impurities we replace (i) Hf by Y, (ii) Co by Fe, (iilgb by Ge/Sn/Pb, and the corresponding band struc-
tures are shown in Fig. 3. In contrast to the isovalent intf@s;ip-doping impurities distort the host band structure considly
in all cases. Similar to the isovalent impurities, the |atgdange is again seen for Fe-substitution at the Co-sitéhb change
in the valence bands is more than that in the conduction hatalsever, when Sb is replaced by an impurity atom, the change
is small compared to the substitution at the transition hrsitas Hf and Co. The smallest change is seen in the case aftsn s
stitution. For both isovalent angtdoping impurities, the largest change occurs aRkpoint where the degeneracy is removed.
Interestingly, conduction bands near the Fermi level atafiected much by the impurities except when the Co sitevislired,
because CBM is primarily of Cd-states. Also the VBM at thE-point is not perturbed by the impurities, similar to what we
found for the isovalent impurities.

Since the above doping levels are quite large, the effeanpfirities on the band structure is expected to be quite ldrge
experiments one deals with lower doping levels. To see whppéns to the band structures for lower doping levels, we hav
used a % 2 x 2 cubic supercell which contains 32 atoms of each elemertiteohbst, and replace 1, 4, and 8 Sb atom(s) with
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FIG. 4. Band structure using»22 x 2 CSC BZ for HfCoSh_Srx with (a) x=0.03125, (b)x=0.125, and (cx=0.25. The Fermi level is set to
be at zero energy.

Sn, corresponding to 3.125, 12.5, and 25.0 % of doping, otispdy. To check the structural preference, we have catedl

the total energy of segregation and non-segregation cas&2.5 % doping. We find that Sn impurities prefer to segregatd
have therefore used a structure with segregated Sn atomsafiod 8 Sn-doping cases to calculate the band structure. eks se
in Fig. 4 which should be compared with Fig. 1(c), even with2%. % doping, the valence band structure shows the removal of
degeneracies &t andR-points and the size of splitting increases with increasioging level.

2. Thermopower

We have calculated thermopower of different systems withurities as well as pure HfCoSb as a function of temperature
(Fig. 5). For pure HfCoSb and the isovalent impurity systems use the RBA and consider one hole per unit cell which
corresponds to a 25 % doping level. This is the same dopired &s/the non-isovalent cases. Let’s first discuss the isoval
impurity cases shown in Fig. 5(a%.for (Hf,Zr)CoSh and HfCo(Sb,Bi) are very close to that foiGdfSb, consistent with small
changes in the band structures of HfCoSb with impuritiehatHf and Sb sites. For Hf(Co,Ir)SB,values are reduced by
~ 10— 20 %, due to the removal of degeneracy atfhgoint in the band structure (Fig. 2(b)). For thedoped systems (Fig.
5(b)), we have calculatesiusing the perturbed band structures and compared with litain@d in RBA. TheSvalues calculated
using the perturbed band structures tend to be smaller tarobtained with RBA. Larger the change in the band strectur
larger the decrease in thermopower. The smallest thermap@lsout 20 % reduction from RBA value at 1000 K) is obtained
in Fe-doped system which shows the largest perturbatiomeofiost band structure. In our previous pafeve have discussed
how contribution from different carrier pockets affects talue ofS. It is also known that depends on the degeneracy and
number of symmetry points in the BZ in addition to the effeetinass. Thus, relative contribution frdrrandR pockets affects
Svalue. Because of this, the small&found for the Fe-doped system is due to contributions mdioly small effective mass
carriers with removed degeneracy near the top-most valesiee at theR point (originally theL pockets in the FCC BZ) and
a small contribution from th€ pocket where the degeneracy is preserved. In contrast @bitnve, when Sb is replaced by Sn
or Ge, the band structures show that nearly similar cortiobe toS come from bottR andl” pockets. In addition, there is no
significant change in the effective mass in spite of the raaholdegeneracy at tHepoint. We note that the reduction of the gap
does not affect thermopower and fisdependence since the gap is already large.Q eV) and there is very little contribution
from electron-hole excitations which tend to reduce theiwalf| S|. We find that the reduction i from its RBA value is
smallest for Sn and Ge among thedoped systems. Slightly larger reductionQif the case of Pb substitution is perhaps due
to different relative contributions from tHeandR pockets compared to Sn and Ge.

It is well known that a major drawback of half-Heusler compdsi for TE applications is their high thermal conductivity.
Thus to improve their TE performance, scattering centexsrdroduced by putting impurities. For this purpose, ongallyg
replaces Hf by Zr in HfCoSb. Based on our calculations, regteent of Sb by Bi impurity does not reduce thermopower. We,
therefore, suggest that in addition to HF/Zr mixing, Sb anth&ing and doping with Sn and Ge will further reduce the that
conductivity without degrading the thermopower. Thus, wédye that the calculation of the band structure with iniguand
comparison with host band structure can be used as a regjiafile for not only the optimum doping level but also for thpdy
of impurity one should use to improve TE performance.

B. PbTe

PbTe is a well-known narrow band gap semiconductor. Theutztked band structure with FCC unit cell using the optimized
lattice constantd=6.557A) is shown in Fig. 6(a). It gives a direct band gap at thpoint. The second highest valence band
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maximum occurs at a point joining andK which we will loosely refer as th& point and its energy is only 0.1 eV lower
compared to the energy at thepoint. This is important for transport since carriers ambkrcan be introduced with rather small
doping levels. In order to check the validity of RBA when K/Mapurities are introduced, we have calculated the bandtsire

of undoped PbTe using ax22 x 2 supercell as shown in Fig. 6(b). We omit here the compatisiween different BZ’s since

it has been discussed by Hoang and Mahanti (see Ref. 38) sméhabec. Il A for HfCoSh. We only point out the difference
in the band structures between the FCC and CSC BZ’s. In additi the second valence band maximurx aeen in the band
structure with the FCC BZ, the band structure of the CSC-B&sha third valence band maximum near the middle of the line
joining" andR, i.e. along theA direction. Its energy is-0.02 eV lower than th& point maximum. This implies that the energy
landscape of PbTe is more complex compared to what is seée iaind structure shown along the symmetry directions of the
FCC BZ.

Recently Androulakigt al. studied K and/or Na doped PbTe with varying doping level® 5 %° They found that the
thermopower becomes nearly constant for hole concentsatio> 4 x 10'%cm3. They explained this observation with two
valence band maximum model. Motivated by their studies, aleutate the band structures of K- or Na-doped PbTe. Startin
from 2x 2x 2 supercell of PbTe we replace one Pb with either a K or a Naglwéorresponds to 3.125 % doping. The optimized
lattice constants are 13.12dwith K-doping and 13.102A with Na-doping, while it is 13.114 for pure PbTe. This tendency
has been observed by Adroulaldsal. although the changes in the lattice constant seen in theriexgrts are smaller than
ours. They suggest that an increase of the lattice consyaptithing K in PbTe results in a decrease of the energy diffeze
between the two valence band maxima occurrinig and>, which can in turn affect their transport properties. Wd address
this question in a future paper. For the present, we will cantid the issues of RBA.
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The calculated band structures of K- and Na-doped PbTe aversin Figs. 6(c), and 6(d), respectively, which agree wiéthw
earlier calculations by Hoang al.3° At the I point, which is the valence band maximum, both K/Na dopiragi It a removal
of the 8-fold degeneracy of pure PbTe. Removal of degenésaaigo observed at the second and third valence band maxima
alongZ ((111)) andA ((110) directions. In addition, the energy of VBM &tbecomes lower than that Atfor Na-doped PbTe.
We find that K-doped compound shows less distortion in thellsénucture compared to the Na-doped one.

To see how changes in the band structure due to dopant ingsuift or Na) affect their thermopower, one has to calcuate
using the calculated band structures with SOI for a verydamgmber ok-points. This is too expensive computationally. We
have therefore calculate®lusing CSC band structures in the absence of SOI. We noteltarthe band structure without SOI
(Figure is not shown) also shows splitting of degenerate V@bdhgl™ to R direction (shown with arrows in the Figs. 6(c) and
6(d)) except the splitting of the two top-most bands aldngvhich is seen in the band structure with SOI. Furthermoee th
values of splitting of the degenerate bandE afre nearly the same (within a few meV) for both with and with8@I (0.07 eV
for K doping and 0.12 eV for Na doping). We therefore belidvat inclusion of SOI in the calculation &will not change its
value obtained in the absence of SOI significantly, pardidyifor the p-doped cases discussed in this paper.

The calculated values are shown in Fig. 7, along with the RBA results. As elgxt thermopower obtained with perturbed
band structure is smaller than that obtained using RBA. kample, at 300 K we find =110 uV/K with RBA, compared to
95 uV/K calculated with perturbed band structure, a 12 % reducti

Recently Singh has calculat&ffor doped PbTe using RBA,e. using the band structure of pure PbTe, including $0OI.
The thermopower is-120 uV/K at 300 K forn > 4 x 10'%cm?. However, experimental measurements of thermopower for K-
and/or Na-doped systems give about/®3/K for the same concentratiohTheoretical values obtained within RBA are more
than twice large. We think that a part of this discrepancy larascribed to RBA. The other source of discrepancy between
experiment and theory is likely to be the constaajpproximation, which we will explore in the future.

IV. SUMMARY

The present study of impurities in the HfCoSb and PbTe com@swsing QPA reveals that the band structure of the host
system can be affected, sometimes strongly, by impurifidse degree of perturbation depends on the type of impurity. |
HH HfCoSb, the effect of isovalent impurities (HfZr, Sb—Bi) is usually small whereas for substitution at the Co sitkich
contribute to VBM and CBM, regions near VBM and CBM are pdtd strongly. The perturbation scales with the impurity
concentration. We find that large changes in the band steiottcur for dopant impurities and the least change occuiStioln
PbTe, K and Na doping strongly perturb the band structumgicp#arly by removing the degeneracy of the VBM. The remova
of degeneracy of the VBM both in HfCoSb and PbTe redi&iag~20 % or more from its values calculated in RBA, suggesting
that RBA usually overestimateé$| and the power facto&’c.
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