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“Two roads diverged in a wood, and I

I took the one less traveled by,

And that has made all the difference.”

- Robert Frost
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Deutsches Elektronen Synchrotron (Hamburg, Germany), and Dr. O. Gourdon



from POWGEN, at the Spallation Neutron Source (Oak Ridge, USA), for their

hard work and help. A special thank you to Dr. I. Sergueev, formerly beam-

line scientist at ID18 and ID22 at the European Synchrotron Radiation Facility

(ESRF, France), for being so friendly and full of energy, for setting up the beam-

line so many times, and for reading this manuscript. I also thank the institutions

cited above for providing synchrotron and neutron beam time.

I would like to acknowledge all the support from the members of the NanoKoCh

Project, Dr. E. Müller and Dr. J. Dadda (DLR, Köln) for sharing their expertise
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Abstract

The goal of this work is to characterize the structure and lattice dynamics of com-

plex chalcogenide alloys. Particular interest is paid to the system AgPbmSbTem+2

(LAST-m), AgSbTe2 and the binaries PbTe, SnTe and GeTe. Synchrotron radia-

tion studies including high energy X-ray diffraction and nuclear inelastic scatter-

ing, and macroscopic measurements of heat capacity and elastic constants were

performed. A new resonant ultrasound spectroscopy setup with capable of per-

forming measurements from room temperature to 1073 K was built for mechanical

characterization of the thermoelectric alloys at their working temperatures.

The first chapter presents a brief review of relevant information on thermoelec-

tricity and on the materials under study. The characterization methods including

heat capacity, resonant ultrasound spectroscopy, X-ray diffraction and nuclear

inelastic scattering are introduced. Not as an exhaustive review, but rather in

order to give the reader a basic level of understanding and a sense of the acessible

information. The introduction is followed by three chapters which address the

experimental studies of lattice dynamics in chalcogenide alloys.

Chapter 2 describes the lattice dynamics in the compounds GeTe, SnTe and PbTe

studied by 119Sn and 125Te nuclear inelastic scattering. The obtained partial

density of phonon states were compared with published theoretical calculations,

and the resulting vibrational properties were found to be in good agreement with

these reports. Additionally, the phase purity and structure were characterized by

high energy X-ray diffraction. The atomic arrangement, rhombohedral for GeTe

and cubic for SnTe and PbTe, is seem to affect the density of phonon states,

with the NaCl-type structure having a softer character in comparison with the

rhombohedral structure.



In Chapter 3, the lattice dynamics of a polycrystalline AgSbTe2 sample was

investigated by 121Sb and 125Te nuclear inelastic scattering, at low tempera-

tures. For this compound, the phonon modes have energies below 25 meV and

a sound velocity of vs = 1490(30) m/s was determined. A simple temperature

independent estimation of the lattice thermal conductivity of AgSbTe2 yielded

κL = 0.50± 0.05 Wm−1K−1. The low Debye temperature, θD = 150(15) K com-

bined with the short phonon lifetime and the low sound velocity are found to be

key factors for the low thermal conductivity in AgSbTe2 and are related to the

good thermoelectric performance in AgSbTe2 and AgSbTe2containing systems.

Chapter 4 is dedicated to the study of the average and local structure in bulk

AgPb18SbTe20 alloy, by a combined Rietveld and Pair Distribution Function anal-

ysis. The strong influence of the synthesis conditions on the lattice parameters

and on the composition and the concentration of nanoclusters in LAST-18 is con-

firmed. Moreover, the 121Sb and 125Te partial density of phonons states were

obtained by nuclear inelastic scattering in order to separately characterize the

lattice dynamics from the matrix and the nanoinclusions. Additional character-

ization of the elastic properties and lattice governed properties were performed

by resonance ultrasound spectroscopy, heat capacity and thermal expansion mea-

surements.

The final chapter is dedicated to the resonant ultrasound spectroscopy technique,

and the process of building up this buffer-rods high-temperature measurement

system are presented. Advantages and disadvantages, as well as limitations and

difficulties are discussed. Using the “mode-tracking” method, the mechanical

behavior of a PbTe and a Niobium sample, from room temperature to 523 K and

from room temperature to 973 K, respectively, were investigated.



Résumé

Le but de ce travail est de caractériser les structures et dynamiques de réseau

d’alliage de chalcogènes complexes, avec un intérêt particulier pour le système

AgPbmSbTem+2 (LAST -m), AgSbTe2 et les binaires PbTe, SnTe and GeTe. Des

mesures utilisant le rayonnement synchrotron, dont la diffraction de rayons X de

haute énergie et la diffusion nucléaire inélastique, ainsi que des mesures macro-

scopiques de chaleur spécifique et de constantes élastiques. Un nouveau spec-

tromètre à résonance d’ultrasons capable de réaliser des mesures jusqu’à 1073 K

à été construit pour la caractérisation mécanique d’alliages thermoélectriques à

leur température d’utilisation.

Le premier chapitre passe en revue les informations relevantes sur la thermoélectri-

cité et les matériaux étudiés. Les techniques de caractérisation de chaleur spécifi-

que, de spectroscopie à résonance d’ultrasons, de diffraction de rayons X et de

diffusion nucléaire inélastique sont présentées, sans prétention d’exhaustivité, afin

de donner au lecteur la compréhension de base et un mesure des informations

accessibles. Cette introduction est suivie de trois chapitres consacrés aux études

expérimentales de la dynamique de réseaux dans les alliages de chalcogènes.

Le deuxième chapitre décrit la dynamique de réseau dans les composés GeTe,

SnTe et PbTe étudiée par diffusion nucléaire inélastique par 119Sn and 125Te.

Les densités d’états de phonons partielles obtenues sont comparées aux calculs

théoriques publiés, et les propriétés vibrationnelles sont en bon accord avec ces

publications. De plus, la pureté des phases est caractérisée par diffraction de

rayons X de haute énergie. L’arrangement atomique, rhomboédrique pour GeTe et

cubique pour SnTe et PbTe, est déterminant pour la densité d’états de phonons, la

structure cubique de type NaCl étant moins rigide que la structure rhomboédrique.



Dans le troisième chapitre, la dynamique de réseau dans AgSbTe2 est étudiée

par diffusion nucléaire inélastique par 121Sb et 125Te sur un échantillon poly-

cristallin, à basse température. Pour cet échantillon les modes de phonons ont

une énergie inférieure à 25 meV et une vitesse du son de vs = 1490(30) m/s a été

mesurée. Une estimation simple de la conductivité thermique indépendante de la

température dans AgSbTe2 donne κL = 0.50± 0.05 Wm−1K−1. Nous trouvons que

la faible température de Debye, θD = 150(15) K combinée avec la courte durée de

vie moyenne des phonons et la faible vitesse du son sont les facteurs déterminants

pour la faible conductivité thermique dans AgSbTe2 et sont liés aux bonnes pro-

priétés thermoélectriques de AgSbTe2 et de matériaux contenant AgSbTe2.

Le chapitre 4 est dédié à l’étude de la structure moyenne et locale dans l’alliage

AgPb18SbTe20 (LAST-18), par une combinaison d’une analyse Rietveld et de

la fonction de distribution de paires. L’influence importante des conditions de

synthèse sur les paramètres de réseau, et sur la composition et la concentration en

nano inclusions dans LAST-18 est confirmée. De plus les densités partielles d’états

de phonons de 121Sb et 125Te ont été obtenues par diffusion nucléaire inélastique

afin de caractériser séparément la dynamique de réseau de la matrice et des nano

inclusions. Une caractérisation supplémentaire des propriétés élastiques est de

propriété de réseau a été réalisée par spectroscopie à résonance d’ultrasons, et par

des mesures de chaleur spécifique et d’expansion thermique.

Le dernier chapitre est dédié à la technique de spectroscopie à résonance d’ultrasons,

et la construction d’un système de mesures avec des tiges tampons pour les hautes

températures. Les avantages et les désavantages, ainsi que les limites et les diffi-

cults sont discutées. En utilisant le suivi de modes de résonances, le comportement

mécanique de PbTe, entre 300 et 523 K, et d’un échantillon de Nb entre 300 et

973 K, a été étudié.



Kurzbeschreibung

Das Ziel dieser Arbeit ist die strukturelle und gitterdynamische Charakterisierung

von Komplexchalkogenidlegierungen. Der Fokus liegt auf den Systemen

AgPbmSbTem+2 (LAST-m), AgSbTe2 und den Verbindungen PbTe, SnTe und

GeTe. Hierzu wurden Untersuchungen mit Synchrotronstrahlung, einschlielich

hochenergetischer Röntgenstreuung und unelastischer Kernstreuung, durchgeführt

und die Wärmekapazität und thermische Ausdehnung der Proben bestimmt. Darü-

ber hinaus wurde ein neuer Aufbau zur Resonanzultraschallspektroskopie aufge-

baut, der die mechanische Charakterisierung von thermoelektrischen Legierungen

bei Raumtemperatur bis hin zu 1073 K erlaubt.

Das erste Kapitel fasst relevante wissenschaftliche Informationen zur Thermoelek-

trizitt zusammen und stellt die derzeit wichtigsten thermoelektrischen Materialien

vor. Ferner werden die Untersuchungsmethoden, d. h. die Wärmekapazitätsmes-

sung, die Resonanzultraschallspektroskopie, die Röntgenstreuung und die un-

elastische Kernstreuung, nähergehend erläutert. Hiermit soll dem Leser ein el-

ementares Verständnis der experimentellen Methoden und der Thematik an sich

ermöglicht werden. Dieser Einführung folgen drei Kapitel zur experimentellen

Untersuchung der Gitterdynamik in Chalkogenidlegierungen.

Kapitel 2 beschreibt die Gitterdynamik der Verbindungen GeTe, SnTe und PbTe

mittels unelastischer 119Sn und 125Te Kernstreuung. Die erhaltene Partialdichte

der Phononenzustände wird mit publizierten theoretischen Berechnungen ver-

glichen und eine weitgehende Übereinstimmung der Schwingungseigenschaften

festgestellt. Weiterhin werden die Phasenreinheit und die Struktur der Verbindun-

gen durch hochenergetische Röntgenstrahlung charakterisiert. Die räumliche An-

ordnung der Atome, rhomboedrisch für GeTe und kubisch für SnTe und PbTe,



beeinflusst die Zustandsdichte der Phononen: Die NaCl-Struktur besitzt ver-

glichen mit der rhomboedrischen Struktur einen weicheren Charakter.

In Kapitel 3 wird die Gitterdynamik von polykristallinem AgSbTe2 bei niedrigen

Temperaturen mit unelastischer 121Sb und 125Te Kernstreuung untersucht. Die

Energien der Phononenmoden lagen für diese Verbindung unterhalb von 25 meV

und eine Schallgeschwindigkeit von vs = 1490(30) m/s konnte ermittelt werden.

Eine einfache temperaturunabhngige Abschätzung der thermischen Leitfähigkeit

des AgSbTe2-Gitters ergab κL = 0.50± 0.05 Wm−1K−1. Wir fanden heraus, dass

diese geringe thermische Leitfähigkeit und damit die guten thermoelektrischen

Eigenschaften von reinem AgSbTe2 und AgSbTe2-Systemen auf die niedrige Debye

Temperatur θD = 150(15) K, verbunden mit der kurzen Lebensdauer der Phononen

und der niedrigen Schallgeschwindigkeit, zurückzufhren ist.

Kapitel 4 ist der Bulk-Untersuchung der mittleren und lokalen Struktur einer

AgPb18SbTe20 (LAST-18) Legierung durch eine kombinierte Rietveld und Paarver-

teilungsfunktionsanalyse gewidmet. Der starke Einfluss der Synthesebedingungen

auf die Gitterparameter und die Zusammensetzung und Konzentration der Nan-

ocluster in LAST-18 werden bestätigt. Um die Gitterdynamiken der Material-

matrix und der Nanoeinschlsse separat zu untersuchen, wurde die Partialdichte

der Phononenzustnde von 121Sb und 125Te durch unelastische Kernstreuung bes-

timmt. Zusätzlich wurden die elastischen und gitterdominierten Eigenschaften

mittels Resonanzultraschallspektroskopie und der Messung der Wärmekapazität

und der thermischen Ausdehnung ermittelt.

Im letzten Kapitel wird die Technik der Resonanzultraschallspektroskopie und der

Aufbauprozess dieses buffer-rods-Systems für Hochtemperaturmessungen vorges-

tellt. Vor- und Nachteile, wie auch Limitierungen und Schwierigkeiten der Tech-

nik werden diskutiert. Unter Benutzung der “mode-tracking” Methode wird das

mechanische Verhalten von PbTe und einer Niobiumprobe bei Raumtemperatur

bis hin zu 523 K, beziehungsweise von Raumtemperatur bis hin zu 973 K, unter-

sucht.
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1.1 Thermoelectricity

Future comfortable and sustainable access to energy is currently a great challenge at the

forefront of scientific research. A conjunct effort in reducing consumption, developing and

implementing alternative and sustainable energy sources, improving electrical energy storage

and transmission, and recovering waste heat produced by industrial processes are examples of

the different approaches to respond to this challenge. Thermoelectric materials can directly

contribute towards a global joint solution because they are capable of converting a thermal

gradient into a voltage, and vice-versa, and thus to recover waste heat. Many advantages of

this technology can be cited with respect to other approaches to refrigeration or power gen-

eration: compactness and quietness, scalability, no moving parts, long and reliable working

life, local cooling or power generation, no need of maintenance and most important of all,

the abundance of waste heat sources present in household and industrial processes. Thermo-

electric technology, however, has not fulfilled its whole potential in engineering applications

mainly due to the relatively low efficiency (<10 %) of commercially available materials (1). In

order to fully benefit from all the advantages of TE devices, an improvement in the efficiency

in which the material converts heat into electricity is required.

1.1 Thermoelectricity

The appearance of an electrical current resulting from a heat flow across a thermal gradient

in a material, and vice-versa, is known as thermoelectricity. Seebeck first noticed this effect in

the early 1800’s (2) while studying the relation between electricity and heat. He reported that

a magnetic field was observed around the circuit when two dissimilar electrically conductive

materials (e.g., bismuth and copper, in one of his experiment) were joined in a closed circuit

and the two junctions were kept at different temperatures. The magnetic effect was observed

because of the deflection of a compass placed nearby the experimental set up. Seebeck,

however, did not recognize nor report that there was an electric current involved, so he

named his discovery thermomagnetism. The term thermoelectricity and a clear explanation

for the phenomenon, namely the appearance of an electric voltage, was proposed only later,

by Oersted (3). The voltage arises because electrons and holes in a semiconductor will

diffuse inside the material in the presence of a thermal gradient between its two ends. If

the temperature difference is maintained, hot carriers can diffuse to the cold side, whereas

cold carriers diffuse to the hot end, similarly to a classical gas that expands when heated.

An electric field across the material will result due to the charge accumulation at each end.
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1.1 Thermoelectricity

Conversely, when a voltage is applied to the device, a temperature difference is observed.

The performance of a thermoelectric material, that means, its potential to convert heat into

electricity, will depend only on the working temperature, T , and on an intrinsic material’s

parameter, the figure of merit Z, with unit of K−1, defined as:

Z =
S2 · σ
κ

(1.1)

where S is the Seebeck coefficient, σ is the electrical conductivity and κ is the total thermal

conductivity (κ=κE +κL , the sum of the electronic and the lattice contribution, respec-

tively). Z is temperature dependent, therefore, the dimensionless figure-of-merit ZT is also

commonly used. The challenge in thermoelectricity is to increase the figure-of-merit, and

consequently the material’s efficiency by having high values of the Seebeck coefficient and

electrical conductivity whereas extremely low thermal conductivity is desired. Clearly, few

materials combine these rather incompatible properties. Even after many years of research,

a ZT above unity has been reported just for a limited number of compounds. Good results

have been obtained through optimal doping in alloys with weakly bounded heavy elements

as in the case of bismuth telluride (Bi2Te3) and lead telluride (PbTe) (4), partly filled cage-

structures such as chlarates (5, 6) and skutterudites (7), and by nanostructuration (8). These

approaches will selectively have a greater effect on the power factor (S2 · σ) or on the ther-

mal conductivity, κ. In the last years, nanostructuration of thermoelectric materials or the

presence of nanostructures in bulk compounds have been investigated, where the increased

scattering of mid to long wavelength phonons has been proven beneficial in reducing the

lattice part of the thermal conductivity (8). The lattice thermal conductivity is related

to the sound velocity, vs, heat capacity, C and the phonon mean free path, Lph through

κL ≈ (1/3)(vsCLph). From a practical perspective, the use of nanostructures increase the

scattering of phonon, causing interruptions of phonons with large mean free path at interfaces

and boundaries, without a deleterious effect on the electrical properties since electrons have

a much shorter mean free path than phonons. Based on this principle, artificial structures

such as Bi2Te3/Sb2Te3, Bi2Te3/Bi2(Se,Te)3 (9, 10) and PbTe/PbTeSe thin-film superlattices

(11, 12, 13, 14) have been grown by low temperature metal-organic chemical vapor deposi-

tion or thermal evaporation-condensation technique, resulting in ZT value above 2 at 300 K.

Note that this high value ZT has not entirely been independently confirmed. Natural struc-

tures were also investigated and modified through thermal processes and doping, allowing

the formation of secondary phases during synthesis, i.e. PbTe alloys. The addition of a few
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1.1 Thermoelectricity

percent of AgSbTe2 in PbTe in the compound AgPbmSbTem+2 (LAST-m) and the forma-

tion of nanostructures in the PbTe-matrix decreases the thermal conductivity of PbTe from

∼ 2.2 W/mK to 0.5 W/mK, at 300 K, and a ZT of 1.4 is obtained for LAST-18 at 700 K

(15, 16, 17). This work investigates the structure and lattice dynamics in complex chalco-

genides such as the binaries PbTe, SnTe and GeTe, the metastable phase AgSbTe2 with

intrinsically minimal thermal conductivity (18) and AgPbmSbTem+2 aiming to map out the

lattice dynamics properties and provide insights in the thermal conductivity in these systems.

1.1.1 Chalcogenides Compounds

Chalcogenides include a wide number of compounds were bonding between, at least, one

chalcogen ion and one electropositive element occurs. The term is usually preferred for

sulfides, selenides and tellurides but not for oxides. Members of these group of compounds

are characterized by their air stability, high melting points and flexibility in composition.

Since the early days of thermoelectric research, chalcogenides received great attention mainly

due to their appropriate energy band gap for thermoelectric applications (0.1 - 0.8 eV) and

their large Seebeck coefficient values, combined with a relatively low thermal conductivity.

1.1.1.1 PbTe, GeTe and SnTe

The binaries PbTe, SnTe and GeTe are of interest in practical applications in different

fields such as infrared optoelectronics and in thermoelectric devices (19). Parallel to the

research on the pure binaries, alloys, such as AgPb18SbTe20 (15), Pb0.36Ge0.64Te (20) and

Pb0.25Sn0.25Ge0.5Te (21) received also great attention in the last decade. PbTe, SnTe and

GeTe based alloys are appropriate candidates for thermoelectric application, from room tem-

perature to 773 K, due to their high carrier mobility, direct narrow band gap and relatively

low thermal conductivity. PbTe is one of the oldest and most studied thermoelectric materials

for power generation, since the early report of Ioffe (22) and a great number of experimental

data has been accumulated in the decades of 1950 and 1960’s on it. In this same period,

alloys of PbTe were the materials of choice by NASA for the first radioisotope thermoelectric

generator (RTG) which powered the spacecraft for the Transit 4A satellite (23), see Fig. 1.1.

The current NASA’s project of probing the possibility of life on Mars has switched back the

attention to PbTe based alloys for powering the spacecraft and the rovers to be used on Mars

surface (24) (Fig. 1.2).
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1.1 Thermoelectricity

Figure 1.1: The Transit 4A satellite, launched on June 29, 1961, was the first satellite to use a

nuclear power source and radioisotope thermoelectric generator (RTG). It is shown here at the

bottom of a triple-decker payload. (Image credit: John Hopkins Applied Physics Laboratory)

Figure 1.2: Two test rovers and a flight spare provides a graphic comparison of three generations

of Mars rovers developed at NASA’s Jet Propulsion Laboratory, Pasadena, California. (Image

credit: NASA/JPL-Caltech)
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1.1 Thermoelectricity

Figure 1.3: (a) The units cell for PbTe, SnTe and (b) GeTe. In the plots Te is shown in blues,

Pb and Sn in red, and Ge in green. Pb / Sn and Ge are depicted as bigger spheres than Te.

The relatively low thermal conductivity of PbTe, 2.2 W/mK at room temperature, com-

bined to its excellent electronic properties are key parameters for the interesting thermoelec-

tric efficiency in this material, resulting in a maximum ZT between 0.8 - 1.0 at 700 K (25).

By doping PbTe (AxPb1−xTe, A= Sn,Tl or I and 0.01 ≤ x ≤ 0.02), an enhancement larger

than 50% in the the figure of merit, with ZT ∼ 1.5 at 773 K (26, 27), as compared to pure

PbTe, was reported. Nanostructuration in PbTe-based materials can be obtained by precip-

itation of a fine secondary phase of a metastable supersaturated solid solution via nucleation

and growth processes and/or the decomposition of an instable solid solution via spinodal

decomposition mechanisms and have been reported for systems such as (Pb,Ge)Te alloys

(28), TAGS (Te-Ag-Ge-Sb,GeTe alloy with 15% AgSbTe2) (1, 29) and LAST (Pb-Sb-Ag-Te,

AgPbmSbTem+2) (15, 16).

PbTe and SnTe are closely related. Lead telluride is a semiconductor which crystallizes

in the NaCl-structure (Fm3̄m group) with lattice constant a = 6.460(1) Å (25), as seen in

Fig. 3.1(a). By appropriate doping, either n- or p-type semiconductor can be obtained. At

room temperature, SnTe crystallizes in the same crystal structure as PbTe, with slightly lower

lattice parameter a= 6.312 Å (30), ZT ∼ 1.5 at 773 K (26, 27), with medium doping level.

Below 100 K, the cubic symmetry is reduced to a rock salt - like equilibrium structure, α -

SnTe, via a distortion along the (111) direction (31, 32, 33). Similarly, GeTe also crystallizes

in the rocksalt structure at temperatures above Tc ≈ 700 K (34) - β-GeTe phase, with lattice

parameters a= 6.020 Å (35). Below Tc, a rhombohedral structure, α-GeTe, is stabilized,
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with a=b= 4.1719 Å and c= 10.710 Å (36, 37), see Fig. 3.1(b). GeTe presents a thermal

conductivity of 2.6 Wm−1K−1, at 298 K, (38) and compared to PbTe and SnTe, has a larger

thermoelectric figure of merit (39). Yet GeTe shows low structural and chemical stability,

due to its high sublimation rate and low-temperature phase transition (40).

1.1.1.2 AgSbTe2

AgSbTe2 crystallizes in a rock-salt cubic structure where the Ag and Sb atoms occupy the Na

site, whereas Te is located at the Cl position. Due to its very low lattice thermal conductivity

of 0.65± 0.05 W·m−1K−1 (18), applications of AgSbTe2 are mainly related to their thermo-

electric (18, 41, 42) and optical phase-change properties (43, 44). The origin of low thermal

conductivity in such compounds is related to their atomic and electronic structures which

are responsible for the material’s transport properties. Highly anharmonic chemical bonds

(18) and compositional fluctuations across the material can also contribute to decrease the

thermal conductivity by adding Umklapp, disorder and phonon-phonon scattering to the sys-

tem. The atomic structure of AgSbTe2 was investigated by different groups, and the possible

existence of Ag-Sb ordering (42, 45, 46) was suggested. An ordering model however could not

be fully established because according to the Ag2Te - Sb2Te3 pseudo-binary Ag - Sb - Te phase

diagram (47, 48), AgSbTe2 decomposes into Sb2Te3 and Ag2Te below 630 K, depending on

the synthesis conditions, which indicates the structural complexity of such alloys, see Fig.1.5.

In order to prevent this potential decomposition, AgSbTe2 can be rapidly cooled from the

melt through a quenching process. Alternatively, AgSbTe2 is added to other thermoelec-

tric alloys such as GeTe and PbTe and favors the formation of nanoinclusions in composite

materials with increased thermoelectric efficiency, such as TAGS, (GeTe)0.85(AgSbTe2)0.15

(1), and LAST-m AgPbmSbTe2+m (15). In order to clarify the ZT improvement due to

nanocrystalline precipitates in the latter materials, a better understanding of the underlying

microscopic mechanisms responsible for the low thermal conductivity in AgSbTe2 is desirable.

1.1.1.3 AgPbmSbTem+2 (LAST-m)

AgPbmSbTem+2 (LAST-m) derives from the combination of PbTe and AgSbTe2 and it is

a promising bulk material for thermoelectric applications at mid-range temperatures (500-

700 K). In this material, nanostructures are formed naturally during cooling from the melt,

via spinodal decomposition and/or nucleation and growth. High figure of merit Z ∼ 1.7 to

2.2 were reported (15, 16, 17). The properties can be tuned by optimizing the doping of

7
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Figure 1.4: The unit cell for Pm3̄m (cubic) AgSbTe2. Ag is shown in orange, Sb in green

and Te in red. Note the shared occupancy at position (x= 0.5, y= 0.5, z= 0) with stochastic

distribution by Ag and Sb.

Figure 1.5: Ag2Te - Sb2Te3 pseudo-binary Ag - Sb - Te phase diagram (47, 48). The cubic

AgSbTe2 phase is only stable in the region marked as δ. Below 418 K, the face-centered cu-

bic β-Ag2Te phase transforms into the monoclinic α-Ag2Te phase. The ε phase corresponds to

trigonal Sb2Te3.
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1.2 Macroscopic Measurements

Figure 1.6: The unit cell for Fm3̄m LAST-18. Pb is shown in blue, Te in red, Sb in green and

Ag in orange.

Ag, Sb and Pb fractions. LAST-m crystallizes in a cubic NaCl structure (same structure as

PbTe), where the cations Ag, Pb and Sb occupy the Na site, whereas Te is located at the

anionic position. The flexibility in composition, and consequently, the ability of tailoring the

final properties, is reached by varying (1/m) amount of AgSbTe2. The higher the m value, the

lower the AgSbTe2 content in the final LAST composition. The presence of nanostructures

and the compositional fluctuation in the matrix introduce inhomogeneity on the atomic and

nanoscale that greatly reduce the thermal conductivity and thus the thermoelectric quality

of the materials increases significantly, as compared to PbTe (16). Additionally, this sys-

tem presents a complex phase diagram (Fig. 1.7), and the final properties are also strongly

sensitive to the synthesis conditions (15, 49, 50).

1.2 Macroscopic Measurements

1.2.1 Heat Capacity

Heat capacity relates the amount of energy (i.e., heat) required to raise the temperature of a

body by a given amount. In a material with large heat capacity, a large amount of supplied

energy causes only a small temperature increase. The specific heat capacity of a substance is

the heat capacity per unit volume, in units of joules per m3 (or mol) per degree Kelvin. The
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1.2 Macroscopic Measurements

Figure 1.7: The quasi-binary PbTe - AgSbTe2 phase diagram (47). The composition for ob-

taining LAST-10 and LAST-18 are shown by black arrows. Existing phases are identified as (α)

monoclinic Ag2Te, (β) face-centered cubic Ag2Te and trigonal Sb2Te3.

heat capacity of polycrystalline chalcogenides samples have been measured in a Quantum

Design Physical Properties Measurement System (PPMS) (51). A schematic representation

of the set up used for measuring heat capacity is shown in Fig. 1.8. The sample is placed

on the measuring platform. To assure thermal contact between sample and platform, a thin

layer of grease is normally used. The platform and puck are thermally contacted by 8 wires

of a known conductance, Gw. Additionally, a thermometer and a heater are fixed on the

base of the platform. During a measurement, the entire set up is placed within an evacuated

chamber. Then, a heat pulse of constant power, P0, is applied from the heater for over a

period of time. A cooling time of same duration follows the heating. For thermal equilibrium

conditions between sample and platform at temperature T , the total heat capacity, C, of

both components is given by

C
dT

dt
= −Kw(T − Tp) + P (t), (1.2)

where Tp is the puck temperature, P (t) =Po during heating and P (t) = 0 during cooling and

Kw is the thermal conductivity of the wires. As the temperature approaches equilibrium

after a period of time t on heating, it can be described as
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1.2 Macroscopic Measurements

T (t) = T (0)(1 + ∆T (1− exp(−t/τ)) (1.3)

with ∆T =P0/Gw. Heat capacity can therefore be deduced by observing the relaxation of

the sample temperature.

Heat capacity measurements were performed from 300 to 3 K. The heat capacity of

the grease-covered platform (without sample), Caddenda(T ) is measured as a function of

temperature prior to the measurement of the heat capacity of a sample plus platform,

Ctotal(T ). The heat capacity of the sample is the difference of these two measurements

Csample(T ) =Ctotal(T ) -Caddenda(T ).

The lattice dynamics of materials can be macroscopically probed by measuring the heat

capacity. In the simplest model, it is assumed that each atom vibrates independently of

the others. The total heat capacity is then simply the sum of all atomic contributions, and

independent of temperature, resulting in Cv = 3R= 24.94 JK−1mol−1, where R is the gas

constant, 8.3145 JK−1mol−1. This description works for most solids at temperatures well

above the Debye temperature of the solid, θD, but fails in describing the heat capacity at low

temperatures. In the Einstein model, each atom vibrates like a simple harmonic oscillator.

All the atoms are vibrating independently with the same frequency, so that their energy

levels, E, are expressed as

E =

(
n+

1

2

)
hν, (1.4)

where n is an integer quantum number, h is Planck’s constant, and ν is the vibration fre-

quency. For an harmonic motion, the frequency ν is dependent on the mass of the atoms and

the force constants, i.e bonding between the atoms. With this assumption, an improvement

from the classical model is observed, however experimental data could not still be precisely

described at low temperature. This model is a good approximation for the optical phonon

branches, however it is over simplified. In a real crystal, interactions between atoms are

strong enough that they will inevitably affect their neighbors (52). At low temperatures,

phonons with large energy can not be excited. Therefore, only low energy phonons can be

created which are due to acoustic branches near k = 0, i.e., long acoustic waves. For these

phonons, it turns out that the Debye model accounts for their collective motion throughout

the crystal, via chemical bonding. The wavelength, frequency and energy of vibrations are
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1.2 Macroscopic Measurements

Figure 1.8: A schematic representation of the set up used for measuring the heat capacity of a

sample with the relaxation method. From (51).

quantized, as they must fit into the dimensions of the solid, and the heat capacity calculated

by Debye is given by

Cv = 9R

(
T

θD

)3 ∫ θD/T

0

x4e4

ex − 1
dx, (1.5)

with x = hν/kBT , θD = hνD/kB, where θD is called the Debye temperature, νD is the

Debye frequency, R is the gas constant, and T is the temperature. At temperatures well

below the Debye temperature, Cv is given by

Cv =
12π4

5
R

(
T

θD

)3

. (1.6)

The Debye approximation yields a good insight in the acoustic phonons of a material, i.e.,

the collective motion of atoms in the solid. Similarly, due to its assumption of independent

atomic vibration, the Einstein model probes a general picture of the optical phonons behavior.

1.2.2 Resonant Ultrasound Spectroscopy

Resonant Ultrasound Spectroscopy is a method which aims at studying mechanical properties

(elastic moduli) and the sound velocity of an elastic body from its normal modes of vibration.

It is based on the principle that a body resonates when an external vibrational excitation

matches one of its natural frequencies of vibration. The elastic response of the materials can

be inferred from its vibrational spectra when the the mass and dimensions and estimated

values for the elastic constants of the sample are known. For a frequency scan, a properly

prepared sample, normally a rectangular parallelepiped, is placed between two transducers,
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1.3 X-Ray Diffraction

SampleTransducers

Figure 1.9: Conventional RUS set up for measurements at room temperature.

one of which is the drive frequency emitter whereas the second detects the response of the

sample. The resonance spectrum is recorded and, in principle, all elastic constants can be

acquired from a single, accurate measurement of this spectrum. The elastic moduli are

obtained by least square fitting of the frequencies to a simple finite element mode. By

evaluating a large number of resonance frequencies, it is possible to obtain the bulk and

shear moduli, Poisson’s ratio and sound velocity. This technique is described in more details

in Chapter 5.

1.3 X-Ray Diffraction

Diffraction is a physical phenomenon and an experimental method for determining the crystal

structure of materials, i.e., how the atoms are arranged in the crystalline state, their inter-

atomic distances and bonding angles. If an incoming beam with wavelength similar to that of

the spacing of atoms (such as X-rays, neutrons, electrons) impinges on matter, the incident

radiation is diffracted from the successive planes of atoms in the sample. By analyzing the

spatial distribution of the diffracted intensity, a map of the reciprocal lattice of the crystal is

obtained and the structure of the material can be inferred. From a diffraction experiment,

13



1.3 X-Ray Diffraction

one can determine lattice parameters, the presence of residual strain, particle or grain size,

phase composition and homogeneity, preferred orientation (in the case of textured materials),

order-disorder transitions and thermal expansion. The thickness of thin films and multilay-

ered systems can also be obtained, for a special diffraction geometry. X-ray diffraction is

the most common technique used for structure determination, but diffraction of electrons

and neutrons is also important, since these can reveal features that are not readily observed

with X-rays, for example, the detection of light elements such as oxygen and or hydrogen in

combination with heavy atoms. X-ray diffraction can be carried out on single crystals of a

material or microcrystalline powdered samples. It also allows fast, non-destructive analysis of

multi-component mixtures with rather simple sample preparation. Furthermore, high preci-

sion and accuracy in the measurement of interplanar spacings (in the order of fractions of Å)

is achievable. In-situ measurements with dependence on temperature, electric field, pressure

and deformation can also be performed. By considering two or more atomic planes in a crystal

structure, diffraction occurs when scattering in a certain direction is in phase with scattered

rays from other atomic planes and constructive interference takes place. The position of a

diffracted beam dependents only on the interplanar spacing dh k l, and the wavelength of the

used X-rays. From geometric considerations, Bragg’s Law correlates these quantities (see

Fig 1.10):

nλ = 2dhklsinθ, (1.7)

where n is an integer (order of diffraction), λ is the wavelength of the X-ray radiation, dhkl

is the interplanar spacing of the h k l planes and θ is the diffraction angle (angle between the

incoming beam and crystalline plan). For a cubic crystal, the relation between the interplanar

distance and the Miller indices h, k, l is simplified and given by:

dhkl =
a√

h2 + k2 + l2
, (1.8)

where a is the cubic unit cell lattice parameter. Distinct parameters affect the diffracted

intensities from a X-ray experiment, including the number of electrons per atom, the spatial

distribution of atoms considering the various planes of a crystalline structure and the different

densities of atoms or electrons per plane.
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1.3 X-Ray Diffraction

Figure 1.10: The geometry of Bragg reflection from a set of crystal planes. Incoming beams

(1) and (3), and diffracted beam (2). The short-dashed lines show another possible set of atomic

planes.

Figure 1.11: Schematic diagram of an X-ray diffractometer.
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1.3 X-Ray Diffraction

Figure 1.12: The experimental hall and storage ring building of the ESRF. (Courtesy:

P. Ginter/ESRF)

X-rays sources X-rays are electromagnetic radiation with much shorter wavelength than

light, between 10−11 and 10−8 m and correspond to energies in the range of 100 keV to 100 eV.

Two different approaches can be used to produce X-rays (1) by decelerating electrically

charged particles, commonly used in laboratory systems X-ray production where radiation

(Bremsstrahlung and X-rays) results from bombarding a metallic target with electrons and

(2) by tangentially accelerating highly energetic charged particles in magnetic fields, as in

the case of synchrotron radiation facilities. A schematic view of the geometrical arrangement

of a conventional X-ray diffractometer is presented in Fig. 1.11. The X-ray diffractometer

comprises a source of monochromatic radiation and an X-ray detector situated on the cir-

cumference of a graduated circle centered on the powder specimen. Slits, located between

the X-ray source and the specimen, and located between the specimen and the detector, limit

the scattered (non-diffracted) radiation, reduce background noise, and collimate the radia-

tion. The detector and specimen holder are mechanically coupled with a goniometer so that

a rotation of the detector through 2θ degrees occurs in conjunction with the rotation of the

specimen through θ degrees.

By contrast, in a synchrotron radiation facility the production of X-rays depends on differ-

ent processes of bending, beam focusing, and acceleration, that are separated into different

components arranged inside a large storage ring (i.e., the European Synchrotron Radiation

Facility in France, see Fig. 1.12).
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Synchrotron radiation characteristically is highly polarized and pulsed. Its intensity and

frequency are directly related to the strength of the magnetic field and the energy of the

charged particles affected by the field. Accordingly, the stronger the magnetic field and the

higher the energy of the particles, the greater the intensity and frequency of the emitted

radiation. The most important advantage of synchrotron radiation over a laboratory X-ray

source is its brilliance. The brilliance is the number of photons emitted within a certain

wavelength interval per unit of source size and per unit of solid angle. It essentially limits the

number of photons that can be focused in a defined spot and describes both the brightness and

the angular spread of the beam. Moreover, it can not be improved by optics. A synchrotron

source like the ESRF has a brilliance that is more than a billion times higher than a laboratory

source. The difference between the two sources can be likened to the difference between a

laser beam and a light bulb. Higher brilliance lets us see more detail in the material under

study e.g. there is a greater precision in the diffraction of light from a crystal where both the

angle and the intensity is significant and recorded by a detector.

1.4 Nuclear Inelastic Scattering

The density of phonon states (DPS), g(E), describes the number of phonon modes in certain

energy range directionally averaged over the Brillouin zone. The investigation of the DPS

allows deeper insight to the lattice dynamics of materials and other important lattice related

properties such as such elastic behavior, specific heat, force constant and Debye temperature.

The nuclear inelastic scattering (NIS) technique (53) was employed in order to investigate

the lattice dynamics of our chalcogenide systems. This technique is isotope-specific and gives

direct access to the partial phonon density of states of atoms that possess a nuclear resonant

level, such as 119Sn, 121Sb and 125Te isotopes. Therefore, by using NIS, it is possible to ob-

tain an in-depth understanding of the element-specific dynamic properties of chalcogenides

materials. The experimental DPS characterization is also interesting to verify the accuracy of

theoretical calculations of the partial DPS from one atom type. With this technique, beside

obtaining the isotope-specific DPS itself, it is possible to determine the sound velocity of the

sample, the Debye temperature, the Lamb-Mössbauer factor, the vibrational contributions

to the Helmholtz free energy, specific heat, internal energy and atomic displacement param-

eters directly from the phonon density of states (53). Advantages of the technique include

its precision, relatively short measurement time, and the small amount of material required,

17



1.4 Nuclear Inelastic Scattering

which might be used in different aggregate states. By varying the sample environment, mea-

surements can be performed at high pressure, low/high temperature, external magnetic field

and ultra high vacuum conditions. NIS using synchrotron radiation with high brilliance,

is based on the Mössbauer effect, i.e. recoil-free gamma-ray resonance absorption. In the

process of emission or absorption of a gamma ray by a nucleus, some energy can be lost as

recoil energy, in quantized lattice vibrations called phonons. If no phonons are involved, a

”recoil-free” event occurs and conservation of momentum is achieved, without energy loss.

The Mössbauer effect describes that when there is a strong bonding of the atomic nucleus

to the lattice, the gamma radiation emitted by the nuclei are recoil-free, and resonant ab-

sorption may occur. With decreasing temperature the recoil free processes become more and

more probable. The Lamb-Mössbauer-factor fLM represents the fraction of the recoil free

transitions over the total number of transitions and is related to the wavevector k of the

resonant photon and mean-square displacement < u2 > by fLM = exp(−
−→
k 2 < u2 >). The

fLM is analogous to the Debye-Waller factor, which gives the attenuation of X-ray scatter-

ing or coherent neutron scattering due thermal motion. In principle, NIS can be applied

for all Mössbauer isotopes. In practice, tuning the synchrotron radiation to proper energy

values for each specific resonance energy requires the use of appropriate high-resolution X-

rays monochromator, which are still in development. Additonally, the characteristic average

lifetime of the excited state of the probed nucleus before it decays must be long enough to

be detected separately from the prompt electronic and nuclear fluorescence scattering. At

last, the recoil energy should not be too large (¡ 40 keV) in order to avoid multiphonon con-

tributions. For the chalcogenide systems of interest, measurements with the 125Te, 121Sb and

119Sn were performed, at the resonance energy of ETeγ = 35.49 keV (54, 55), ESbγ = 37.13 keV

(56) and ESnγ = 23.88 keV (55), respectively. The experimental set up is schematically shown

in Fig. 1.13. The incoming X-rays beam impinges on the high-heat load monochromator,

with a bandwidth of ∼100 eV. After the high-heat-load monochromator, the energy of the

photon beam has a bandwidth in the eV range. Part of this radiation is backscattered to

a high-resolution monochromator, which monochromatizes the beam to a bandwidth of ∼
1 meV. This is the experimental resolution. The fine tuned radiation hits the sample, and

the scattered radiation and fluorescence are collected by avalanche photodiode X-rays detec-

tors. The time resolution of the detectors is used to discriminate the prompt Compton, and

Thomson scattering and electronic fluorescence. The nuclear forward scattering (NFS, i.e.,

elastic scattering) represents the instrumental function of the measurement and is detected
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1.4 Nuclear Inelastic Scattering

Figure 1.13: Experimental set up for nuclear inelastic resonance measurement. The corre-

sponding energy spectral is schematically shown measured by the detectors for Nuclear Forward

Scattering (NFS) and Nuclear Inelastic Scattering (NIS). Figure adapted from Ref. (53).

’far’ from the sample by the elastic detector. The nuclear inelastic detector is placed very

close to the sample and detects the inelastic scattering. The data treatment procedure to

extract the DPS from the inelastic scattering data includes the subtraction of the elastic

peak and the correction of the multiphonon contribution to the inelastic scattering (57), and

the deconvolution of the data by the experimental instrumental function. The measurements

are usually done at low temperatures in order to avoid excessive multiphonon contributions.

From the element specific density of phonon states the sound velocity, the element specific De-

bye temperature, the mean force constants and atomic mean displacements can be obtained,

see Chapter 2, 3 and 4.
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Abstract

The lattice dynamics in the IV-VI compounds GeTe, SnTe and PbTe were studied by

125Te and 119Sn nuclear inelastic scattering and the obtained partial density of phonon states

were compared with published theoretical calculations. The phase purity and structure were

characterized by high energy X-ray diffraction. The effect of the atomic arrangement, rhom-

bohedral for GeTe and cubic for SnTe and PbTe, is visible in the density of phonon states.

Vibrational properties are found to be in good agreement with available calculated data and

the softer character of the NaCl-type structures in comparison with the rhombohedral GeTe

is confirmed.

Key words: chalcogenides, phonons, structure, sound velocity, nuclear inelastic scattering
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2.1 Introduction

2.1 Introduction

Among the IV-VI class of materials, PbTe, SnTe, and GeTe have been extensively studied

and attracted interest over the last decades due to their practical applications in infrared

optoelectronics and in thermoelectric devices (1, 2). Applications are not limited to the pure

compounds and alloys such as AgPb18SbTe20 (3), Pb0.36Ge0.64Te (4) and Pb0.25Sn0.25Ge0.5Te

(5) also find use. Large dielectric constants, high carrier mobilities, direct narrow band gaps

and various structural phase transitions are other attractive aspects (6). Superconductivity

has been identified in GeTe (7) and SnTe (8) below 0.4 K, whereas this characteristic has not

yet been confirmed for PbTe.

PbTe and SnTe are closely related. Lead telluride is a semiconductor which crystallizes

in the NaCl-structure (Fm3̄m group) with lattice constant a = 6.460(1) Å (9). The PbTe

structure is formed by two inter-penetrating fcc lattices, one of Pb atoms and other of Te

atoms connected by bonds with mixed ionic and covalent character (10). Each atom is

octahedrally coordinated by six nearest neighbors of the other type, as seen in Fig. 2.1(a).

By appropriate doping, either n- or p-type semiconduction can be obtained. At 298 K,

β - SnTe presents the same crystal structure as PbTe, with a= 6.312 Å (11). Below 100 K the

cubic symmetry is reduced to a rock salt - like equilibrium structure, α - SnTe, that is slightly

rhombohedrally distorted along the (111) direction (12, 13, 14). Like PbTe and SnTe, GeTe

also crystallizes in the rocksalt structure at temperatures above Tc ≈ 700 K (15), in the β -

GeTe phase, with cell parameters a= 6.020 Å (15). Below Tc, α - GeTe phase is stabilized

into a rhombohedral structure (R3m) with an angular distortion of ≈ 1.65◦ between the

principal axes and a relative displacement of the Ge and Te sublattices along [111] direction

(16), resulting in lattice parameters a=b= 4.1719 Å and c= 10.710 Å(17, 18), see Fig. 2.1(b).

Given the polar nature of the Ge - Te bond, ferroelectricity results. A similar but short range

effect was recently reported in PbTe (19), above 550 K, where a tendency to ferroelectric-like

dipolar fluctuations was revealed. In this case, however, no macroscopic symmetry change is

associated but only atomic off-centering and formation of local structural dipoles (19).

Lead telluride, tin telluride, and germanium telluride based alloys are known as appropri-

ate candidates for thermoelectric modules in the temperature range from room temperature

to ≈ 773 K. PbTe is one of the oldest and most studied thermoelectric materials for power

generation, since the early report by Ioffe (20). The interesting thermoelectric properties of
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Figure 2.1: (a) The units cell for PbTe, α - SnTe and (b) β - GeTe, all at 298 K. In both plots

Te is depicted in blues atoms, Pb and Sn in red, and Ge in green. Pb / Sn and Ge are illustrated

as larger spheres as compared to Te.

PbTe occur mainly due to its rather low thermal conductivity, 2.2 Wm−1K−1 at room tem-

perature, and excellent electronic properties, resulting in a maximum ZT between 0.8 - 1.0

at 700 K (9). Optimally doped PbTe (AxPb1−xTe, A= Sn, Tl, or I and 0.01 ≤ x ≤ 0.02)

exhibits a ZT enhancement of more than 50%, reaching 1.5 at 773 K (21, 22). Nanostruc-

turing PbTe-based materials through solid solution decomposition has also been reported for

systems such as (Pb,Ge)Te alloys (23), TAGS (Te-Ag-Ge-Sb,GeTe alloy with 15% AgSbTe2)

(24, 25) and LAST (Pb-Sb-Ag-Te, AgPbmSbTem+2) (3, 26). Further enhancement of the

figure of merit, with ZT ∼ 2 were reported for PbTe/PbTeSe thin film superlattices (27) and

PbSeTe/PbTe quantum-dot superlattice (QDSL) (28).

In contrast, SnTe has not yet received the same attention mainly due its intrinsic defect

chemistry: compared to PbTe, which can be either p-type or n-type, SnTe is always Sn-

deficient and therefore, pure SnTe is invariably a p-type semiconductor (29). The large cation

vacancies and hole concentration lead to high carrier concentration (≈ 5·1019- 5·1020 cm−3

(30)) which limits the Seebeck coefficient, and thus, the power factor. (31). For SnTe, with

medium doping level, a maximum ZT of ≈ 1 was reported, at 545 K(32). For thermoelec-

tric applications, however, in quantum well systems which utilize the special band offsets

introduced by alloys, such as in SnTe/PbTe system (33, 34), the charge concentration can

be controlled and optimized and thermal conductivity ≈ 2Wm−1K−1 (35, 36), at 298 K, are

obtained. GeTe presents a thermal conductivity, at 298 K, of 2.6 Wm−1K−1 (37) and com-
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pared to PbTe and SnTe, has a larger thermoelectric figure of merit (38). Yet this alloy is

associated with low structural and chemical stability, due to its high sublimation rate and

low-temperature phase transition (39). Doping and alloy engineering approaches can be used

to control and optimize the structural stability and thermoelectric properties of GeTe, e.g.,

in Bi2Te3/GeTe system, where Bi2Te3 acts as a donor for GeTe (38). By adding PbTe (4)

and/or SnTe (5) to GeTe, alloys with better stability than pure GeTe are obtained, since the

phase transition temperature is reduced below the working temperature. At the same time,

by use of solid solution, a decrease in thermal conductivity can be obtained since the large

difference in atomic masses of the constituent atoms (Sn and Pb) can reduce the thermal

conductivity in the disordered alloy (40).

In order to have a better understanding of the underlying lattice dynamics responsible

for the low thermal conductivity and other lattice related properties in pure PbTe, SnTe

and GeTe, it is necessary to learn more about the structure and density of phonon states on

such materials. Whereas ab initio calculations of the partial phonon density of state (DPS)

within density functional theory, with and without spin-orbit interaction, have been reported

for PbTe (41, 42) and GeTe (43), the understanding of the phonon density of states of tin

telluride is less complete. Experimentally, phonon dispersion relations of PbTe (44, 45) and

SnTe (46) were obtained by inelastic neutron scattering measurements. However, the den-

sity of phonon states of GeTe has not yet been confirmed experimentally. Here we report

lattice vibrational properties of PbTe, α - SnTe and β - GeTe by 125Te and 119Sn by Nuclear

Inelastic Scattering (NIS) (47). Through this method, additional information such as the

mean force constant, Debye temperature, the Lamb-Mössbauer factor, atomic displacement

parameters, and the average sound velocity were obtained. Our results agree fairly well with

the theoretical calculations and previous experimental reports. A comparison between the

sound velocity and the Debye temperature of the three compounds supports the similarities

in properties between PbTe and SnTe. GeTe is established as a material with a stiffer struc-

ture as compared to PbTe and SnTe.
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2.2 Experimental

2.2 Experimental

About 100 mg of polycrystalline samples were synthesized using high purity (99,999%) Pb,

80% enriched Sn-119, Ge, and 95% enriched Te-125, according to stoichiometry. Each compo-

sition was placed into a quartz capillary, evacuated, sealed under vacuum and heated above

its melting temperatures, 1000, 1063 and 1200 K for GeTe, SnTe and PbTe, respectively.

After a homogenization period of six hours at these high temperatures, the materials were

rapidly cooled by water quenching. In order to evaluate the homogeneity and structure of

the obtained pellets, X-ray diffraction at room temperature was performed at the high en-

ergy station 6-ID-D, of the Advanced Photon Source. The X-ray energy used was 99.53 keV

(λ= 0.124559 Å) and a circular image plate detector camera Mar345 was used. The sample

to detector distance of 1850(1) mm was calibrated using NIST640c silicon. The diffraction

patterns were refined by the Rietveld method using FullProf (48).

Nuclear inelastic scattering measurements on PbTe, SnTe and GeTe samples were per-

formed for 125Te and 119Sn, at the resonance energy of ETeγ = 35.49 keV (49, 50) and ESnγ

= 23.88 keV (50), respectively, at the ID22N beamline of the European Synchrotron Radia-

tion Facility. 1.1 meV resolution (50) was achieved for both energies.

2.3 Results and discussion

2.3.1 Structural characterization

The X-ray diffraction patterns for PbTe, SnTe and GeTe are presented in Fig. 2.2. From

our Rietveld refinement, PbTe is characterized as one-phase material, which crystallizes in

the Fm3̄m crystal structure with cell parameter a= 6.461(3) Å. SnTe has the same crystal

structure as PbTe but a smaller lattice parameter a= 6.318(3) Å. Additionally, the presence

of a secondary phase was identified for SnTe, where SnO2 accounts for 5(1)%wt of the sam-

ple. This phase has the P42/mnm structure with lattice parameters a= b= 4.732(2) Å and

c= 3.185(3) Å. In GeTe, secondary phases were not observed. The pure GeTe phase was

indexed with a rhombohedral R3m crystal structure, with lattice parameters a= b= 4.153 Å

and c= 10.663 Å. Table 2.1 summarizes the refined parameters at 298 K and reliability factors

obtained by Rietveld analysis for the PbTe, SnTe and GeTe.
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Figure 2.2: Room temperature X-ray diffraction patterns of PbTe, SnTe and GeTe. Red dots

correspond to the experimental data, while the black line, blue line and green sticks are, respec-

tively, the Rietveld refinement, the difference plot and the peak positions for main and secondary

phases.

Table 2.1: PbTe, SnTe and GeTe at 298 K: Measurement conditions, refined results and relia-

bility factors obtained by Rietveld analysis.

PbTe SnTe SnO2 GeTe

Crystal system Cubic Cubic Tetragonal Rhombohedral

Space group Fm3̄m Fm3̄m P42/mnm R3m

Lattice parameter, Å a = 6.461(3) a = 6.318(3) a = b= 4.732(2)a = b = 4.156(3)

c = 3.185(3) c = 10.663(5)

Volume, Å
3

269.711 252.196 71.318 161.430

Density, g/cm3 8.17 6.48 7.0 6.18

Phase amount,wt% 100(1) 95(5) 5(1) 100(1)

Rp (R-structure factor), % 22.9 21.9 21.9 22.4

Rwp (R-weighted pattern), % 24.3 4.0 14.0 21.8

Rexp (Expected error), % 25.85 12.89 12.89 26.8

GofF (Goodness of fit) 0.94 1.08 1.08 0.66
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2.3 Results and discussion

Table 2.2: Atomic parameters and atomic displacement parameters < u2 > of PbTe, SnTe,

GeTe and the secondary phase identified in this study, at 298 K.

Compound Atom Site Occupancy x y z < u2 > (Å
2
)

PbTe Pb 4a 0.01959 0.0 0.0 0.0 0.0244(3)

Te 4b 0.02083 0.5 0.5 0.5 0.0129(3)

SnTe Sn 4a 0.02063 0.0 0.0 0.0 0.0199(3)

Te 4b 0.02083 0.5 0.5 0.5 0.0101(3)

SnO2 Sn 2a 0.125 0.0 0.0 0.0 -

O 4f 0.125 0.3071 0.3071 0.3071 -

GeTe Ge 3a 0.16667 0.0 0.0 0.2403 0.0165(4)

Te 3a 0.16667 0.0 0.0 0.7597 0.0091(3)

From Rietveld refinement, the amplitude of the thermal vibration in the studied alloys

was also obtained. The Pb, Sn and Ge displacement parameters are consistently larger than

the ones of the lighter chalcogen atom. As seen in Table 2.2, the atomic displacement param-

eter < u2 > of the cation increases for larger atomic weight. Thermal parameters of the Pb

atoms were found to be larger than those of the chalcogen reported elsewhere (51). As the

studied materials and their alloys are intended for thermoelectric applications which requires

low thermal conductivity values, the large atomic displacement parameters is of interest and

indicate significant phonon scattering in these compounds. It was suggested by Noda et al.

that thermal vibrations in such compounds can be further enhanced by alloying, such as the

addition of Ge or Sn in PbTe and/or Pb in SnTe and GeTe (40). This creates compositional

fluctuations across the material that can also contribute to decrease the thermal conductivity

by adding disorder scattering to phonon-phonon scattering in the system. Additional infor-

mation on the site position and occupancy from the Rietveld refinement are summarized on

Table 2.2, where the Pb, Sn and Ge occupancies were refined assuming full occupation of the

Te sites. PbTe and SnTe show a deficiency of Pb and Sn, whereas for GeTe, no deviation

from the nominal stoichiometry is observed.
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2.3.2 Lattice dynamics characterization

Nuclear inelastic scattering from the 125Te NIS experiments in PbTe, SnTe and GeTe are

shown in Fig. 2.3. The nuclear forward scattering (NFS, i.e., elastic scattering) represents

the instrumental function with a FWHM resolution of 1.1 meV for all measurements. The

data treatment procedure to extract the DPS from the inelastic scattering data includes

the subtraction of the elastic peak and the correction of the multiphonon contribution to the

inelastic scattering (52). Finally, the data was deconvoluted by the experimental instrumental

function and reconvoluted with a symmetric Gaussian with a FWHM of 1.9 meV, in order to

avoid unphysical termination ripples in the DPS.

The partial Te density of phonon states of PbTe, SnTe and GeTe at 55, 60 and 30 K,

respectively, and the Sn DPS and total DPS of SnTe, at 60 K, along with ab-initio calculated

Te-contribution for the DPS of PbTe (41, 42) and GeTe (43), and the total DPS of SnTe

measured by neutron scattering (46) are discussed next. Measurements were performed at

low temperature in order to minimize multiphonon contributions to the inelastic spectra

and the temperature was verified by the detailed balance in the inelastic spectra. The DPS

extracted from the inelastic scattering spectra are shown in Fig. 2.4.

The similarities between the Te specific DPS of PbTe and SnTe are quite evident whereas

GeTe presents unique features. Both Te-DPS spectra consist of a main peak around 11 and

12 meV, for PbTe and SnTe, respectively. The Sn-DPS consists of two main regions centered

at ∼ 7 and 15 meV. In contrast, the partial Te-DPS of GeTe exhibits two peaks centered at

9.5 and 16 meV plus a minor peak at ∼ 20.8 meV. The upper limit of the acoustical range,

EA, can be estimated, in first approximation (53), by

MR/MTotal =

∫ EA

0
g(E)d(E), (2.1)

where MR is the mass of the resonant nucleus and MTotal is the total mass of the content of

the primitive unit cell. As calculated from the Te DPS in PbTe, SnTe, the acoustical regions

extend up to ∼10 meV, and in GeTe, up to ∼12 meV; the EA calculated from the Sn DPS in

SnTe is also ∼10 meV. The cut-off energies for PbTe, SnTe and GeTe Te-DPS are ∼20 meV

and ∼25 meV, respectively. This different cut-off arises due to the difference in the mass

and lattice parameters of PbTe and SnTe as compared to GeTe, and to the different space

group in which GeTe crystallizes. The softer characteristics of PbTe and SnTe can also be
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Figure 2.3: The nuclear inelastic scattering, NIS, spectra and the instrumental functions, mea-

sured by nuclear forward scattering, NFS, obtained with the 125Te resonance in PbTe (top), SnTe

(middle), and GeTe (bottom), and with the 119Sn resonance in SnTe (middle).
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Figure 2.4: The partial Te density of phonon states of PbTe (top), SnTe (middle) and GeTe

(bottom) at 55, 60 and 30 K, respectively (solid lines). Typical error bars are given. The total

DPS of SnTe by NIS is also presented (middle, in black). The lines with points are the theoretical

calculations for PbTe (light blue (41) and dark blue (42)) and GeTe (violet (43)) and the total DPS

of SnTe from inelastic neutron scattering data (orange (46)). The insets show the reduced partial

DPS, g(E)/E2, and the low energy fit, between 0 and 4 meV, for the Debye levels, indicated by

the same type of lines.
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confirmed by their estimated sound velocities. The sound velocity was estimated from the

Debye level limE→0 g(E)/E2 (54), in the Debye approximation (55), using

lim
E→0

g(E)/E2 =
MR

2π2~3ρυ3
s

, (2.2)

where ρ is the density of the material. The average sound velocities, vs, of PbTe, SnTe and

GeTe are 1700(100), 1800(80) and 1900(70) m/s, respectively (see also Table 2.3). The values

obtained are in agreement with literature values reported for PbTe, vs = 1830(30) m/s (56),

and SnTe, vs = 1750(50) m/s, obtained from the elastic constants in Ref. (57).

The experimental DPS are compared in Fig. 2.4 with the partial DPS from first-principles

calculations for PbTe and GeTe (41, 42, 43), and the total DPS of SnTe measured by neutron

scattering (46). The overall agreement of the calculated values with the experimentally

obtained results is fairly good, whereas the theoretical calculated DPS and single crystalline

neutrons inelastic scattering data show slightly sharper peaks than the observed ones, because

of the better resolution and the recalculation of the DPS from dispersion curves. Note that

a small impurity contribution from SnO2 might affects the Sn DPS in SnTe. The insets of

Fig. 2.4 show the reduced DPS, g(E)/E2, and the low energy fit, between 0 and 4 meV for

the Debye levels.

Additional lattice related properties (interatomic force constants, Lamb-Mössbauer factor

and atomic displacement) were obtained from the DPS (55) and are presented in Table 2.3.

The atomic displacement parameters, < u2 >, obtained from NIS at low temperatures were

extrapolated to room temperature values, within the harmonic approximation using

fLM (T ) = exp(−ER
∫ ∞

0

g(E)

E

1 + exp(−E/kBT )

1− exp(−E/kBT )
dE (2.3)

and the direct relation between the atomic displacement and the Lamb-Mössbauer factor

< u2 >= −lnfLM/k2 (55), where k is the photon wavevector and ER = ~2k2/2MRc
2, is

the recoil energy of the resonant nucleus. Note that the extrapolated atomic displacement

parameters obtained from low temperature NIS are in good agreement with those obtained

by X-ray diffraction. The atomic displacement of Pb, Sn and Ge are larger than for Te. For

PbTe, this behavior can be related to the lighter atomic mass of Te as compared to the one

of Pb. However, for SnTe and GeTe the reason for such behavior is unclear, but it might

be related to the tendency for off centering and local distortions in these compounds (19).
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Table 2.3: Summary of sound velocity, force constant, Lamb-Mössbauer factor, atomic displace-

ment parameter and Debye temperature in polycrystalline PbTe, SnTe and GeTe calculated from

the Te-partial DPS.

isotope T vs FM fLM < u2 > < u2 > θD

(K) (m/s) (N/m) - (Å
2
) at T (Å

2
) at 298 K

PbTe Te 55 1700 (100) 82(2) 0.42(2) 0.0027(4) 0.0118(4) 170(5)

SnTe Te 60 1800 (80) 64(4) 0.39(3) 0.0029(4) 0.0120(5) 170(5)

SnTe Sn 115 1800 (80) 67(4) 0.41(3) 0.0063(5) 0.0157(5) 160(5)

GeTe Te 30 1900 (70) 77(4) 0.54(3) 0.0019(4) 0.0107(4) 180(7)

The average Debye temperatures of θD = 170(5) K for PbTe, θD ∼ 165(5) K for SnTe, and a

slightly higher value of 180(7) K for GeTe were calculated from the partial DPS with

θ2
D = 3/(k2

B

∫ ∞
0

g(E)/E2dE). (2.4)

The value obtained for PbTe and SnTe are higher than reported from calorimetry by

Shelimova et al. (58), of 125 K (at 200 K) and 140 K, respectively. The large difference in

the case of PbTe is ascribed to the partial Pb DPS not probed here. The reported Debye

temperature for rhombohedral α - GeTe, θD =199 K (58), is in good agreement with our value

of θD =180(7) K. Additionally, the calculated average mean force constant around ≈ 70-80 N/

m indicates very soft interatomic bonds, which is comparable to typical Te force constants

in thermoelectric materials, such as Bi2Te3 and Sb2Te3 with force constants of 55(2) and

58(2) N/m (59), respectively, but much smaller than e.g. Sb mean force constant in CoSb3

(117 N/m) (60). Interestingly, the lattice properties of SnTe are very similar to the ones

presented by PbTe, which can be an opportunity in the study and development of Pb-free

compounds for thermoelectric applications.

2.4 Conclusion

A combined study of the structure and lattice dynamics of PbTe, SnTe and GeTe were

performed by high-energy X-ray diffraction and nuclear inelastic scattering, respectively.

The cubic NaCl-structure was confirmed for PbTe and SnTe, whereas GeTe is refined as

a rhombohedral phase, at room temperature. From NIS measurements, the effect of the
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crystal structure on the density of phonon states is also seen through the differences between

GeTe, and PbTe and SnTe DPS. The phonon modes of these systems are in a narrow energy

range below ≈ 25 meV, which indicates low force constants and a soft dynamic behavior.

The Debye temperatures, the velocities of sound and the mean force constants are small

as compared to other thermoelectric systems such as the Sb mean force constant in CoSb3

(117 N/m) (60), but comparable to typical Te force constants in Bi2Te3 and Sb2Te3 (59).

The PbTe and SnTe structure (NaCl-structure and rhombohedrally distorted NaCl-struc-

ture, respectively) is softer than GeTe (rhombohedral). The experimental NIS results are

found to be in fair agreement with ab initio calculations, in the case of PbTe (41, 42) and

GeTe (43), and with experimental data from inelastic neutron scattering for SnTe (46). The

estimated average mean force constant between 60 and 80 N/m arise from the low energy of

the phonon modes and indicates, for the studied compounds, soft interatomic bonds. The

sound velocities of PbTe, SnTe and GeTe, respectively, 1700(100), 1800(80) and 1900(70) m/s

were obtained from the density of phonon states and reveal a stiffer character of rhombohedral

structure of GeTe, in comparison with the cubic NaCl structure of PbTe and SnTe. In

addition, the low Debye temperature, θD = 170(5) K of PbTe and SnTe, and 180(7) K for

GeTe in combination with their low sound velocity are key factors to the high thermoelectric

performed exhibit by the studied tellurides. Based on our first measurements on the pure

binaries, further investigations on alloys, e.g., Ge or Sn in PbTe and/or Pb in SnTe and

GeTe, are now possible. In the future, for pure binaries, by varying the sample environment

and performing NIS at high pressure, the Grüneisen parameter can be directly obtained and

the crystal anharmonicity, which strongly affects the behavior of the crystal lattice and the

thermal conductivity in the material, can be quantified.
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[56] J. Dadda, E. Müller, S. Perlt, T. Höche, P. Bauer Pereira, and R. P. Hermann. Microstructures and nanostructures in long-term

annealed AgPb18SbTe20 (LAST-18) compounds and their influence on the thermoelectric properties. J. Mater. Res.,

26:1800–1812, 2011. 34

[57] T. Seddon and S. C. Gupta. Hole contribution to the elastic constants of SnTe. Solid State Comm., 20:69–72, 1976. 34

[58] L. E. Shelimova and S. K. Plachkova. Estimation of the Debye temperature of IV-VI semiconductor compounds and

rhombohedral (GeTe)1-x((Ag2Te)1-y(Sb2Te3)y)x solid solutions (y = 0.6). Phys. Status Solidi A, 104:679–685, 1987. 35

[59] D. Bessas, I. Sergueev, H.-C. Wille, J. Persson, D. Ebling, and R. P. Hermann. Lattice dynamics in Bi2Te3 and Sb2Te3: Te and

Sb density of phonon states. Under review Phys. Rev. B, 2012. 35, 36
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Abstract

The density of phonon states in AgSbTe2 was investigated by 121Sb and 125Te nuclear

inelastic scattering. We observe that the phonon modes have energies below 25 meV and a

sound velocity of vs = 1490(30) m/s is obtained. A low Debye temperature, θD = 150(15) K,

a large Grüneisen parameter γ= 2.3 at 300 K, combined with the short phonon lifetime and

the low sound velocity are key factors to the glassy nature of the low thermal conductivity in

AgSbTe2 and are associated to the high thermoelectric performance in AgSbTe2 containing

systems.

PACS numbers: 66.70.Df, 63.20D-, 65.40.Ba, 61.05.C-, 65.40.De, 63.20.Ry
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3.1 Introduction

The atomic vibrations inside a solid are an important source of information about a material,

as the lattice dynamics govern many thermal properties of solids. Different phenomena such

as thermal expansion, phase transitions, thermal conductivity, diffusion and elastic behavior

can be studied from the phonons properties of a system. Both, for thermoelectric and phase-

change recording media applications, the material’s thermal conductivity, κ, is important

and low values are targeted. The total thermal conductivity is given by κ = κE + κL, where

κE and κL are the electronic and the lattice contributions, respectively. Glass-like thermal

conductivities are known both for disordered crystals and crystals exhibiting distortions of

the lattice (1), and when the chemical bonds present an anharmonic character (2).

AgSbTe2 is a narrow gap semiconductor with Eg ≈ 7.6±3 meV (3) that crystallizes in a

rock-salt cubic structure where the Ag and Sb atoms occupy the Na site, whereas Te is located

at the Cl position. Due to its very low lattice thermal conductivity of 0.65± 0.05 W·m−1K−1,

between 80 to 300 K (2), applications of AgSbTe2 are mainly related to their thermoelectric

(2, 4, 5) and optical phase-change properties (6, 7). For phase-change materials, the low

thermal conductivity of AgSbTe2 assures that the power and pulse duration for switching

devices is minimized, whereas it permits to achieve a larger heat density in the smallest

area possible (8). For thermoelectric applications, the material’s efficiency is described by

the dimensionless figure of merit ZT = S2σT/κ, where S is the Seebeck coefficient, σ the

electrical conductivity, κ the thermal conductivity, and T, the working temperature. Low

thermal conductivity will restrict diffusion of heat across the material, retaining heat at the

junctions and maintaining a large temperature gradient through the device. The origin of low

thermal conductivity in such compounds is related to their atomic and electronic structures

which are responsible for the material’s transport properties. Highly anharmonic chemical

bonds (2) and compositional fluctuations across the material can also contribute to decrease

the thermal conductivity by adding disorder scattering to phonon-phonon scattering. The

atomic structure of AgSbTe2 was investigated by different groups, and the possible existence

of Ag-Sb ordering (5, 9, 10) was suggested. An ordering model however could not be fully

established because according to the Ag2Te - Sb2Te3 pseudo-binary Ag - Sb - Te phase diagram

(11), AgSbTe2 decomposes into Sb2Te3 and Ag2Te below 630 K, depending on the synthesis

conditions, which indicates the structural complexity of such alloys.
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3.1 Introduction

Figure 3.1: The unit cell for Pm3̄m AgSbTe2, at 298 K. Ag is depicted in orange atoms, Sb in

green and Te in red atoms.

To prevent this potential decomposition, AgSbTe2 can be rapidly cooled from the melt

through a quenching process. Alternatively, AgSbTe2 is added to other thermoelectric alloys

such as GeTe and PbTe and favors the formation of nanoinclusions in composite materials

with increased thermoelectric efficiency, such as TAGS, (GeTe)0.85(AgSbTe2)0.15 (12), and

LAST-m, AgPbmSbTe2+m (13). In order to clarify the ZT improvement due to nanocrys-

talline precipitates in the latter materials, a better understanding of the underlying micro-

scopic mechanisms responsible for the low thermal conductivity in AgSbTe2 itself is desirable.

First principles calculations of lattice vibrational properties of AgSbTe2 predict that the

phonon modes of AgSbTe2 have average vibrational frequencies higher than the phonon spec-

tra of PbTe due to the heavier atomic mass of PbTe (5, 14). The optical modes in AgSbTe2

extend until 18.6 meV, whereas for PbTe, they extend up to 15.5 meV. Considering the dif-

ference between the calculated density of phonon states (DPS) from AgSbTe2 and PbTe,

Barabash et al. (5) suggest three main factors for the low thermal conductivity in LAST-m

system: (i) scattering at the matrix/precipitates interfaces, (ii) mismatch of the sound ve-

locity between matrix (PbTe-rich) and precipitates (Ag/Sb-rich), and (iii) mismatch of the

ionic character of the vibrational modes, causing bending and scattering of acoustic waves.

However, the phonon density of states of AgSbTe2 has not yet been reported experimentally.
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Herein we investigate the lattice vibrational properties of AgSbTe2 by Nuclear Inelastic

Scattering (NIS) (15). We report on the 121Sb and 125Te partial density of phonon states,

the mean force constant, atomic displacement parameters, the Lamb-Mössbauer factor and

the average sound velocity of AgSbTe2 at 30 K, and compare results to the calculated phonon

density of states of Barabash et al. (5). The low value obtained for the Debye temperature,

θD = 150(15) K combined with a Grüneisen parameter γ= 2.3 at 300 K and low sound velocity

vs = 1490(30) m/s, are identified as key factors to the low thermal conductivity in AgSbTe2

and are associated to the high thermoelectric performance in AgSbTe2 containing systems.

3.2 Experimental

Stoichiometric amounts of high purity (99,999%) Ag, Sb and Te enriched to 95% in 125Te

were placed in a quartz capillary, evacuated and sealed under vacuum. The sample was pre-

pared by melting the powder mixture at 1073 K. After keeping the sample for 8 h above the

melting temperature, the material was water quenched. The obtained pellet, with density of

7.12 g/cm3, was characterized at room temperature by X-ray diffraction at the 6-ID-D beam-

line at the Advanced Photon Source. The X-ray energy used was 99.53 keV (λ= 0.124559 Å)

and the detector was a circular image plate camera Mar345. The sample to detector distance

of 1850(1) mm was calibrated using NIST640c silicon. Thermal expansion data was obtained

by low-temperature X-ray powder diffraction, from 10 to 298 K. The wavelength of the inci-

dent radiation was 1.5405 Å (Cu-kα). Data was collected by a Huber G670 diffractometer,

between 10 and 100◦ and FullProf (16) was used to refine the atomic structure by Rietveld

method. Heat capacity measurements from 3 to 298 K were performed using a Quantum

Design Physical Property Measurement System, on a 12.5 mg sample. Nuclear inelastic scat-

tering measurements on AgSbTe2 were performed for 121Sb and 125Te with the resonance

energies of 37.13 (17) and 35.49 keV (18), respectively, at the ID18 and ID22N stations of the

European Synchrotron Radiation Facility. For 121Sb, a resolution of 1.3 meV was reached,

whereas for 125Te, the resolution was 1.1 meV (19).
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3.3 Results and discussion

3.3.1 Structural Characterization

Quarez et al. (9) reported Rietveld refinements using the Pm3̄m (cubic), R3̄m (rhombohe-

dral) and a lower symmetry P4/mmm (tetragonal) model for AgSbTe2. From our Rietveld

refinement (Fig. 4.1), the Pm3̄m lattice is prefered, Fig. 3.1, with cell parameter of 6.070(3) Å.

Full occupation of the cationic and anionic sites were considered and a chemically ordered

random-network (stochastic) model was assumed. In this model, the force constant between

atoms are randomly distributed between all atoms and no preferential atomic ordering of Ag

and Sb atoms is expected. Stützite, with chemical composition Ag4.5Te3, was identified as

secondary phase, similarly to the report by Wang et. al. (20), accounting for 12(2)%wt Te.

Ag4.5Te3 crystallizes in the P6̄2m space group with a= b= 13.456(9) Å and c= 16.915(9) Å, in

good agreement with literature (21). This phase has a very large cell volume, V ≈3062.69 Å
3
,

containing about a hundred atoms per unit cell. The summary of refined parameters, at 298 K,

and reliability factors obtained by Rietveld analysis for AgSbTe2 are shown in Table 3.1.

The influence of temperature on the lattice constant of AgSbTe2 is presented in Fig. 4.3. In

order to decrease the data noise, the data was fitted using a third-order polynomial function

a(T) without first-order term. AgSbTe2 contracts linearly on cooling until 150 K. In this

region, the thermal expansion, α, defined as α= (∂a(T )/∂T )/a(300 K), is 25· 10−6K−1. This

value is in good agreement with literature, where, at room temperature, α= 23· 10−6K−1 is

reported (22).

3.3.2 Lattice Dynamics Characterization

The measured heat capacity of AgSbTe2 (Fig. 4.5), at 298 K is 100.4 J·mol−1K−1, in agree-

ment with reported ≈ 98.98 J·mol−1K−1 (2) at the same temperature, and mostly follows the

Debye model to the Petit-Dulong limit, approaching room temperature. The small deviation

is observed since a harmonic approximation was used for the fitting, without considering

the changes which occur in the phonon density of states with temperature and anharmonic

effects. A comparison between the measured macroscopic heat capacity and 125Te and 121Sb

heat capacities obtained from the DPS (23) is also shown. The total heat capacity from DPS

was obtained by the sum of Sb and Te heat capacities contributions, assuming that the Ag

contribution to heat capacity is similar to the one from Sb, and shows similar behavior to the

macroscopic result. From the low temperature T 3 dependence of the heat capacity, a Debye
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Figure 3.2: X-ray diffraction pattern of AgSbTe2, at room temperature. Red dots correspond

to the experimental data, while the black line, blue line and green sticks are, respectively, the

Rietveld refinement, the difference plot and the peak positions for AgSbTe2 and the secondary

phase Ag4.5Te3.

Table 3.1: AgSbTe2 X-ray diffraction at 298 K: Refined results and reliability factors obtained

by Rietveld refinement.

AgSbTe2 Ag4.53Te3

Crystal system Cubic Hexagonal

Space group Pm3̄m P6̄2m

Lattice parameter, Å a= 6.070(3) a= 13.456(9)

c= 16.915(9)

Volume, Å
3

223.648 3062.69

Density, g/cm3 7.12 7.64

Phase amount, wt% 86(1) 14(1)

Te, wt% 88(2) 12(2)

χ2 8.11

Rp 21.9

Rwp 23.9

Rexp 8.34
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Figure 3.3: The influence of temperature on the lattice constants of AgSbTe2 (top), and the

corresponding thermal expansion, α (bottom).
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temperature θD = 150(7) K was extracted. An estimation of the sound velocity was obtained

using the Debye approximation (23)

vs ≈ (kBθD)/~(6π2N)1/3, (3.1)

with resulting average sound velocity vs = 1530(30) m/s, where N = 3.6·1022 atoms/cm3 is the

density of atoms for AgSbTe2.

The 121Sb and 125Te nuclear inelastic scattering in AgSbTe2 has been measured at 30 K

and 11, 30, and 60 K, respectively. The low temperature was chosen in order to decrease the

multiphonon contributions to the inelastic spectra. The Sb and Te partial phonon density

of states extracted from the inelastic spectra using conventional routine (24) are shown in

Fig. 4.7. The partial Te and Sb DPS of AgSbTe2 exhibit acoustical peaks at 6 - 8 meV,

whereas the optical vibrations of Te and of Sb are most pronounced at 14 meV and at 18 meV,

respectively. The acoustical range, EAc, is estimated, in first approximation, by MR/MTotal =∫ EAc

0 g(E)d(E), where MR is the mass of the resonant nucleus and MTotal is the total mass of

the content of the primitive unit cell. The AgSbTe2 acoustical region extend up to ∼ 7.5 meV

and, both DPS have high energy cut-off around 20 meV, consisting of broad features which

are, probably, due to the stochastic distribution of the Sb and Ag atoms and/or because of

phonon lifetime limitation.

The experimentally obtained DPS are compared in the Fig. 4.7 with partial DPS from

first-principles calculations (5). The theoretical results show much sharper peaks than the

experimentally observed for both Sb and Te atoms. This can be related to the ordering of the

Sb ions possibly assumed in the first-principle calculations, which seems not to be the case for

our sample. Moreover, the broadening of the theoretical DPS would be sufficient to describe

the experimental Te DPS, but cannot correctly reproduce the Sb DPS, as a broadening and

softening of the 10 meV peak, and hardening of the 18 meV peak would have to be applied

to the theoretical Sb DPS in order to describe our experimental data. Similar effect, the

softening of the low-energy modes and hardening of the high-energy modes has been observed

experimentally for GeSb2Te4 compound (25) during transformation from the crystalline to

amorphous state, related to a modification in the bond type from covalent to resonant. The

observed difference between the theoretical and experimental Sb DPS in AgSbTe2 could thus

be related to different states of order of Ag and Sb considered for calculations and/or to a

different type of bonding. The inset of Fig. 4.7 shows reduced DPS, g(E)/E2, where the

same Debye level is seen for Sb and Te vibrations. The Sb DPS mostly follows the Debye
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Figure 3.4: Macroscopically measured (red solid line) heat capacity AgSbTe2 and the cor-

responding Debye model fit (gray). The total contribution of Ag, Sb and Te calculated from

the DPS of AgSbTe2, assuming that Ag contribution to the heat capacity is similar to the Sb

contribution, is presented in black.

behavior until ∼ 7 meV whereas Te DPS shows a strong peak at 4 meV which is similar to

the boson peak in glasses (26). The reason of such peak been observed only for Te atom

is not clear. One explanation could be related to the presence of the Ag4.5Te3 phase. The

large unit cell of this phase shifts the acoustic phonon modes to the low energies similarly to

reported elsewhere (27). Thus, the enhancement of the reduced Te DPS at 4 meV can result

from the van Hove singularity of the Ag4.5Te3 at this energy region; in total ∼10% of ther

125Te DPS is related to this impurity.

Several different quantities can be directly accessed from the DPS, such as the force con-

stant, Lamb-Mössbauer factor, atomic displacement parameter and the Debye temperature

(15). From the relation

lim
E→0

g(E)

E2
=

MR

2π2~3ρυ3
s

, (3.2)

where MR is the mass of the resonant atom and ρ the density, the additional information

about average sound velocity υs of the material is calculated. The average sound velocity

υs = 1490(30) m/s of AgSbTe2 was calculated from the Sb-DPS, to avoid the excessive ad-
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Table 3.2: Summary of the sound velocity, force constant, Lamb-Mössbauer factor, atomic

displacement parameter and Debye’s temperature in polycrystalline AgSbTe2 calculated from

the Sb- and Te-partial DPS.

vs FM fLM < u2 > θD

(m/s) (N/m) - (10−3 Å2) (K)

121Sb 30 K 1490(30) 68(2) 0.31(3) 3.1(1) 161(10)

125Te 30 K - 70(2) 0.43(2) 2.5(1) 151(5)

ditional phonon modes present due the secondary phase. But it is fair to assume that the

obtained average sound velocity represents the whole material, since the low energy region is

dominated by acoustic phonon modes.

The resulting properties, interatomic forces, Lamb-Mössbauer factor and atomic displace-

ment, are presented in Table. 3.2. The validity of obtained properties was verified using the

conventional sum rules (28). Interestingly, the atomic displacement parameter is larger for

Sb as compared to Te, at 30 K. Note that NIS measurement yield a purely incoherent dis-

placement parameter unaffected by the presence of vacancies, dislocations, etc.

The Debye temperature is an essential quantity which characterizes lattice related prop-

erties of materials. It is the temperature where the collective or acoustic vibrations switch to

an independent thermal vibration, which means that the whole vibrational spectrum, up to

the highest-energy phonons, is excited. From the partial DPS, with the relation

θ2
D = 3/(k2

B

∫ ∞
0

g(E)

E2
dE), (3.3)

the element specific Debye temperature θD = 161(10) K for Sb and θD = 151(5) K for Te were

calculated, in good agreement with the obtained value from the macroscopic heat capacity.

Those values are, however, higher than the one reported by Morelli (125 K) (2). Next to an-

harmonicity, low Debye temperature combined with a low sound velocity is directly related

to the low thermal conductivity in AgSbTe2. From the relation between the bulk modulus

(B = 45 GPa (29)) and the calculated average sound velocity obtained from DPS, a longitu-

dinal, vl, and transversal, vt, sound velocity of 3020(100) m/s and 1310(40) m/s, respectively,

were calculated using
3

υ3
s

=
2

υ3
t

+
1

υ3
l

, (3.4)
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Figure 3.5: 125Te-partial (top) and 121Sb-partial DPS (bottom) for AgSbTe2, at 11K (green

line), 30K (red line for 125Te and orange line for 121Sb) and 60K (blue line). The calculated

partial DPS for Sb and Te, after Ref. (5), is presented as magenta and black lines, respectively.

The arrow points the region at the experimental data with an excess of vibrational modes due

the presence of the Ag4.5Te3 phase. The reduced partial DPS g(E)/E2 in units of 10−3meV−3,

and the low-energy fit between 0.5 and 6 meV for the Debye levels, indicated by the same type

of lines, are shown in the inset.
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3.3 Results and discussion

in the Debye approximation. Finally, the elastic moduli c11 = 65(10) GPa, c44 = 12(10) GPa,

and Poisson’s ratio υ= 0.38(2) were calculated (30). Additionally, the dimensionless Grüneisen

parameter γ (31) was estimated in order to quantify the crystal anharmonicity which strongly

affects the behavior of the crystal lattice and the thermal conductivity in the material. γ= 2.3

at 300 K was calculated by

γ =
3αBV

Cv
, (3.5)

with the thermal expansion α= 25·10−6K−1 obtained from our temperature dependence of

the lattice parameter, the bulk modulus B (29), the molar unit cell volume Vm = 3.38 ·
10−5m3 mol−1 and the measured heat capacity Cp ∼ Cv = 100.4 J·mol−1K−1, at 298 K. This

is comparable to γ= 2, published by Morelli et. al. (2).

Phonon scattering mechanisms such as phonon-phonon interactions, defects and grain-

boundaries scattering determine the κL in a material. At high temperature, heat-conducting

phonons are usually mostly scattered by Umklapp processes. However, for AgSbTe2, where

κ is constant over a large range of temperature (32), the estimation of thermal conductivity

considering only Umklapp processes can not be used, since in this approximation the ther-

mal conductivity varies with 1/T (33). A simple temperature independent estimation of the

lattice thermal conductivity of AgSbTe2, κL, can be obtained by kinetic gas theory where

κL = cvv
2
sτ/3, and depends only on the specific heat capacity cv, the sound velocity vs, and

the phonon lifetime, τ . The phonon lifetime, τ = 0.45 ps, is obtained using τ = 2~/FWHM,

according to the Heisenbergs uncertainty principle where the full width at half maximum

(FWHM) can be roughly estimated from our DPS data since no features sharper than∼ 3 meV

are observed, both in the Sb and Te DPS. With vs = 1490(30) m/s, cv = 1.49·106 Jm−3K−1,

κL = 0.50± 0.05 Wm−1K−1 is obtained. This value is in good agreement with macroscopi-

cally measured thermal conductivity (20, 32) and the short phonon lifetime in combination

with the very low sound velocity would appear to be the main contribution that explains the

low thermal conductivity found in AgSbTe2. A more direct determination of phonon life-

time broadening might be possible through inelastic neutron scattering if single crystalline

AgSbTe2 becomes available.
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3.4 Conclusion

The partial 121Sb and 125Te DPS were experimentally obtained by nuclear inelastic scattering,

at low temperatures. A comparison with the calculated partial DPS showed that Te DPS

agrees fairly with our experimental data, whereas Sb DPS cannot correctly reproduce the

experimental Sb DPS. This can be related to the ordering of the Sb ions in the first-principle

calculations and resulting directional force constants, which seems not to be the case for our

sample, in which an stochastic model is assumed. The calculated average mean force constant

for Sb and Te, both of ≈ 70 N/m, indicates very soft interatomic bonds, comparable to mean

force constants of PbTe and SnTe (34), but smaller and therefore, softer, than e.g. Sb mean

force constant in CoSb3 (117 N/m) (27). The sound velocity in AgSbTe2 of vs = 1490(30) m/s

is lower than in PbTe for which a vs = 1900(30) m/s (35) is reported which indicates a softer

bonding character of AgSbTe2 compared to PbTe. The presence of Ag4.3Te3 as secondary

phase add excess of phonon modes at low energy region (acoustic region) but overall does only

contribute to ∼ 10% of the Te DPS. In addition, the low Debye temperature, θD = 150(15) K

combined with the short phonon lifetime and the low sound velocity are key factors to the low

thermal conductivity in AgSbTe2 and are associated to the high thermoelectric performance

in AgSbTe2 containing systems.
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Abstract

We report on the average and local structure in bulk AgPb18SbTe20 alloy, known as LAST-

18. Using a combined approach with Rietveld and Pair Distribution Function analysis, the

presence of distinct amounts of randomly embedded nanostructures in a PbTe-matrix of an

annealed and a quenched sample were identified. The lattice parameters of LAST-18 as a

function of annealing temperature have been determined, and reveal the important effect of

the synthesis on the properties of this family of compounds. Furthermore, 121Sb and 125Te

partial density of phonons states were obtained by nuclear inelastic scattering in order to

separately characterize the lattice dynamics from matrix and nanoinclusions. Additional

characterization of the elastic properties and lattice governed properties were performed by

resonance ultrasound spectroscopy, heat capacity and thermal expansion meaurements.

PACS numbers: 66.70.Df, 63.20D-, 65.40.Ba, 61.05.C-, 65.40.De, 63.20.Ry
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4.1 Introduction

An analysis of the energy efficiency, from automobile engines and power plants to industrial

boilers, passing through computer processors and domestic devices, shows that only 30 to

50 % of the produced energy is really exploited as work whereas the large part is lost as

heat (1). Thermoelectric (TE) generators can harvest part of this large amount of energy

since they are capable of converting the waste heat in usable electricity. Since its discovery

in the 19th century, despite its simplicity in design, scalability and reliability, thermoelectric

technology has not fulfilled its whole potential in engineering applications mainly due the

relatively low efficiency (<10 %) of commercially available materials (2). In order to fully

benefit from all the advantages of TE devices, an improvement in the efficiency which the

material converts heat into electricity is required.

A material’s potential to convert heat into electricity is represented by its thermoelec-

tric figure of merit Z (in units of K−1). Z is directly related to the material’s electrical

conductivity σ and to the square of the Seebeck coefficient S, and inversely proportional to

its thermal conductivity κ, where κ = κE + κL, the electronic and lattice contributions,

respectively. Taking the working temperature T into consideration, the dimensionless figure-

of-merit ZT = (S2σ/κ)T is defined (3). The major difficulty in improving ZT relies on the

basic definition of a thermoelectric material being able both, to convert a thermal gradient

in electricity and inversely, to generate a temperature difference when an electrical current is

applied to the material. Therefore, a good thermoelectric must combine simultaneously high

electronic mobility and a low thermal conductivity. Few materials can simultaneously fulfill

these requirements. The list includes bulk materials such as clathrates (4, 5), skutterudites

(6), half-Heusler (7) and chalcogenides alloys (8, 9, 10). Common attributes are identified in

the latter materials such as (i) narrow energy gap in order to optimize the charge carriers

concentration, (ii) complex crystal structure and/or heavy atoms in their atomic formula in

order to disrupt the propagation of lattice vibrations by mass fluctuation scattering, and

(iii) high mobility carriers for achieving the highest electrical conductivity for a given carrier

concentration.

Over the years, different strategies have been used to optimize and increase ZT . One

possible approach is to modify a known material, e.g., with high electrical conductivity,

by doping or by introduction of point defects as vacancies and substitutional atoms. The

additional doping element or substitutional atom creates the necessary disorder to induce
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increased phonon scattering which greatly reduces the thermal conductivity and thus the

thermoelectric quality of the materials increases significantly. A classical example is the

system Bi2Te3 and the solid solutions Bi2−xSbxTe3 and Bi2Sb3−xSex. By alloying Bi2Te3

with Sb or Se, a reduction close to 40 % in thermal conductivity is achieved and ZT is

increased from ∼ 0.6 to ZT ∼1, at 550 K (11, 12).

More recently, the use of nanostructured materials has provided another path for tuning

ZT through different phenomena such as energy filtering, quantum confinement and phonon

scattering at surfaces and interfaces (13). ZT values larger than 2 have been reported for ar-

tificially nanostructured materials grown by chemical vapour deposition (14, 15) or molecular

beam epitaxy (MBE) (16, 17, 18, 19). However, the production of artificially nanostructured

materials is time consuming and prohibitively expensive. Another problem is the difficulty

in scaling up lab scale production to mass production by unconventional synthesis processes.

AgPbmSbTem+2 (LAST-m) is a promising bulk material for TE applications at mid-range

temperatures (500 - 700 K) with naturally formed nanoinclusions through conventional melt-

route synthesis. High figure of merit, ∼ 1.7 to 2.2, were reported (10, 20, 21). The system

is derived from the combination of PbTe and AgSbTe2, and the properties can be tuned by

modifying Ag, Sb and Pb fractions. It crystallizes in a cubic NaCl structure, where Ag, Pb

and Sb occupy the cationic site, whereas Te sits at the anionic position. The presence of

nanostructures and the compositional fluctuation in the matrix introduces inhomogeneity on

the atomic and nanometric scales which are believed to act as scatterers for phonon propa-

gation. This effect greatly reduce the thermal conductivity and ZT improves significantly,

as compared to PbTe (20). However, this system presents a complex phase diagram, and the

final properties will strongly depend on the synthesis conditions (10, 22, 23).

In this work, we report on the local and average structure and the lattice dynamics

in bulk AgPb18SbTe20 (LAST-18). By combining Rietveld and Pair Distribution Function

(PDF) analysis, the presence of distinct amounts of dispersed nanostructures in a PbTe-

matrix in an annealed and a quenched sample were identified. The effect of the annealing

temperature on the lattice parameter was also investigated, which confirms the important

effect of the material’s synthesis on the final structure parameters of this alloy. Further-

more, 121Sb and 125Te partial density of phonons states (DPS) were obtained by Nuclear

Inelastic Scattering (NIS) in order to separately characterize the lattice dynamics from ma-

trix and nanoinclusions. The experimental data is compared with theoretical calculation for

60



4.2 Experimental

PbTe (24), and with LAST-18 time-of-flight inelastic neutron scattering data (25). From

first principles calculations, it was reported that the calculated bulk thermodynamics favors

the formation of coherent precipitates of ordered AgmSbnTem+n phases, such as AgSbTe2

(24) and that the DPS of the precipitates and matrix are mismatched in the acoustic energy

range (24, 25), similarly as demonstrated for multilayered materials (14). Additional lattice

dynamics related properties such as the mean force constant, atomic displacement param-

eters, the Lamb-Mössbauer factor and the average sound velocity are presented. Thermal

expansion, heat capacity and elastic properties were also characterized since they are directly

related to the thermal properties of the material and this information can help developing

better designed thermoelectric materials and devices.

4.2 Experimental

Samples with nominal compositions AgPb18SbTe20 were produced by melting high purity

(99.999 %) Ag, PbTe and Sb powder in quartz ampoules sealed under vacuum, in a rocking

furnace at 1293 K. In order to ensure homogeneity, the melt was kept for 2 h at this high

temperature and then, water quenched (WQ). In order to improve mechanical properties of

the produced ingots, they were ground into powder, charged into a graphite die of 15 mm

in diameter and short-term sintered in a direct-current sintering press at 673 K and 56 MPa.

The obtained cylindrical sample was annealed in a temperature gradient (gradient anneal-

ing, GA) between 683 and 853 K (26), where each position represents a particular annealing

temperature. Phase identification and structural characterization were performed by conven-

tional X-ray diffraction (XRD) and by XRD using an approach similar to rapid acquisition

pair distribution function (RA-PDF) (27) at the high energy station of the Advanced Photon

Source. The X-ray energy used was 87.09 keV (λ= 0.142519Å) and the detector was a General

Electric amorphous silicon detector positioned at a distance of 1850(2) mm and 265(1) mm,

for conventional XRD and RA-PDF, respectively. The sample to detector distances were

calibrated using NIST640c silicon. To avoid saturation of the detector, each measurement

exposure took 5 s and was repeated ten times to improve the counting statistics. The data

were integrated and converted to intensity versus 2θ patterns with the program FIT2D (28),

where 2θ is the angle between the incident and scattered X-rays. Background data including

the empty sample container was also recorded and subtracted from the sample data during
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the correction step. Additional corrections for multiple scattering, absorption and Compton

scattering and processing of the integrated data to obtain the PDF, G(r), were carried out

using the PDFgetX2 program package (29). G(r) was modeled over a range from 2 to 40 Å

with the program PDFgui (30). Thermal expansion data was obtained by low-temperature

XRD, from from 10 to 298 K, and were collected by a Huber G670 diffractometer, between

10 and 100◦. The wavelength of the incident radiation was 1.5405Å (Cu-kα) and FullProf

(31) was used to refine the atomic structure by Rietveld analysis. Heat capacity measure-

ments between 3 and 298 K were performed using a Quantum Design Physical Property

Measurement System, on a 16 mg sample. 121Sb and 125Te partial density of phonon states

of LAST-18 were obtained by nuclear inelastic scattering, with the resonance energies of

37.13 (32) and 35.49 keV (33), respectively, at the ID18 station at the European Synchrotron

Radiation Facility. Resolutions of 1.3 and 1.1 meV (34) were reached for 121Sb and 125Te,

respectively. Mechanical characterization of LAST-18, at room temperature, was performed

by Resonant Ultrasound Spectroscopy (RUS) (35, 36). In this technique, the elastic response

of well-defined shape LAST-18 sample, e.g. a rectangular parallelepiped, was determined.

The sample is held between two transducers, which one is the drive frequency emitter whereas

the second detects the response of the sample. We evaluated 24 resonance frequencies, and

the bulk and shear moduli, Poisson’s ratio and the sound velocity were obtained.

4.3 Results and discussion

4.3.1 Structural characterization

The influence of the annealing temperature (Tann) on the diffraction patterns of LAST-18 is

presented in Fig. 4.1. The annealing temperature was defined by using a gradient annealing

method, where a 40 mm long sintered sample rod was heat treated in an axial temperature

gradient spanning between 683 K and 853 , as reported elsewhere (26). The main phase, for

all temperatures, has the nominal composition of LAST-18 and crystallizes in the Fm3̄m

cubic structure, with lattice parameters ranging from 6.430 to 6.451 Å. More details on the

annealing temperature used, sample identification, and on the obtained structural parameters

and reliability factors from the Rietveld analysis are presented in Table 4.1.

For the presented annealing temperatures, except for Tann = 853 K, Sb-metal is identified

as secondary phase. It is observed that the weight fraction of the secondary phase in the

matrix is reduced by increasing the annealing temperature, and a corresponding decrease in
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Figure 4.1: X-ray diffraction patterns, at room temperature, of LAST-18 samples obtained by

gradient annealing method, along with those of the end-member (pure chalcogenides PbTe and

AgSbT2) and Sb-metal (dashed line). The samples are identified as GA-1 (Gradient annealing-1),

GA-2, GA-3, GA-4 and GA-5, according to their corresponding annealing temperature of 683,

738, 778, 798 and 853 K, respectively. In the bottom image, the Sb-peak at ∼ 2.62◦ is seen to

decrease, until it vanishes, with increasing the annealing temperature during synthesis of LAST-

18.
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4.3 Results and discussion

intensity of the Sb-peak in the XRD patterns is seen, see Fig. 4.1 (bottom). This indicates the

necessity of the annealing heat treatment to be performed, in the gradient annealing method,

at temperatures higher than 798 K, in order to produce macroscopically homogeneous LAST-

18 material. This result is consistent with previous reports based on scanning electronic

microscopy observations (26, 37). The lattice parameter is also affected by the annealing

temperature (Fig. 4.2). The lattice parameter is the largest for the water quenched sample

(a= 6.463 Å), followed by the sample GA-1 heat treated at 683 K (a= 6.451 Å) and this

value decreases, at first, as the annealing temperature is increased, reaching a minimum

(a= 6.430 Å) for Tann = 798 K. A slightly increase is observed for the annealed temperature

of 853 K, where a reaches 6.444 Å. The difference can be explained by the Sb presence in

the material in two different forms, as a precipitated secondary phase, until 798 K, and as

solute atoms in the solutioned alloy, above 798 K. The larger lattice parameter of the sample

annealed at 798 K is attributed to the increased concentration of dissolved Sb in the matrix,

leading to a cell distortion. In a parallel study, the structures of AgPb6SbTe8 (LAST-6) and

AgPb10SbTe12 (LAST-10) were investigated. As expected, the lattice parameters vary with

m value and composition, with a = 6.441(3) Å and a = 6.444(3) Å for LAST-6 and LAST-10,

respectively. Those are higher values than reported elsewhere (10), due to the differences in

the synthesis conditions. The final properties are greatly affected by the alloy’s composition

and processing, which enables other degrees of freedom for optimization of the thermoelectric

efficiency in these materials.

64



4.3 Results and discussion

T
a
b

le
4
.1

:
P

ow
d

er
X

-r
ay

d
iff

ra
ct

io
n

re
fi

n
ed

re
su

lt
s

a
n

d
re

li
a
b

il
it

y
fa

ct
o
rs

,
a
t

ro
o
m

te
m

p
er

a
tu

re
,
fo

r
A

g
P

b
1
8
S

b
T

e 2
0

sa
m

p
le

s
a
n

n
ea

le
d

at
d

iff
er

en
t

te
m

p
er

at
u

re
s

al
on

g
w

it
h

a
w

at
er

q
u
en

ch
ed

sa
m

p
le

.

L
A

S
T

-1
8

A
n

n
ea

li
n

g
te

m
p

er
at

u
re

,
K

W
at

er
q
u

en
ch

ed
68

3
72

3
73

8
77

8
79

8
8
5
3

S
am

p
le

ID
W

Q
G

A
-1

D
L

R
25

94
G

A
-2

G
A

-3
G

A
-4

G
A

-5

C
ry

st
al

sy
m

m
et

ry
C

u
b

ic

S
p

ac
e

gr
ou

p
F

m
3̄
m

L
at

ti
ce

p
ar

am
et

er
,

Å
6.

46
3(

3)
6.

45
1(

3)
6.

45
0(

3)
6.

44
9(

3)
6.

43
6(

3)
6.

43
0(

3)
6
.4

4
4
(3

)

U
n

it
ce

ll
vo

lu
m

e,
Å
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Figure 4.2: Dependence of the lattice parameter of AgPb18SbTe20 (LAST-18) on the annealing

temperature. XRD data was collected at room temperature.

The structure and temperature dependence on the lattice constant of LAST-18 was further

investigated by low-temperature XRD (Fig. 4.3) and thermal expansion was determined.

The data was fitted using a third-order polynomial function without first order term, a(T),

in order to decrease the data noise, specially below 70 K. LAST-18 contracts linearly on

cooling until ≈ 110 K. The thermal expansion is, calculated using α= (∂a(T )/∂ T )/a(300 K),

is 19.3·10−6 K−1, at 300 K. This is in good agreement with Ren et al. (38), where α ranging

between 20·10−6 K−1 and 24·10−6 K−1 measured independently by thermomechanical analysis

and by high-temperature X-ray diffraction was reported. The measured value of α for LAST-

18 is comparable to the values for other TE materials such as PbTe (39) and Bi2Te3 (40).

Traditional X-ray diffraction provides information on the long range average structure

of the material under study, see Fig. 4.4(a) and (b). The presence of locally disordered

regions is seen as diffuse scattering and broadening of the diffraction intensity profile which

are usually discarded as scattering background. For a description of the local structure, the

diffuse scattering contribution must be considered, therefore analysis of the corresponding

atomic Pair Distribution Function, at room temperature, was also performed. PDF is a total

scattering method that takes into account both Bragg and diffuse scattering information

and gives structural information in real space on various length scales, including its local
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4.3 Results and discussion

structure (bond lengths and coordination number) and the average long range structure (41),

in a full-profile method analogous to the Rietveld method.

The approach for the refinement is to start with a proper structure model, where the

material’s parameters (cell parameters, atomic positions in the unit cell and the average

atomic occupancy of each site) are allowed to vary until a best fit of the calculated and the

experimental PDF data is obtained. The agreement between calculated and experimental

PDF is quantified by the residual function Rw (41). For the modeling, it is important that

the used software, PDFgui, allows the refinement to be performed with multiple phases. Each

phase has its own scale factor to be refined, which reflects the relative phase fraction in the

multiphase system and any difference in the scattering power of the phases related to their

compositions. The nanostructures in the PbTe-rich matrix, assumed to be a secondary phase,

can be distinguished as long as the fit is made over a range of r, the atomic pairs separation

distance, that is smaller than the particle size. For the LAST-18 water quenched sample

(WQ) and annealed DLR2594 sample (Tann = 723 K), different models were used. The first

structural model is a homogeneous single phase with the PbTe composition, because PbTe

and LAST-18 crystallize in the Fm3̄m structure and have similar lattice parameters. In

the second model, complexity was added to the homogeneous single phased-PbTe model by

introducing Ag and Sb atoms randomly distributed in the Na-occupation sites, according to

the correct average composition of LAST-18; the cubic symmetry of the PbTe matrix was

maintained. The third model is a two-phase model that intends to verify the presence of

nanostructures in LAST-18. In this model, the main phase is a matrix of pure PbTe, whereas

for the secondary phase, we have tried different compositions of LAST−m. The composition

of the secondary phase was adjusted by varying m until a better fit with the experimental data

was obtained, with resulting Rw value around 7.5%. No chemically ordering was attempted

during modeling, and all refinements were performed over the range of PDF from 2 to 40 Å.

From the modeling results, the presence of distinct amounts of nanostructures embedded in a

PbTe-matrix in the annealed and a quenched sample were identified, indicating that different

thermal treatments lead to a different amount of nanoinclusions in the LAST-18 samples. In

the WQ sample, a low amount of nanoclusters (∼0.2 %) with average composition LAST-

2 were identified in the PbTe-matrix, whereas in the annealed DLR2594 sample, 1.8% of

nanoinclusions, with average composition LAST-10, were identified. As suggested by Lin et

al. (42), the size, composition and the concentration of nanoclusters in the PbTe-matrix will

depend strongly on the synthesis conditions.
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4.3 Results and discussion

4.3.2 Lattice dynamics characterization

The measured heat capacity of LAST-18 (Fig. 4.5), at 298 K is 98.2 Jmol−1K−1, in good

agreement with reported Cp ∼99.6 Jmol−1K−1 (20), at the same temperature. From the low

temperature T 3 dependence of the heat capacity, a Debye temperature of θD = 130(10) K was

extracted, and the sound velocity was estimated using the Debye approximation (43)

v3
s ≈ (kBθD)/~(6π2N), (4.1)

with resulting average sound velocity vs = 1400 m/s, where N = 3·1022 atoms/cm3 is the den-

sity of atoms for LAST-18.

The 121Sb and 125Te nuclear inelastic scattering spectra from sample DLR2594 (LAST-18,

annealed at 723 K) are presented in Fig. 4.6. The nuclear forward scattering (NFS, i.e., elastic

scattering) represents the instrumental function with a FWHM resolution of 1.3 and 1.1 meV

for 121Sb and 125Te, respectively. The idea behind this measurement is to characterize the

lattice properties of matrix (PbTe-rich) and nanoinclusions (Ag/Sb-rich) separately, and if

possible, to confirm the elastic mismatch between the two terms, as proposed by Barabash

et al. (24). Following the conventional procedure to extract the DPS from the inelastic

scattering data (44), including the subtraction of the elastic peak, multiphonon correction,

deconvolution of the data with the instrumental function, and finally the convolution of the

data with a symmetric Gaussian, the partial contributions of Sb and Te for the DPS of sample

DLR2594 were obtained and shown in Fig. 4.7 (c).

For comparison, experimental DPS of LAST-18 measured by time-of-flight (TOF) inelastic

neutron scattering (25), at 7 and 300 K, along with the first-principles calculated DPS of pure

PbTe (24) and the DPS of an alloy composed of PbTe plus 0.125 AgSbTe2 (similar composition

to LAST-16, with an excess of Te) (25), are also shown in Fig. 4.7 (a) and (b), respectively.

The shape of the partial density of states obtained from the contributions of the Sb and Te

ions are distinct and the vibrational energies of Sb contribution are higher than the ones from

Te-contribution. The Sb DPS consists of two main regions centered at ∼ 7.5 and 17.5 meV,

whereas the Te DPS spectra consist of a main peak around 12 meV. Note the large differences

in both Sb and Te DPS in the low energy acoustic range. The cut-off energies for Sb and

Te-DPS are 16.1 and 20.6 meV, respectively.

As reported earlier (25), the overall agreement between the calculated DPS and data from

TOF inelastic neutron scattering for LAST-18 is fairly good. The main features reported by
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Figure 4.5: Macroscopically measured heat capacity (blue line) and the fit from the Debye

model (light gray).

Barabash et al. (24) and Manley et al. (25) are two peaks, one at ∼ 5 meV and other one

at higher energies, around ∼ 12 meV, and a cut-off energy of ∼17.5 meV. However, those

reports are not reproduced by our NIS data. The TOF measurements is partly insensitive

to the small contributions of Sb and Ag, due to the cross section values of 3.9 and 4.99 barn,

respectively, as compared to the Pb cross section of 11.18 barn, and also due the low content

of Ag and Sb in LAST-18. Note that the energy cut-off for the theoretical prediction and

TOF data matches with the cut-off energy of the Te DPS, whereas the Sb DPS extends up

to higher values.

The reduced DPS, g(E)/E2 in units of 10−3meV−3, for Sb and Te resonances, and the

low energy fit, between 0 and 3 meV for the Debye levels are shown in Fig. 4.8. The sound

velocity can be estimated from the Debye level limE→0 g(E)/E2, in the Debye approximation

(45), using

lim
E→0

g(E)/E2 = MR/(2π
2~3ρv3

s), (4.2)

where MR is the mass of the resonant atom and ρ the density ρ is the density of the material.

71



4.3 Results and discussion

 0

 100

 200

 300

 400

 500

−10 −5  0  5  10  15  20  25  30  35
 0

 150

 300

 450

 600

 750

 900

Energy (meV)

121
Sb  LAST−18

In
e

la
s
ti
c
 S

c
a
tt

e
ri
n
g
, 
c
o
u
n
ts

E
la

s
ti
c
 S

c
a
tt

e
ri
n
g

, 
c
o
u
n
ts

55K

 0

 50

 100

 150

 200

 0

 100

 200

 300

 400

 500
−90  60  210

Wavenumber (cm
−1

)

125
Te  LAST−1850K
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reduced DPS.

The average sound velocity υs = 1840(60) m/s of LAST-18 was calculated from the Te DPS.

Due to the instrumental energy resolution of 1.3 meV for the Sb DPS, it was observed that

the reduced DPS below 2 meV is strongly affected by the subtraction of the elastic line

from the inelastic scattering data. This is represented in Fig. 4.8 by the two possible Debye

levels for Sb marked as I and II, depending on the degree of subtraction of the elastic

peak. Therefore, a sound velocity mismatch between the matrix (mainly probed by the

125Te resonance) and nanoinclusions (probed by 121Sb) could not be directly confirmed or

disproved by observing the difference in the Debye level from Sb and Te reduced DPS. Further

investigation is required, on samples with larger Sb content and with improved instrumental

energy resolution. However, a large difference in the number of phonon modes in the reduced

Sb and Te DPS is observed between 4.2 and 8.7 meV, which confirms the mismatch in the

acoustic range of the DPS of matrix and nanostructures suggested by Barabash et. al. (24).

We also compare the Sb and Te DPS data of LAST-18 with our previous results in

AgSbTe2 (46) and in PbTe (47), respectively, see Fig. 4.9. The similarities between the
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Table 4.2: Summary of the sound velocity vs, force constant FM , Lamb-Mössbauer factor fLM ,

atomic displacement parameter < u2 > and Debye’s temperature θD in polycrystalline LAST-18

calculated from the Sb- and Te-partial DPS.

T vs FM fLM < u2 > θD

(K) (m/s) (N/m) - (Å
2
) at T (K)

121Sb 50 - 50(3) 0.37(2) 0.0030(5) 160(5)

125Te 55 1840(60) 90(5) 0.36(2) 0.0029(4) 165(5)

Table 4.3: Longitudinal and transversal sound velocities and elastic properties of polycrystalline

LAST-18 obtained by RUS, at room temperature.

Young’s modulus E Bulk modulus B Poisson’s ratio ν vs vl vs

(GPa) (GPa) (m/s) (m/s) (m/s)

68(1) 37(2) 0.24(1) 1900(50) 2885(60) 1685(40)

spectrum of Sb in AgSbTe2 and Sb in LAST-18 are clearly seen. The main peaks and the

minimum around 13 meV are present in the two compounds. Similarly, the Te-DPS in PbTe

and the Te-DPS in LAST-18 exhibit similar features, and the same energy range. The sound

velocities reported for Sb AgSbTe2 and Te PbTe are, 1490(30) and 1700(100) m /s. This

indicates a difference in the atomic environment and in the elastic forces between atoms,

leading to distinct sound velocities and lattice properties.

In addition to the sound velocity, other vibrational quantities can be obtained from the

DPS (45), such as the interatomic forces constants, the Lamb-Mössbauer factor and atomic

displacements. The values are summarized in Table 4.2. From NIS data, the average Debye,

θD, of 160(5) and 165(5) K were calculated, for Sb and Te resonances, respectively, using

θ2
D = 3/(k2

B

∫ ∞
0

g(E)dE2). (4.3)

These values are in good agreement with report for LAST-18 by Kosuga et al. (48), where

θD for AgxPb18SbTe20 (x=0.7, 0.9 and 1) varied between 132 and 170 K .

The elastic properties of LAST-18 were characterized by resonant ultrasound spectroscopy,

at room temperature. A typical RMS error between observed and computed frequencies

of 0.45 % was obtained including 24 modes. The elastic constants, c11 and c44, are di-

rectly obtained from this technique, and have values of 67.6(0.5) and 23.1(0.5) GPa, re-
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spectively. The shear modulus G is equal to c44. With c11 and c44, the Young modulus,

E = (3c44c11 − 4c2
44)/(c11 − c44), Poisson ratio, ν = (E/2G) − 1, and the bulk modulus,

B = E/(3(1 − 2ν)), were calculated. The isotropic average of the longitudinal and the

transversal velocity of sound were obtained by v2
l = c11/ρ and v2

t = c44/ρ, respectively, where

ρ= 8.12 g/cm3 is the density of the material. The mean velocity of sound was calculated us-

ing 3/v3
s = (2/v3

t + 1/v3
l ), in the Debye approximation. The resulting values are summarized

in Table 4.3. The sound velocity obtained from the RUS data, vs = 1900(40) m/s, is in good

agreement with the value of 1840(60) m/s obtained by NIS, and with report from Kosuga et

al. (48), where vs between 1810 and 1920 m/s were obtained.

Additionally, the dimensionless Grüneisen parameter (49), γ, was estimated in order to

quantify the crystal anharmonicity which strongly affects the behavior of the crystal lattice

and the thermal conductivity in the material. A γ value of ∼ 1.9, at 300 K, was calculated

by

γ =
3αBV

Cv
, (4.4)

with the thermal expansion α=25·10−6K−1, the bulk modulus B = 38 GPa, the molar unit

cell volume Vm = 3.38 · 10−5m3 mol−1, and assuming Cv ∼ Cp, and the measured heat

capacity Cp = 98.2 Jmol−1K−1, at 298 K. This is comparable to the value of γ ≈2.05 for

AgSbTe2, published by Morelli (50).

4.4 Conclusion

The partial 121Sb and 125Te DPS were obtained by nuclear inelastic scattering, at low tem-

peratures. A comparison of our data with previous reports from first-principles calculations

(24, 25) and time-of-flight inelastic neutron scattering data (25) showed a great discrepancy

between these data and NIS, specially concerning the energy cut-off for Sb. This difference

can be related to the greater Pb contribution, with the largest cross section of the containing

LAST-18 atoms, observed by neutrons, and also due to the low amount of Ag and Sb in

LAST-18. We also observed many similarities between the spectrum of Sb in AgSbTe2 and

Sb in LAST-18, and between the Te-DPS of PbTe and the Te-DPS of LAST-18. However, the

sound velocities of AgSbTe2 and PbTe are 1490(30) (46) and 1700(100) m/s (47), respectively,

whereas LAST-18 sound velocity is 1840(60) m/s. The expected sound velocity mismatch

between PbTe-rich matrix and nanoinclusions could not be confirmed nor disproved, but a
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difference in the acoustical region for Sb and Te contributions is seem, revealing the mismatch

in the acoustic range of the DPS of matrix and nanostructures. The lattice parameters and

phase homogeneity of LAST-18 samples annealed in a gradient temperature between 683

and 853 K have been determined as a function of annealing temperature, which points to

the necessity of the annealing treatment to be performed at temperatures higher than 798 K

for producing macroscopically homogeneous LAST-18 material without the presence of Sb

as secondary phase. The average and local structure in bulk AgPb18SbTe20 was studied

by PDF analysis, where the presence of distinct amounts of nanostructures embedded in a

PbTe-matrix in an annealed and a quenched sample were identified. As suggested by Lin et

al. (42), the size, composition and the concentration of nanoclusters in the PbTe-matrix, as

well as the final properties, will depend strongly on the synthesis conditions.
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[26] J. Dadda, E. Müller, S. Perlt, T. Höche, P. Bauer Pereira, and R. P. Hermann. Microstructures and nanostructures in long-term

annealed AgPb18SbTe20 (LAST-18) compounds and their influence on the thermoelectric properties. J. Mater. Res.,

26:1800–1812, 2011. 61, 62, 64

[27] P. J. Chupas, X. Qiu, J. C. Hanson, P. L. Lee, C. P. Grey, and S. J. L. Billinge. Rapid-acquisition pair distribution function

(RA-PDF) analysis. J. of Appl. Cryst., 36:6, 2003. 61

[28] A. P. Hammersley. FIT2D: An Introduction and Overview. ESRF Internal Report ESRF97HA02T, ESRF, 1997. 61

[29] X. Qiu, Jeroen W. Thompson, and S. J. L. Billinge. PDFgetX2: a GUI-driven program to obtain the pair distribution function

from X-ray powder diffraction data. J. of Appl. Cryst., 37(4):678, 2004. 62

[30] C. L. Farrow, P. Juhas, J. W. Liu, D. Bryndin, E. S. Bozin, J. Bloch, Th. Proffen, and S. J. L. Billinge. PDFfit2 and PDFgui:

computer programs for studying nanostructure in crystals. J. of Phys.: Cond. Matter, 19(33):335219, 2007. 62

[31] J. Rodriguez-Carvajal. FULLPROF: a program for Rietveld refinement and pattern matching analysis. In Abs. Sat. Meet

Powder Diff. XV Cong. IUCr p. 127, 1990. 62
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forward and inelastic spectroscopy on 125Te and Sb2125Te3. Europhys. Lett., 91:62001–62006, 2010. 62

[34] I. Sergueev, H.-C. Wille, R. P. Hermann, D. Bessas, Yu. V. Shvyd’ko, M. Zajac, and R. Rüffer. Milli-electronvolt monochromatiza-
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5.1 Resonant Ultrasound Spectroscopy

The elastic constants (moduli) correlate the deformation or strain to the applied stress,

and characterize the elastic properties of a material. Since they correspond to the second

derivatives of the free energy with respect to strain, their values macroscopically reflect the

mechanical response of the material with respect to deformation, or the curvature of the

interatomic potential around the equilibrium position. Larger elastic constants correspond

to a sharper curvature. Measurements of the elastic constants is very important in solid

state physics and materials science, since they are linked to the lattice behavior, the phonon

spectra, and the other thermodynamic properties such as the Debye temperature and the

Grüneisen parameter. Their characterization is also important for many engineering materials

since a material’s design and application will depend on its reliability and on its mechanical

properties. Elastic properties can be determined by means of static techniques that measure

a finite displacement as a linear response to an applied force. By ultrasonic techniques,

one can measure either the time needed for an acoustic wave to travel through a medium,

as in the pulse-echo (1) method, or the resonance vibration frequency spectrum of a solid

body, as in the case of Resonant Ultrasound Spectroscopy (RUS) (2, 3). The choice of the

appropriate technique depends on different factors such as the material, composition, sample

quality and size, desired accuracy and, of course, availability of the apparatus and expertise.

For example, homogeneous and anisotropic materials are commonly probed by the pulse-echo

technique. One of the disadvantages of this method is the necessity of measuring the elastic

constants along all the main crystallographic directions which can be time consuming and an

inconvenience for low symmetry crystals. Another difficulty is that good acoustic coupling

or even bonding between the sample and the transducer is required. However, when the

temperature is increased, the stability of the coupling between the sample and transducer

tends to decrease, which can endanger the quality of the investigation. The RUS technique,

on the other hand, enables the direct determination of the elastic constants of a material in

a unique measurement with high precision, as a frequency measurement can be as precise

as several parts per million. RUS is also a good technique for measuring the material’s

mechanical properties at high temperature. Its principle is based on the fact that a body

resonates when an external vibrational excitation matches one of its natural frequencies of

vibration. The elastic constants can be inferred if the vibrational spectra, the mass and

dimensions and estimated values for the elastic constants of a sample are known. The basic
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steps for a successful RUS measurement at room or high temperature are the following:

sample preparation, sample mounting, data acquisition and signal processing, followed by

frequency extraction.

The sample for a RUS measurement should be properly cut and polished in order to obtain a

geometrically perfect shape with parallel faces, normally a rectangular parallelepiped. Errors

in parallelism error and perpendicularity of at most few parts in 103 are acceptable (4).

For isotropic materials, as the ones that we are working with, no orientation is needed

during the preparation process. The cut is performed with a low-speed diamond saw or wire

saw. After the cutting procedure, the sample is mounted in a sample holder, with the help

of cold wax. The wax also protects the sample from mechanical and thermal stresses and

can be easily removed with acetone. The polishing steps demand more attention and care,

in order to achieve perfectly parallel faces. A polishing machine with SiC abrasive discs in

different grid sizes is used. The process starts with two opposing faces. One face is glued

with cold wax to the stainless steel mounting disk, so that the opposite face can be polished.

The procedure is repeated after flipping the sample. Next, to keep the parallelism, the use

of two rectangular blocks is needed to mount the sample so faces that are 90◦ with respect

to the first two polished will be obtained. After the six faces are done, the sample is cleaned

with acetone (and/or ethanol) and checked microscopically to assure that no voids or surface

defects (as cracks) are present. Finally, the mass and dimensions are measured before the

sample is mounted for RUS measurements. A schematic apparatus for RUS experiments is

illustrated in Fig. 5.1. For the experiment, the specimen is placed between two piezoelectric

transducers (for conventional room temperature and direct-contact set ups) or between the

buffer-rods (for the high temperature setup). Basically, the mounting can be done in two ways,

face-mounting and corner-mounting. In theory, all the vibrational modes can be detected by

corner-mounting the sample since in this configuration there is a minimum contact between

sample and transducers and the best possible approximation of fully free vibration body is

achieved. However, depending on the sample size, such arrangement is very difficult to be

maintained, and face-mounting configuration is preferred. With the sample placed in the

equipment, a drive frequency is emitted from one transducer, and the sample response is

detected by the second transducer; when the incoming wave matches a natural frequency

of the sample, a resonance peak can be seen at this frequency. The detected resonance

signals in frequency domain contain both magnitude and phase information. The resonance
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Figure 5.1: Classical experimental arrangement of the RUS method.

modes are computed from the in-phase component. With high signal-to-noise ratio and well-

separated modes, the fitting code (written by Dr. J. Gladden, University of Mississippi)

can automatically extract the center frequency and quality factor (Q = ∆f
fo

, and ∆f is

the frequency width of half magnitude and fo is the measured frequency) for each single

mode. This procedure is straightforward when peaks are well separated from each other. The

observed experimental spectra is compared to the computed one, and the elastic constants

are extracted.

From probing a polycrystalline isotropic sample by RUS two independent elastic constants

can be directly obtained, c11 and c44. The shear modulus G is equal to c44. With c11 and

c44, the Young modulus, E = (3c44c11−4c2
44)/(c11− c44), Poisson ratio, ν = (E/2G)−1, and

the bulk modulus, B = E/(3(1− 2ν)), are calculated (5). Additionally, the isotropic average

of the longitudinal and the transversal velocity of sound can be obtained by v2
L = c11/ρ and

v2
T = c44/ρ, respectively, where ρ is the density of the material. The mean velocity of sound

can be calculated using 3/v3
s = (2/v3

T + 1/v3
L), in the Debye approximation.

5.2 Theoretical background

The resonance frequencies (normal modes) of a solid body can be computed if its dimensions,

density and elastic moduli are known; this is called the direct problem. The inverse problem -

that is, the extraction of all elastic constants of a material from a measured set of resonance
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frequencies is of greater interest. As the resonances of a material are easily measured, for

example, by RUS method, this is a strong technique for “solving” the inverse problem.

5.2.1 Linear Elasticity

A short overview of the linear elasticity theory (6, 7) is presented next, not exhaustively

but in order to present the basic elements to understand the theoretical basics behind RUS

characterization. The linear elasticity theory is interested in how solid objects deform and

become internally stressed due to prescribed loading conditions. The basic assumptions of

linear elasticity include small deformations - or strains below the yield point - and a linear

relationships between strain (displacement between particles due an applied stress) and stress

(force per unit area); that means that the strain in the solid depends only on the stress applied

to it, regardless of other parameters as rate of loading or history of loading, for example. In

the elastic regime, after the removal of load the deformations is completely recoverable and

the solid body returns to its initial state. When the yield point is reached, the solid might

deform plastically and fail (i.e., ductile metals) or fracture (i.e., ceramics). This theory can

be applied to most engineering materials if the applied loads are small enough. Assuming a

homogeneous solid body without load where any point in the body is defined by its radius

vector r (with components x1 = x, x2 = y, x3 = z) in Cartesian coordinates. Considering

one particular point P , r (with components xi). If a external force is applied, the point P is

displaced to a new coordinate r
′

(with components x
′
i), described by the displacement vector

u = r
′ − r

ui = x
′
i − xi. (5.1)

Due to the relation between the displacement vector and the initial position, which is a

function of x itself, a small deformation of the solid can be written as a sum of the partial

derivatives with respect to each direction

dui = ui1dx1 + ui2dx2 + ui3dx3 = uijdxj . (5.2)

Applying the Einstein notation, where indices of same index are summed over, and sep-

arating Eq. 5.2 into a symmetrical and antisymetrical components yields

dui =
1

2
(uij + uji) +

1

2
(uij − uji). (5.3)
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The strain tensor, which describes the deformation produced by applied forces, is ob-

tained from Eq. 5.3, after neglecting the second term corresponding to full body rotations

(independent of any elastic deformation):

εij =
1

2
(uij + uji). (5.4)

Due to the strain tensor symmetry, only six components are independent:

εij = εji. (5.5)

When a body is subjected to external forces, the displacement of the body’s constituting

particles produces internally distributed forces. The distortions undergone by a solid are

caused by the sum of the internal forces acting in the body, namely, the stress applied in a

certain area. In order to evaluate the magnitude of the forces acting at any point, we can

assume a small part of the body divided into two by an imaginary surface. Normal strains

(axial), and/or parallel strains (shear) to the surface can be acting on the differential surface

area dSj . With this in mind, the components of the force, dti, acting in a surface dSj are

described as

dti = σijdSj , (5.6)

where σij is the stress tensor with units of force per unit area. The subscript notation

have the following meaning: the first subscript correspond to the direction of the surface

normal upon which the stress acts, whereas the second subscript indicates the direction of

the stress term.

Since each point in the body is under static equilibrium (no net force in the absence of

any body forces, no translations, no rotations), the stress tensor is symmetric:

σij = σji. (5.7)

These components can be organized into the matrix:

σij =

 σxx σxy σxz
σyx σyy σyz
σzx σzy σzz

 (5.8)
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Figure 5.2: Stress tensor in a infinitesimal material element around a point P.

where shear stresses across the diagonal are symmetric( σxy = σyx, σyz = σzy, σzx = σxz),

the moment is zero and only six independent components are independent.

The stress tensor and the strain tensor (both second rank tensors) are related through

the elasticity (elastic modulus) tensor Cijkl by Hooke’s law

σij = Cijklεkl. (5.9)

where σij is the stress tensor, Cijkl is the elasticity (or stiffness) tensor, and εkl is the

strain tensor. The fourth-order tensor Cijkl has i, j, k, and l=1, 2, 3 and generalises the

concept of the spring constant of a simple spring to three-dimensional elastic media.

In general a tensor of rank 4 in three dimensions has 81 components (6). The symme-

try relations (see Eq. 2.5 and 2.7) reduce the number of independent components of the

elasticity tensor to the number of independent elements of a symmetric 6 x 6 matrix Cij ,

which means that the elasticity tensor has at most 21 independent elements in three di-

mensions. When the crystallographic symmetry is also taken into account, the number of

elastic constants is further reduced depending on symmetry of the system, i.e., from tri-

clinic system (minimum symmetry) with 21 elastic constants to cubic with 3, and finally,

a isotropic system with only 2 independent elastic constants. The Voigt notation is used

for simplifying the tensor representation by grouping pairs of indices in a single new index

(11 → 1; 22 → 2; 33 → 3; 12 = 21 → 6; 23 = 32 → 4; 13 = 31 → 5). Some examples are
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presented next, in Table 5.1. Notice that for isotropic materials, only 2 independent elas-

tic constants are required to fully describe its elastic properties. Young’s modulus, E, and

Poisson’s ratio, ν, are common properties used to characterize an elastic body. Other mea-

surements such as bulk modulus, B, and/or shear modulus, G, can however be preferred. For

isotropic materials, G and B are obtained from E and ν by a set of equations, as G = E
2(1+ν)

and E = 3B(1− 2ν).

Table 5.1: Different crystal symmetries and their independent elastic constants.

Crystal Number Elastic constants

symmetry of Cij

Triclinic 21 All possible combinations

Monoclinic 13 C11;C12;C13;C16;C22;C23;C26;

C33;C36;C44;C45;C55;C66

Orthorhombic 9 C11;C12;C13;C22;C23;

C33;C44;C55;C66

Trigonal 7 C11;C12;C13;C14;C15;C33;C44

Tetragonal 6 C11;C12;C13;C33;C44;C66

Hexagonal 5 C11;C12;C14;C33;C44

Cubic 3 C11;C12;C44

Isotropic 2 C11;C44

The numerical approach used to calculate the natural frequency modes of a solid and to

solve the inverse problem is based on Rayleigh-Ritz method (8), where the equilibrium state

of a system is obtained by minimizing the Lagrangian

L =

∫
V

(T − U) dV, (5.10)

where T is the kinetic energy and U the potential energy of the body with volume V. For

an elastic body of arbitrary shape, the potential and kinetic energies are given by

U =
1

2
cijklεijεkl =

1

2
cijkl

∂ui
∂xj

∂uk
∂xl

=
1

2
cijkluijukl (5.11)

T =
1

2
ρω2uiuj , (5.12)
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respectively, where ρ is the material’s density, ω is the angular frequency of normal modes

and cijkl the components of the elastic modulus tensor. The displacement is approximated

by an expansion into a complete set of basis functions

ui ≈ aiαψα, (5.13)

where we choose as our basis functions powers of Cartesian coordination, for the evaluation

of the presented integrals for a large number of shapes:

ψα = xlymzn, (5.14)

where α= (l,m, n) is the function label, that results in well-conditioned matrices and allows

the analytic solution of the integrals involved. The Lagrangian is re-written as

L ≈ 1

2
(aiαai′α′ω2)

∫
V
δii′ψαψα′dV − 1

2
aiαai′α′

∫
V
ciji′j′ψαjψα′j′dV (5.15)

Reformulating Eq 5.13 in a compact matrix format

L =
1

2

(
(ρω2)aTEa− aTΓa

)
(5.16)

with the matrices E and Γ defined as

Eαiα′ i′ρ = δii′

∫
V
ψaψα′dV (5.17)

Γαiα′ i′ = ciji′ i′

∫
V
ψa,jψα′ ,j′dV (5.18)

yields a generalized eigenvalue equation with eigenvalues ω2 and eigenvector a (expansion

coefficients):

Γa = (ρω2)Ea. (5.19)

This procedure reduces the inverse problem to the evaluation of Eq. 5.16 and 5.17.
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5.3 High Temperature RUS

Since the publication of Migliori et al. in 1993 (3), when a clean computational method

for acquiring data and calculating the resonance frequencies of a regular shaped sample was

first presented, the RUS technique has attracted more attention in the study of novel or well

known materials. The development of personal computers had also a great influence in the

spread of the method as an efficient and accurate possibility for characterizing the elastic

properties of a material at low and room temperatures. The elastic properties of materials

however depend on temperature. In order to understand a materials response to thermal

and mechanical stresses, the dependence of the elastic constants with temperature should be

determined. At higher temperatures, normally it is expected that the Young modulus E and

shear modulus G are, both, lower than values at low or room temperatures (9). For mate-

rials intended for high temperature use, such characterization is essential to assure that the

device will not fail and will keep its properties for the whole range of working temperatures.

Applications of RUS in the high temperature regime have been limited, partly due to the

difficulties caused by the weak resonance signals at high temperatures.

During the first years of development of RUS, the technique was mainly applied to minerals of

geophysical interest. The study of the elastic properties of the Earth’s mantle in temperatures

above the Debye temperature of constituent minerals (700 to 1200 K) was first suggested by

Birch in 1952 (10). After this publications, different setups were proposed in the next years

by Sumino et al. (11, 12) with operating temperatures up to 1300 K. A practical buffer-rod

design was built in 1989, by Anderson (13) for the characterization of elastic constants of

mantle-related materials at temperatures up to 1800 K. The main design difference between

the reported setups is how the contact between sample and transducers is established. For

the direct-contact setup, as the name implies, the sample is directly placed between the two

transducers. The conjunct sample plus transducers is placed inside a heated chamber and

exposed both to the same temperature range during the measurements. Therefore, the max-

imum operating temperature for the direct-contact set up will be determined by appropriate

selection of the piezoelectric transducer. For higher temperature measurements, a buffer rod

setup is required in order to separate the transducer from the heating zone. In this case,

the sample is held between two long thin alumina buffer rods, with piezoelectric transducers

attached to their opposite ends. To avoid oxidation of the sample during measurement, the

whole system is placed in a sealed environment with a gas flushing system or with connection
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to a vacuum pump. The transmission of the acoustical signal occurs through the buffer rod

material, which reduces the signal strength. Also, it is important in this case to be aware

of the natural buffer rods resonances and the possibility that they might overlap with the

materials resonance peaks.

5.3.1 Design and Fabrication

This section describes our design and fabrication of the buffer-rods high-temperature RUS

setup, during the period of this thesis, at the Forschungszentrum Jülich. The design and fab-

rication of the buffer-rod high-temperature RUS measurement system involved different steps:

identification and purchase of the required materials, fabrication of components, construction

of the measurement system and support cage, and finally, testing the system at room and

at high temperatures. Several components are crucial to the high-temperature RUS setup,

to guarantee high quality signals and to withstand the high temperature zone inside the fur-

nace, i.e., (i) two buffer rods made of low acoustic attenuation and low thermal conductivity

material, (ii) piezoelectric materials with high Curie and operating temperatures for trans-

ducers; (ii) coaxial cables that offer stable and excellent high temperature performance; and

(iii) high temperature adhesives for settling the measuring cage. Additional components for

the system include a turbo vacuum pump to prevent the sample and transducer from being

oxidized at high temperature, a quartz tube in which the set up is placed and sealed, and a

vertical furnace for heating. It is also important to notice here that for achieving optimized

RUS results, the sample preparation step is crucial. Therefore, a wire saw was also purchased.

Equipment and materials for sample manipulation includes: vacuum tweezers, lapping and

polishing accessories, SiC abrasive film discs and a stereoscope. The alumina buffer rods cage

drawing from our high temperature RUS is presented in Fig. 5.3.

The main part of the system consist of the measurement cage, where the buffer-rods/

transducer assembly is placed. To provide structural support, a cage of six alumina discs

(60 mm in diameter and 7 mm thick) and three long alumina rods (3 mm in diameter and

594 mm long) has been constructed. The cage components are made from alumina due its

low acoustic attenuation, thermal stability and low cost. The first step to set the measurement

cage is to assure that all components are clean and free of dust and grease. The alumina rods

are placed in drilled holes separated 120◦ from each other in the discs. The transducers probes

are placed through holes of 2.1 mm diameter at the center of each disc. An additional set of

holes in the three top discs is necessary for the thermocouple used to verify the temperature
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Figure 5.3: Technical drawing of the support cage of the HT-RUS setup. The figure shows the

components (discs and long alumina rods) used and their dimensions.
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close to the sample. In the assembly, the three bottom discs and the three top discs are

separated by 58 mm; the hot zone (distance between disc 3 and 4) is 300 mm long. The

alumina discs and long rods are glued together with the high temperature ceramic adhesive

Ceramabond R©503. The adhesive is diluted in 20% water by weight and applied with a

clean brush. During the adhesive application, the loose components are kept in the correct

position by wood blocks placed between the discs. The drying process consists of letting the

cement adhesive one hour in ambient temperature, followed by another four to five hours

drying with the heat gun. After the drying, a quick check if the components are properly

glued is necessary. If any part is still loose, the adhesive application and drying process are

repeated. Six discs were used in total in our setup to guarantee that the temperature in

the cold zone is always lower than the 473 K. During the measurements, the complete cage

plus buffer-rods/transducers conjunct are placed inside the quartz tube which goes in the

vertical furnace. Care must be taken not to bend the cage when placing it in the quartz tube

or while lifting it. After repeated heating/cooling cycles, the components or the adhesive

might lose some of their mechanical stability and the whole assembly must be replaced.

With the support cage ready, the buffer-rods/transducer and connections are made next.

The choice of the transducer to be used is crucial to assure good signal quality during the

probed range of temperature, especially at high temperature. Ideally, the highest possible

Curie temperature is desired. Based on this, only a few candidates were identified, which

included lead zirconate titanate Pb[ZrxTi1−x]O3 (PZT), bismuth titanate Bi4Ti3O12, gallium

orthophosphate GaPO4 and lithium niobate LiNbO3 with Curie temperatures of 623 K, 930 K,

1243 K and 1473 K respectively. Despite exhibiting the lowest Curie temperature among the

pre-selected materials, PZT was the final material of choice due its commercial availability

and exceptional high-signal properties at an affordable price. To confirm the viability of the

use of PZT, a temperature scan of the furnace regions was done and showed that while the

temperature at the heat zone was kept at 1273 K for several hours, the temperature at the

transducer’s position (cold zone) never raised above 473 K. PZT transducers were purchased

from Boston Piezo-Electronics. Single crystals of 3 mm diameter coated with chrome/gold

in the back side and in a “coaxial” fashion in one face were chosen for the excitation and

detection function. The coaxial layout means that, in one face, three distinct areas are

identification (1) a non-coated ring which is present between the (2) central point (0.8 mm)

and the (3) outside layer. This layout is necessary in order to make the electrical contact

between the transducer and driving cables cables, with the conductor part (central point)
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and the grounding (outer layer) in just one surface. The electrical connection between driving

system and piezoelectric element was made using a regular coaxial cable with stranded copper

and braided gold-plated copper as the inner and outer conductor, respectively. The inner

conductor is welded directly to the central point of the transducer, whereas the sheath is

connected to the outer layer. A simple electrical resistance measurement between the inner

and outer connection is performed to guarantee the absence of a short circuit remaining from

the welding process. The transducer probe is ready when the contact between coaxial cable

and transducer is established. Then, the transducer is glued to the alumina buffer rod with

instantaneous adhesive. The instantaneous adhesive allows a very quick cure process, good

adherence and it is easily solved in acetone. A pair of transducer probes were prepared as

described for the high-temperature RUS apparatus. The environment of the experiment is

confined to the inner part of a quartz tube of 70 mm in diameter and 700 mm long. The top

part is specially designed with three possible out connections, while the bottom has only one

connection. For a high temperature measurement, the assembly of two transducer probes

and the support cage are carefully slid in a quartz tube, which is placed in a vertical tube

furnace (Carbolite Model VST 12/200). The quartz tube is connected to a turbo vacuum

pump (Pfeiffer Vacuum Model HiCube R© 80 Eco), a pressure gauge (Pfeiffer Vacuum Single

Gauge DCU 002) and a temperature control unit. The turbo pump is necessary in order

to maintain the oxygen presence to its possible minimum and consequently, to protect the

sample from any oxidation process during heating and to minimize thermal conductivity by

gas convection. Pressures in the order of 10−4 mbar are kept during the whole measurement;

the pressure is continuously monitored by the pressure control unit. Fig. 5.4 shows a picture of

the actual high-temperature RUS measurement system. After the construction of the buffer-

rods high-temperature RUS system, a test has been performed to confirm the functionality

of the system.
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5.3.2 Testing of the Buffer-rod Transducer System

The functionality of the newly constructed buffer-rods high temperature RUS system was

first tested at room temperature. The interest for such a test was (i) to check the electric

connection with the PZT transducer probes, (ii) to check the signal-to-noise ratio and res-

onance characteristics of the whole system (two transducers, two buffer-rods, thermocouple

wire, cage, etc) at room temperature, and (iii) to test the structural stability of the system

as sample is mounted. Further tests with increasing temperature were also performed and in

order to check the same properties (specially the signal-to-noise ratio) and to test the thermal

stability of the system after repeated heating/cooling cycles. The room temperature test was

conducted with the RUS cell outside the furnace so that there is free access to the sample. A

PbTe sample with dimensions 2.228 mm x 2.366 mm x 1.634 mm was prepared, as previously

described. Before the test measurement on the high temperature RUS setup, data on the

same sample was acquired at our standard room temperature system; the measured resonance

peaks and the extracted elastic constants will be used for future comparison of both systems.

Several scans, with the sample face-mounted and corner-mounted were performed and for all

measurements the sample was swept in the same frequency range. After the preliminary room

temperature test, the RUS set up was moved to the furnace for high-temperature evaluation.

The test started at room temperature until 573 K, in steps of 50 K.

Frequencies scans obtained with RT-RUS and HT-RUS set ups, at room temperature, are

presented in the Fig. 5.5. The buffer-rod data has been amplified by a factor of 10 to aid

the comparison. The signal-to-noise ratio is better for the conventional system than that for

the buffer-rod system, but the resonance peaks are easily distinguishable in both cases. The

agreement between the peak position obtained from the two set ups is good, with a maximum

mismatch shift of 0.6 % in the high frequency region. The background noise depends on the

sensitivity of the lock-in amplifier. Lower noise corresponds to higher sensitivity, but it can

cause overload of the amplifier for stronger peaks. In Fig. 5.5, some peaks do not correspond

to resonance frequencies of the sample, but to peaks generated by the lock-in amplifier during

frequency switching. Those marks occur in characteristic frequencies, and normally, do not

interfere in the results. For complete elimination of these marks, a longer sweep (smaller

frequency step) can be performed.

The smaller shift from the HT-RUS, and higher frequency precision, is explained by lower

loading effect caused by the light weighted buffer rod (3.83 g) in comparison with the load
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applied in the conventional RT setup (10 g). For a properly prepared sample, the overall RMS

(root-mean-square) error comparing the calculated and experimentally obtained frequencies

should stay the range of 0.1 - 0.3% to be considered good. Table 5.2 shows the measured

and calculated resonance frequencies, at room temperature, probed by the RT-RUS and HT-

RUS. The resulting elastic properties of PbTe extracted from the obtained frequencies scans

probed by the two different set ups are presented in Table 5.3. Only small deviation between

measured and calculated data (rms = 0.22%) that was obtained by HT-RUS is noteworthy.

Experimental and literature values (14) are in good agreement.
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Table 5.2: Measured (fmeas) and calculated (f calc) resonance frequencies for a PbTe sample,

at room temperature, using the conventional room temperature (RT-RUS) and HT-RUS setups.

A final RMS error of 0.44 and 0.22 %, respectively, were obtained for these sets of data.

RT-RUS

Mode fmeas (kHz) f calc (kHz) Difference (%)

1 159.405 157.620 1.13

2 178.258 179.203 -0.53

3 265.664 265.344 0.12

4 292.376 292.150 0.07

5 300.286 300.196 0.03

6 314.621 309.597 1.66

7 348.087 347.853 0.06

8 369.464 369.986 -0.14

HT-RUS

Mode fmeas (kHz) f calc (kHz) Difference (%)

1 160.395 164.391 -2.52

2 179.013 176.157 1.50

3 266.121 267.546 -0.53

4 292.916 279.257 0.46

5 301.085 300.726 0.11

6 315.396 315.311 0.02

7 349.038 348.892 0.04

8 370.600 370.470 0.03

9 406.944 408.581 0.40
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Figure 5.6: Modes tracking of PbTe from room temperature to 523 K. Four modes were tracked

throughout the temperature range from room to 523 K. The elastic behavior of PbTe can be

inferred based on this method.

Table 5.3: Comparison between the elastic properties of a PbTe sample, at room temperature,

probed with the conventional and HT-RUS setups.

Source Sample Young’s Shear’s Poisson’s rms

Modulus, GPa Modulus, GPa ratio ν RUS fit, %

RT-RUS setup PbTe 54.8 21.9 0.25 0.44

HT-RUS setup PbTe 57.3 22.4 0.28 0.22

Literature(14) PbTe 57.5 22.3 0.29 0.62

Next, the first experiment with PbTe, at temperatures above room temperature, was

performed. After the sample is mounted between the buffer rods, the whole measuring cage

is placed inside the tube furnace. During this procedure, the sample might be shifted or

even fall out of the set up. Before closing and sealing the quartz tube, a quick scan is

performed to ensure the correct contact between sample and measuring probes. The furnace

was manually controlled and set up to heat the system up to 523 K, in 5 K steps. For this range

of temperature, a proper fit of the resonances could not be performed. The soft character

of PbTe, and structural instability above 550 K, was reported by Bozin et. al. (15). This
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Figure 5.7: Nb modes tracking: Six modes were tracked throughout the temperature range

from room to 973 K.

particular characteristic makes the RUS measurement very difficult to perform on PbTe, due

to lossy nature of the sample and due the poor signal-to-noise ratio obtained with increasing

temperature. Above 373 K, the resonant signal is weak and therefore, the peaks are difficult

to identify. However, the general behavior of the elastic properties can be inferred from the

changes in the frequency within temperature, in the so called “mode tracking” method. In the

case that the majority of sample peaks can not be obtained for computing the elastic moduli

of a sample, the behavior of the identified peaks with temperature can be useful. Despite

the low signal-to-noise ratio, four peaks have been tracked and are plotted on Fig. 5.6. We

observe that, in general, with increasing temperature the frequencies are shifted to lower

values, indicating a softening of the material with heating. We can see that, i.e., mode 4

is strongly influenced by temperature, while mode 5 and 6 respond in a different matter to

temperature.

The mode tracking method was also used for studying a Niobium sample (6.073mm x

5.953 mm x 5.840 mm, and density of 8.57 g/cm3) from room temperature to 927 K, see

Fig. 5.7. The simplicity and practicality of the method was used to evaluate the functionality

of our system at high temperatures. The interest here was to observe the signal-to-noise ratio

at high temperature and also to test the structural stability of the cage/transducer assembly
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during and after the heating/cooling cycle. Niobium was choose for being a dense material

with high melting point, which can outstand the temperature regime imposed without loosing

its mechanical. We conclude that the system is functional until (at least) 927 K. The system

outstand the temperature regime without compromising its mechanical and structural sta-

bility. However, for a successful RUS measurement, starting with the detection of resonance

frequencies and concluding with extracting the elastic constants of a material, the sample

quality is essential for successful measurements, including high parallelism of sample faces (in

the case of a parallelepiped shape), high density, and absence of defects, such as voids and

cracks.
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The lattice dynamics in complex chalcogenides LAST-18, AgSbTe2 and the binaries PbTe,

SnTe and GeTe were studied by X-ray diffraction, nuclear inelastic scattering (NIS) and

macroscopic techniques including heat capacity, thermal expansion and resonant ultrasound

spectroscopy. These measurements allowed a deeper insight into the lattice dynamics of

materials and other important lattice related properties such as such the elastic behavior,

the heat capacity, force constants and Debye temperatures. The low Debye temperatures,

combined with the low sound velocities are key factors to the low thermal conductivity in

chalcogenides and are associated to the high thermoelectric efficiency in these systems.

It was observed that PbTe and SnTe have a softer structure (NaCl-structure and rhom-

bohedrally distorted NaCl-structure, respectively) than GeTe (rhombohedral). Our results

are found to be in fair agreement with the ab initio calculations, in the case of PbTe and

GeTe, and from experimental data by inelastic neutron scattering for SnTe. Similar results

were found for AgSbTe2, including low sound velocity and low Debye temperature. In this

material, however, additional vibrational modes at low energy related to the presence of the

secondary phase Ag4.3Te3 were identified which influences the overall vibrational properties

of the material, including its thermal conductivity. A large Grüneisen parameter, γ= 2.3, at

300 K, in combination with the short phonon lifetime are also related to the glassy nature of

the low thermal conductivity in AgSbTe2.

For LAST-18, we observed a great discrepancy between our NIS data and reported first-

principles calculations and inelastic neutron scattering data, especially concerning the cut-off

energy for Sb. From NIS, the Sb behavior in LAST-18 is very similar to that of Sb in

AgSbTe2, and the Te DPS in LAST-18 is very similar to the Te-DPS in PbTe. A mismatch

in the acoustic range of the Sb and Te DPS of matrix and nanostructures is seen, and is one

additional contribution for scattering phonons at phase interface and for reducing the thermal

conductivity in the LAST family of materials. The local structure in LAST-18 is strongly

affected by the synthesis conditions, which enable new degrees of freedom for optimization

of the thermoelectric efficiency in these materials.

Based on our first measurements on the pure binaries, further investigations on alloys,

e.g., Ge or Sn in PbTe and/or Pb in SnTe and GeTe, are now possible. In the future, for

pure binaries, by varying the sample environment and performing NIS at high pressure, the

Grüneisen parameter could be directly obtained and the crystal anharmonicity, which strongly
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affects the behavior of the crystal lattice and the thermal conductivity in the material, could

be quantified.

The origin of the anharmonic character and its relation to the low thermal conductivity,

should be revisited by theoretical calculations and further experimental investigations of the

phonon density of states in a pure AgSbTe2 compound, considering a chemically ordered

random-network, stochastic, model.

In LAST-18, element selectivity may be added to the study of local structure, and possible,

ordering, by extended x-ray absorption fine structure spectroscopy, EXAFS, for local ordering

or imaging techniques such as high-angle-annular-dark-field scanning transmission electron

microscopy, HAADF-STEM, for atomic resolution. Differential atomic PDF could also be

exploited, which involves measuring two diffraction data sets below the absorption edge of

an atomic species, taking the difference between the two data sets, and Fourier transforming

it to real space. The correlations relative to the element whose absorption edge is probed up

to the longest interatomic distances to which they extend could be obtained, for e.g. Ag and

Sb atoms. Mechanical characterization of LAST alloys at working temperatures is required,

in order to assure mechanical stability and reliable working performance.
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