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Abstract 

In the present paper, we have investigated the stability of different Ba-Si clathrates with pressure and 

temperature using DFT calculations and studied the stability of type I Ba8Si46 and type IX Ba24Si100 

clathrates using high pressure – high temperature synthesis technique, calorimetry and diffraction 

experiments. When increasing pressure, the type I Ba8Si46 clathrate and BaSi6 become more stable. In 

good qualitative agreement with experiments, the type IX Ba24Si100 clathrate becomes stable at pressure 

of 1-2 GPa thanks to pressure and thermal effect of both electronic and vibrational contributions. One 

can notice that the presence of Ba in the cages of type IX clathrate increases significantly the stability 

and the mechanical properties of type IX clathrate. We have determined the P-T existence domain of 

type IX Ba24Si100 clathrate from ex-situ experiments, which was confirmed by in-situ synchrotron X-ray 

experiments. At room pressure and under oxidizing atmosphere, the type I Ba8Si46 and the type IX 

Ba24Si100 clathrates are stable up to about 560°C and up to about 600°C, respectively. The thermoelectric 

properties of type IX Ba24Si100 are also reported.  
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1. Introduction 

Clathrates are a family of host-guest compounds with a covalent lattice composed of face-sharing 

polyhedral cages in which are intercalated loosely bonded atoms or molecules 1-3. The clathrate 

structures were firstly discovered in 1951 for gas hydrate compounds 4-6 and later on for silicates 7 and 

Si intermetallics 1,8. These clathrate structures are formed of cage framework made of water, silica or 

silicon and within these cages, gas species can be intercalated in hydrate and silicate clathrates or 

alkaline metal in silicon clathrates. In the case of hydrate clathrates, depending on the intercalated 

species in the cages, many different clathrate structures exist whereas only type I and type II inorganic 

clathrate cubic structures with respectively M8X46 and M6X34 chemical formula (with M = alkaline 

metal, and X = Si, Ge, Sn) were found at this time 1. However, more recently, other M intercalated atoms 

such as alkaline earth, halogen or even some rare-earth were found, thanks to the use of out-of-

equilibrium techniques such as high pressure – high temperature synthesis techniques 1. Since two 

decades, several new clathrate structures were discovered for the intermetallic clathrates. When 

substituting 16 X atoms of column 14 by 16 Y atoms of column 13 in M8X46, a new cubic clathrate 

structure containing only one type of cage and of M8Y16X30 chemical formula was discovered: the type 

VIII clathrate 2,3,9. Another cubic crystal structure can be derived from type I clathrate: the type IX 

clathrate with M24X100 chemical formula 10-16. When using pressure larger than 5 GPa in high pressure – 

high temperature synthesis technique, a new orthorhombic structure made of tunnels and derived from 

EuGa2Ge4 17 was discovered and has MX6 chemical formula 16,18. Type III tetragonal intermetallic 

clathrate was also found for two cases 1,2. Defects play also an important role in determining the structure 

of clathrates, superstructures were observed and ascribed to correlated vacancies on the framework 

structure 2,3,10. More recently, a surprising collective dynamics of point defects has been identified as the 

mechanism of an isostructural transition at high pressure 19. Thanks to the richness of their structural 
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complexity, clathrates are materials that can be engineered at the scale of their unit cell for use in various 

applications and present a wide panels of interesting properties 1-3,16,18-21 as for example: 

superconductivity, n- and p-type semiconducting properties, good thermoelectric properties, good 

optical properties, good mechanical properties, etc.  

Among clathrates, Ba-Si clathrates are metastable and can be synthesized using high pressure - high 

temperature technique 16,18-22. There exist three different clathrate compounds 16,18-24: Ba24Si100 which 

can be synthesized around 1 GPa and is superconducting below 1.55 K; Ba8Si46 which can be 

synthesized above 1.5 GPa and is superconducting below 8 K; BaSi6 which can be obtained at 10 GPa. 

However, the existence domain in the (P, T) range has been studied only for the type 1 clathrate Ba8-

xSi46 21,25,26 and not in the case of Ba24Si100. Moreover, if Castillo et al 27 reported the decomposition of 

the type 1 clathrate Ba8-xSi46 at 611°C under inert atmosphere, it was not studied under air and neither 

the reaction process nor the stability of Ba24Si100 has been studied under room pressure. Ba8-xSi46 can 

also be obtained using redox reactions 28. Recently, we have shown the possibility to obtain high amount 

of Ba24Si100 by mechanical alloying with low amount of secondary phases 29. The aim of the present 

work is to fulfill the knowledge of the (P, T) existence domain and to study the stability of Ba8Si46 and 

Ba24Si100.  

In this paper, we focus on the stability of binary metastable Ba-Si clathrates by a combined theoretical 

and experimental study and more particularly in the case of Ba24Si100 which is also studied using in-situ 

techniques and whose thermoelectric properties are reported.  

 

2. Computation and experimental details 

The DFT calculations were based on PAW pseudopotentials and the PBE exchange-correlation 

functional using the Vienna ab initio Simulation Package (VASP) 30,31. For all calculations an energy 

cut-off of 350 eV was applied and the force convergence was 10-3 eV/Å and the energy convergence 

was 10-10 eV. We applied k-meshes of 5x5x5 for Ba24Si100 and Si100, of 9x9x9 for type I and VIII Ba8Si46 

and Si46, for type II Ba6Si34 and Si34 and of 16x16x8 for Ba4Si24 and Si24. In order to determine the 

equation of states of the different compounds, series of calculations of the energy have been performed 
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for different fixed volumes while keeping the shape of the cell and the atomic positions free to relax. 

Otherwise, the calculation conditions are the same as for the structure relaxation. In order to determine 

the bulk modulus and its pressure derivative, we have used the Birch-Murnaghan equation to fit the 

equation E = f(V) 32. The formation enthalpy Hform of BaxSiy compounds has been calculated as 

following:  

Hform(BaxSiy) = (E(BaxSiy)-xE(Ba)-yE(Si))/(x+y)        (1) 

where E(BaxSiy) is the energy of the compound BaxSiy, E(Ba) and E(Si) are the energy per atom of 

elemental Ba and Si. The reaction enthalpy Hreact is the energy for the reaction x BaSi2 + (y-2x) Si  

BaxSiy and is as following: 

Hreact(BaxSiy) = Hform(BaxSiy) – (x/x+y)Hform(BaSi2) – ((y-2x)/x+y)Hform(Si)                       (2) 

where  Hform(BaSi2) is the formation enthalpy of BaSi2 and Hform(Si) is the formation enthalpy of silicon. 

When the calculations are performed under high pressure and high temperature, we take into account to 

the PV term and we calculate the Gibbs energy G(P,T) as following 33: 

G(P,T) = E(V) + PV + Fvib(T) + Fel(T) = H (V,P) + Fvib(T) + Fel(T)                  (3) 

where H (V,P) is the enthalpy, Fvib(T) is the vibrational free energy and Fel(T) is the electronic free 

energy. In the present calculations, we have not determined the effect of the thermal expansion to the 

enthalpy and Gibbs energy notably on the PV term in the equation (3) as it is beyond the scope of the 

present work. This would necessitate the calculations of the thermal expansion of the different clathrate 

compounds, as well as of the BaSi2 compounds and of the Ba and Si references, which is also beyond 

the scope of the present work. However, we must note that the Ba-Si clathrate compounds have larger 

linear thermal expansion (10-12 MK-1 at room temperature) 24 than diamond Si (2.6 MK-1 at room 

temperature) 34 but smaller than Ba metal (20.6 MK-1 at room temperature) 35. As the clathrates are Si-

rich compounds, we expect a larger PV contribution and therefore a larger formation Gibbs energy 

Gform(P,T) of the clathrate compounds. On the other hand, the orthorhombic BaSi2 have also a larger 

thermal expansion (15.9 MK-1 at room temperature) 34 than the clathrates and it is therefore difficult to 

determine the impact of the thermal expansion on PV for the calculation of the reaction Gibbs energy 
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Greact(P,T) of the clathrate. Nevertheless, this should slightly change the temperature at which the 

clathrate can be formed.  

We have calculated the energy for the high pressure phases of Si, Ba and BaSi2 which become stable at 

high pressures. At room pressure, BaSi2 crystallizes in an orthorhombic structure, whereas it crystallizes 

in the same cubic structure than SrSi2 between 1-1.5 GPa and 6 GPa and between 550°C and 850-900°C, 

and it crystallizes in the same trigonal structure than EuGe2 between 1-1.5 GPa and 6 GPa and between 

400°C and 550°C and above 6 GPa 36,37. At 0 and 1.5 GPa, we have calculated the lattice dynamics 

properties of bcc Ba, diamond Si, orthorhombic BaSi2, cubic BaSi2, trigonal BaSi2, Ba24Si100, Ba8Si46 

and Ba4Si24. From these calculations, we have calculated the vibrational free energy Fvib in function of 

the temperature. From the electronic density of states, we have calculated the electronic free energy Fel 

using the Sommerfeld model as done by Colinet et al for ZrSi 33. Thus, the calculations of the Gibbs 

energy in function of the temperature take into account both the vibrational and electronic contributions.  

We have performed high pressure and high temperature synthesis of type IX Ba24Si100 using a belt 

apparatus that can reach 5 GPa and 1100°C inside a boron nitride crucible within a graphite furnace that 

hold the mixture. It was also possible to make high pressure and high temperature synthesis of type IX 

Ba24Si100 using a piston cylinder apparatus reaching 5 GPa and 1200 °C. We use stoichiometric amount 

of powders of orthorhombic BaSi2 (Cerac, 98.%) and Si (Sigma Aldrich, 99.999%) for high pressure 

and high temperature synthesis. The mixture was submitted to a pressure in the range 0.2-1.8 GPa 

followed by heating in a [575-850]°C temperature range during one hour in the case of Ba24Si100 and to 

a pressure of about 3 GPa followed by heating to 800°C during one hour in the case of Ba8Si46. The 

samples were then thermally quenched and the pressure was slowly decreased. More details can be 

found in refs. 21 and 22. We then characterize their phase constitution with X-ray diffraction on a DB8 

diffractometer using Bragg Brentano configuration. The data were analyzed by Rietveld refinement 

using the GSAS software. 

The in-situ X-ray diffraction experiments were performed on the ID27 beamline at the ESRF with a 

Paris Edinburg press allowing a sample dimension of 5 mm in diameter and in height. The boron nitride 

was used as pressure transmitting medium. The sample was encapsulated in a h-BN crucible in order to 
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electrically isolate it from the graphite furnace that provides the high temperature. The pressure was 

measured via the cell parameters of gold and h-BN. The temperature was measured with a thermocouple 

(K type) placed through the boron epoxy gasket inside the sample environment. The pressure was 

adjusted during heating to be maintained at 1.0 GPa. The wavelength used was 0.202150 Å. The data 

were analyzed by Rietveld refinement using the GSAS software 38.  

The thermal stability was studied from simultaneously differential thermal analysis (DTA) and 

thermogravimetric analysis (TGA) using a Setaram equipment (Labsys) with alumina crucibles. 

DTA/TGA experiments were performed from room temperature to 1000°C in Ar or air atmospheres 

with a heating rate of 5°C/min and natural cooling to room temperature. Note that the DTA/TGA 

experiments under Ar and under air have been performed on two different Ba24Si100 samples whereas on 

the same batch of sample for Ba8Si46. Powders were analyzed using X-ray diffraction (Philips X’PERT, 

Cu-K radiation with an accelerated detector PW 3050/60 at 45 kV, 30 mA settings). The crystalline 

structure and phase purity were analyzed by Rietveld refinement of the XRD patterns with Fullprof 

software 39. The electrical resistivity, , was measured with a homemade apparatus in the van der Pauw 

configuration with four tungsten tips under vacuum between room temperature and 400°C. The Seebeck 

coefficient, , was also measured with two different homemade apparatus at low temperature and at 

high temperature. The sample was heated under vacuum on one side with high power light in order to 

obtain a temperature gradient of about 5°C across the sample and both the temperature and voltage are 

measured on each face of the sample with chromel and alumel thermocouples. The Seebeck coefficient 

and electrical resistivity measurements were made on a 5mm diameter and 2mm thick pellet. 

 

3. Computation results  

We have performed the structure relaxation of the different existing metastable Ba-Si clathrate phases 

namely the type IX cubic Ba24Si100, the type I cubic Ba8Si46, the orthorhombic BaSi6, as well as the 

fictitious type II Ba6Si34 and type VIII Ba8Si46. We have also performed the structure relaxation of the 

corresponding empty clathrate phases. For comparison and to enable the evaluation of the stability of 
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these phases, we have performed the calculations of diamond Si and orthorhombic BaSi2 phases, which 

are the stable Si rich binary Ba-Si phases. The lattice parameters of these different phases are reported 

in Tables 1, 2 and 3 together with the experimental values when they are available 40-46 (see the 

supplementary information for the detailed computed structures). The DFT calculations overestimate 

the lattice parameters as this is usually the case for the GGA exchange-correlation functional. The 

formation enthalpy Hform of these different compounds at P = 0 GPa are reported in Figure 1-a. One can 

see that all the Si-rich compounds are less stable than a mixture of Si and BaSi2. One can determine the 

reaction energies for the formation of these compounds from a mixture of Si and BaSi2 and this is 

reported at P = 0 GPa in the Figure 2-a.   

Compounds a (Å) Vat (Å3) Hform (eV/at) B (GPa) dB/dP  

Diamond Si 5.4686 20.442  89 4.5 This work 

 

Type 1 Si46 

5.4309 

10.2275 

20.023 

23.257 

 

0.0628 

97.88 

76 

4.24 

4.75 

Exp. 40 

This work 

Type II Si34 14.7387 

14.626 

23.542 

23.006 

0.0523 76.2 

90 

4.7 

5.2 

This work 

Exp. 40-42 

Type VIII Si23 10.101 22.403 0.0816 79.5 4.75 This work 

Type IX Si100 14.206 28.669 0.3835 37.7 4.15 This work 

Table 1: Lattice parameters, atomic volume Vat, formation enthalpies Hform, bulk modulus B and its 

pressure derivative dB/dP of diamond Si and empty Si clathrates. 

 

Compounds a (Å) Vat (Å3) Hform (eV/at) B (GPa) dB/dP  

Type 1 Ba8Si46 

Type 1 Ba7.76Si46 

Type 1 Ba6Si46 

Type 1 Ba6.63Si46 

10.3946 

10.3141 

10.3066 

10.2652 

20.798 

20.41 

21.054 

20.553 

-0.1072 

 

-0.0864 

 

72.5 

93 

76 

 

5.75 

 

5.6 

 

This work 

Exp. 43,44 

This work 

41 

Type II Ba6Si34 15.0066 21.121 -0.0834 72.5 5.75 This work 

Type VIII Ba4Si23 10.3831 20.729 -0.0358 68.2 6.2 This work 

Type IX Ba24Si100 

 

14.164 

14.0685 

22.916 

22.455 

-0.1845 

 

58.7 

64.9 

4.7 

3.75 

This work 

Exp. 15,45 

Table 2: Lattice parameters, atomic volume Vat, formation enthalpies Hform, bulk modulus B and its 

pressure derivative dB/dP of Ba-Si clathrates. 
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Compounds a (Å) b (Å) c (Å) Vat (Å3) Hform (eV/at) B (GPa) dB/dP  

Si24 

 

3.8504 

3.82 

10.7466 

10.7 

12.7443 

12.63 

21.972 

21.51 

0.0903 76.5 

86-91 

4.8 

5.4-8 

 

Exp. 18,46 

Ba4Si24 

 

4.5089 

4.485 

10.4212 

10.375 

12.0476 

11.969 

20.217 

19.891 

-0.0814 70.2 5.25  

Exp. 16 

Table 3: Lattice parameters, atomic volume Vat, formation enthalpies Hform, bulk modulus B and its 

pressure derivative dB/dP of orthorhombic Si24 and Ba4Si24. 

 

 

Figure 1: Formation enthalpies Hform of the different Ba-Si phases as function of the Ba content at 0 

GPa (a), 1.5 GPa (b), 5 GPa (c) and 10 GPa (d).  

 

It shows that rather low reaction energy is needed for the formation of these compounds. As reported in 

a previous paper, type IX Ba24Si100 has the lowest Ereaction and this compound can form under high 
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pressure-high temperature conditions with rather low pressure 15,22,23 or by mechanical alloying 29. Type 

I Ba8Si46 and Ba4Si24 (or BaSi6) have respectively the next two lower values of the reaction energies. 

These compositions have been synthesized under high pressure-high temperature conditions 16,20,21. 

Interestingly, type II Ba6Si34 has only slightly larger reaction energy and has never been observed so far. 

On the other hand, type VIII Ba8Si46 has a high reaction energy and shouldn’t be accessible. It questions 

the stability of the type VIII M8Si46 clathrates, which have been previously studied using DFT 

calculations but without consideration of their stabilities 47.  

 

Figure 2: Reaction enthalpies Hreact of the different Ba-Si phases versus x BaSi2 + y Si as function of 

the Ba content at 0 GPa (a), 1.5 GPa (b), 5 GPa (c) and 10 GPa (d). 

 

When comparing the formation energies of the different empty clathrate phases with that of diamond 

silicon (see Table 1 and supplementary information), one can see that the type I Si46 and the type II Si34 

are the most stable phases, that Si24 and type VIII Si46 are less stable with similar formation energy and 
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that type IX Si100 is unstable and very expanded phase with Hform as high as 0.385 eV/at. This is higher 

than the formation energies of the 114 Si allotropes predicted by Amsler et al 48. However, the Ba-filled 

cage structure of type IX clathrate becomes the most stable rich-Si Ba-Si phase (see Table 1 and 2, and 

Figure 1a). Contrary to the other open framework structures studied here, the volume of the cell 

decreased with the intercalation of the barium atoms in the cages. This means that the bondings between 

the guest atoms and the framework silicon atoms are strongly attractive and that the presence of the 

guest atoms is fundamental for the stability of the type IX clathrate structure. Our results confirm that 

even if an open framework structure is strongly unfavorable energetically when empty, it can be strongly 

stabilized when guest atoms are intercalated, calling for systematic study of the different structures 

found by Amsler et al 48 with different guest atom intercalation, as this has been done more recently for 

type I clathrate 49.  

We have investigated the effect of pressure on the stability of the different cage structures stabilized 

under HP-HT conditions in the experiments. We report the formation energies and the reaction energies 

of the different Clathrate phases at several pressures in the Figures 1 and 2. One can see that at 1.5 GPa, 

the most stable structure is type IX Ba24Si100 which has slightly positive Hreac, whereas the most stable 

structures at 5 GPa and 10 GPa are the type I Ba8Si46 and Ba4Si24, respectively, with both negative Hreact. 

At all pressure, the less stable compounds are the type VIII Ba8Si46 followed by the type II Ba6Si34. We 

report the reaction enthalpy Hreact of type IX Ba24Si100, type I Ba8Si46 and Ba4Si24 as function of the 

pressure in the Figure 3. Ba24Si100 is the most stable structure until 3.85 GPa although it is still 

metastable. Above 3.85 GPa, both Ba24Si100 and type I Ba8Si46 become more stable than the mixture of 

Si and BaSi2 but only type I Ba8Si46 is stable. Above 6.3 GPa, Ba4Si24 become the most stable structure.  
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Figure 3: Reaction enthalpies Hreact of type IX Ba24Si100,(red filled squares) type I Ba8Si46 (blue open 

circles) and Ba4Si24 (black stars) as function of the pressure.   

 

Our results concerning type I Ba8Si46 and Ba4Si24 agree with the experimental results 16 and with prior 

calculations 50. But Ba24Si100 is never more stable than the mixture of Si and BaSi2 or than Ba8Si46. 

However, the calculations in the Figure 3 are done at 0 K. We have calculated the reaction Gibbs 

energies of the three different phases as function of the temperature at 0 and 1.5 GPa (see Figure. 4). 

We see that at 1.5 GPa Ba24Si100 becomes more stable than the mixture of Si and BaSi2 above 385°C 

and Ba8Si46 becomes more stable above 997 °C. This means that these phases are metastable HP-HT 

phases that could be stabilized by temperature quenching, as it is observed experimentally 15,16,20-23. On 

the other hand, BaSi6 remains unstable over the overall temperature range at 0 and 1.5 GPa. Note that 

the kink observed at 582°C on the Ba24Si100 curve is not an artefact in the Figure 4 (b) but is related to 

the structural transition from cubic to orthorhombic BaSi2, as observed experimentally by Evers 36. 

Indeed, as can be seen in the figure S2 of the supplementary information, the formation Gibbs energy 

Gform of BaSi2 at P = 1.5 GPa becomes lower in the orthorhombic phase than in the cubic phase above 

582°C. Therefore, the reaction Gibbs energy Greact of the clathrate phases are determined using the 
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formation Gibbs energy Gform of the cubic BaSi2 below 582°C and using the formation Gibbs energy 

Gform of the orthorhombic BaSi2 phase above 582°C. We note that the Greact decreases more slowly with 

the temperature when orthorhombic BaSi2 becomes the most stable BaSi2 phase. Our calculations show 

that both the vibrational and electronic thermal contributions are necessary for stabilizing Ba24Si100 and 

Ba8Si46 at 1.5 GPa. Ba8Si46 becomes more stable than Ba24Si100 either by increasing the temperature at 

1.5 GPa or by increasing the pressure up to 3.85 GPa at 0 K. As we will see below, this qualitatively 

agrees with the experiments.  

 

 

Figure 4: Reaction Gibbs energies Greact of type IX Ba24Si100, type I Ba8Si46 and Ba4Si24 as function of 

the temperature at 0 and 1.5 GPa. The symbols correspond to the 0 K values without the vibrational 

contribution. 

 

We have also considered the case of defected type I Ba8Si46 and type IX Ba24Si100 clathrates. We have 

studied the case of Si and Ba vacancies, reported in Tables 4 and 5. When comparing the evolution of 

the reaction enthalpy Hreact, one can see that vacancies are promoted only in the case of the site Ba1 of 

Ba8Si46 which corresponds to the (2a) site at the center of the small Si20 cages. For the other Ba vacancy 

on the Ba2 (6d) site at the center of the large Si24 cages and for the Si vacancies in Ba8Si46, the reaction 

enthalpy increases, meaning that the vacancies are unstable. These results agree with the experimental 

observations of Ba vacancies in Ba8Si46. It was shown that the vacancies were indeed on the (2a) site 
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and that the superconducting temperature was decreased when the Ba vacancies increased after an 

annealing 19,43. In the case of Ba24Si100, we always observe a reaction enthalpy larger than for the 

stoichiometric compound and therefore both Ba and Si vacancies should be unstable at ambient 

conditions. However, it will be interesting to see at their stability in temperature and in pressure. Indeed, 

a recent study shows in Ba7.5Si45 how Ba vacancies can be filled by host Si atoms at high pressure 19.  

 

Defect a (Å) Vat (Å3) Vsc-NscV0/V0 Hform (eV/at) Hreact (eV/at) 

Pure Ba24Si100 

Vacancy Ba1 

Vacancy Ba2 

Vacancy Ba3 

Vacancy Si1 

Vacancy Si2 

Vacancy Si3 

Vacancy Si4 

Vacancy Si5 

Vacancy Si6 

14.164 

14.141 

14.167 

14.155 

14.163 

14.176 

14.182 

14.177 

14.162 

14.195 

22.916 

22.992 

23.118 

23.059 

23.097 

23.163 

23.193 

23.166 

23.093 

23.252 

 

0.409 

1.088 

0.77 

0.976 

1.327 

1.489 

1.346 

0.953 

1.808 

-0.1845 

-0.175 

-0.17 

-0.1725 

-0.1824 

-0.1829 

-0.1789 

-0.1836 

-0.18 

-0.1792 

0.024 

0.0264 

0.0315 

0.0289 

0.0277 

0.0273 

0.0312 

0.0266 

0.0302 

0.0309 

Table 4: Lattice parameters, atomic volume Vat, formation enthalpies Hform, reaction enthalpies vs BaSi2 

and Si, Hreact of pure and vacancy containing type IX clathrate. 

 

 

Defect a (Å) Vat (Å3) Vsc-NscV0/V0 Hform (eV/at) Hreact (eV/at) 

Pure Ba8Si46 

Vacancy Ba1 

2 vacancies Ba1 

Vacancy Ba2 

Vacancy Si1 

Vacancy Si2 

Vacancy Si3 

10.3946 

10.3503 

10.3066 

10.3758 

10.4013 

10.3469 

10.4068 

20.798 

21.076 

21.054 

20.921 

21.232 

20.9 

21.266 

 

0.708 

0.639 

0.312 

1.105 

0.26 

1.19 

-0.1072 

-0.0978 

-0.0864 

-0.0796 

-0.1089 

-0.0986 

-0.1062 

0.0524 

0.0445 

0.0379 

0.0626 

0.0537 

0.064 

0.056 

Table 5: Lattice parameters, atomic volume Vat, formation enthalpies Hform, reaction enthalpies vs BaSi2 

and Si, Hreact of pure and vacancy containing type I clathrate. 
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The bulk moduli are also reported in Tables 1-3 and decrease with the material densities (i. e. with 

increasing atom volume), which is the usual expected trend. Empty type I and II clathrates have the 

same bulk moduli, as observed previously 44, and similar bulk modulus as the orthorhombic Si24. whereas 

the bulk modulus of type VIII clathrate is slightly larger and the bulk modulus of Si100 is much smaller, 

as expected from its lower density. We note that recent experiments confirm that Si24 has almost the 

same bulk modulus (86-91 GPa) 46 than type II Si36 clathrate (90 GPa) 40-42. When Ba is intercalated in 

the cages/tunnels, the bulk moduli decrease by less than 5 % type I and II clathrates and orthorhombic 

M4Si24, whereas it decreases by more than 15 % in type VIII clathrate. In contrast, the bulk modulus of 

the type IX clathrate increases by almost 50 % with Ba intercalation, confirming the stabilizing effect 

of the guest atom in this structure. We note that dB/dP increases significantly when Ba are intercalated, 

meaning that the filled structures have larger anharmonicity than the empty structure. When comparing 

our results with experiments, one can see that the theoretical values for diamond and type II clathrate 

are lower by about 10 % and 15 %, respectively. Our results for diamond are in good agreement with 

typical calculations with PBE exchange-correlation functional 51. It was found a better agreement 

between experiments and LDA calculations in ref. 44. This is because we have used a GGA exchange-

correlation functional which overestimates the lattice parameters and therefore underestimates the 

density compared to the experiments. Our calculations strongly underestimate the bulk modulus of type 

I Ba8Si46 but the agreement between calculations and experiments is reasonable for type IX Ba24Si100.  

We have also calculated the electronic structure of the different empty and Ba-filled clathrate phases 

(see details in the SI). We find that all the Ba-filled phases are metallic whereas all the empty phases are 

semiconducting with a bandgap more than two times larger than that of diamond Si, except for Si100 and 

orthorhombic Si24, which have the same order of magnitude. When the empty semiconducting clathrates 

are filled by Ba atoms, this leads to a large upshift of the Fermi level in the conduction band, hence their 

metallic character, and this also reduces significantly the bandgap width by about 30-40 %. In the case 

of the orthorhombic Ba4Si24, the bandgap disappears.  
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4. Experimental results 

 

4.1. Exploration of the P-T existence domain of Ba24Si100 

The first synthesis of Ba24Si100 at 1.5 GPa and 800 °C was reported in the early work of Yamanaka et al 

15. In a previous study, we obtained Ba8Si46 in similar conditions and Ba24Si100 only at lower pressure 

and temperature (1.1-1.3 GPa and 650-700 °C) 21. Giving these contradictions and the prediction from 

first principles calculations that Ba8Si46 must be obtained instead of Ba24Si100 when the temperature is 

too high, we have scanned the P-T diagram between 0 and 2 GPa and up to 850 °C for the stoichiometry 

Ba:Si of 24:100 (see Figure 5).  

 

Figure 5: Ex-situ P-T phase diagram of Ba24Si100 synthesized under high pressure and high temperature 

conditions using a Belt apparatus. The different phases are given in mass fraction as obtained from 

Rietveld refinement.  
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We have seen in our ex-situ analysis that Ba24Si100 can form from 0.7 GPa up to 1.8 GPa and at least 

above 550 °C. However, it is not easy to get high purity type IX Ba24Si100 which is relatively more 

abundant than its secondary phases at lower pressure around 1.0 GPa. At 850°C and above 1 GPa, the 

type I Ba8Si46 becomes dominant and, at lower pressure, the orthorhombic BaSi2 remains the most stable. 

When the pressure is decreased below 1 GPa, Ba8Si46 did not form at high temperature and we find 

Ba24Si100 with Si and orthorhombic BaSi2 as secondary phases. Previously, it was observed by 

Yamanaka and Fukuoka 20 and confirmed by Toulemonde et al 21 that Ba8Si46 can form for P  2 GPa 

and at least up to 5 GPa. However, Toulemonde et al 21 also showed that Ba8Si46 can form at lower 

pressure (P = 1.5 GPa) at T = 800 °C. In our work, we confirm that Ba8Si46 can form at even lower 

pressure (P = 1.2 GPa) for T  800 °C. Thus the P-T domain existence of Ba8Si46 is much larger than 

the P-T domain existence of Ba24Si100. We also note that cubic BaSi2 becomes more stable than 

orthorhombic BaSi2 above 1 GPa and above 550 °C. This low pressure agrees with lower pressure 

boundary found by Evers 36 for the formation of the cubic BaSi2 and this low temperature is close to the 

lower temperature boundary found by Imai and Kikegawa 37 in this pressure range for the formation of 

the cubic BaSi2. 

We have done a kind of ex-situ isobaric line on this P-T diagram at 1.2 GPa to better understand the 

reactivity pattern that leads to the formation of this type IX clathrate. For that, we have started from a 

mixture of Si and orthorhombic BaSi2 using the stoichiometry of Ba24Si100 and used our high pressure-

high temperature apparatus (see method). Synthesis done at 1.2 GPa and for a temperature of 550 °C 

results mostly to cubic BaSi2 and Si, Ba24Si100 appears as secondary phase. Ba24Si100 is the dominant 

phase in the temperature range 725 °C – 800 °C above which Ba8Si46 is the main phase. Our experimental 

results agree with our first principles calculations although in this last case the pressure (1.5 GPa) and 

the temperature (1000°C) above which Ba8Si46 stabilizes were slightly larger.  
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4.2. In-situ study of the formation of Ba24Si100 under HP-HT  

The formation of Ba24Si100 has been studied by in-situ isobar synchrotron XRD experiment for a pressure 

of 1 GPa. The powder patterns at different temperatures are shown in the Figure 7. The starting powder 

is a mixture of orthorhombic BaSi2 and Si in the proportion of Ba24Si100 (diffraction pattern recorded at 

20°C and 0 GPa). Our in-situ experiments show first the transformation of the orthorhombic BaSi2 into 

the cubic BaSi2 phase at temperature as low as 550 °C and then only after there is a reaction between 

the cubic BaSi2 phase and the diamond Si phase for forming Ba24Si100.  The Ba24Si100 clathrate appears 

in the temperature range between 698 °C and 765 °C with cubic BaSi2 as traces. The phase Ba8Si46 

appears only for temperature higher than 860 °C, which agrees with our ex-situ P-T study (see Figure 

6). The in-situ study shows the appearance of the cubic BaSi2 phase prior to the formation of Ba24Si100.  

  

Figure 6: High pressure and high temperature experiment conducted at ESRF synchrotron on ID27 

beam line.  
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4.3. Thermal stability of Ba8Si46 and Ba24Si100 at atmospheric pressure  

The thermal stability of Ba8Si46 and Ba24Si100 was studied in Ar atmosphere from DTA/TGA 

experiments. Figure 7 shows the evolution of Ba8Si46 and Ba24Si100 in Ar atmosphere during heating up 

to 1000°C and cooling to room temperature. Three exothermic peaks are observed for Ba8Si46 during 

heating at 609°C, 646°C and 760°C (see Figure 7, left). XRD experiments performed after the DTA 

cycle showed the decomposition of Ba8Si46 into stable orthorhombic BaSi2 and Si. The first peak in the 

DTA experiment at 609°C is attributed to the decomposition of metastable Ba8Si46 into stable BaSi2 and 

Si. This Ba8Si46 decomposition was previously observed by Castillo et al. at 611°C for sample with 

stoichiometry Ba7Si46 27. The other thermal events at 646°C and 760°C could not be identified. Thermal 

analyses of Ba24Si100 show three exothermic peaks of low intensities at 504°C, 564°C and 687°C. XRD 

experiments after the DTA cycle showed the total decomposition of Ba24Si100 into stable orthorhombic 

BaSi2 and Si. The first thermal event at 504°C is associated with the decomposition of cubic BaSi2 to 

orthorhombic BaSi2, initially present as a secondary phase in the sample. Indeed, Evers reported that the 

decomposition of cubic BaSi2 into orthorhombic BaSi2 started at 490°C 36. The other thermal events in 

the DTA experiment can be related to the thermal decomposition of Ba24Si100. As a conclusion, this 

study performed under Ar atmosphere shows that Ba24Si100 is stable (without any phase change) up to 

about 560°C whereas Ba8Si46 is stable up to 600°C (for a heating rate of 5°C/min). 

 

Figure 7: Thermal variation of the heat flow and sample mass of Ba8Si46 (left) and Ba24Si100 (right) 

under Ar atmosphere 
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Then we were interested in the effect of an oxidizing atmosphere on the evolution of Ba8Si46 and 

Ba24Si100 with temperature. The DTA curves are reported in Figure 8. For Ba8Si46 three exothermic peaks 

are observed during heating at 605°C, 698°C and 794°C (see Figure 8, left). The first peak observed at 

605°C for Ba8Si46 is attributed to the decomposition of metastable Ba8Si46 into stable BaSi2 and Si as 

previously reported in Ar atmosphere. The two other thermal events at 698°C and 794°C are associated 

with a high mass increase which suggests the formation of oxides. This was confirmed by XRD 

experiments performed after the DTA cycle. XRD patterns show that the material is made of Si and 

Ba2SiO4 (PDF 04-011-2153), BaSiO3 (PDF 01-070-2112), Ba2Si3O8 (PDF 04-012-8807), BaSi2O5 (04-

009-1824) and Ba5Si8O21 (PDF 00-035-0766) oxides. These results suggest the decomposition of Ba8Si46 

into stable BaSi2 and Si from 605°C and the further oxidation of BaSi2 from 698°C. 

 

Figure 8: Thermal variation of the heat flow and sample mass of Ba8Si46 (left) and Ba24Si100 (right) 

under air 

 

Considering Ba24Si100 (see Figure 8, right), two exothermic peaks are observed at 562°C and 747°C. 

These thermal events are associated with a mass increase suggesting the formation of oxides. Ex-situ X-

ray diffraction patterns have been performed at different temperatures of the DTA cycle : 535°C, 670°C 

(just before the two thermal events) and 1000°C (end of the thermal cycle) (see Figure 9). At 535°C, 

there is no significant change of the XRD pattern in comparison with the as-synthesized sample, 

meaning that Ba24Si100 is stable at least up to this temperature under oxidizing atmosphere. The XRD 

pattern of the sample heated up to 670°C reveals a significant increase of diamond Si as well as an 
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increase of BaSi2 and Ba2SiO4, compared to the as synthesized sample. Therefore, the first DTA thermal 

event at 562°C corresponds to the initiation of the decomposition of Ba24Si100 into Si and orthorhombic 

BaSi2 as well as into Ba2SiO4, as confirmed by the concomitant mass increase. The present result 

confirms that the second DTA thermal event observed at 564°C in the DTA experiment under Ar (see 

Figure 7 (right)) must also correspond to the initiation of the decomposition of Ba24Si100 into Si and 

orthorhombic BaSi2. The second thermal event at 747°C in the DTA experiment under air is associated 

with the formation of other oxides as suggested by the mass increase. The XRD pattern performed after 

the full DTA/TGA experiment (up to 1000°C) confirms the formation of Ba2Si3O8 oxide and BaSi2O8 

oxide richer in oxygen than Ba2SiO4. Ba2SiO4 oxide remains also present in very large amounts as well 

as diamond Si.  

 

Figure 9: Ex-situ XRD patterns of Ba24Si100 at different temperatures.   
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This study shows that Ba24Si100 is stable (without any phase change) up to about 560°C whereas Ba8Si46 

is stable up to 600°C in air similarly as in Ar atmosphere, oxidation occurring in a higher temperature 

range. We have also studied the effect of a thermal treatment under secondary vacuum on nanostructured 

powders of Ba24Si100 obtained from mechanical alloying as described by Moll et al. 29. After a thermal 

treatment at 700°C during 4 days a complete decomposition of Ba24Si100 is observed whereas a thermal 

treatment at 500°C during 7 days did not improve the crystallite size of the nanostructured powders of 

Ba24Si100 and induces an increase of the amount of orthorhombic BaSi2.Therefore, we have submitted 

the Ba24Si100 nanostructured powders to an annealing time of 21 days at 450°C under secondary vacuum. 

We did not observe any significant changes in the XRD patterns. This means that the nanostructured 

powders of Ba24Si100 are quite thermally stable at 450°C.  

 

4.4 Electrical and thermoelectric properties of Ba24Si100 obtained under HP-HT  

We report in Figure 10 the evolution of the electrical resistivity, , and of the Seebeck coefficient, , of 

Ba24Si100 in function of the temperature. The behavior is typical of metallic compounds. We find values 

of the electrical resistivity significantly lower than Lortz et al 24. This should be due to higher density of 

the sample. The Seebeck coefficient is negative, corresponding to n-type material, in agreement with 

the electronic structure obtained from the DFT calculations (see supplementary information). The value 

of the Seebeck coefficient of Ba24Si100 at room temperature is 50 % larger in absolute value than the 

value found for Ba8Si46 by Castillo et al 27 but twice smaller in absolute value than the value found for 

Ba24Ge100 by Paschen et al 52. The power factor 2/ is very small (1 µW/m.K2 at 250°C). In order to 

improve the thermoelectric properties of Ba24Si100, it would be necessary to move the Fermi level by 

about -0.6 eV within the bandgap observed in the electronic DOS of Ba24Si100 (see supplementary 

information). This would correspond to remove 16 electrons in Ba24Si100. This could be obtained by 

substituting Si by 16 atoms of Al, Ga or In in Ba24Si100. Similar substitution has been performed in 

Ba24Ge100 permitting to reach a very high figure of merit ZT of about 1.3 at 650°C for Ba24Ge85Ga15 53.  
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Figure 10: Thermal variation of the Seebeck coefficient and electrical resistivity of Ba24Si100 

 

It was not possible to measure thermal conductivity in our samples. However, it is interesting to give an 

estimate of its value in the context of recent fundamental advances in the understanding of the thermal 

conductivity of complex crystals, i.e. crystal with a complex crystallographic unit cell 54,55. Indeed, it 

has recently been shown that complexity leads to a separation of the phonon spectrum into an optical 

continuum made up of a high density of modes associated with the complexity of the structures (the 3N 

degrees of freedom) which dominate the specific heat (Cv~3NR) and an acoustic part limited to just the 

three acoustic branches which dominate the lattice thermal conductivity. These two parts of the phonon 

spectrum are separated in energy at an energy threshold ħop corresponding to the energy of the lowest 

energy optical mode. Ikeda et al have shown phenomenologically that the lattice thermal conductivity 

scales with this energy ħop (or corresponding temperature op = ħop/kB) 54. Using the approximation 

of the relaxation time of the transport Boltzmann equation, Pailhès et al. showed that the propagated 

conduction associated with acoustic branches whose dispersions are limited by op reads as 55: 

 (T ≫  𝜃𝑜𝑝) =
𝑘𝐵

6𝜋2

𝜔𝑜𝑝
3

𝑣𝑠
2 𝑙 

With vs being the average sound velocity and l the average mean free path.   

Whereas the energy threshold ħop is of about 5 and 7 meV in the type-I Ge and Si-clathrate respectively 

56,57, in the case of Ba24Si100, we measure this threshold at an energy of 2.5 meV in a previous work 58. 

The result is a reduction in the phase space in energy and wave-vectors available for acoustic phonon 
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states, which necessarily reduces the thermal conduction associated with these propagative states. 

Assuming a lower limit of the mean free path of about 20 nm, as observed in the clathrate 

Ba7.81Ge40.67Au5.33 57, and using vs = 3895 m/s obtained from the Debye temperature determined from 

low temperature heat capacity experiments on Ba24Si100 by Rachi et al 23, we use this formula to estimate 

an upper limit for the thermal conductivity of 0.8 W/mK. 

 

Conclusion 

In the present paper, we have investigated the stability of different Ba-Si clathrates using DFT 

calculations and the stability of type I Ba8Si46 and type IX Ba24Si100 clathrates using calorimetry and 

diffraction experiments. The DFT calculations confirm that type IX Ba24Si100 clathrate is the most stable 

Ba-Si clathrate followed by type I Ba8Si46 clathrate and orthorhombic BaSi6 and that pressure is the 

primary effect stabilizing these different phases. However, both the thermal vibrational and electronic 

contributions are of primary importance for stabilizing type IX Ba24Si100 clathrate against the (BaSi2 + 

Si) mixture under 1-2 GPa pressure. We also find that Ba vacancies in the center of the small Si20 cages 

increase the stability of type I clathrate whereas the Ba vacancies do not increase the stability of type IX 

clathrate. The presence of Ba in the cages of type IX clathrate increases significantly the stability and 

the mechanical properties of type IX clathrate, which is quite unstable when empty if it is compared to 

diamond Si and other empty Si clathrates. We have determined the P-T existence domain of type IX 

Ba24Si100 clathrate from ex-situ experiments, which was confirmed by in-situ synchrotron X-ray 

experiments. It extends from 0.7 to 1.8 GPa and between 650°C and 800°C and up to 875 °C between 

0.7 and 1 GPa. At room pressure and under air atmosphere, the type IX Ba24Si100 clathrate is stable up 

to 560°C whereas the type I Ba8Si46 clathrate is stable up to 600°C. The thermoelectric properties of 

type IX Ba24Si100 clathrate are typical of a metallic compound, which means that it should be alloyed 

with atoms of the thirteenth column for improving its thermoelectric properties.  
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Supplementary Information 

Additional DFT details on crystal structure of the clathrates, equation of states of empty Si clathrates, 

formation energy Gibbs of BaSi2 and electronic structure of clathrates ; example of XRD results for the 

in-situ study of P-T phase diagram of Ba24Si100. (PDF) 
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