FIRST PRINCIPLES STUDY OF Si-Ge TYPE I CLATHRATE ALLOYS

EMMANUEL N. NENGHABI

This document is my proposal for my PhD dissertation research in the Department of Physics at Texas Tech University. My research concerns the characterization of prospective thermoelectric materials. I propose to calculate the structural, electronic, vibrational and thermal properties of the clathrate type I compounds of composition M8N16SixGe30-x., where M is Ba or Sr, N is Ga or In and x is an integer between 0 and 15. This proposal is divided into four parts. In part I, I will briefly discuss some background on thermoelectric materials. In part II, I will discuss the current need and the trends in theoretical research on thermoelectric materials.  In part III, I will discuss some structural and electronic properties results I have recently obtained using ab initio first principles calculations. In part IV, I will outline my proposed work

I: BACKGROUND ON THERMOELECTRIC MATERIALS

The thermoelectric effect provides a means by which thermal energy can be converted into electricity and by which electricity can be used for heat pumping or refrigeration. Thomas Seebeck discovered this effect in 1821 and it occurs when a voltage appears between two conductors that are joined together and the junction is heated, (Fig.1). The Peltier effect, (Fig.2), discovered in 1834, occurs when an electric current passes through the junction between two conductors. The junction becomes heated or cooled according to the direction of the current through it. This reversible effect is usually masked by the irreversible effect of Joule heating. However, it is possible to choose materials so that the Peltier effect can be used to produce cooling. In 1851, Thomson (later, Lord Kelvin) predicted and subsequently observed reversible cooling or heating when an electric current is passed along a single conductor in the presence of a temperature gradient. This is known as the Thomson effect.
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Fig 1: Illustration of thermoelectric generation (Seebeck effect)
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Fig 2: Illustration of thermoelectric cooling (Peltier effect)

Figure 1, [1], shows an illustration of thermoelectric generation (Seebeck effect). The simplest thermoelectric generator consists of a thermocouple, comprised of a p-type and an n-type thermoelement connected electrically in series and thermally in parallel. Heat is pumped into one side of the couple and rejected from the opposite side. An electric current is produced, proportional to the temperature gradient between the hot and cold junctions. Figure 2, [1] shows an illustration of thermoelectric cooling (Peltier effect). If an electric current is applied to the thermocouple as shown, heat is pumped from the cold junction to the hot junction. The cold junction will rapidly drop below ambient temperature provided heat is removed from the hot side. The temperature gradient will vary according to the magnitude of the current applied. The Seebeck coefficient, S, is related to the Peltier effect by: П = ST = Qp/I where П is the Peltier coefficient, Qp is the rate of heating or cooling, I is the electrical current and T is the absolute temperature.
In 1911, Altenkirch showed that good thermoelectric materials should possess a high Seebeck coefficient, a high electrical conductivity to minimize Joule heating, and a low thermal conductivity to retain the heat at the junction and to maintain a high temperature gradient. A material’s Seebeck coefficient, S, electrical conductivity, σ, and the thermal conductivity, κ = κe + κL, (sum of the electronic κe and lattice κe contributions respectively) are related to the efficiency of a thermoelectric material by the figure of merit,
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, where Z is in units of  (oK)-1.  A more useful method of describing the thermoelectric efficiency of a material system is by using the dimensionless figure of merit, ZT, where T is the absolute temperature of interest. ZT has thus been used to characterize thermoelectric materials. The higher its value, the better the material is for thermoelectric refrigeration purposes .To maximize ZT, the Seebeck coefficient and electrical conductivity need to be maximized, while simultaneously minimizing the thermal conductivity. The best thermoelectric materials will have a small electronic contribution to the thermal conductivity, κe , thus maximizing the electronic conductivity while minimizing the thermal conductivity.
Metals are poor thermoelectric materials because they have a low Seebeck coefficient and large electronic contribution to thermal conductivity, so σ and κ will both be large. Insulators have a high Seebeck coefficient and a small electronic contribution to the thermal conductivity. Their charge density is low and therefore their electrical conductivity is low, leading to a low thermoelectric effect. The best thermoelectric materials are semiconductors with an electronic density around 1019/cm3, [2].

II: THE NEED FOR AND TRENDS IN THERMOELECTRIC RESEARCH

The goal of thermoelectric research is to find new materials for thermoelectric applications. The requirements needed for such a material are seemingly contradictory: high thermopower, like a semiconductor; high electrical conductivity, like a metal; and low thermal conductivity, like a glass. Thus, there is a strong need to understand how to characterize potential thermoelectric materials.
       The study of diamond structure silicon-germanium mixed crystals or “alloys” as possible materials for thermoelectric generators was undertaken as early as 1954 by Ioffe and Ioffe [2] and ever since, research has been undertaken by various groups [3]. An  important discovery was that the lattice thermal conductivity of the Si-Ge mixed crystals is much lower  than the values of the parent pure crystals, [4], while the carrier mobility is only slightly lowered [5, 6] by the formation of the mixed crystals; thus making them promising candidates for thermoelectric materials. The ultimate goal in finding new thermoelectric materials is to find a material with a high thermoelectric figure of merit, ZT.  At present, the best value for this is ZT near unity at room temperature, [4].
Ioffe first proposed the investigation of semiconductor materials for thermoelectric applications. After that, alloys based on the Si1-xGex or Bi2Te3 systems soon became some of the most widely studied thermoelectric materials. Since the early 1990’s, new classes of materials have been investigated for their potential in thermoelectric research. Much of the current research revolves around the concept of the “Phonon Glass Electron Crystal” model (PGEC) proposed by Slack [7,8]. This concept suggests that a good thermoelectric material should have the electronic properties of a crystalline material and the thermal properties of a glass.

There are four groups of materials that are being researched. “Normal” semiconductors, semiconductors with rattling atoms or molecules, “correlated” metals and superconductors and superlattices, also called quantum well materials.

Clathrates are “caged” or enclosed compounds in which foreign (or “guest”) atoms of appropriate size are entrapped. Silicon, germanium and tin can form clathrate structures in which the guests are alkaline or alkaline earth atoms. Clathrates are classified into two types, called Type I and Type II. The Type I structure has a simple cubic unit cell which holds 46 group-IV atoms (i.e. Si, Ge, or Sn). The Type II clathrate has a face centered cubic unit cell, and there are 136 atoms per simple cubic cell.

         Type I clathrates are represented by the general formula X8E46 and the Type II structure by the formula X8Y16E136, where X and Y are typically alkali-metal or alkaline-earth atoms. E represents a group-IV element Si, Ge, or Sn, although Zn, Cd,  

Al, Ga, In, As, Sb, or Bi can also be substituted to some degree in the framework for these elements. Both types of clathrates have a framework formed by covalent, tetrahedrally bonded E atoms making up two different face sharing polyhedra. As first pointed out by Slack (1995), if the atoms that are entrapped inside these polyhedra are smaller than the cages, they may “rattle” and interact randomly with lattice phonons, resulting in phonon scattering. This aspect of these compounds is responsible for many of their unique properties, including their thermoelectric properties.
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Figure 3: Type I crystal structure with Ba atoms in the cages
Figure 3 is a schematic illustration of the Type I clathrate crystal structure. The framework atoms form bonds in a distorted tetrahedral arrangement. They form polyhedra that are covalently bonded to each other by shared faces. There are eight polyhedra per cubic unit cell, E20 dodecahedra and E24 tetrakaidecahedra in a 1:3 ratio [9]. 
Neither silicon nor germanium clathrates have a particularly large ZT at any temperature because, even though both materials have high carrier mobilities, they possess very large values of κL . However, κL  is considerably reduced when solid solutions between two elements are formed, and these silicon-germanium clathrate alloys are of particular interest for thermoelectric applications, [2]. 

There have been several band structure calculations on Ba8Ga16Ge30 and Sr8Ga16Ge30. N. P. Blake et al [10, 13] employed self consistent plane wave calculations with the generalized gradient approximation (GGA). These calculations showed that the band structure is generally correct except that the band gap that is underestimated. It was also found that Ba8Ga16Ge30 is a semiconductor but that Sr8Ga16Ge30 is metallic.

J. Dong and O.F. Sankey [7] have studied the vibrational properties of alloyed germanium clathrates; Rb6Ga6Ge40 and Rb2Sr6Ga14Ge32. Their calculations showed that some encapsulated metal guests have phonon modes that are very low in frequency. The host acoustic modes are located below 50 cm-1 and the optical modes are located from about 80 cm-1 to 280 cm-1. The weak bonding of the Rb and Sr guests in the cages leads to localized low frequency rattler modes within these cages. 
        Materials are made up of electrons and atomic nuclei. The many body equations governing their interactions are far too complex to solve exactly. However a combination of approximate methods based on density functional theory and advances in computing technology have made it possible to accurately calculate a number of properties. These include structural, electronic, vibrational, and thermal properties. These calculations are ab initio i.e. (first principles), [7, 8] and do not use fits to experimental data. My dissertation work will be based on calculations carried out within the local density approximation (LDA) and the generalized gradient approximation (GGA), [12, 13]. The GGA corrects features of the LDA and combines them with the most energetically important features of the charge density gradient that are non-local. It favors density inhomogeneity more than the LDA. These calculations can hopefully be used as a complimentary tool to experimental investigations. My work will investigate the structural, electronic, vibrational and thermal properties of the type I clathrate alloys of Si and Ge using density functional theory (DFT) in the LDA and the GGA approximations. Several others have used DFT theory in the LDA approximation to calculate some of these properties in other potential clathrate materials [14, 15, 16]

G. Nolas et al. [17] have reported structural, chemical, electrical resistivity, Seebeck coefficient, thermal conductivity and Hall measurements of polycrystalline Si-Ge type I clathrates with nominal composition of Ba8Ga16SixGe30-x.  The results showed that there is a modest increase in the absolute Seebeck coefficient and a decrease in electrical resistivity with increasing Si content. This may imply, as suggested, a modification in the band structure with Si substitution and might reveal a possible approach for optimizing these materials for thermoelectric applications.

III: PRELIMINARY RESULTS FOR SOME STRUCTURAL AND ELECTRONIC PROPERTIES OF Ba8Ga16SixGe30-x 

I have recently computed some of the structural and electronic properties of the clathrate alloy Ba8Ga16SixGe30-x where x is in the range 0 and 15. These materials have been synthesized by Dr. George Nolas, of the University of South Florida, [17]. Here I present some of my preliminary results.

My computational methodology is based on the density functional theory using a planewave basis set as implemented in the VASP program written by Kresse, Furthmuller and Hafner [18]. We use the generalized gradient approximation (GGA) to the exchange-correlation functional [19]. Ultrasoft pseudopotentials are used to approximate core electrons and only the valence electrons are treated explicitly in the calculations. The energy cut-off for the plane wave basis set is 150 eV and the Brillouin zone integration is performed over a 4 x 4 x 4 Monkhorst-Pack k-space grid. To mimimize errors in the calculation of the Hellmann-Feynman forces, the total energy was converged to better than 10-6 eV. In view of the large unit cell (~11 Å) of the clathrate, only a single crystallographic unit cell was employed in the calculation.

Structural optimization is performed with internal coordinates to determine the energies and forces in the clathrate. To optimize a structure, a fixed unit cell volume is chosen, and then the ionic positions are optimized through a conjugate gradient algorithm using atomic forces. This process is repeated for several unit cell volumes, from which an equation of state and global minimum energy is determined. The type I clathrate, Ba8Ga16SixGe30-x is simple cubic and so optimizing the external lattice constant is straight forward. The equilibrium structure parameters and electronic band structures have been evaluated at the minimum energy configuration.

Initially, I optimized the structure of Ba8Ga16Ge30 with Ga sitting in the different framework sites as shown in Table 1. Our results are consistent with those reported by N. P.Blake et al [9]. 
	#6c
	
#16i
	#24k
	#Ga-Ga bonds
	Binding Energy

(eV/cell)

	3
	1
	12
	0
	-214.94

	3
	3
	10
	0
	-214.72

	4
	2
	10
	2
	-214.31

	4
	2
	10
	4
	-213.99

	5
	3
	8
	4
	-213.46


Table 1: The first column gives the number of Ga occupying the 6c sites, the second column gives the number of Ga occupying the 16i sites, the third column gives the number of Ga occupying the 24k sites and the fourth is the number of Ga-Ga bonds in the clathrate structure.

The 16i sites with their tetrahedral nature are preferential to group IV atoms because they can form sp3 hybrids. Ga preferentially occupies both the 6c and the 24 k positions with no Ga-Ga bonds present, [9, 20] because this is energetically favorable. 

For the most energetically favorable configuration, the equation of state is computed by fitting our calculated optimized energy to the Birch-Murnaghan equation (BM), [21, 22]. The minimum binding energy obtained is -3.98 eV/atom and the lattice constant is 10.97 Å, which differs by 0.5 % from the experimental value, [9, 10, 20]; see Figure 4.

Starting from the preceding configuration, I place a maximum of 3 Si atoms on the 6c sites and the remainder on the 16i sites as proposed by Nolas et al [17]. The optimized energies are fitted with the BM equation and the results are reported in table 1.
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Figure 4: Equation of state (energy vs. volume) for Ba8Ga16Ge30. The GGA –calculated data has been fitted into the BM equation

	Compound
	E0(eV/atom)
	V0(Å3/atom)
	a (Å)
	K0​(GPa)

	Ba8Ga16Ge30
	-3.98
	24.41
	10.97
	49.12

	Ba8​Ga16Si5Ge25
	-4.06
	24.06
	10.91
	52.61

	Ba8Ga16Si15Ge15
	-4.19
	23.36
	10.80
	57.30


Table 2: The parameters of the Birch-Murnaghan equation of state for different compounds obtained from the GGA energy vs volume curve

As shown in table 2, the size of the unit clathrate cell depends on the concentration of the Si atoms in the compound. I find a decrease in cell size in going through the sequence Ba8Ga16Ge30, Ba8​Ga16Si5Ge25, Ba8Ga16Si15Ge15. This is not surprising since the group III-IV bonds are longer than their group IV-IV counter parts.
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Figure 5: Electronic band structure of (a) Ba8Ga16Ge30
(b) Ba8​Ga16Si5Ge25 (c) Ba8Ga16Si15Ge15; near the band gap region. In units of 2π/a, the k-points correspond to L=(1/2,1/2,1/2), Γ=(0,0,0), X=(1/2,0,0), M=(1/2,1/2,0)
I have computed the band structures of Ba8Ga16Ge30, Ba8​Ga16Si5Ge25 and Ba8Ga16Si15Ge15. The results are shown in Figure 7 a, b and c respectively. My calculations show that the band gaps for the compounds Ba8Ga16Ge30, Ba8​Ga16Si5Ge25 and Ba8Ga16Si15Ge15 are approximately 0.6 eV, 0.5 eV and 0.45 eV respectively. The GGA band structure calculation underestimates the band gap, [10].  Previous work [9, 10] showed that Ba8Ga16Ge30 is a semiconductor. Adding substitutional Si atoms to the frame work slightly modifies the band structure. The substitutional Ga and Si atoms and the encapsulated Ba atoms modify several states near the valence band maxima and conduction band minima, thus reducing the band gap. The clathrate compounds remain semiconductors, since the total number of valence electrons of the metal guests is compensated by the substitutional Ga atoms with one fewer electron than Si and Ge. The precise k-point to k-point transition of the minimum energy gap is difficult to accurately determine because the bands are fairly flat, especially around the Fermi level (top of the valence band). In all of the above structures, the smallest energy gap lies along the Γ to the M line and I conclude that these compounds have indirect band gaps.


I have also computed the electronic density of states of the same three compounds. The results are shown in Figure 6. Each density of states (DOS) shows three major regions, which can be assigned to an s-region, an sp hybrid region and a p region. The appearance of the gap in the valence band region has been associated with the five-ring patterns of the Ge or Si atoms [23, 24] but there has been some criticism of this idea [25]. According to Ref. 32, the small angular distortion of the tetrahedrally bonded framework atoms may also play an important role. In a self consistent plane wave calculation, it is impossible to give a value for the valence band maximum on an absolute scale. However, the DOS is qualitatively very much similar to one another in the compounds that we have studied so far.




[image: image9.wmf]-6

-4

-2

0

2

0

20

40

 

 

EDOS (States/eV/atom)

Energy (eV)

E

f

(a) Ba

8

Ga

16

Ge

30



[image: image10.wmf]-6

-4

-2

0

2

0

10

20

30

40

 

 

EDOS (states/eV/atom)

Energy (eV)

E

f

(b) Ba

8

Ga

16

Si

5

Ge

25



[image: image11.wmf]-6

-4

-2

0

2

0

10

20

30

40

 

 

EDOS (states/eV/atom)

Energy (eV)

E

f

(c) Ba

8

Ga

16

Si

15

Ge

15


Fig 6: The total electronic density of states (EDOS) of: (a) Ba8Ga16Ge30 (b) Ba8​Ga16Si5Ge25 (c) Ba8Ga16Si15Ge15
IV: PROPOSED WORK

My Ph.D. dissertation work will be focused on first principles calculations of the properties of thermoelectric materials, specifically alloyed silicon-germanium type I clathrates. Materials of this class are variants of Ge46, the type I germanium clathrates, and can be expressed by the general formula MxGa16(Si,Ge)30, (M are guest atoms, usually Ba or Sr). The Ga and Si atoms in the clathrate compound materials replace some Ge atoms at framework sites and the guests M are located within the internal cages formed by Ga-Si-Ge atoms. Two types of internal cages are formed by Ga-Si-Ge framework: two 20-atom cages and six slightly larger 24-atom cages (per unit cell). This gives the maximum guest number x of 8 (per unit cell) when the type I clathrate is fully loaded. Ga atoms accept the electrons donated by the metal guests. By careful adjustment of the Ga and guest atoms, the compound can change from a good conductor to an insulator. I intend to study the properties of at least: Ba8Ga16SixGe30-x, Sr8Ga16SixGe30-x, Ba8In16SixGe30-x and Sr8In16SixGe30-x. Based on our private communications with Dr. George Nolas (University of South Florida), I will focus initially on Ba8Ga16SixGe30-x, (x=3,4,5). Experimental synthesis of these materials and their structural and transport properties have been reported [17].
Due to the complexity of the structure, accurate ab initio techniques are needed to provide realistic theoretical models for the MxGa16(Si,Ge)30 clathrates. However, the intense computational load of such calculations requires some approximation. The approximation I assume is to continue using the single unit-cell model, despite the fact that the clathrate material might well contain “alloy disorder” and the concept of a unit cell is thus no longer strictly valid. Sharp x-ray diffraction lines are observed for Sr8Ga16Ge30 clathrates [27]; however, because of the similarity in atomic number, this gives no information on Ga/Ge disorder. The presence of both types of atoms in the framework does not appear to result in a detectable distortion in the lattice strains.

Despite the insensitivity of x-rays to the difference between Ga and Ge, the Ga distribution on the framework is non random [20].  A pure Ge46 framework has a very high symmetry (
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, No. 223) [3] and the 46 atoms per unit cell are located at three distinct crystallographic sites, conventionally labeled as 6c sites (point group D2d), 16i sites (C3) and 24k sites (Cs). For a given Ga and Si substitution, there are a very large number of possible configurations, even using the single unit cell approximation. 
Because substitutional Ga is an acceptor, it is likely that the Ga concentration and its spatial correlation together with the Si atoms influence the energetics of the material, thus leading to a modification of the band structure.  A great deal of insight into electronic band structures have been gained by using first principles methods based on density functional theory with the local density approximation (LDA)  or, even better, with the generalized gradient approximation (GGA). Most of my calculations will be based on GGA since the structure is complex and has lower symmetry, (C1 symmetry from my calculations). 
Despite this deviation from cubic symmetry, we will retain the cubic symmetry in our calculations for this reason: Crystallography “sees” the average unit cell, and the metal guests appear to be distributed symmetrically about the center of each cage. Also, the Ga and Si positions are isotropically distributed in each symmetry site. The result is a cubic cell. For my calculations, I have to choose a specific distribution and the result will be non cubic since the cubic distribution such as placing Ga on all 16i sites is a higher energy configuration. Blake et al [9] have shown that the guests inside the cages prefer the off center positions, thus distorting the lattice. However, I will assume that if I construct a supercell with a cubic distribution of Ga and Si, the optimum cell would be cubic.
 It is well known that the GGA underestimates the band gap and as a ground state theory, it is not applicable to excited states. Ground state properties such as total binding energy, charge density etc, are expected to be correct. Valence band shapes and filled valence bands are reliably predicted, so the GGA generally gives an accurate trend in the electronic properties of these materials, [9].
My calculations will use the Vienna Ab-initio Simulation Package (VASP). This methodology utilizes the pseudopotential approximation so that only the valence electrons, and not the atomic core states, are considered in the calculations. The basis sets are plane waves and this technique has worked well in other studies of clathrates [7, 10, 22]. The compound Ba8Ga16SixGe30-x, with a silicon concentration x~5 had the highest absolute value of thermopower, the highest mobility and the smallest resistivity [17]. This is not observed in typical rigid-band semiconductors, thus suggesting a modification in the band structure of Ba8Ga16Ge30.

My work will also investigate the vibrational spectra of MxGa16(Si,Ge)30, where M is Ba or Sr..   Recent calculations have shown that the location of Ga in the clathrate framework affects the stability and the transport properties of this compound [26].  This will be accomplished by searching for a low energy alloy structure of fixed composition. Structural refinement studies have shown that Si atom substitutions prefer the 6c sites. However, N. P. Blake et al. [10] suggested the 16i sites, with their tetrahedral nature, are preferred by the group IV atoms because they can form sp3 hybrids. Based on refs.  [8, 17, 25], the Ga distribution in the Ba8Ga16Ge30 that gives the minimum binding energy is: 3 Ga atoms on the 6c site, 1 Ga atom on the 16i site, 12 Ga atoms in the 24k site (in other words, Ga atoms occupy alternating sides of the six- atom window) and no Ga-Ga bond is allowed in the configuration. My calculations have confirmed this. I will place some of the Si atoms on the 6c sites as suggested by [17] and some on the 16i sites, where sp3 hybridization is present and would likely be preferred by Si atoms.
My work will further investigate the effects of the guest-host interactions on the phonon density of states with varying Si concentrations in the framework. Band structure calculations and vibrational spectra have been obtained for M8Ga16Ge30 for different Ga distributions [17, 28]. This work showed interesting results for the general trends in the band gap and on the localized rattling modes of the guest atoms in the small and large cages, which are essential in reducing the thermal conductivity of the crystal. These rattlers scatter the low lying phonon modes, thereby reducing its thermal conductivity.


 I will also calculate the thermal properties of these materials, specifically the Helmholtz Free energy, F, and the heat capacity. These are important in determining thermodynamic functions such as entropy and can be used to asses the thermodynamic stability of the material. If it is assumed that the systems have perfect crystalline lattices and their entropies are only due to lattice vibrations, a first principles quantum mechanical theory can be applied. The harmonic phonon eigen-modes present at each volume can be derived from the force constant matrix calculated using first principles and the Helmholtz free energy approximated using the statistical quasiharmonic approximation [29]:

F(T,V)=Estatic(V) + Fdynamic(T,V)= Estatic(V) +
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 Here Estatic represents the total energy of the solid when atoms are fixed at their crystalline lattice sites and ω and g(ω) are the phonon frequencies  and the vibrational density of states respectively. Estatic is computed from standard DFT calculations and the harmonic phonon eigenmodes at each volume are derived from the force constant matrices calculated using first principles.
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