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Abstract: In this work, Gd-filled skutterudite GdxCo4Sb12 has been prepared in one-step method 

under high-pressure conditions in a piston-cylinder press at 3.5 GPa and moderate temperature of 

800 °C. A detailed structural characterization was performed using synchrotron X-ray diffraction 

(SXRD), revealing a filling fraction of x = 0.066(4) and an average <Gd–Sb> bond length of 3.3499(3) 

Å. The lattice thermal expansion accessed via temperature-dependent SXRD led to a precise deter-

mination of a Debye temperature of 322(3) K, from the fitting of the unit-cell volume expansion 

using the second order Grüneisen approximation. Such parameter, when evaluated from the mean 

square displacements of Co and Sb, displayed a value of 265(2) K, meaning that the application of 

the harmonic Debye theory underestimates the Debye temperature in skutterudites. Regarding the 

Gd atom, its intrinsic disorder value is ~5× and ~25× higher than those of Co and Sb, respectively, 

denoting that Gd has a strong rattling behavior with an Einstein temperature of 𝜃𝐸 = 67(2) K. As a 

result, an ultra-low thermal conductivity of ~0.89 W/m·K at 773 K was obtained, leading to a ther-

moelectric efficiency zT of ~0.5 at 673 K. 
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1. Introduction 

In recent times, an increasing energy demand has been observed as an unstoppable 

trend, making it necessary to seek for new energy sources or increasing the efficiency of 

the old ones. Approximately, about two thirds of the total energy production is wasted as 

heat, representing a frustratingly significant contribution that prevents achieving greater 

energy efficiency. Thermoelectric devices can transform useless heat into electrical energy 

directly and reversibly, and they could reduce the portion of wasted energy [1,2]. Ther-

moelectric generators have no moving parts, require minimum maintenance, and are 

much more reliable than most traditional power generation systems. However, before this 

technology becomes widespread, the conversion efficiency of the thermoelectric devices 

needs to be increased above the current ~5% [3–5]. This thermoelectric efficiency depends 

crucially on the material thermoelectric figure of merit, 𝑧𝑇 = 𝑆2𝜎𝑇/𝜅, where 𝑆 stands for 

Seebeck coefficient, 𝜎 for electrical conductivity, 𝜅 for total thermal conductivity, and 𝑇 

for absolute temperature. Therefore, there is an intense search underway for novel mate-

rials with higher efficiency (𝑧𝑇) and other relevant properties (long term stability, thermal 

expansion, power-factor, price, environmental friendliness, etc.). 

Thermoelectric materials are mainly sought among heavily doped semiconductors 

[6,7]. Among them, materials with skutterudite structure, derived from CoSb3 pnictide, 

display a promising thermoelectric performance [8,9]. The binary skutterudite CoSb3 (or 

Co4Sb12) is a narrow band-gap semiconductor thermoelectric (TE) material with excellent 
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electrical performance. However, it shows high thermal conductivity due to the high co-

valency of the Co–Sb chemical bond, resulting in a very low 𝑧𝑇 value. Several strategies 

have been designed to reduce 𝜅 in skutterudites; the most extended is the so-called “fill-

ing” of the crystal structure [7,10–16]. 

The backbone of the skutterudite crystal structure is a framework of corner-sharing 

[CoSb6] octahedra, heavily tilted in the three directions of the real space. This structure, 

defined in the 𝐼𝑚3̅ space group, contains large voids at 2a sites, where distinct elements 

like rare earth, alkali earth or alkali cations can be lodged, in overdimensioned cavities 

where the effect of “rattling“ of these filler elements drastically reduces the lattice thermal 

conductivity in filled skutterudites [8]. According to the PGEC theory (phonon-glass, elec-

tron-crystal) materials [17,18], this “ball in a cage” configuration of filled skutterudites 

directly determines the basic conditions for high 𝑧𝑇 values. 

In precedent works, we have successfully synthesized and characterized such com-

pounds under high-pressure conditions, given the metastable character of these distorted 

compounds. For instance, Co4Sb12 can be stabilized at 3.5 GPa, finding exceptionally low 

thermal conductivities that were ascribed to partial Sb deficiency, the Sb vacancies acting 

as phonon scatterers [19]. We also stabilized LaxCo4Sb12, La acting as rattler element [20]. 

Subsequently, other MxCo4Sb12 pnictide skutterudites were filled with a panoply of rare-

earths (Ce, Yb, Y, mischmetal), alkali earth (Sr) or alkali elements (K) which were success-

fully introduced in the 2a skutterudite cages, at hydrostatic pressures of 3.5 GPa at mod-

erate temperatures [21–25]. 

Previous works have devoted their attention for Gd-filled skutterudites, GdxCo4Sb12, 

particularly: Yang et al. described the thermoelectric performance of high-pressure ob-

tained Gd0.12Co4Sb12 with a highest 𝑧𝑇 = 0.52 at 600 K [26]; Liu et al. investigated the ther-

moelectric properties of GdxFeyCo4-ySb12 skutterudites prepared by melting-annealing 

method, showing empirically the role of Gd to dramatically reduce the thermal conduc-

tivity [27]. However, a more careful structural determination was needed to probe the 

temperature-dependent lattice dynamics in Gd-filled skutterudites and the rattling effect 

of Gd atom. Here, we describe a Gd-filled skutterudite, GdxCo4Sb12, prepared at 3.5 GPa, 

where high-angular resolution synchrotron X-ray diffraction (SXRD) data disclosed con-

spicuous features that account for a substantial reduction of the thermal conductivity in 

this thermoelectric material. 

2. Experimental Methods 

A nominal composition of Gd0.5Co4Sb12 was synthesized by a solid-state reaction un-

der high-pressure and moderate temperature conditions. About 1.2 g of a stoichiometric 

mixture of the starting elements Gd (99.0%, Alfa Aesar), Co (99 %, ROC/RIC), and Sb (99.5 

%, Alfa Aesar) were ground and placed in a niobium capsule (of 5 mm in diameter), 

sealed, and inserted inside a cylindrical graphite heater. The capsule was manipulated 

inside an Argon-filled glove box. Reactions were carried out in a piston-cylinder press 

(Rockland Research Co.), at a pressure of 3.5 GPa, at 800 °C for 1 h. Afterwards, the prod-

ucts were quenched to room temperature and the pressure was released. The recovered 

sample was obtained as hard pieces, which were partially ground into fine powder for 

structural characterization or cut with a diamond saw to perform transport measure-

ments. 

High-resolution synchrotron X-ray diffraction (SXRD) patterns were recorded at the 

beamline ID22 at the European Synchrotron Radiation Facility (ESRF, Grenoble). The in-

cident X-ray radiation wavelength was set to 0.35418 Å. The temperature interval between 

10 and 1000 K was covered using a He-cooled cryostat and a hot-air blower, with the 

powder sample loaded into quartz capillaries of 0.5 mm in diameter. The diffraction pat-

terns were collected over the 2θ 1°−40° range with a multi-analyzer stage of 13 Si(111) 

crystals. High-resolution powder diffraction patterns were retrieved following the proce-

dure described in Ref. [28]. Rietveld refinements were carried out using the FullProf pro-
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gram and the peak shape was described using a pseudo-Voigt function [29]. The refine-

ment included the following parameters: scale factors, zero-point error, background coef-

ficients, asymmetry correction factors, lattice parameters, atomic positions, occupancy fac-

tors, and isotropic displacement parameters. 

The Seebeck coefficient was determined using a commercial MMR-technologies sys-

tem. Measurements were recorded under vacuum from room temperature up to 800 K. A 

constantan wire was used as a reference for comparison with bar-shaped skutterudite 

samples cut with a diamond saw perpendicular to the pressing direction. The reproduci-

bility was verified with different contacts and constantan wires. A Linseis LFA 1000 in-

strument was used to measure the thermal diffusivity (α) of the samples over a tempera-

ture interval 300 ≤ T ≤ 800 K by the laser-flash technique. A thin graphite coating was 

applied to the surface of the pellet to maximize heat absorption and emissivity. The ther-

mal conductivity (κ) is determined using κ = α·Cp·ρp, where Cp is the specific heat and ρp 

is the sample physical density. Then, the specific heat was calculated using the Dulong-

Petit equation. 

3. Results and Discussion 

3.1. Crystal structure 

The crystal structure of the as-obtained Gd-filled Co4Sb12 was probed from high-res-

olution SXRD data. The unit-cell was indexed at room temperature by following the sym-

metry restriction of the body-centered space group 𝐼𝑚3̅ (#204, 𝑇ℎ
5) with lattice parameter 

𝑎 = 9.042849(7) Å, as shown in Fig. 1a. With eight formula per unit-cell (𝑍 = 8), the atoms 

are distributed as follows: Co at 8c (3̅) sites [0.25, 0.25, 0.25], Sb at 24g (𝑚) sites [0, y = 

0.33511(3), z = 0.15792(3)], and Gd at 2a (𝑚3̅) sites [0, 0, 0]. The crystal structure of the Gd-

filled Co4Sb12 is shown in Fig. 1c and Fig. 1d, which highlight the distorted octahedral 

units [CoSb6] and the Sb rings [Sb4] formed as a consequence of the strong tilting of the 

octahedra, respectively. It was determined that the nominal composition x = 0.5 was not 

reached, instead a filling fraction of x = 0.066(4) was obtained, leading to the chemical 

formula Gd0.066(4)Co4Sb12. No secondary (or minor) phases were detected. Table 1 summa-

rizes the refined parameters at room temperature, besides the bond lengths Co–Sb, Gd–

Sb, and Sb–Sb. The last one has two values for describing the rectangular shape of the ring 

[Sb4]. 
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Figure 1. (a) Rietveld refinement of the synchrotron X-ray diffraction pattern of Gd-filled Co4Sb12 

skutterudite at room temperature. (b) Temperature evolution in the range 10–1000 K of the main 

reflection (130)(310). In part (a), red open circles are the experimental data, black line denotes the 

calculated profile, blue line is the difference between experimental and calculated data, and dark 

green bars the Bragg reflections. Crystal structure representation exhibiting (c) the octahedral units 

[CoSb6] and (d) the Sb rings [Sb4]. 

Then, a precise temperature-dependent evaluation was carried out in the Gd-filled 

Co4Sb12 skutterudite to probe its thermal expansion and thermoelastic properties from 10 

up to 1000 K. As expected, no phase transition was observed and only the volume expan-

sion could be detected as exemplified in Fig. 1b through shifts to lower angles of the main 

reflection (130)(310). 

Table 1. Refined structural parameters of the Gd-filled Co4Sb12 skutterudite from SXRD data at room 

temperature. Abbreviations: Ueq is the equivalent mean square displacement, SOF the site occupancy 

factor, and 𝜌𝑡 the theoretical density. 

Atom Wyckoff x y z Ueq (10-3 Å2) SOF 

Co 8c 0.25 0.25 0.25 7.4(1) 1 

Sb 24g 0 0.33511(3) 0.15792(3) 7.05(4) 1 

Gd 2a 0 0 0 28(7) 0.033(2) 

Unit-cell parameters Bond lengths  Reliability factors 

𝑎 (Å) 9.042849(7) d0 (Co–Sb) (Å) 2.5291(3)        Rp (%) 6.30 

𝑉 (Å3) 739.4619(10) d1 (Sb–Sb) (Å) 2.8561(4)        Rexp (%) 4.94 

𝜌𝑡 (g.cm-3) 7.644(1) d2 (Sb–Sb) (Å) 2.9823(4)        Rwp (%) 6.86 

  d3 (Gd–Sb) (Å) 3.3499(3)        RBragg (%) 1.92 

3.2. Thermoelastic properties 

Considering the absence of any structural transition at low and high temperatures in 

Gd0.066(4)Co4Sb12, we can proceed to evaluate both thermal expansion and thermoelastic 

properties of this compound. The available data cover the temperature range of 10–1000 

K, which enables a second order expansion of the Grüneisen approximation. In this 

method, the anharmonic contributions from the lattice vibration are considered and the 

thermal expansion of unit-cell volume 𝑉(𝑇) has similar description to the elastic strain 

and can be second order expanded, as follows [30]: 

𝑉(𝑇) =  𝑉0 +
𝑉0 𝑈(𝑇)

𝑄 −  𝑏 𝑈(𝑇)
 (1) 

such that, 𝑉0 denotes the unit-cell volume at 0 K, 𝑄 =
𝑉0𝐵0

𝛾′ , 𝑏 =
𝐵0

′  − 1

2
, 𝐵0 and 𝐵0

′  are the 

bulk modulus and its first derivative in pressure at 0 K, and 𝛾′ describes the Grüneisen 

parameter. 𝛾′ is zero for an harmonic crystal, and 𝛾′ ≠ 0 when anharmonic effects occur 

typically at high-temperatures [31]. The function 𝑈(𝑇) represents the internal energy as 

derived from the Debye theory, i.e. 
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𝑈(𝑇) =  9𝑁𝑎𝑘𝐵𝑇 (
𝑇

𝜃𝐷

)
3

∫
𝑧3

𝑒𝑧 − 1
𝑑𝑧

𝜃𝐷 𝑇⁄

0

 (2) 

where, 𝑁𝑎 is the total number of atoms within the unit-cell (in the case of CoSb3, 𝑁𝑎 = 

32), 𝜃𝐷 the Debye temperature, 𝑘𝐵 and 𝑇 maintain their usual meaning in physics. 

Using the previous equations, we fitted the volume expansion with temperature in 

Fig. 2a, where the following parameters were obtained: 𝜃𝐷 = 322(3) K, 𝑉0 = 735.310(3) Å3, 

𝑄  = 4.41×10-17 J, and 𝑏  = 0.764. The comparison between the experimental and fitted 

curves shows a good agreement in the entire temperature interval. In this model, 𝑄 and 

𝑏 are assumed to be temperature-independent. By taking literature value for the bulk 

modulus (𝐵0) in CoSb3 of 100(4) GPa [25], the Grüneisen parameter (𝛾′) can be estimated 

around 1.67(5), which partially agree with the value 1.11(1) for CoSb3 as extracted from 

the compressibility data at a constant temperature [32]. Still, a larger value indicates an-

harmonic bonding and stronger phonon-phonon interactions, which account for the re-

duced lattice thermal conductivity [33]. In addition, the first derivative 𝐵0
′  is evaluated as 

2.5(3). This result points out that the anharmonicity of the lattice vibrations at high-tem-

perature may be an important parameter to describe the thermoelectric performance in 

filled skutterudites. 

 

Figure 2. (a) Thermal expansion of the unit-cell volume 𝑉(𝑇), such that the solid line is the second 

order Grüneisen approximation to the zero-pressure equation of state. (b) Thermal expansion coef-

ficient 𝛼(𝑇), where the spheres were obtained by numerical first derivative of the unit-cell volume 

and the black solid line is the calculated from the fitted unit-cell volume expansion using Eq (1). 

From the first derivative of the unit-cell volume, the thermal expansion coefficient 

𝛼(𝑇) can be evaluated [30], as follows: 

𝛼(𝑇) =  
1

𝑉

𝑑𝑉

𝑑𝑇
 (3) 

Fig. 2b compares the experimental values for 𝛼(𝑇) (numerical first derivative of the ex-

perimental points) and the calculated thermal expansion coefficient from the fitting using 

Eq (1). One may see that, for temperatures above 800 K, the experimental points start to 

depart from the calculated thermal expansion coefficient, possibly caused by the internal 

instabilities of the filler element Gd, which can result in thermal decomposition for tem-

peratures higher than 1000 K [19,22]. 

3.3. Mean square displacement 

The Debye approximation can also be used to describe the thermal evolution of the 

principal thermal vibration parameters after converted to the mean square displacements 

(MSDs or 𝑈𝑒𝑞 , in units of Å2) [34–36], as defined by: 
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𝑈𝑒𝑞(𝑇)  =  𝑑𝑠
2 +

3ℏ2𝑇

𝑚𝑘𝐵𝜃𝐷
2 [ 

𝑇

𝜃𝐷

∫
𝑧

𝑒𝑧 − 1

𝜃𝐷 𝑇⁄

0

𝑑𝑧 +
𝜃𝐷

4𝑇
 ] (4) 

where 𝑑𝑠
2 is the intrinsic disorder (also known as the static displacement at 0 K), 𝑚 the 

atom’s mass, and the ℏ the reduced Planck constant. This Debye model evaluation is 

more appropriate for Co and Sb atoms because such atoms constitute the framework (or 

the lattice) of the skutterudite structure, see Fig. 1c. 

Co atom exhibited an intrinsic disorder of 1.65(7)×10-3 Å2 and a Debye temperature 

of 𝜃𝐷 = 393(1) K. On the other hand, Sb atom shows an intrinsic disorder of 5.72(8) ×10-4 

Å2 and a Debye temperature of 𝜃𝐷 = 240(1) K. These values for 𝜃𝐷, after averaged by the 

atomic masses of Co and Sb, provide a Debye temperature for the framework of 𝜃𝐷 = 

265(2) K, which agrees with previous values for CoSb3-δ (𝜃𝐷 = 262 K) [19] and other par-

tially filled skutterudites (𝜃𝐷 = 265–274 K) [37], which were also extracted from MSDs 

analyses. Our result of 𝜃𝐷 = 265(2) K is in partial agreement with the Debye temperatures 

obtained from the heat capacity curves (𝜃𝐷 = 280–294 K) [37]. However, the Debye tem-

perature evaluated from both volume expansion and MSDs displayed quite different val-

ues, i.e. 322(3) and 265(2) K, respectively. This difference originates at the evaluation 

method of the Debye temperature, being this discrepancy also noticed by Vočadlo et al. 

for ε-FeSi [30]. As a result, the thermal expansion fitting of the unit-cell volume is indeed 

very sensitive to the temperature range and anharmonic effects [30], which may explain 

such differences. It denotes that the application of only harmonic Debye approximation 

may underestimate the Debye temperature in skutterudites. 

 

Figure 3. Temperature-dependence of the mean square displacements 𝑈𝑒𝑞(𝑇) (or MSDs in units of 

Å2) for the atoms (a) Co, Sb and (b) Gd. The Co–Sb framework was evaluated using the Debye ap-

proximation, while the dynamic behavior of the filler Gd was fitted to the Einstein model. 

Gd atom has a less chemically bound situation at 2a sites (voids), enabling its rattling 

behavior [38], which works for the benefit of the acoustic phonon scattering, thus reducing 

the thermal conductivity [23,37,39]. In such a case, the normal vibrations can be treated as 

independent oscillators according to the Einstein approximation, as follows: 

𝑈𝑒𝑞(𝑇)  =  𝑑𝑠
2 +

ℏ2

2𝑚𝑘𝐵𝜃𝐸

coth (
𝜃𝐸

2𝑇
) (5) 

where 𝜃𝐸 denotes the Einstein temperature. The fitted value for the intrinsic disorder 𝑑𝑠
2 

approaches 9.1(2)×10-3 Å2, which is about ~5× and ~25× higher than those values for Co 

and Sb, respectively. This result shows that Gd has a strong rattling effect at the 2a voids, 

being corroborated by the Einstein temperature 𝜃𝐸 = 67(2) K. This low value agrees with 

those for typical fillers of rare-earth elements, normally ranging from 54–88 K [20,22,37]. 

Specially, the 𝜃𝐸 value for Gd is close to that for Eu, i.e. 𝜃𝐸 = 68(2) K [37], both elements 

having similar atomic masses. In Fig. 3b, a slope change in the Gd MSD is seen at 800 K, 
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which may be associated with internal instabilities of the filler in view of the high 𝑈𝑒𝑞  

value of 0.1(6) Å2. 

3.4. Local atomic bonding 

As established in the literature [24,40,41], the skutterudite-type structure belonging 

to the space-group 𝐼𝑚3̅ is fully described by three parameters, namely the lattice constant 

𝑎 and the Sb fractional coordinates 𝑦 and 𝑧. While the lattice constant is sensitive to the 

filling fraction, the Sb fractional coordinates can be used to probe the topology of the [Sb4] 

ring [23]. For a square ring, where the short (d1) and long (d2) Sb–Sb distances have the 

same length, the coordinates are constrained to 𝑧 +  𝑦 = 0.5 (Oftedal line) [42]. Fig. 4a 

displays the Oftedal plot (𝑧 vs. 𝑦) for both Gd-filled and unfilled Co4Sb12 (from ref. [19]). 

One may see two tendencies: 1) the incorporation of the filler brings the Sb ring closer to 

the Oftedal line, 2) the temperature increase induces a ring deformation from a square to 

a more rectangular shape. This behavior was also observed by Hanus et al. for Yb-filled 

Co4Sb12 [41]. 

 

Figure 4. (a) Oftedal plot with the Oftedal line (red dotted line, such that 𝑧 +  𝑦 = 0.5) comparing 

both Gd-filled and unfilled Co4Sb12. (b) Temperature dependence of the short and long Sb–Sb dis-

tances in the [Sb4] ring for both Gd-filled and unfilled Co4Sb12. 

The different temperature evolution of the [Sb4] ring bonds distances (Fig. 4b) are 

analyzed using the local linear expansion coefficients (Table 2), calculated as 𝛼𝑙(𝑇) =

 
1

𝑙

𝑑𝑙

𝑑𝑇
. These provide an indication of the electron density between the atoms and the re-

spective bond strength, as weaker bonds will show a more pronounced expansion with 

temperature [41]. Here, a significant increase of the short Sb–Sb bond distance at room 

temperature is observed after filling; however, the local expansion coefficient remains 

analogous to unfilled Co4Sb12 prepared under high-pressure. Long Sb–Sb bonds display a 

similar distance in unfilled and filled samples, while the local thermal expansion coeffi-

cient in Gd-filled Co4Sb12 is much larger, suggesting a much weaker covalent interaction. 

This is in contrast with previously reported local thermal expansion coefficients of 

Yb0.3Co4Sb12, in which the significant weakening of short Sb–Sb distances led towards 

more squared bond order of short and long Sb–Sb interactions. This lengthening is related 

to the change in electronic structure and population of antibonding states, leading to the 

band convergence, core of the excellent thermoelectric performance of filled Co4Sb12 [43]. 

In contrast, while Gd-filled Co4Sb12 still shows an increase of short Sb–Sb bond distances, 

the structure still retains a much stronger short Sb–Sb bond than long Sb–Sb bond, which 

is weakened. This is related to the low filling fraction and different electronic interactions 

of Gd3+ and Yb3+/2+ within the skutterudite structure. Besides, as reported previously, Co–

Sb bond nature remains unaltered after filling. 

Table 2. Linear thermal expansion coefficients (𝛼𝐿) evaluated for the bond Co–Sb, Sb–Sb, and M–Sb 

in both unfilled [19] and filled (M = Gd and Yb [41]) Co4Sb12 skutterudites, being normalized with 

respect to the 300 K bond length. 
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Structural parameter 
𝜶𝑳 (×10-6 K-1) 

Co4Sb12 Gd0.066(4)Co4Sb12 Yb0.3Co4Sb12 

d0 (Co–Sb) 8.9 9.1 9.1 

d1 (Sb–Sb) 9.7 9.6 12.6 

d2 (Sb–Sb) 12.7 16.8 15.9 

d3 (M–Sb) - 7.3 8.6 

3.5. Thermoelectric performance 

The three main thermoelectric transport properties of the unfilled Co4Sb12 and the 

Gd0.066(4)Co4Sb12 composition are displayed in Fig. 5. There is a significant reduction of the 

resistivity (Fig. 5a) with the addition of the filler element, even in these small quantities, 

dropping down to ~10-5 Ω.m throughout the entire measurement range. Moreover, these 

values are slightly better than those reported for both Gd0.09Co4Sb12 and Gd0.12Co4Sb12 pre-

pared at 4 GPa, which are between 2×10-5 Ω.m and 4×10-5 Ω.m [26]. Regarding the Seebeck 

coefficient, it shows a significant reduction at room temperature compared to -350 µV/K 

of the unfilled Co4Sb12, down to -100 µV/K for the Gd-filled compound (Fig. 5b). Such a 

drastic change in the Seebeck coefficient cannot only be attributed to the charge transfer 

from the filler element to the skutterudite framework, because the refined filling fraction 

is only x = 0.066(4). Instead, the change in this transport parameter is affected by both, the 

charge transfer and the change in the band structure induced by the filler element, the Gd 

atom. The lower Seebeck coefficient shown by this composition compared to that reported 

for the GdxCo4Sb12 specimen prepared at 4 GPa [26] (-260 µV/K at room temperature), 

together with the reduction in the resistivity, suggest that the charge transfer is more 

prominent in this sample. Nevertheless, this is inconsistent with lower filling fraction val-

ues and will be discussed below. The calculated power factor can be seen in Fig. 5c, ex-

hibiting higher values than that of the undoped compound, but lower than those reported 

for other Gd-filled compounds [26]. 

 
Figure 5. Temperature dependence of the: (a) resistivity, (b) Seebeck coefficient, and (c) power 

factor (S2ρ-1) of the Gd-filled skutterudite obtained under high-pressure conditions at 3.5 GPa. 
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The weighted mobility [44] of the Gd-filled compound calculated from the experi-

mental Seebeck coefficient and resistivity is shown in Fig. 6. This mobility gives nearly the 

same information about carrier mobility as the Hall mobility, so we can extract some use-

ful hints about the behavior of the charge carriers from the analysis of this plot. The main 

insight is that the electronic transport in this compound is limited by acoustic phonon 

scattering, an effect that can be noted by the decrease of the weighted mobility with tem-

perature following a 𝑇−3/2 relation. The weighted mobility of this Gd-filled derivative is 

comparatively higher than that of other filled skutterudites prepared by the same method 

[45]. Taking this into account, our samples may present a lower carrier concentration than 

expected, while the Seebeck coefficient is not as enhanced by band convergence as in other 

higher filling-fraction Gd-Co4Sb12. This agrees with the relationship of the filling fraction 

and doping level of antibonding states with conduction bands convergence, due to the 

low filling fraction values extracted from SXRD. Indeed, the structural analysis points to-

wards the same argument, as the short Sb–Sb bonds still display lower values of thermal 

expansion and a much stronger interaction than that of long Sb–Sb bonds, while the op-

posite behavior would promote the band convergence [41]. 

 
Figure 6. Calculated weighted mobility of the Gd-filled skutterudite obtained under high-pressure 

conditions at 3.5 GPa (dark blue symbols). The dotted and dashed lines exhibit the trends associ-

ated with different behaviors. 

The total thermal conductivity is displayed in Fig. 7a. There is a huge reduction in 

the thermal conductivity of the Gd-filled composition compared to the unfilled one, as 

reported before for other filler elements [20–22]. The thermal conductivity becomes as low 

as 0.89 W/m.K at 773 K, lower than the minimum of ~3 W/m.K reported for other Gd-filled 

skutterudites synthesized at high-pressure [26], and the ~1.5–2 W/m.K reported for other 

doped skutterudites [46,47]. Such a decrease in the thermal conductivity is a consequence 

of the rattling behavior of the Gd atom which, as we described before, shows an intrinsic 

disorder parameter ~5× and ~25× higher than those of the Co and Sb atoms, respectively. 

Lastly, the calculated thermoelectric figure of merit (zT) is plotted in Fig. 7b. A maximum 

value of ~0.5 is achieved at 673 K, being approximately equal to that reported for both 

Gd0.09Co4Sb12 and Gd0.12Co4Sb12 compounds [26], but shifted towards higher temperatures. 
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Figure 7. (a) Total thermal conductivity and (b) thermoelectric figure of merit (zT) of the unfilled 

and the Gd-filled compound obtained under high-pressure conditions at 3.5 GPa. 

4. Conclusions 

In short, Gd-filled skutterudite GdxCo4Sb12 was successfully synthesized in one-step 

method under high-pressure in a piston-cylinder press at 3.5 GPa and moderate temper-

ature of 800 °C. Structural characterizations were performed using SXRD, from which a 

filling fraction of x = 0.066(4) and an average <Gd–Sb> bond length of 3.3499(3) Å were 

estimated. The lattice thermal expansion and lattice anharmonicity were studied via tem-

perature-dependent SXRD. A Debye temperature of 322(3) K, from the fitting of the unit-

cell volume expansion using the second order Grüneisen, was derived with a Grüneisen 

parameter 𝛾′  = 1.67(5). The Debye temperature was additionally evaluated from the 

mean square displacements of Co and Sb, leading to a value of 265(2) K. This difference 

means that the application of the harmonic Debye theory underestimates the Debye tem-

perature in skutterudites. At the Gd sites, its intrinsic disorder value is ~5× and ~25× higher 

than those of Co and Sb, respectively, denoting that Gd has a strong rattling with an Ein-

stein temperature of 𝜃𝐸 = 67(2) K. This rattling behavior promotes an ultra-low thermal 

conductivity of ~0.89 W/m·K at 773 K, explained from acoustic phonon scattering, which 

consequently leads to a thermoelectric efficiency zT of ~0.5 at 673 K. 
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