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Abstract

Indium-filled skutterudite 1gCo,Shy, with high filling fractionx (above the solubility limit) was synthesized using
HPHT synthesis method. Obtained samples were desized by means of XRD with Rietveld structurdirrement
and XPS methods, confirming the introduction ofiima filler into structural voids in much higher a@ntration
than solubility limit in ambient conditions. Theeetrical and thermal properties measurements dawig for
temperature range of 4-300 K showed increased ecacencentration and simultaneously decreased Skebe
coefficient and thermal conductivity. AdditionallpFT calculations for IfCo,Shy, (x = 0, 0.125, 0.25, ..., 1) were
carried out employing PBE and modified Becke-JohngmBJ) exchange-correlation potentials. Analysfs o
calculated band structures indicated that increfse content in CoSpvoids results in significant decrease of band
gap size due to down-energy shift of conductiondbainH point of first Brillouin zone. Net chargektopological
atoms calculated within QTAIM model were found ®® dpnsistent with tendencies observed in XPS meamts.
The obtained results show that using HPHT synthestthod allowed obtaining materials with filler mlent
concentration being much higher than solubilityitim ambient conditions and therefore modifying ttructure of

skutterudite materials (and thus its thermoelegtraperties) to a larger extent.
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Introduction

Skutterudites are one of the best mid-temperatamge thermoelectric materials for thermoelectripliaptions in
power generation. Optimization of their thermoedegberformances was possible due to their remaekability to
accommodate various dopants in either the structaids or in substitution on the framework elensemimong
them, indium as a filling element is one of thetldgpant to achieva-type CoShthermoelectric material yielding
high thermopoweun, low electrical resistivity and low thermal conductivity. As a resultZT = a®T/pk values as

high as 1.5 can be reached around 800 K [1].

Crystal structure of skutterudites can be describedany ways. Taking Cogloctahedra as the basic group/element
of the structure it can be described as a distdRe@; structure composed of corner sharing Go§loups, where
four of the neighboring octahedrons are distorted tited to form Shrings. However, contrary to Rg@hemical
bonding in skutterudite cannot be defined only tgto CoSk octahedra, but Sb-Sb bonds inside thg 18iy are
crucial for structural stability and for transpgmoperties. Rapprochement of the Sb corners ofottiehedrons

creates dodecahedral voids a very important featiutieis structure, where guest atoms can be placed

Both undoped as well as variety of partially orhfufilled CoSky were analyzed theoretically within DFT
calculations in a last decade. Hammerschmidil. [2] examined pure Co3lusing a set of popular DFT exchange-
correlations potentials. Results obtained employRE-GGA potential indicated reasonable agreemettt thie
experiment when comparing bulk moduli and cohesivergies. In the same work, as well as in manyrqibpers
[3, 4, 5] authors indicate substantial sensitiatyesults of electronic structure calculations tlusubtle changes in
skutterudite structure (mainly related to positioparameters of Sb atoms). The problem of skutitzuzbnd gap

estimation was also examined by Kletral.[6], who indicated modified Becke-Johnson potdrfihas an efficient



potential for electronic structure calculationsskutterudites, especially when implemented in a-regular form.
On the other hand, wide range of experimentallyreged band gap size of CaSkhich is reported in the literature,

leads to arbitrary nature of evaluation of suiigbibf applied theoretical methods.

Extensive analysis devoted to filled C@Sbas performed by Hammerschmiet al. [8]. PBE calculations for
Y«CosShy, (Y = Ga, In, Tl) indicated that materials with hidjlling fractions can exhibit better transporoperties
than skutterudites with low content of a filler. @&ading to the authors, increase of filler contesults in decrease

of a band gap and thus increase of power factor.

It was proven that contrary to the primary attengdtelectronic structure description Co gains negatharge and
Sh gains positive charge. Theoretical results baseglectronic band structure calculations ardis inatter in very
good agreement with experimental XRD results. XR&saurements were used in experimental study oémichal
state of atoms composing the skutterudite framewasrivell as for the guest atoms and shown theic icimaracter.
For the alkaline and alkaline earth metals as a®lfor lanthanides it was experimentally and thieatty proved
that they create ionic bond with the host framewankl the charge transfer is close to their oxidatitates. For
indium filled skutterudites Zhaet al. [9] suggested that indium in the CaStkutterudite structure becomes +1
cation. This is in agreement with our findings lthea the experimental results and theoretical ¢aticuns [10].
However, Zhacet al. in their discussion concerning bonding in the sduidite structure assumed Co at +3 oxidation

state and Sb at -1 what is in contradiction withexkmental and theoretical findings in the lastrgea

Quite a few studies on high pressure high tempegdtPHT synthesis of skutterudites were carriedsoutar. First
attempts were devoted to introduction of fillerretnts into the voids for elements which at nornmadditions do
not form filled skutterudites (Mg [11]) or in ordéw increase the void filling fraction (Mm(Mm-misctetal) [12],
Ca [13], Li&Ca [14]). Increase of the filler elenteconcentration, as was shown in several casesnsprove
thermoelectric properties at higher temperaturegsutfh decrease of the intrinsic carriers effectsulteng in
reduction of Seebeck coefficient. Also, numerousestigations on synthesis of Ca3ksing HPHT method, where
substitution on the skutterudite framework was exygdl to modify material properties, were publishEdese were
studies on dopants such as: Te [15] Se, Se/Te §6]17] and Fe [18], In and Ge substituted Gd&B]. Many of
these research used HPHT conditions in order tdesmtéhe synthesis time rather than to form newpmmds with

skutterudite structure. The main issue in the oske new high pressure phases is their metagyabilwas shown



for S,BaCaqShy, synthesized using high pressure torsion HPT metihaidannealing at moderately high temperature
(673K) or even thermoelectric properties charaz#ion in a temperature range usually used for tyyie of
materials causes withdrawal of structural and nsictwtural changes induced by high pressure. Inesofmthe
research after the HPHT synthesis additional thepracesses, which can decompose the obtained griggsure
structure, were used. Thus, it is highly probabk the studied properties were corresponding thiemh pressure
equilibrium phases or to some intermediate statbe. IPHT synthesis of indium filled Co$ivas investigated by
Deng and coworkers, however, the nominal fillingction of voids was limited to x = 0.4 [20] a valdese to a
filling fraction limit under ambient pressure. Thdéyave studied the properties only at and above rtimen
temperature for samples prepared at different preséinding that the one obtained at the lowesspure possessed
best thermoelectric properties.

In this paper, we present results of our attempty/hthesize material completely filled with InngiHPHT
conditions, in order to examine the In filling ftex limit under high pressure and influence ofiimd content on
the thermal conductivity. Another goal of this studas to examine the indium chemical state in thdterudite
structure using XPS method, what should be fatgiitdby increased In concentration, and to comgeestectronic
transport properties from 4K up to 350K with a séengbtained at ambient pressure having nominal csitipn
Ing 4C04Shy,. The experimental study is supported by DFT bamgctire calculations and analysis of electronic
charge density topology as well as by comparisonrarfisport properties calculated using BoltzTraRwsoe

compared with the experimental results.

Experimental details

Synthesis
The InCqSh;, material was prepared by direct reaction of achioimetric mixture of pure elements. Preparation of
In filled cobalt triantimonide samples at ambienegsure has been reported in our previous work [L¢ first
synthesis steps of the material obtained at HPHWitions were similar to those used for the samplasined at
ambient pressure. Stoichiometric mixture of pueental In (shots 99.999%), Co (powder 99.95%) Sindingot
99.99%) was enclosed in evacuated quartz tubeethext970C for 3h, cooled down and kept at 7Q0for 12 h.
After that, the obtained ingot was ground into pewdh an agate mortar and placed in combined gmphi

pyrophilite die in a high pressure Bridgeman typesp. Synthesis lasted 3 minutes at°@at 7.5GPa. The result



was fractured sample having a diameter of 15 mmaaheight of 4 mm. Specimens for further measurésnerre

cut using a diamond disc saw.

Measurements

The XRD measurements were performed on pulverizedpke after HPHT synthesis using &uwavelength
(Empyrean diffractometer, Ge(111) monochromatorangport property measurements were carried ow bar-
shaped sample 2x2x10 mm. Electrical resistivityeligek coefficient and thermal conductivity were @ieneously
measured between 2 and 350 K using the thermalgosthoption (TTO) of a physical property measunensystem
(PPMS, Quantum Design). Hall effect measurements werformed by a five-contact method. For moraitketve
refer to the previous paper [10]. Photoelectrorcspscopy XPS was used for chemical analysis obtiik sample
surface. XPS measurements were carried out usiy #W&cuum Systems Workshop Ltd. England) apparatus.
ray source was an Al anode lamp rated at 210Wgusinline 1486.6 eV with angle of incidence®1®hotoelectron
energy was analyzed using hemispherical analyzér %60 mm radius working in fixed analyzer transsiga
mode, equipped in 18-channel two-plate Galileo aeteworking at 1.8 kV. The electron energies weaébrated

using C-C and C-H bonds energy of 284.6 eV asaxeate.

Computational details

The electronic structure calculations fog@a,Shy, structures (x = 0, 0.125, ..., 1) have been cawigdy means of
WIEN2k FP-LAPW package within Density Functional €bny formalism [21, 22, 23, 24]. The following
parameters have been chosen for calculation: 400irks (7x7x7 mesh within the irreducible Brillourone) for
simple crystal cells and 50 k-points (3x3x3 mesir) Zx2x2 supercells, cut-off parameter,Rk= 7.5, GGA-PBE
exchange-correlation potential [25], the valuesnofffin-tin radii (R) [a.u.]: Co - 2.27, Sb - 2.27, In - 2.27 and the
convergence criteria for SCF calculations sehExcr < 10° Ry for total energy andpscr < 10° e for electron
density topology analysis. For all structures fofitimization of crystal cell volume and atomic gimsis was
performed and band structures were calculateddlacted path consisted of a high symmetry pointeaiprocal
lattice for respective unit cells as defined orbBd Crystallographic Servattp://www.crst.ehu.es[26]. Additional
calculations of band structures employing modifsstke-Johnson (mBJ) potential [7] (known for givingproved

band gaps for semiconductors) were carried out.



Results obtained from WIENZ2k calculations with deksmeshes (96000 k-points for simple unit celld 42000 k-
points for supercells) were used to determine parisproperties from Boltzmann theory of transporplemented
in BoltzTraP [27] program. In order to provide adlie and comparable analysis BoltzTraP calculativese

performed using densities of states obtained byyagpmBJ potential.

Topological analysis of total electron density igition in optimized structures was performed witlBader's

Quantum Theory of Atoms in Molecules (QTAIM) [28ing Critic2 program [29].

Results

XRD
Fig. 1 shows XRD patterns in the lowp 2ange for a pre-reacted Ing3i,, InCa,Shy, sample after high pressure
synthesis and §Co,Shy, sample for comparison. The pre-reacted sampleistsmaainly of skutterudite phase with
InSb and CoShimpurities being a result of exceeding of the dtubility limit in CoSh,. After HP treatment amount
of the impurities decreases significantly indicgtinhe incorporation of indium to skutterudite stoe.
Simultaneously, reflection(g. (130)) are shifted toward lower angles correspogdo lattice parameter increase
accompanied by extinction of the (110) and (208gctons resulting from filling of the structurabids. InFig. 2
results of the Rietveld refinement of the InSh, diffraction pattern are presented. Detailed anslghowed that
after HP synthesis, beside the presence of InSkCa®th impurities a minute amounts of In can be also ébdre
experimental data can be quite well fitted with theoretical modelTable 1; the limiting factor of a better fit is the
specimen quality). Careful observation of skuttérighase peaks shows that they can be composeediighly
overlapping peaks corresponding to two skutterughases with very similar lattice parameter. Ssipgly the
Oftedal relationship 2(y+z)=1 is not as good fldfil as in CoSpbut better than in §Co;Sho. For the calculated In
occupation parameter JmsCo,Shy, formula can be proposed. As for all of the col@dintimonide skutterudites it
can be clearly seen that the void radius compaiiéd thve indium cation radius is substantially lar§€.i=197.3
pm, f,'=104 pm, ;,>*=81 pm). This feature allows significantly great@svement of the guest atoms as compared to
that of the framework atoms. These vibrations camigasured as the mean square displacement abthendich
can be determined in XRD diffraction experimentdresatomic displacement parameter (ADP). The AD#h@ In
as it was determined in previous study foydo,Shy, is significantly larger compared to the host SH &o atoms

confirming large freedom of movement of the fillelement. The lattice constant at 300K for Ip€ly, is



a=9.11497 A. The increase of the lattice param(@ig. 3) is significantly higher than predicted from lime for
lower In filling fractions, determined in our prevs study using electron probe microanalysis (EPJAA]. This
discrepancy can be a result of lattice expansiosez by introduction of other than In atoms inte toidse.g. Sb.
However, the XPS results do not give any clearcatibn of chemical state of Sb corresponding tal \fdiing by

Sb, nevertheless it cannot be excluded.

On the other hand, the measured lattice paramettmhnfiairly well a linear fit of experimental datéVisnow et al.
[30] who estimated the In content based on Rietvefthement of neutron diffraction results, thug thbserved
discrepancy can have origin in In content detertionamethod. Moreover, in the work of Sekiatal.[12] for a
fully filled by mischmetal CoSb(synthesized at 4.5 GPa) a lattice parameter tsligtigher than 9.10 A was
observed, which corresponds well with our resulthef lattice constant. Unfortunately, neither ie Bekine nor in
the Yang, Li and Deng papers the presented powe Kesults shows@range below 2Q where the (110) and
(200) reflection can be observed, which should dishi upon increasing filling fraction of the strul voids. The
overall slope of the lattice parameter dependemcendium content is well reproduced in theoreticalculations.
While comparing the lattice parameter to Dong tssah HPHT synthesized JiCo,Shy, (Fig. 3) one can see in
their study a surprisingly strong dependence ofldtiece constant on the synthesis pressure, net¢rebd in other
researchi.e. Zhang HPHT CoShTe, vs. Wojciechowski [31] CoSkTe, (for CoSh:Teys 0.9048 AHPHT vs.
9.0487(5) A for non-HPHT) or in earlier mentionedk®e (for Mmy ,C0,Shy, a19.052 A (HPHT) vs. 9.0565 A
[32]). Moreover, an opposite effect on the latfi@@ameter was observed in a paper of Rogll. [33] where use of
high pressure torsion HPT method resulted in irsmeaf the lattice parameter of,$Bag o7Y b 07 C0sSh, from
9.057 to 9.082 A, which could be ascribed to anaeckd dislocation density, additional grain bouregaand a

smaller crystallite size which were observed fa HPT processed samples.
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Fig. 3 Dependence of lattice parameter on In filling fiae x determined from XRD measurements (circles) (thaskvand [10])
and calculated in DFT calculations (triangles) liayCo,Shy,. For comparison, experimental results of thedatfpparameter of
In,Co,Shy, presented by Visnowt al. [30] for non-HPHT IRCo,Shy, (boxes) and by Denet al. [20] for Iny 4Co,Shy, obtained
under different pressure by HPHT method (asterjsk® shown, as well as values of the lattice patars for K-[34], Sr-[35],
and Ba-[36] filled CoSh In order to facilitate readability of the ploinéar dependences of the lattice parameter omtlfilimg

fraction are drawn as dash and solid lines.

Table 1Rietveld refinement of powder XRD for Ing2h,, HPHT sample.

Rietveld refinement goodness of fit parameters:

Rp: 32.6 Rwp: 21.6 Re: 18.4 Chi*: 1.379
Atom Wyckoff position X y z Biso site occupancy
Sb 24g 0.1583(15) 0.3363(13) 0.00000 0.49(3) 0.993(13)
Co 8c 0.25000 0.25000 0.25000 0.4(15) 1.00000
In 2a 0.00000 0.00000 0.00000 1.18(13) 0.78(12)

Lattice constant (A) 9.11497(3)

Quantitative analysis

Phase Faction(%) Rf-factor
InCo,4Sby; 82.51( 2.88) 5.06
CoSh, 9.62(0.29) 12
InSb 6.36( 0.16) 7.70
In 1.51( 0.07) 10.8
XPS

Fig. 4 shows photoemission spectra of Irydtbr InCq,Shy,, Ing 4C0,Shy,, INSb and In samples. It can be observed

that In 3@, peak energy is shifted toward higher energy ingktterudite structure compared to metallic In and

InSb meaning that In is transferring their electrom the CoShframework. However, the chemical shift for indium



is relatively small suggesting that it is at +1 dation state with [Kr]4t5s* electron configuration. This is in
agreement with our previous band structure calimuatusing KKR method [10] and with the presentedeh
QTAIM topological atom net charge. The same valfiénooxidation state proposed Zhab al. [9] based on a
chemical shift of two Sb 3@ peaks and later [37] based on BS calculations X3#WNES results. For InC&hby,
where the saturation of the skutterudite framewwoith electrons donated by the “guest” is highee #ffective
charge transfer between In and the framework isedsed, reflected by reduced chemical shift ofdgp, peak. The
In 3dsand 3d,; energy levels are not split suggesting that indacoupies central position of the structural void.

This is in agreement with our previous x-ray andtran diffraction results and with K-edge XANES dyufindings

of Zhaoet al.[37].

InCo“Sb12
InMCo“Sb12

InSh
In

Intensity (a.u.)

4£|14
Energy (eV)

Fig. 4 XPS spectra of g energy level in 1p,Co,Shy,, INCq;Shy, and reference materials In and InSb.



Table 2XPS measurement results for selected energy levels

Sample
Energy level InC0o,Sh1, Ing.4C04Sb1, InSb In
In 3ds/; (eV) 444.26 444.40 444.1 443.84
In 3ds/; (eV) 451.69 451.34
In MNN (eV) - - 1077.22 1075.20
1079.87 1078.00
1085.28 1085.28
Sb*
Sb 3ds, (eV) 527.19 527.48 527.17 528.21
529.23 529.4 529.71
Sb 3ds, (eV) 536.63 536.95 536.61 538.00
538.72 539.08 539.25
Sb MNN (eV) 1021.43 1022.65 1021.86
1031.30 1031.70 1031.42
Co*
Co 2ps; (eV) 777.39/778.77 777.88/780.31 - 777.90-778.3
Co 2py); (eV) 792.42 792.75 - 793.3

*Energy levels for pure Sb and Co are taken fror8 Ntlatabase.

The remaining results of XPS measurements are suzedan Table 2. The Sb 3¢, and 3d,, peaks Fig. S1in
Electronic Supplementary Materials ) are split ibt@ main peaks which can be attributed to Sh-Sb @a-Sb
bonds with binding energy slightly lower comparedenergy of pure Sb for the former and higher far Iatter.
Also, for other recorded Sb peaks (Auger MNANy. S2), splitting into two binding energies is obserweith similar
binding energy shift. The general picture of the38ldevel spectra for both skutterudite samplesiislar, showing
no extra peaks which could correspond to Sb atdaxeg inside the icosahedral void. Shift of Sb Bdrgy level
corresponding to Co-Sb bond is towards higher gnetdch is equivalent to an increase of positivarge at Sh. Of
course, other than the two main peaks can be fitiethe 3@, and 3d,, photoelectron spectra and they can be
assigned to various Sb bond types and/or Sb ieréift chemical state as it was done by Tetreg. [38] and Zhaaet
al. [9]. However, in our opinion, assignment of peakdained through the photoemission spectra decaitipos
should be done with great care and linked with dempntary measurements, for otherwise it would us |
speculation, therefore we do not discuss thesdtsdaua more detailed manner. For Co photoemissjettra 2f,
and 2p;, energy levels show two chemical states overlafipe@o 2p and Sb 3p energy loss pedkg.(S3. This
result is different from Tang [38] and Zhao meamgsts who observed single or strongly overlappekp®f Co
2p energy levels. Unfortunately, they did not perfed fit of the Co 2p spectra and it is impossibbe
unambiguously judge their results. However, for @eLMM Auger kinetic energy spectr&i¢. S4 we could fit it

with two overlapping peaks looking similar to thesults of Tang and Zhao. Contrary to the Zhao obsiens for



lower In filling fraction of CoSk with the increasing amount of In the Co 2p pealesmoved toward lower energy

which corresponds well with increasing negativerghaollected at Co upon In doping.

Transport measurements
As it was shown in several papers before, insexiolm into the structural voids changes the p-tgpaiconducting
CoSh in n-type semiconductor. This is reflected in tlegative sign of thermopower in the whole tempeeatange
from 2 to 300 K Fig. 5). The absolute value of thermopower is lower f@ InCqSh;, HPHT sample than for the
Ing 4C0o,Shy, sample and increases almost linearly with tempesatwhich is characteristic for highly doped
semiconductors. Temperature dependence of eldatesiativity for InCaShy, at low temperatures is different from
metallic like dependence of JiCo,Shy, (Fig. 6). The resistivity increases with temperature ugltout 150 K and
then begins to decrease. Surprisingly, the eledtrasistivity at the whole analyzed temperatureyesis greater than
for the sample with the maximum filling fractionrgiiesized at atmospheric pressure. In the workesfg}20] it
was reported that for the same initial sample caitipm the observed electrical resistivity increhséightly with
the increase of the synthesis pressure despiteasicry carrier concentration. To get deeper insightlectrical
properties, Hall effect measurements were carrietfi assuming single parabolic band model. Hall atffe
measurement results show that the obtained sanagla Ivery high carrier concentration range of n1=10** cm*
i.e. about 4 times greater than thg J80,Sh;, sample (actual indium content x = 0.26) which esponds to nearly
four times higher indium content. The predomingpetof charge carriers are electrons. Hall can@grcentration at
low temperaturesHig. 7) is rising to about 130 K achieving the maximund dhen decreases. The mobility of
carriers is very low and at 300 K is 4 #Ns which is a value almost ten times lower thanlfy Co,Shy, and close
to the value of mobility in completely filleg-type skutterudites or in Ca partially filled Ca$89]. Temperature
dependence of mobility has complex characterllg fa about 130 K to reach a growing trend, likesyithe atypical
nature of a dependence of the Hall constant. Sirtelmperature dependence of the Hall constant wasreed for
NaFgSh,, and KFgSh;, [40] where the anomaligse. rise of the R were explained by ferromagnetic ordering.
Electrical resistivity dependence is similar beld20 K to fully filled iron antimony skutteruditesibthe resistivity
decrease above 150 K is unusual. This is not tee chour material as for the other transport prigewe observe
different behavior than Schnelé al. These effects can be a result of hole minorityiees generated by excitation
of electrons through a narrow band gap. These festabserved at Hall constant Rnd mobility dependence

corresponds to thermopower dependence where a bamaj at about 150 K is present and for higher tzatpres



the increase of the Seebeck coefficient is stikdir but less steep. Using approach and equatiessried in [41]
carrier effective mass was calculated to be inrtmge of 1.99 and 5.81.,rhbetween 2 and 300 K. Impact of the
HPHT synthesis on electrical resistivity of polystgiline materials is complex. On the one handh tpgessure
conditions can reduce resistivity trough reductidmporosity and increase of material density, butlee other hand
it can introduce several types of point, linear ahghar defects and thus strains to material, tieguin increased
resistivity. Increased electrical resistivity folPH samples of $Bago7Ybo.0c7CSh, was reported by Rogit al.
[33]. A minute increase of resistivity was also whdoy Deng [20] between samples prepared at highspire (1.3 —
2.3 GPa). More significant increase is visible whvee compare their results for,@o,Sh, samples (x = 0.1 and
0.3: pook) 180p2'm) to samples prepared under non HPHT conditions Xf= 0.26: poox) = 8 pQ-m [10]),
however, much lower carrier concentration is obsgrin Deng’s samples what is corroborated by higliesolute
values of Seebeck coefficient. Very similar diffiece between the resistance of the HPHT and non H&dTple
can be observed between Sekine [12] and Rogl [@2ptes, where for HPHT MgnCo,Shy, p(sook) 47 pQ-m and
for non HPHT Mng 35C0,Shy, paook) 04 pQ-m. Opposite impact of high pressure can be showmx{ample in Te
doped CoSh For CoSbh;Te, 3 obtained in HPHT conditions [15] the resistivisylowerpsgok) = 7.6pQ-m compared
to the same composition in paper of Wojciechowetkal. [31] where resistivitypsook) = 7.7p-m but at slightly
higher carrier concentratiom € 3.510%° vs. 4.510°° cm®) and lower absolute Seebeck coefficieBt (147 uV/K
vs. -117uV/K). In case of our study the observed resistiuiigrease is quite remarkable, similar to thosemeg by

Sekine, suggesting strong impact of defects am$styenerated by high pressure on the resistivity.

Thermal conductivity

Temperature dependence of the lattice contributmrthe thermal conductivity of nCoSh, and InCaSh,
samples is presented Kig. 8 Lattice thermal conductivity of nCo,Sh, sample is typical for polycrystalline
material, with a maximum at 50 K, however the maximvalue is strongly suppressed compared to udfilleSh.
The lattice thermal conductivity of the Inglky, sample is slightly different as the conductivityed not reach a
maximum but increases with temperature up to teaiper 80 K and then remains almost constant. Tdsslt is
very similar to findings of Sekinet al.for Mm,Co,Sh;, [12]. For whole temperature range the thermal ootidity

of the InCqSh;, sample is much lower compared to thg@o,Sh;, sample. Compared to results of Deng the
thermal conductivity at 300 K is two times lowen.drder to explain the origin of the increased mhoacattering a

Callaway model of the lattice thermal conductivitgs fitted to the experimental dakd. 8). It was possible to find



good correlation of the fitted model to the expemity however, very similar goodness of fit was woisd for
parameters’ sets where the scattering factor vamiedvide range, making them useless for drawmganclusions
on the dominant phonon scattering mechanism. Segmifly reduced thermal conductivity of the InSby, sample
shows that the phonon scattering processes, dtleethigher In ions concentration as well as thééiglisorder
and/or perhaps strain, are much stronger comparéhet I ,C0o,Shy, sample. From this point of view increased
insertion of In ions by using high pressure havsitpe effect on thermoelectric properties. Likesvi®r electrical
resistivity, the HPHT synthesis can have differenpact on the thermal conductivity. In case of Dengsults
thermal conductivity is increased compared to n&HA samples [10]. However, in most cases HPHT @®ce

reduce the thermal conductivity like in case of Mgl (HPT) [33] or Ca filled samples [13, 42]
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Fig. 5 Temperature dependence of the Seebeck coeffimem,Co,Shy,. Solid lines present BoltzTraP fitting results cédzsed
later in the text.
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later in the text.
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Fig. 8 Temperature dependence of the thermal conductieityny ,C0o,Shy, and InCgShy, fitted with a Callaway model (more
detailed description in the text).

Electronic structure

Due to generally poor reproducibility of experimantand gap measurements in DFT calculations chaig using
PBE potential, more accurate mBJ potential is &plptiften in calculations for thermoelectric mater{d3, 44, 45].

In Fig. 9 band structures of pristine 2y, and filled InCaSh,, are presented. The former structure exhibits tlirec
band gap al’ point with size ca. 370 meV. A second conductiand (CB) minimum belonging to a flat valley is
located at H point and lies 75 meV above the mimmail” point. This minimum significantly shifts towardswer
energy with increasing content of indium introdut¢edhe skutterudite voids and fer> 0.375 in In,Co,Shy, band
gap becomes indirect. It is worth to notice thahalgh CB valley around H point mainly exhibits Getates

character, indium states contribution is also figgunt, as it is shown in thigig. 9 b.

Introduction of indium into CoShvoids results in shift of Fermi level towards QB¢ higher amount of indium the
greater shift) so this material exhibitaype character. Bands in a CB near H point aneifségntly more flat than in
the neighborhood of point, what results in much higher effective mag€onducting electrons in this material,
when H point is a minimum of CB. Therefore, chanf@ band gap character from a direct to an intivee causes
appearance of much more heavy fermions in CB, whight have a significant effect on conductivity tinis

material.
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Fig. 9 Band structures of undoped C@Sb) and filled with indium InCg5hy, (b), calculated using modified Becke-Johnson
potential. In (b) indium character projected onrgugand is indicated by line thickness.

Another important property of an electronic struetof In-filled CoSh is a size of a band gap. Comparison of the
results obtained using PBE potential (presentaterdrig. 10 suggests that there is a negligible changeEf size,
except change of a band gap type from direct toéntl(as the CB minimum at H point also shifts éods lower
energy, similarly to results of mBJ calculatiorSignificantly different trend is observed when miJculations are
compared. Much higher energy gap is observed feet@mounts of indiunx( < 0.25), but after gap type change
to indirect, band gap decreases strongly with ewmirey filler content, reaching even smaller valtien in PBE

calculations forx = 0.875 and1.

Band gap size [eV]

0.00

0 0.125 025 0375 05 0625

Indium content, x [-]

0.75 0.875 1

Fig. 10 Relationship between indium content indn,Sh;, and size of a band gdf, obtained using two different potentials:
PBE-GGA and modified Becke-Johnson.



Boltzmann transport properties
Calculations of transport properties of@u,Sh;, with variousx were carried out using BoltzTraP software in order
to undoubtedly check, simultaneously via theorétical experimental analysis, whether it is posdiblsignificantly
improve thermoelectric properties of In-filled cétb@iantimonide, when the amount of introducediimd is much

higher than its solubility limit in CoStat ambient pressure conditions.

In the Fig. 11 results for different compositions of,80,Sh, were compared. As BoltzTraP calculations were
carried out using densities of states obtained finalBd calculations, band gap gradual change isatefiein Seebeck
coefficient values at extrema 8fu) plot — the smaller bad gap is observed, the smalllue ofS With increasing
amount of In introduced to voids, value of Seebeackfficient at Fermi level becomes negative andalisolute
value decreases gradually, what is a result of Féewel shift towards conduction band. Simultandpushe
electrical conductivity with respect to relaxatitme = (not shown in the paper) increases due to theease of a
number of charge carriers. Calculated power fawgith respect ta becomes larger when indium content changes

from 0 to 0.5, then decreases fo¥ 0.5.
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Fig. 11 Seebeck coefficientS[ and power factor$s) reduced by relaxation time)(for In,Co,Shy, with respect to chemical
potential f) calculated at 300 K.

Due to the fact, that conductivity is relaxatiomé dependent, it is necessary to adopd be able to compare
calculated results with experimental measuremé&misan experimental value of Seebeck coeffici€gi measured
at 100 K chemical potentigd was chosen to geSl.q;c (1)) r=100x = Sexp- FOr this chemical potential value af
from calculations and experimental conductivityegivat 100 K were read. Calculateftom o,,(o/7) = v was taken
as constant in temperature range of experimentakurements. Obtained results are presented iRigluees 4 and

5.



Topological properties
Topological analysis of total electron density ahd critical points (BCPs) allows one to definereltter of bonds
present in a crystal structure. BCP is a point ofinum density along a line between two topologiatdms, but
maximum in both perpendicular directions, wh&gr) = 0, and it most accurately reflects the charactesstif
the "space" of a chemical bond. The most imporfaoperties of BCPs in indium doped CgSitructure are

presented (for kpsCo,Shy, as an example) in thable 3.

Co-Sb bond exhibits the highest value of electrensity at BCP and also quite high positive valud_apblacian
VZp(r), indicating significant ionic character of thesentds (asv?p(r) > 0 determines closed-shell character of
interaction). In case of Sb-Sb bonds value of ebactiensity is still high, depending on particlband length — the
shorter bond length, the higher electron densitB@P. Value ofv?p(r) for these bonds is close to zero: negative
for shorter bonds and positive for longer ones. IBmadues of Laplacian indicate a high homogeneityelectron
density in the area nearby BCPs of Sb-Sb bonde¢edly when value of electron density is high) efdfore, these
are not typical of covalent bonds (which exhibit, general,V?p(r) « 0); such configuration of properties of
electron density is more of mixed covalent-metatli@racter of bonding. Much smaller value of elattdensity
together withv2p(r) > 0 at BCP of In-Sb bond indicates that these bondssary weak and exhibit a closed-shell
character. This is a very advantageous feature ftarpoint of view of the phonon glass-electronstaly (PGEC)
model. Weak interaction of indium atoms with thstref the structure results in an increased freedbmovements

of these atoms, which may provide better scattesfrighonons in the structure.

Comparing the results of QTAIM analysis for struesiwith various content of indium, only very sneilanges in
bond lengths and properties of total electron dgrtsin be observed. In tikég. 12, dependence of bond length),(
electron densityl) and its Laplacianc] at BCP, respectively, for each bond type, on dntent are presented.
Shorter Sb-Sb bonds are the most susceptible ircegasing level of void filling by indium atomspwever, even in
the case of these bonds, change in bond lengthebetpristine CoSband fully filled InCqSh;, is less than 1.5 %.
This change affects electron density at BCP andetsease from 0.36 to 0.34 &/ observed. In case of structures

with high content of indium, the value of Laplaciainelectron density at BCP of these bonds appeszkro.



Table 3 Properties of total electron density at BCPs ipdB0,Shi,: d — bond length [A]p(r) — electron density [e A, V2(r) —
Laplacian of electron density [€%} V(r) — potential energy density [a.uH(r) — electronic energy density [a.u.]. Properties of
Sb-Sb bonds have been distinguished between Itrogets (L) and shorter ones (S) in, 8ings.

Bond d o(r) V’o(r) vir) He(r)
In-Sb 1,808 0,116 0,587 -0,031 -0,010
Sb-Sb (L) 1,608 0,304 0,038 -0,360 -0,179
Sb-Sb (S) 1,543 0,352 -0,061 -0,498 -0,245
Co-Sb 1,345 0,408 1,101 -0,388 -0,182
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Fig. 12 Average properties of total electron density atPBGn InCo,Shio: a) bond length [A], b) electron density [€A c)
Laplacian of electron density [e°A in dependence of indium content. Dashed linesagided as a guide to eyes. Also, for each
set of points calculated value of Pearson cormiatpefficient is given.

As the data presented lig. 12 are average values of main types of bonds, sonrmapartant details are lost. More

detailed information about influence of In proxiyndgn Sb-Sb bonds can be extracted from analydiscaf changes



in total electron density. In thieig. 13 differential charge density maps provide data oargh density depletion
(darkened regions) or accumulation (brightenedoreg)i spaces. Presence of indium in a neighborhb&b,oring
results in a small reduction of charge density,ntyain space between nearest Sb atones,shorter Sb-Sb bond
space. As can be seen in fig. 13 athis bond is longer than the second short Sh-$id iothe Shring. Proximity
of indium atoms has a little destabilizing effeotthese bonds; when Sting is located between two In-filled voids
(Fig. 13 b charge depletion is clearly visible for all Sb4%tnds. When observing changes of Sb-Sb bond Igritgth
seems to be apparent that they are related toelangsfer between In and Co-Sb host structurseRoe of indium
influences Sb-Sbh bonds so they elongate due tetthege depletion. This small distention of, $imgs cannot be

assigned to a steric effect of In presence in vaid such case longer Sb-Sb bond would shrink rattan stretch.
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Fig. 13 Differential charge density projected on,®lane in Ig ;sCo,Shy, structure. Differential charge density was caltadaas
a difference between electron density distributioring ;:C0o,Shy, and a sum of separated In and CoStiuctures, without

changing atomic positionayp = piyo 7scoasbiz— (Pcoasbiz® Pino.75)-

3.045 A

In order to qualitatively describe local changesoipological atoms, net charges in fig. 14 supercell of partially
filled Ing1,£C04Shy, has been presented, with individual atoms col@ezbrding to their net charge. Generally, in

In,Co,Shy, indium atoms are positively charged (ca. 0.5 &) play a role of a cation in the structure, trarrgfg



some of their charges to neighboring Cp8ttahedra. At the same time Co atoms exhibitrdistiegative values of
net charge. The distribution of charge in individamatimony atoms is much more complex. Depending @osition
in a structure they exhibit net charges betweenllgmoaitive value to close to zero, or even smagative ones.

Almost neutral Sb atoms belong to Cg8btahedra surrounding In-filled voids.

Theoretically calculated net charges presenteldigwtork are contrary to former reports [46], hoeethey strongly
correlate with experimental results of XPS measergs increasing content of indium results in aniicant
decrease of a binding energy of core states ofr8bGo atoms (as an effect of charge transfer frortolCoSk
octahedra). Similar change in the case of lg,38 also observed, what is consistent with thecaktanalysis (for
x=0.25 in InCo,Shy, g, = 0.51 e, while foxx=0.75 and 1, net charge of indium topological atomas 0.48 and
0.40 e, respectively). The greater amount of Imteoduced to CoShvoids the higher is the charge saturation of

CoSh octahedra which results in reduced effectivenésseatron extraction from filling agent.
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Fig. 14 Net charges of topological atoms i 1pC0,Sh;». Atoms colored in red have positive value of rrerge and blue atoms

have negative net charge value, according to thie gresented on the left. CeSiztahedra in the immediate vicinity of In atoms
have been highlighted.

Conclusions

We have successfully synthesized material withtskudlite structure using HPHT conditions. The lmd fraction
determined from XRD experiments (x = 0.78) is digaintly higher than the ambient pressure fillimgction limit
x = 0.26 [10]. Beside the dominant skutteruditeggheve observed also small amounts of Gp8tSb and In. The
observed chemical shifts in the XPS study sugdet for the In guest atoms +1 oxidation state carassigned,

while for Co and Sb the most probable oxidatiotestare -1 and +3, respectively.



DFT calculations of electronic structure of@u,Sh;, using both PBE and mBJ potentials indicate chandsand
gap character from direct’) to indirect ("-H) with increasingx what results in much higher effective mass of
conducting electrons. Simultaneously, mBJ calcofatishow strong decrease of a band gap to 97 mBCmSh,.
Such a small gap results in significant generatibminority carriers which can be responsible fog bbserved low

temperature dependence of transport propertiesGd,8h;, (€.9.resistivity decrease above 150 K).

QTAIM analysis of total electron density topolog§ structures with various indium amounts shows osityall
changes in properties of bonds, mainly relatedtiick parameter changes. The In-Sb bonding is nugaker than
any other bond, also presence of indium in neighbad of Sk rings affects only slightly electron density
distribution around them (what results in theirtgiidion). This indicates that guest atoms have quioned freedom
of movement, leading to decrease of lattice thero@miductivity, what is clearly observed in expeniis

measurements.

Calculated charges of topological atoms allow usrtdoubtedly define role of cobalt as anion anduimdas cation,
while charge of Sb atoms is varying depending @ir tlocal surrounding. The greater amount of Imddticed to

CoSh the smaller is charge of indium atoms, what exiglavell results of XPS measurements.

HPHT synthesis route is effective method for inseeaf the In-filling fraction in CoSb Increased In content
resulted in much higher carrier concentration i@d8hb,, compared to §,Co,Sh,, and lower absolute value of the
Seebeck coefficient. Unfortunately for the thernestrlic properties, high pressure synthesis causedgsreduction
of the charge carrier mobility and led to hugestgity increase which has no justification in thET calculations
and we link it with high pressure effects inducedtie material. Increased In filling fraction yiettl lower thermal
conductivity as it was suggested from theory. Hosvekeeping in mind thermoelectric performancehef naterial,
the decrease of thermal conductivity cannot comgtenfor the decrease of the Seebeck coefficientiraardase of
resistivity. We believe that relaxation of thesghhpressure effects together with appropriatellindi (or other filler
element) of the structural voids can improve theglectric properties of the-type CoSh in the temperature range

where diffusion processes in this material, whiah ad to decomposition, are practically inactive.
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Highlights

HPHT synthesis allows to obtain In,CosSbhi,with x as high as 0.78.

+1, -1 and +3 oxidation states are proposed for In, Co and Sb, respectively.
Band gap changes from direct () to indirect (I-H) with increasing In content.
DFT calculations show band gap energy decrease with increasing In content.
HPHT synthesis reduce charge carrier mobility and leads to resistivity increase.



