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ABSTRACT

HIGH-TEMPERATURE ELASTICITY AND ANHARMONICITY IN LAYERED
THERMOELECTRIC MATERIALS

By
Wanyue Peng
The ability to predict materials with desired thermal conductivity from a large material database
can significantly improve the efficiency of experimental work. Lattice thermal conductivity is
controlled by the velocity and relaxation time of phonons (lattice vibrations). Phonon scattering is
closely related to the anharmonic lattice vibrations of a material, while phonon velocity depends
on density and, bond stiffness. In this research, the relationship between structure, bonding, and
thermal properties is discussed in two classes of layered materials, A M, X, intermetallic compounds
and GeTe - Sb,Tes alloys.

First, we study the origin of the anomalously low lattice thermal conductivity of MgMg,Sby
compare to other isostructural AMg,Pny, compounds (A = Mg, Ca, Yb, and Pn = Sb and Bi ).
By employing high-temperature X-ray diffraction (XRD) and resonant ultrasound spectroscopy
(RUS) techniques, we have shown that the low lattice thermal conductivity is due to previously-
unrecognized soft shear modes and highly anharmonic acoustic phonons in layered MgMg,Sb,.
Combined with the phonon calculations from our collaborators, we attribute the anomalous thermal
behavior of MgMg,Sb, to the instability of the vibrational modes that originated from the weak
bonding of the Mg, which is too small for the octahedral site. Second, we investigate the phase
stability of the AMg,Pn, system with mixed occupancy of Mg, Ca, Sr, or Ba on the cation
(A) site. We show that the small ionic radius of Mg2+ leads to limited solubility when alloyed
with larger cations such as Sr or Ba. Third, by performing in-situ high-pressure synchrotron X-ray
diffraction, we showed that a few A M» X, compounds can exhibit phase transitions at high-pressure,
most of which are previously unrecognized. In addition, we observed that the compressibility of
MgMg,Sb, and MgMg;Bi; is near-isotropic, whereas other isostructural AM,X, compounds

show clear signs of anisotropy between the in-plane and out-of-plane compressibility as is typical



of layered compounds. We have analyzed the compressibility, transition pressure/temperature,
anisotropy, as well as the type of phase transition to develop a deeper understanding of the stability
and bond strength of different AM, X, compounds.

Lastly, we observed and explained the lattice stiffening and flattened lattice thermal conductivity
curve with increasing temperature in GeTe - Sb Tes alloys. Unlike most compounds that soften with
increasing temperature, the elastic moduli of (GeTe)7 - SbyTes stiffen with increasing temperature
before the phase transition. We investigate GeTe, SbyTes, and (GeTe);7 - SboTes from room
temperature up to the phase transitions with high-temperature XRD, high-temperature RUS, and
transport property measurements. We attribute the stiffening behavior to the gradual diffusion
of layered vacancies to random vacancies on the cation site, which profoundly impact the elastic

properties and the transport properties of the material.
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CHAPTER 1

BACKGROUND AND INTRODUCTION

1.1 Thermoelectric materials

Thermoelectric materials can be used to either convert a temperature gradient to an electrical po-
tential or create a temperature difference from a voltage difference [76], which has a wide range of
applications from our daily life to space explorations. Portable thermoelectric refrigerators have
replaced the traditional refrigeration units with heavy fragile compressors. On a larger scale, ther-
moelectrics have applications in generating electricity from waste heat in the automotive industry
[77]. In recent years, NASA has been developing the radioisotope thermoelectric generators that
can be used for more than seventeen years [78, 79]. In addition to the environmental benefit,
since thermoelectric devices have no moving parts, they are also less prone to failure compared to

traditional powering system.

As powerful as thermoelectric devices may seem, the application of thermoelectric materials is
still heavily limited by their low conversion efficiency. The thermoelectric conversion efficiency is
correlated to its figure of merit,

I = T, (1.1)

which requires a material to have a high Seebeck coefficient, @, high electrical conductivity, o, and
low thermal conductivity, k. This requirement is not easily achieved as these properties are highly
interdependent. Successful thermoelectric materials to date generally have a combination of light
carrier effective mass, high band degeneracy, and either complex unit cells or strongly anharmonic

bonding [16, 23, 80, 81].



1.2 Thermal transport

The figure of merit is related to the Seebeck coeflicient, electrical conductivity, and thermal
conductivity. A good thermoelectric material almost always benefits from an inherently low
lattice thermal conductivity [23, 81]. Therefore, thermal conductivity is the focus of this research.
Essentially, all mobile particles that have directional propagation in the presence of a temperature
gradient are contributors to the total thermal conductivity of a material [2]. For semiconductors,
the dominant thermal components are charged carriers and lattice vibrations, which are referred to

as the electrical thermal conductivity and the lattice thermal conductivity, respectively.

As shown in Figure 1.1, lattice vibrations in a material can be classified into two types of motion
mechanisms. These periodic quantum excitations in a structure are called phonons, which can be
described as quasi-particles that interact with other particles within the rules of classical mechanics.
The word “phonon” comes from a Greek word meaning “sound or voice”. Opposing vibrations
of atoms can form standing waves, known as optical modes. Due to small average group velocity,
optical phonons are typically not the subject of study in the field of thermal transport. On the
contrary, the waves that propagate in the same directions, known as acoustic phonons, dominate
the heat transport of a material due to their large net group velocity [1, 2]. We can obtain direct
information of acoustic phonons from elastic moduli, which will be discussed in the next few

sections.

Note that even though optical phonons are typically not considered as a primary contributor
to lattice thermal conductivity, there are some studies on the participations of optical phonon
in thermal conduction in specific materials systems, especially for nanostructures in which the
frequencies of the optical phonons is comparable to the size of the lattice. For example, in a study
by Tian et al. [82], DFT calculations have shown that optical phonon can contribute over 20% of

the nanostructure silicon as compared to less than 5% in the bulk material.



Optical phonons

Acoustic phonons

Figure 1.1: A schematic demonstration of acoustic and optical phonon vibrations. Optical phonons
form standing waves with negligible net group velocity, whereas acoustic phonons dominate the
heat transport of a material due to their large net group velocity [1, 2].

A widely used approximation «;, = %vazr provides a guide to the lattice thermal conductivity,
k1, of a material, which is the product of heat capacity, Cy, the speed of sound, v, and phonon
relaxation time, 7 [23]. Compared with the inherent nature of the heat capacity, v and 7 can be
more readily controlled by materials scientists. Both of these properties are closely related and are
therefore the focus of this study, both of which are closely related to the chemical bonding and the

structure of the compound.

1.2.1 Speed of sound and elastic moduli

When we compare lattice thermal conductivity across different compounds or classes of materials,
it is tempting to jump to conclusions about different sources of external scattering. In particular,
scattering from defects, grain boundaries, or nanoparticles. While these are important effects, the

impact of speed of sound should always be considered first.

The speed of sound can be represented by the slope of the acoustic branch in a phonon dispersion
when frequency approaches zero (I'-point), which is easily accessible for a lot of materials via DFT

calculations. The speed of sound v, is also correlated with the elastic moduli, E, via density, p,
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Figure 1.2: An example of the calculated phonon dispersion of the diamond. TA represents the
transverse acoustic branch and LA represents the longitudinal acoustic branch. All other modes
except the three acoustic modes are optical modes, which are usually of much higher frequency.
The slopes of LA and TA branches at the I'-point are the longitudinal and transverse (shear) speed
of the sound, respectively.

by the general relationship of the form v « \/% . An example of a calculated phonon dispersion of
diamond is shown in Figure 1.2. TA represents the transverse acoustic branch and LA represents the
longitudinal acoustic branch. All modes except the three acoustic modes are optical modes, which
are usually of much higher frequency. The slope of LA and TA at I'-point are the longitudinal
and shear speed of the sound of this material. The transverse speed of sound only depends on
a material’s shear modulus and density, whereas the longitudinal speed of sound is related to

compressibility, shear modulus, and density.

In isotropic materials (i.e. non-directional polycrystals), the speed of sound can be calculated from
the elastic moduli via Eq 1.2 and Eq 1.3, in which v is the longitudinal (transverse) speed of sound,
vy is the shear speed of sound, B is the bulk modulus, and G is the shear modulus of a material.
In materials with lower symmetry (i.e. single crystals or textured polycrystals), the relationship is
more complex, since the speed of sound is dependent on direction and polarization. The complete

single-crystal elastic tensor C;; has up to 21 independent terms in a triclinic single crystal. The



details of the tensor notations, the tensor component in various symmetries, and anisotropic tensor

v = ,/w (1.2)
o

G
Vs =4 |— (1.3)
Jo,

properties can be found in ref [83].

From these two equations above, we can see that high density and soft bonds (i.e. low elastic
moduli) typically lead to low group velocity, and vice versa. Bigger atoms are generally related
to softer bonds [84]. Materials with soft bonds, low speed of sound, and high anharmonicity are
generally favorable for thermoelectric materials. Note that soft bonds do not necessarily mean a
mechanically weak sample. In fact, softer bonds are often associated with materials that are less

prone to brittle failure, which is more favorable for practical applications [85].

1.2.2 Umklapp scattering

Normal scattering Umklapp scattering
k, ki
--------- \E k
kz 3 2 ~
ks ks’

Figure 1.3: A schematic demonstration of normal scattering and Umklapp scattering. The left and
right edge of the grey box represent the range of the first Brillouin zone. k| and k; are the initial
wave vectors before the scattering, and k3 is the resulting wave vector after the scattering.

In a perfect single crystal with no other scattering sources, the phonon relaxation time, 7, is related

to the Umklapp scattering rate, which is an anharmonic phonon-phonon interaction process that



exists even in a flawless crystal. Phonon-phonon interaction falls into two categories - Normal scat-
tering and Umklapp scattering. A schematic demonstration of normal scattering versus Umklapp
scattering can be seen in Figure 1.3. k| and k, are the initial wave vectors before the scattering, and
k3 1s the resulting wave vector after the scattering. Normal scattering refers to a harmonic process in
which the resulting wave vector, k3, is inside the first Brillouin zone. The momentum is conserved,
and this type of phonon-phonon interaction does not directly contribute to lattice thermal resistance
[86]. Note that even though normal scattering does not directly contribute to the lattice thermal
conductivity, the resulting longer wave vector can increase the possibility of Umklapp scattering
during the next stage. Umklapp scattering occurs when the sum of the wavevectors, k7, exceeds
the first Brillouin zone. Due to the periodic nature, the point outside the first Brillouin zone can be
expressed as a point inside the zone, k3, which corresponds to a wave flipping back in the opposite

direction [86].

The general temperature dependence of Umklapp scattering, 7y, is described in Eq. 1.4 [87, 88,
89, 90, 91],
M3

& VIBy202T (14

U

in which M is the average mass, 7T is temperature, v is the speed of sound, V is the unit cell volume
per atom, w is the phonon frequency, and vy is the Griineisen paramters. Among all the scattering
mechanisms, Umklapp scattering is often the dominant mechanism in thermoelectric materials
and it becomes increasingly important at high-temperature due to the 1/T temperature dependence
of the phonon relaxation time, 7. A schematic demonstration of the temperature dependence of
the phonon relaxation time of Umklapp scattering compared to other scattering mechanisms (i.e

carrier-carrier scattering and defect scattering) is shown in Figure 1.4.

In contrast to the easy accessibility of the speed of sound, the scattering rate, 777 is more difficult
to be directly measured experimentally, or have a unified approach to be computed. However, the

rate of softening, the Poisson’s ratio, and thermal expansion are related to anharmonic bonding
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Figure 1.4: A schematic demonstration of the temperature dependence of the phonon relaxation
time of Umklapp scattering compared to other scattering mechanisms (i.e carrier-carrier scattering
and defect scattering). Umklapp scattering becomes increasingly important at high-temperature
due to the 1/T temperature dependence of the phonon relaxation time.

potential, and can therefore be used as a rough estimate of the Griineisen parameter, which is

correlated with 7y7. These will be explained in detail in the next few sections.

1.2.3 Softening of elastic moduli with temperature

The Griineisen parameter, named after Eduard Griineisen, quantifies the anharmonicity of a mate-
rial. The Griineisen parameter describes the vibrational properties of a crystal lattice as a function
of unit cell volume (i.e. temperatures) [92]. The vibration of atoms in a solid depends on the

potential energy of its chemical bonds as a function of displacement, r. This is given by
V(r)=V(0)+ay(r —r0)2+a3(r —r0)3..., (1.5)

where r — rq is the relative displacement of an atom from its equilibrium position, rg, and ap
and a3 are the magnitude of the harmonic and anharmonic terms, respectively. The degree of
anharmonicity can be represented by a3/a, (or a4/a if there is no a3 terms in certain symmetries),

in which the a5 (r —r)? is the symmetric term and a3 (r —rg)? is the term that breaks the symmetry.



The elastic modulus, E, is co-related to the curvature of the vertex of the potential function,

2 . .
E=1 (?9 g ) . A larger curvature corresponds to a narrower potential well and thus stiffer
r r:rO

0

Atomic displacement, r

»
L

Potential energy

Figure 1.5: A schematic demonstration of interatomic potential and its relationship with thermal
expansion and elastic moduli. A larger curvature corresponds to a narrower potential well and thus
a smaller thermal expansion and stiffer bond.

bond. The curvature of an anharmonic potential well decreases with increasing potential energy
/ atomic displacement / temperature. In the classic Taylor expansion model, as given by Eq 1.5,
the curvature of potential well is a constant as a function of energy in a harmonic potential well.
The elastic modulus is therefore also a constant as a function of temperature. Note that the thermal
expansion for a perfectly harmonic crystal might not be zero, as predicted in a calculation study by
Matthias et al. [93]. However, in this study, we will use the classic model to explain the observed
anharmonic phenomenon. The more anharmonic the potential well is, the more rapidly a solid
will soften with increasing temperature. Longer chemical bonds tend to be softer, but this does
not necessarily imply that they must also be more anharmonic. However, in general, we associate
highly harmonic materials (e.g., diamond) with bonds that are stiff, short, and strong. In contrast,
most anharmonic solids often have some degree of instability in the structure leading to bonds that
are weak in some respects. Alternatively, we can view this relationship from the perspective of the

melting temperatures. Weaker bonds lead to lower melting temperatures, which require the elastic



moduli to soften faster since liquids have elastic moduli close to zero.
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Figure 1.6: Three selected materials that range from very soft and anharmonic to very stiff and
harmonic. 6 is related to the Einstein temperature, the slope of the linear region equals the s/0g
ratio, Y is the Young’s modulus at the lowest temperature (~0 K), and ¥ o gpesrer 15 the Griineisen
parameter [3, 4, 5]. Figure taken from W. Peng et al. [6]

The elastic response is characterized by the stiffness tensor C;;. For bulk, polycrystalline samples,
it is more convenient to refer to Young’s modulus, shear modulus, and bulk modulus, all of which
can be derived from the single-crystal elastic tensor. The general trend of elastic moduli with
temperature is shown in Figure 1.6. The elastic moduli stay mostly constant at low temperatures
because low energy vibrations only sample the bottom of the potential well, the curvature of which
almost always approximates the harmonic ideal. At higher temperatures, they start to soften linearly
assuming no phase transition occurs within the measured temperature range. In 1970, Varshni
put forward an equation from the Einstein-oscillator model to illustrate the relationship between

the stiffness tensor (or any elastic constant), C; s Einstein temperature, g, and measurement



temperature, T.

Cij = C; = s/("EIT - 1), (1.6)

in which C? denotes the elastic-stiffness coefficient at 0 K and 0 is related to the Einstein
temperature. This equation has shown to be the best overall demonstration of the trend in the low-
and mid-temperature regime. The value of s/2 represents the curvature of the transition region,
which also corresponds to the difference between the value of C;; at 0 K and the y-intercept of the
linear fit to the higher temperature linear regime. Further, the linear slope of the high-temperature
region without a nearby phase transition can be used to calculate the Griineisen parameter and
Einstein temperature of the materials. Note that at temperatures lower than 6 /50, the elastic
modulus is theoretically expected to follow a T dependence [94], which can not be accurately

represented by the Varshni equation.

One of the equations derived from the Varshni equation by Ledbetter et al. [95]

3ky(y+1)

dB/dT = —s/0F = ”
a

(1.7)

can directly calculate the Griineisen parameter of a material from the slope of the bulk modulus
dB/dT. B is the bulk modulus, k is the Boltzmann constant, and V,, is the volume per atom.
The slope of the linear section, dB/dT, equals the s/0f ratio, from which both variables can be
determined when plugged in back to the Varshni equation for a least-square fit. Here, we showed
the corresponding Varshni fit of three materials with varying stiffness and anharmonicity - ReB»,
Cu, and Mg3Sb,. Since Young’s modulus, Y, is more widely available than the bulk modulus,
therefore, we are fitting the trend of the dY /dT instead of dB/dT here. A narrower transition region
to the linear trend means a lower Einstein (Debye) temperature, a faster softening rate, and smaller

s/2, which agrees well with the data shown in the table inset in Figure 1.6.
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Figure 1.7: Temperature-dependence of the Young’s modulus, Y, of the selected thermoelectric
material [7, 8,9, 10, 11, 12, 13, 14, 12]. Half-heuslers and Si_,Gey come to the top to be the stiffest
thermoelectric materials due to their short covalent bonds. The softest crystalline materials are the
layered tetradymites with covalent octahedral layers and vdW bonding. At the lower left corner,
PEDOT, a conducting polymer, is shown for comparison, which is an extremely soft material.
Figure adapted from W. Peng et al. [6]

1.2.4 Literature review of temperature-dependent elastic moduli of thermoelectric materials

Figure 1.7 compiled some selected temperature-dependent elastic moduli data across different
classes of thermoelectric materials from the literature to illustrate the range of behavior. All of
the data were collected on bulk polycrystalline specimens using resonant ultrasound spectroscopy.
Details about the method are described in Chapter 2. We can see the dual roles of structure
and composition in determining elastic moduli. Due to the short and stiff covalent bonds, half
heuslers with small atoms are the stiffest thermoelectric compounds, even stiffer than Si-Ge alloys.
Similarly, the cage structures of clathrates are also dominated by stiff covalent bonds, enabling them
to be the second stiffest thermoelectrics with large cations. Within the same structure type, the

differences in atomic size are the determining factor of the differences in the stiffness of compounds.
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For example, the Ge-based clathrates are generally softer than Si-based clathrates. However, this
does not typically strongly impact the slope, dY /dT, which is used for calculating the Ledbetter
Griineisen parameter, vy .gperrer- Lhe clathrates in particular are an example of a large range in
Young’s modulus, but not much variation in slope. The difference in Young’s modulus explains
much of the difference in lattice thermal conductivity across materials. For example, half heuslers’
lattice thermal conductivities are inherently high due to their high bond stiffness. In particular,
ZrNiSn has a lattice thermal conductivity of 17.2 W/mK at room temperature, which is on the high
end of TE materials. PEDOT, on the other hand, is a class of electrical conducting polymers with
ultra-low thermal conductivities (~ 0.4 - 0.9 W/mK) [96]. The Young’s modulus of PEDOT thin

films at ambient temperature is typically around 1 GPa [12, 13, 14].
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Figure 1.8: The change of the normalized Young’s modulus with temperature of various compounds
[7,8,9, 10, 11, 15]. Figure adapted from W. Peng et al. [6]

Generally, materials with lower melting temperatures soften faster. Figure 1.8 shows the fractional
change in Young’s modulus with temperature. While SiGe only softens by 3% up to 800 K,
traditional thermoelectrics, such as PbTe and SnTe, are typical low melting temperature materials

which have a much faster rate of 20%.
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1.2.5 Griineisen parameters

From a microscopic perspective, the mode Griineisen parameter, y;, can be expressed as

_6lnwi
alnV’

yi= (1.8)

in which w; is the corresponding vibrational frequency of an individual phonon mode i, and V
is the unit cell volume [92]. Each vibrational mode has its unique response to volume change,
which cannot be measured in an experiment without a neutron scattering facility. This makes the

experimental data of anharmonicity prohibitively difficult to obtain.

Being able to accurately estimate the Griineisen parameters is important to understand the Umklapp
scattering rate, but unfortunately, there is no single, widely used approach to estimating from
experimental data. The reported experimental Griineisen parameter value is usually a weighted
average of all modes. In this regard, different approximations are incorporated into the original
equation, making the Griineisen parameters a more attainable property. There are many different
expressions for the thermodynamic Griineisen parameter that are equally valid, and make use of

different measurable quantities.

1.2.5.1 Thermal expansion Griineisen parameter

Traditionally, experimentalists only have access to the thermodynamic, or "average" Griineisen
parameter. This can be obtained by taking a weighted average of the mode Griineisen parameters

via the specific heat per particle,
20 Yicv,i
Y=

Cv,i

(1.9)

in which cy ; is the heat capacity of an individual vibrational mode. When the Einstein heat capacity
and the quasi-harmonic approximation (w is the only term that is affected by volume) is applied,

combined with Maxwell relations, the equation

y = (1.10)
Cyvp
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can be derived. Cy is specific heat,  is volumetric thermal expansion, B is the bulk modulus, and
p is the density of a material. The major downside is that, in the case of a material with very high
positive and negative mode Griineisen parameters, the weighted average might be a small positive

value, which lead one to be unaware of the large anharmonicity of that material.

1.2.5.2 Poisson’s ratio Griineisen parameter

Because phonon frequencies are a function of elastic constants, the Griineisen parameter can
also be obtained through various thermodynamic expressions from elastic moduli. Recently, the
relationship between the bulk modulus, B, speed of sound, v, and Griineisen parameters got a lot
of attention due to its simplicity for both the experimental and DFT calculations [97, 98, 99, 100].

The equation

PV
was initially derived from the Debye model in a cubic system, but it has been shown to work for

other symmetry conditions as well. From an elastic tensors’ perspective, it is well-known that

52 G +2C4

112
3p (1.12)

and
3:92%21% (1.13)

According to Eq. 1.12 and Eq. 1.13, we can see that sz only equals B when C1p = Cy4. Therefore,
the value of the Griineisen parameter in Eq. 1.11 can be interpreted as the difference between Cj,
and Cy4 (i.e. (C11+2C12)/(C11+2C44)), or in other words, how uniformly the material reacts to a
given strain. By doing transformations using the relationship between the speed of sound, v, bulk

modulus, B, and the Poisson’s ratio, u, one can obtain a single-variable equation

301
y=2[—H (1.14)
2\2-3u

which is a monotonically increasing function in the range of the Poisson’s ratio values (0-0.5). A
large Poisson’s ratio is a hallmark of lattice instability, which corresponds with a large Griineisen

parameter in this expression.
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So far, we have introduced three equations for calculating the Griineisen parameters: Eq.1.6,
Eq.1.10, and Eq. 1.14. Although all these equations for Griineisen parameters are derived from the
same origin, they have different scaling and give different values, which can be misleading when
one is trying to compare the Griineisen parameter of a material with other materials using values
calculated from a different equation. However, a general trend and conclusion of the Griineisen

parameters can still be made if a variety of equations are used for the selected compounds.

1.3 AM,X, Zintl phases

AM; X, Zintl phases have attracted plenty of interest in thermoelectric applications due to their
chemical diversity and tunability. The highest z7 of 1.6 has been achieved in n-type MgMg»(Sb,Bi),
compounds. Much of the research to date has been focused on optimizing the electronic properties,
explaining the band degeneracy, and exploring the dopability of these compounds. In contrast,
little research has been done on their phonon behaviors and lattice thermal conductivity. However,
even though there is not much tunability for these intrinsic properties, there are some interesting
and unanswered questions that can enhance the understanding of the fundamental questions of the

relationship between structure and phonons.

In AM>X, compounds with CaAl,Si, (P3m1) structure type, A is an alkali or alkaline earth
or rare earth metal, M is Mg, Al, or a transition metal, and X belongs to a IVA-VIA group
element. CaAlySiy can be characterized by covalently bonded [Alzsiz]z_ bilayer slabs formed
by alternatively oriented AlSi4 tetrahedra sandwiched by monolayers of Ca?* (see Figure 1.9 a)

[101, 102, 35].

1.3.1 The formation rule of Zintl phases

The name "Zintl" comes from the German chemist Eduard Zintl, who discovered and defined a
subset of intermetallic compounds that consist of covalently-bonded polyanions surrounded by

cations which provide the overall charge balance. Complete charge transfer from the cation to the
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anion is assumed for the Zintl phases [103, 104]. Zintl phases were first discovered in 1933 [105, 53]
and they have been widely studied on the stability of the structure [38, 39, 36, 37, 45, 46, 47, 56, 50]

as well as the electronic structures [106, 107].

The Zintl-Klemm concept (8-N rule) is frequently used to rationalize the relationship between the
formula and chemical bonding in Zintl phases, in which N refers to the number of valence electrons
available per unit cell per anion [103]. Take AM»>X, compounds with the CaAl,Si, structure type
as an example. The valence electrons for Ca, Al, and Si are 2, 3, and 4, leading to a total number
of 16 valence electrons per formula unit. The number of valence electrons available per unit cell
per anion is N = 16 / 4 = 4, if we consider both Al and Si as anions. And therefore, 8 - N = 4.
This means that both Al and Si have four-fold coordination, which is consistent with the observed

structure (see Figure 1.9 a).

1.3.2 Chemistry of AM;,X, compounds in CaAl,Si; structure type

a) ) A M X
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Figure 1.9: a) The CaAl,Siy structure type is formed from (M X5]%~ polyanion slabs separated
by monolayers of six-fold coordinated cation A. b) Possible element-combinations to achieve the
CaAl,Sij structure type according to the 8 - N rule. Figure taken from W. Peng et al. 1.9.

From the electron count in the previous section, we know that the CaAl,Si, structure has 16 nominal
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valence electrons per unit cell. In fact, as long as the 16 valence electron rule can be satisfied,
the ternary AM5X, compounds will form the CaAl,Si structure type. This includes mixed
occupancies and interstitials. All the elements that can form the CaAl,Si; are shown in Figure 1.9
b). By combining the listed elements on each site, there are more than 100 compounds reported to
crystallize in this structure type. This brings a great deal of flexibility in forming and tuning the

composition, which has attracted plenty of interest for AM;, X, compounds as thermoelectrics.

Note that some of the metallic AM,X, Zintl phases are exceptions for the 8 - N rule, such as
REAI»Sip and REAl,Ge, ((RE= lanthanide rare earth metal). These have 17 valence electrons
[59] due to the reduced anti-bonding state filling energy. However, since these compounds do not

have a bandgap, they are not typically within the scope of thermoelectrics.

1.3.3 AM>X, compounds as thermoelectrics

Although CaAl,Si, itself is metallic, the majority of the antimonides and some of the bismides in
this structure type are narrow band gap semiconductors. The interest in the thermoelectric research
of AM,X, compounds started in 2005, when the thermoelectric properties in CayYb{_,Zn,Sby
solid solution were first reported by Gascoin et al. [31]. Compared with other classes of Zintl
phases, one of the prominent advantages of CaAl,Si,-type compounds is their large variety and
unprecedented tunability, providing many opportunities for controlling the transport properties.
Since then, large amount of efforts on optimizing and understanding the electronic structure,
including band engineering [108, 109, 110, 111], control of defect concentrations [112, 113],
aliovalent doping [114], and point defect phonon scattering [31, 115, 116, 27, 33, 28, 32, 117] have
emerged. Recently, excellent thermoelectric performance was reported by several independent
groups in n-type Mgz (Sb,Bi); alloys, with z7 up to 1.6 [118, 108, 119, 113, 120]. This record-high

zT surpasses all previous results for isostructural compounds, which have been exclusively p-type.

To date, experimental and theoretical investigations of Mg3Sb, have focused on the electronic
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Figure 1.10: The zT of selected n-type (dashed curves) and p-type (solid curves) of AM,X,
compounds. Figure taken from W. Peng et al. [16].

properties [118, 121], the multi-valley conduction band [108, 113, 109, 111], and increasing
mobility [120, 122]. In contrast, the anomalously low «;, of both n- and p-type Mg3Sb, has not
been investigated, though it plays an equally important role in leading to the high z7. Here, we will
discuss the origins of low lattice thermal conductivity from the perspective of thermal expansion,
lattice softening, compressibility, and phase transitions, shedding light on the rarely discussed topic

of anharmonicity in AM, X, compounds.

1.4 Summary of research

In this research, we will discuss the origins of low lattice thermal conductivity in two different
classes of layered thermoelectric materials from the perspective of thermal expansion, lattice
softening, solubility, speed of sound, compressibility, and phase transitions. The main focus of the

thesis is on the AMj, X, compounds described above, shedding light on the rarely discussed topic
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of anharmonicity in AM, X, compounds.

AM> X, compounds are a particularly attractive class of Zintls for thermoelectrics due to large
variety and unprecedented tunability. By employing high-temperature X-ray diffraction (XRD) and
resonant ultrasound spectroscopy (RUS) techniques, we have shown that the low lattice thermal
conductivity is due to previously-unrecognized soft shear modes and highly anharmonic acoustic
phonons in layered MgMg,Sb,. Even though different Griineisen parameter equations give different
values, the results repetitively show higher anharmonicity for Mgz Sb, and MgzBiy compared to
isostructural AM, X, compounds. Combined with the phonon calculations from our collaborators,
we attribute the anomalous thermal behavior of MgMg,Sb, to the instability of the vibrational
modes that originated from the weak bonding of the Mg, which is too small for the octahedral site.
The limited solubility of Sr and Ba on the Mg cation site (i.e. A-site) further confirmed the small

jonic radius of Mg2*.

High-pressure characterizations are not widely used in studying thermoelectric materials, as their
application is usually at high temperature, not pressure. However, in — situ high-pressure structural
characterization can provide another dimension of variables to observe the stiffness and stability
of a material, which can help to understand relationship between structure and phonons of the
lattice thermal conductivity. By performing in-situ high-pressure synchrotron X-ray diffraction, we
showed that a few A M5 X, compounds can exhibit phase transitions at high-pressure, most of which
are previously unrecognized. In addition, we observed that the compressibility of MgMg,Sb, and
MgMg,Bi, is near-isotropic, whereas other isostructural AMj, X, compounds show clear signs of
anisotropy between the in-plane and out-of-plane compressibility as is typical of layered compounds.
We have analyzed the compressibility, transition pressure/temperature, anisotropy, as well as the
type of phase transition to develop a deeper understanding of the stability and bond strength of

different AM» X, compounds.
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Lastly, to extend our understanding of the structure - property relationships in layered materials, we
investigate the GeTe - Sby Tez homologous series, which is characterized by van der Waals gaps with
tunable layer thickness. Unlike most compounds that soften with increasing temperature, the elastic
moduli of (GeTe)(7 - SbyTej stiffen with increasing temperature before the phase transition. We
attribute the stiffening behavior to the gradual diffusion of layered vacancies to random vacancies
on the cation site, which correspondingly leads to a flattened temperature dependence of the elastic

moduli.
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CHAPTER 2

METHODS

2.1 Overview

For this work, polycrystalline samples of CaMg,Sb,, YbMg,Sb,, CaMg;Bi,, YbMg;,Bir, MgMg,Sb,
(alternatively written as Mgz Sb, ), MgMg, Bi, (alternatively written as Mgz Biy), EuAl, Siy, SrAl,Sis,
GeTe, SbyTes, BiyTey were synthesized via ball milling followed by spark plasma sintering. Due
to the geometry of the die used for sintering, all the as-synthesized samples are bulk samples with
cylindrical geometry. All sintered samples have densities above 97% of the theoretical density,
and less than 5% of the impurities were observed based on the relative peak intensity of X-ray
diffraction. (GeTe);7Sb,Tes was made by our collaborator, Jared Williams, via a slightly different

processing method, which will be described separately in the following sections.

The primary characterization techniques used in this work include high-temperature X-ray diffrac-
tion with finely ground powder samples, room-temperature X-ray diffraction with bulk samples,
high-temperature resonant ultrasound spectroscopy with bulk cylindrical samples, and in — situ
X-ray diffraction in diamond anvil cells with powder or single-crystalline samples. The synthesis,
X-ray diffraction, and resonant ultrasound spectroscopy were performed at Michigan State Univer-
sity, whereas in-situ X-ray diffractions in diamond anvil cells were performed at Advanced Photon

Source in Argonne National Laboratory. The details are demonstrated below.

2.2 Synthesis

All AM,X> compounds, GeTe, SbyTes, and BipyTes discussed in this paper were synthesized
by direct ball-milling of stoichiometric elements followed by spark plasma sintering (SPS). The
corresponding stoichiometric elements were cut into small pieces in an argon filled glovebox, loaded

into stainless steel vials with two 10 mm diameter stainless balls, and milled for one hour using a
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SPEX mill. Ball-milling was performed under argon atmosphere for 1-hour using a stainless steel
SPEX mill. The powder was then loaded into graphite dies with 10 mm bores and sintered under a
pressure of 31 MPa using a Dr. Sinter SPS-211LX. The samples were heated to a target temperature
in 5 minutes, and then held at the target temperature for 10 minutes. The sintering temperatures
and times were customized for each compound depending on their phase diagrams. Details for
the specific compounds can be found within each chapter. A heating rate of 50-80°C/min was
used to reach the target temperature, typically 550-850°C, followed by a 10-minute hold. The
densities of all the samples were obtained from direct measurements of mass and geometry. The
pressure was removed immediately when cooling started. The phase purity of the samples was
confirmed using a Rigaku Smartlab X-ray diffraction system with Cu Ka radiation. All sintered
samples have densities above 97% of the theoretical density, and less than 5% of the impurities
were observed based on the relative peak intensity of X-ray diffraction. The details of each sample

will be described in the corresponding chapters.

Sintered sample Seal samples in quartz tubes Samples after annealing

Figure 2.1: A demonstration of the synthesis approach in this work. Samples were synthesized
by direct ball-milling (under argon) followed by spark plasma sintering (SPS). The as-synthesized
samples have a cylindrical geometry. For the annealing process, the samples were wrapped in
graphite foils and sealed in glass ampoules under vacuum, which were then held at 500°C for ten
days.
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In some cases, an annealing process would be done if the equilibrium state of the material is a major
concern. All the samples used for solubility study in section 3.2 were annealed after sintering. The
samples were wrapped in graphite foils and sealed in glass ampoules under vacuum, which then

held at 500°C for ten days. Quenching is preferred for high-temperature phase observation.

(GeTe)17Sb,yTey were made by our collaborator, Jared Williams. Samples were prepared using
stoichiometric amounts of elemental germanium ingot (99.9999%), antimony shot (99.999%), and
tellurium lump (99.999%) from Alfa Aesar. The elements were sealed in quartz ampoules under
vacuum, which were then heated to 1173 K and held for 12 hours and water quenched. The
material was then ball-milled for 5 minutes and densified using Spark Plasma Sintering (SPS) at a
temperature of 673 K and a pressure of 40 MPa for 15 minutes. The structure was identified using
a Rigaku X-ray diffractometer. After consolidating in the SPS, the (GeTe)7SbyTes sample was
initially in a metastable cubic structure due to the rapid cooling rate, as described in ref [123]. A
single heating cycle to 673 K was sufficient to regain the thermodynamically stable rhombohedral
structure, as verified by X-ray diffraction. The densities of the samples yield at least 96% of the

theoretical densities.

2.3 Characterization

2.3.1 Resonant ultrasound spectroscopy (RUS)

Traditionally, the measurements of elastic moduli rely on pulse-echo (Figure 2.2 a), in which a large
piece of sample was required, and multiple measurements need to be done to obtain longitudinal
and transverse velocities [124]. The plane wave approximation, as well as the signal from undesired

sources, lowers the reliability of the result.

Resonant ultrasound spectroscopy (RUS) provides the most accurate, efficient, yet non-destructive
characterization of elastic moduli in solids [125, 24, 126], which has advantage to extract a complete

set of elastic tensor from a single measurement. As shown in Figure 2.2 b), the driving force is a
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wide range of vibrational frequencies generated from a piezoelectric transducer, and the response
is the resonances from the sample collected by another transducer [125, 24]. Peaks can be observed
when the excitation frequency matches the Eigen-frequency of the sample. The spectrum from a
single measurement contains sufficient Eigen-modes to extract the complete elastic tensor, assuming
size, shape, and density of the sample are known parameters [126]. The mounting in RUS only
requires a very light touch between the sample and the transducers, which avoids the problem of
thermal expansion mismatch, offering a significant advantage in high-temperature measurement

[24, 126].

Elastic moduli are obtained by matching the calculated resonances with observed peaks, which
can be computationally more accessible by using samples of well-defined geometries such as
parallelepipeds, cylinders, and spheres [127]. The calculated resonances are for perfect geometries
with free oscillations. In a real experimental setup, however, deviation from perfect geometry is
inevitable, and the sample is not entirely free from external forces. Take a cylinder sample as
an example, the modes from a perfect geometry should belong to either torsional, extensional or
flexural mode. The first two types are single modes, and the third type of mode occurs in pairs,
which appear to be doublets in a spectrum. When a small defect, such as a crack, appears in the
sample, the resonant frequencies will be perturbed. For doublets, the two components of the pair
modes might not have the same amount of shifts. Therefore, splits of doublets and slight shifts of

singlets and would be observed in an imperfect sample.

All the elastic modulus investigations in this paper were done using polycrystalline samples.
Polycrystalline samples are isotropic, which means it only requires two independent elastic constants
Ci1 and Cy4 for the complete description of the elastic behavior regardless of the space group.
The elastic moduli, longitudinal and transverse speed of sound of polycrystalline samples can be

calculated applying the isotropic equations:

C12=C11 —2Cy4 2.1)
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Figure 2.2: a) In pulse-echo ultrasound measurements, the time required for an acoustic wave to
travel across the sample is measured. b) In resonant ultrasound, the drive transducer emits acoustic
waves over a frequency spectrum. Peaks correspond to the resonant frequencies of the sample. The
black dots under the spectrum are calculated peak locations with the predicted elastic constants.
The inset is an example of the temperature dependence of the peak positions. This Figure is
reproduced from Ref. [17]

C
U= s VN (2.2)
Cii+Ci2
Y=2(u+1)Cyy (2.3)
G=Cyy 2.4)
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in which Y is Young’s modulus, G is shear modulus, u is the Poisson’s ratio, B is bulk modulus,

v, is the longitudinal speed of sound, and v, is the transverse speed of sound.

Room temperature RUS Cylindrical samples were mounted on a tripod transducer setup (Figure
2.3 a)). One transducer induced vibrations and the remaining two detected the specimen resonances.
The sinusoidal driving frequency was swept from O to 500 kHz. Each scan was typically completed

within a minute.

HT set-up

Thermocouples
e

4+ Sample

Buffer-rods

Figure 2.3: a) Room temperature RUS with a tripod set-up. b) High-temperature RUS set-up.

High-temperature RUS The temperature-dependent elastic moduli were measured by resonant
ultrasound spectroscopy using a custom modification of a Magaflux-RUS quasar 4000 system in a
furnace with a flowing Ar atmosphere (Figure 2.3 b)). Buffer-rods are glued to the transducer that

extended into the furnace for sample mounting. After mounting the sample onto the buffer-rods, the
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system would stay in vacuum overnight before backfilled with argon. The maximum temperature

of this set-up is 500°C due to the melting point of the glue on the buffer-rods.

RUS data analysis The RUS data was analyzed using commercial Quasar2000 CylModel soft-

ware to match the predicted resonant frequencies with observed peaks.

2.3.2 X-ray diffraction (XRD)

Room temperature XRD Room temperature X-ray diffraction is done using a Rigaku Smartlab
X-ray diffraction system with copper Ko radiation to identify the compositions. Phase purity of
the samples was confirmed via peak matching within the ICSD database, and lattice parameters
were obtained using Rietveld refinement using PDXL2 [128, 129]. Rietveld refinement uses the
least square approach to refine line profile with the peak shape, eak shape parameters, preferred
orientation, and the structure factor to match the measured spectrum [130], which has a significant

advantage over other methods, such as peak indexing, especially in cases of peak overlapping.

High-temperature XRD Thermal expansion was measured using a Rigaku Smartlab XRD sys-
tem equipped with a high-temperature stage. The samples were ground into fine powders that were
then placed on a graphite foil on top of a platinum tray. The measurements were performed under
vacuum to prevent oxidation. The thermocouple goes into the inner part of the platinum tray to
increase the accuracy of the temperature measurement (shown in Figure 2.4). The heating rate is 10
K/min with a 1-minute hold, and sample height alignments were performed before each measure-
ment to account for the combined thermal expansion of the holder and sample. Lattice parameters
were refined at each temperature using PDXL2. The volume thermal expansion coefficients ay can

be calculated from the refined unit cell volume V' using equation

1oV

VT (2.8)

ay =
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Similarly, linear thermal expansions along different crystallographic directions can be obtained
with

ap =+ 2.9)

Kapton window

Heating elements
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Platinum sample tray

Figure 2.4: The high-temperature X-ray diffraction was performed using a Rigaku 1400HT stage.
The thermocouple goes into the inner part of the platinum tray to increase the accuracy of the
temperature measurement.

2.3.3 In-situ high-pressure synchrotron diffraction in diamond anvil cells (DACs)

A diamond anvil cell (DAC) is a hand-size device that can generate pressures up to a few megabars
depending on the size of the anvil. DACs are specialized at in-situ measurements of micron-size
samples with high-focus beams. This gives the advantage of measuring anisotropic compressibility,
observing phase transitions, study the properties of non-quenchable phases, and synthesize novel

materials.
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2.3.3.1 Loading samples in diamond anvil cells

A schematic picture of a symmetric diamond anvil cell is shown in Figure 2.5. The figure is taken
from Dong et al. [18]. The anvils consist of two opposing diamonds. The diamonds are usually cut
into 16 facets of with a hexadecagonal surface on the top, which refers to as the culet. The culet size
typically ranges from 30 um to 800 um. Smaller culets are used for high pressure, whereas bigger
culets are used for finer pressure steps. The maximum pressures for 200, 300 and 800-micron

anvils are approximately 80 GPa, 60 GPa, and 15 GPa respectively.

1cm A

1cm

Figure 2.5: A schematic picture of a symmetric diamond anvil cell. Figure taken from Dong et al.
[18].

A gasket made of a hard material is sandwiched between the two anvils to protect the diamonds
as well as creating a sample chamber. Rhenium or tungsten gaskets are the most common non-
X-ray transparent choices, whereas lighter materials, such as beryllium, are chosen when X-ray

transparency is required.

For experiments that require hydrostatic pressure, a liquid pressure transmitting medium is required
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to avoid strain variation across the sample. Gas-loading is one of the most common ways to fill the
gasket chamber with pressure medium, typical choices are noble gases and nitrogen. Lighter gases
such as He and Ne have lower peak intensities and higher solidification pressures, but due to their
small atomic sizes, they are hard to be compressed at high pressures. In addition, smaller molecules
diffuse into the diamond surface easier than bigger ones, which means they have higher chances to
damage the anvils. Larger molecules such as Ar and Kr are softer and easier to compress, but they
solidify at a lower pressures and can generate high-intensity peaks. Therefore, these heavy gases

have issues of reduced-transparency and less hydrostatic pressure.

2.3.3.2 High-pressure X-ray diffraction experiment details

Our experiments rely on in-situ X-ray diffraction to obtain compressibility and detect possible
new phases while increasing pressure and temperature. [n-situ high-pressure X-ray diffraction
experiments were conducted at the Advanced Photon Source (APS) in Argonne National Laboratory,
beamlines 13-BM-C (GSECARS) and 16-BM-D (HPCAT). The samples were synthesized via ball-
milling and SPS as described above. The as-synthesized bulk samples were ground into powder
with grain sizes smaller than 1-micron, which was then pressed into flakes before loading into the
DACs. The benefit of using flakes rather than powder is for the convenience of sample-loading,
which is typically done with the static electrical force from the tip of a tungsten needle. Loading a
compressed piece of sample can also prevent the situation in which all the powders move towards
the edge of the gasket during gas-loading. Ruby or gold was placed next to each sample for pressure
readings. Diamond anvils with culet sizes of 300 and 800 um were used, with rhenium gaskets
from H-Cross pre-indented to thicknesses of ~45 um for 300 um culets and ~130 pm for 800 ym
culets, respectively. The pre-indented gaskets were drilled in the center to form a hole about half
of the corresponding anvil size using an electrical discharge machine (EDM) at Michigan State

University or the laser micro-machining system at HPCAT [131].

Neon was loaded as the hydrostatic pressure medium using the COMPRES/GSECARS gas-loading
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Figure 2.6: The X-ray transmission image of Mg3Sb, and Mg3Bi, in this study. The low trans-
mission regions are the positions of the samples.

system for all samples. For all the measurements, a gas membrane setup was used to remotely
increase or decrease pressure as needed and the pressure was read via the in-situ ruby fluorescence

system before and after each data collection [132].

The distance and orientation of the detector was calibrated using a CeO, standard. The beam size
was 12 um (horizontal) x 18 um (vertical) FWHM at GSECARS and 4 ym x 4 ym FWHM at
HPCAT. The detector was an online Pilatus 1M at GSECARS and a Mar345 image plate at HPCAT.
The position of the samples can be identified from the difference of the X-ray transmission between
the sample and diamond (as shown in Figure 2.6). The low transmission regions are the positions
of the samples. The pressure was controlled remotely by an inflatable steel membrane during all

the measurements.

For the high-temperature high-pressure measurements, a heating unit was set up inside the cell. The
heating unit consists of heating wires wrapping around a customized alumina ring with insulation
layers on top and bottom of the heating units to create a heating chamber with minimal heat loss

(see Figure 2.7). The heating was done under vacuum. K-type thermocouples were glued as close
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Glue thermocouple onto the anvil

Tape the heating wire Put insulation on the both anvils Close the DAC

Figure 2.7: The HT-DAC set up. Photo taken from the set-up manual written by Dr. Bin Chen and
his group members in University of Hawaii.

to the anvil as possible for accurate temperature reading. The rest of the set up is the same as

room-temperature ones.

Data analysis for high-pressure X-ray diffraction Dioptas was used for raw data processes.
Rietveld refinements for all diffraction patterns were performed using the PDXL2 software [128,

129]. Equation of state fits were performed with the EosFit7 software [133].

2.3.4 Calculation details for the phonon density of states and mode Griineisen parameters
of MgszSb,

The first principles calculations were performed by our collaborators Guido Petretto, Gian-Marco
Rignanese, and Geoffroy Hautier. The ABINIT software package [134, 135, 136] was used
to perform density functional theory (DFT) and density functional perturbation theory (DFPT)
simulations to obtain phonon properties and elastic constants [137, 138, 139, 140]. The exchange-

correlation energy was approximated using the PBEsol [141] functional, that has proven to provide
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accurate phonon frequencies compared to experimental data [142]. Norm-conserving pseudopo-
tentials [143] extracted from the PSEuDoDo0JO pseudopotentials table version 0.3 [144] were used
for all the elements. The Brillouin zone was sampled with 8 X 8 X 5 Monkhorst-Pack grids
[145, 146, 147]. Due to the well-known underestimation of the band gap by standard DFT, we limit
our analysis to Mgz Sb,, CaMg,Sb, and CaMg;Biy, which are correctly predicted to be insulating
within the adopted approximations. The temperature-dependent thermodynamical properties were
obtained in the framework of the quasiharmonic approximation from the phonon dispersion curves
calculated at different fixed volumes V (while still relaxing the position of the atoms and the shape
of the unit cell). Mode Griineisen parameters were obtained as the logarithmic derivative of the

phonon frequencies with respect to the volume:

Vou
w; 6V’

Yi = (2.10)

where V is volume and w; is the mode frequency. The averaged Griineisen parameter y has been

calculated as the square root of the mode-averaged-squared Griineisen parameter[148]

(2.11)

where the summation is over all the modes and all the g-points in the Brillouin zone. Cj g, is the

mode contribution to the heat capacity calculated at the Debye temperature 0

o _ 13 | S fo w?g(w)dw
D= o >
3k22;f0 w?g(w)dw

(2.12)

where n is the number of atoms per units cell and g(w) is the phonon density of states.
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CHAPTER 3

EFFECT OF CATION SIZE ON THE LATTICE DYNAMICS IN AM> X, COMPOUNDS

(Adapted from W. Peng et al. [20]. An unlikely route to low lattice thermal conductivity: Small

atoms in a simple layered structure. 2018. Joule, 2(9), 1879-1893.)

3.1 Introduction

AM,X, compounds with CaAl,Siy (P3m1) structure type have attracted plenty of interest as
thermoelectric materials because of their chemical diversity and tunability. A is an alkali or
alkaline earth or rare earth metal, M is Mg, Al, or a transition metal, and X belongs to a group
14 - 16 element. CaAl,Siy can be characterized by covalently bonded [AIZSiz]z_ bilayer slabs
formed by alternatively oriented AlSi4 tetrahedra sandwiched by monolayers of Ca®* (see Figure
3.1). Mgz Pny (Pn = Sb, Bi) has the same structure type as the ternary AM;X», thus, there are two
distinct bonding environments for Mg. The Mg on the A-site, defined as Mg(1) here, is octahedrally
coordinated by six Sb or Bi. In contrast, Mg(2) on the M-site is tetrahedrally coordinated by four

anions (Sb or Bi).

With only five atoms in a unit cell and strong ionic bonding between the slabs, the lattice thermal
conductivity of AM,X, compounds is not exceptionally low compared to other Zintl phases. In
the past decades, much research has been done in tuning electronic properties with compositions
[149, 114, 31, 115, 116, 27, 33, 28, 32, 117]. Due to the intrinsic cation vacancies of AM>X>
compounds, as demonstrated in ref. [149], all the compounds have been p-type until the discovery
of the first n-type MgMg,Sb,, which has the highest thermoelectric figure of merit z7 = 1.6
[118, 108, 119, 113, 120]. Since then, discussions around the explanations of band degeneracy
[108, 109, 110, 111] and n-type origin [118, 121, 113] have been the main focus of this compound.

In contrast, little research has been done on MgMg,Sb,’s thermal conductivity.
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Mg(1) coordination:

Figure 3.1: MgMg,Sb, crystallizes in the CaAl,Siy structure (space group P3m1), characterized
by anionic M, X slabs separated by A cations. In MgMg,Sb, and MgMg,Bi,, Mg(1) occupies the
highly distorted octahedrally-coordinated A-site and Mg(2) the tetrahedrally-coordinated M -site
[19]. The Mg-Sb bond lengths differ significantly in the two sites. Figure taken from W. Peng et

al. [20].

There are some interesting and unanswered questions around the low lattice thermal conductivity
of MgMg,Sb; (alternatively written as Mg3Sby). As shown in Figure 3.2 a), the experimental
lattice thermal conductivity of MgMg,Sb, is one of the lowest compared to isostructural AM, X,
compounds despite its low density [16]. A single-crystal study by Song et al. [150] has confirmed
that the low lattice thermal conductivity is an inherent property rather than a result of defect
scattering. However, the origin of the low lattice thermal conductivity of MgMg,Sb, has not been

investigated, and a detailed study of the phonon density of states is also lacking.

The purpose of this study is to explore the origins of the anomalously low lattice thermal conductivity
in MgMg,>Sb,. By employing high-temperature XRD and RUS studies of AMg,Pny compounds
(A = Mg, Ca, Yb, and Pn = As, Sb and Bi), the temperature dependence of elastic moduli and
thermal expansion can be obtained. Combined with the phonon calculation results from our
collaborators, one possible origin of the unrecognized soft shearing modes and highly anharmonic

acoustic phonons in MgMg,Sb, and MgMg,Bi; are revealed.
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Figure 3.2: The experimental lattice thermal conductivity, k7, of MgMg,Sb, is significantly lower
than isostructural AM;, X, compounds with similar a) density and b) predicted speed of sound. «j,
data can be found in Ref. [16]. The average speed of sound, vy, was estimated using the calculated
elastic moduli from MaterialsProject.org and experimental densities [21, 22]. The dashed line is
shown as a guide to the eye representing the cube dependence of v and lattice thermal conductivity,
K, if all else remains constant [23]. Compounds shown in color are the primary focus of the current
study. Figure taken from W. Peng et al. [20].

3.2 Synthesis

AMg, Pny compounds with A=Mg, Ca, Yb and Pn=Sb, Bi were synthesized by direct ball-milling
of the elements followed by spark plasma sintering. The corresponding stoichiometric elements
(99.8% Mg shot, 99.5% Ca shot, 99.9% Yb chunk, 99.99% Sb from Alfa Aesar and 99.99%
Rotometal Bi) were used. The details of balling and sintering can be found in Chapter 2. The
maximum temperature and hold time used during spark plasma sintering are shown in Table 3.1.
All samples were at least 97% of the theoretical density. Phase purity was confirmed using a Rigaku

X-ray Diffraction system, showing that samples contained less than 3% of secondary phases.

Table 3.1: Maximum temperature and hold time used during spark plasma sintering of AMg> Pny
(A=Mg, Ca, Yb and Pn=Sb, Bi) samples.

Mg3 Sb2 CaMg2sz Yngszz Mg3Bi2 CaMngiz YngzBiQ
Temp. (°C) 850 650 650 600 700 700
Time (min) 15 10 10 10 10 15
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3.3 Experimental temperature dependence of elastic moduli and speed of

sound
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Figure 3.3: Experimental (asterisk) and computed (circles) elastic moduli of AMg,Pn, compounds
tend to decrease as a function of increasing unit cell volume and bond length. The anomalously
low shear moduli of Mg3Sb, and Mg3Bi, are significant, suggesting soft bonding are unique to
these two binary compounds [22].

The elastic moduli of solids tend to become softer with increasing bond length [151]. Within
compounds in the same structural pattern, if the unit cell volume increases, the elastic moduli are
therefore expected to decrease. As shown in Figure 3.3, this trend is observed in ternary AMg, Pny
compounds in both the experimental (A=Mg, Ca, Yb and Pn=Sb, Bi) and computational elastic
moduli (A= Mg, Ca, Sr, Ba and Pn=P, As, Sb, Bi) obtained from the MaterialsProject.org [21].
Note that we omitted the computed elastic moduli of rare-earth-containing compounds due to poor
agreement with experiment. Mg3Sb, and Mg3Bi,, however, are outliers in Figure 3.3. The bulk
and shear modulus of Mgz Sb, and Mg3Bi, are much softer compared to compounds with similar
unit cell volume. The weak bonding in Mg3Sb, was reported in an earlier study of the elastic

moduli of AM»>X> compounds [152], but the impact on k7, was not previously recognized.
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Figure 3.4: Temperature-dependent a) Young’s modulus, b) shear modulus, and c) longitudinal and
d) transverse speed of sound measured using resonant ultrasound spectroscopy. Quantities were
normalized to the room temperature value. Data for Sip gGe o, PbTe, and SnTe are from Ref.
[9, 10, 24]. Figure taken from W. Peng et al. [20].

High-temperature resonant ultrasound spectroscopy was used to obtain the elastic moduli of poly-
crystalline AMg, Pny samples with A=Mg, Ca, Yb and Pn=Sb, Bi at different temperatures. Poly-
crystalline samples are isotropic, which means it only requires two independent elastic constants
C;1 and Cy4 for the complete description of the elastic behavior. The elastic moduli, longitudinal
and transverse speed of sound of polycrystalline samples can be calculated applying the isotropic

equations in the experimental section.

Figure 3.4 shows the normalized temperature dependence of the Young’s and shear moduli of

AMg, Pny (A=Mg, Ca, Yb and Pn = Sb, Bi) along with a few well-known compounds Siy gGeg »
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[24], PbTe [9] and SnTe [10] as a comparison. Sip gGe 7 i1s known to be more harmonic and stiffer,

whereas PbTe and SnTe are typical anharmonic and soft materials.

Over the measured temperature range, the elastic moduli of MgMg,Sb, and MgMg,Bi, soften
by an impressive amount of ~25% in contrast to a ~5% decrease for CaMg, Pn, and YbMg, Pny
samples. The softening rate of the elastic moduli with temperature, as explained in Chapter 1,
can be directly correlated with anharmonicity. The results are an indication that MgMg,Sb, and
MgMg;Bi, are significantly more anharmonic compared to other AM, X, compounds. Additional
evidence can be seen from thermal expansion (see Figure 3.5). MgMg,Bi; and MgMg,Sb, has a
higher thermal expansion coefficient compared to other AMg, Pny, compounds, which again shows

their anharmonic bonding nature.
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Figure 3.5: Experimental thermal expansion of YbMg,Bi,y, CaMg,Sby, CaMg,Biy, MgMg,Sb,,
and MgMg,Bi,. As we can see, MgMg,Bip and MgMg,Sb, has the highest thermal expansion
coeflicient compared to other AMg, Pny compounds. Figure taken from W. Peng et al. [20].
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3.4 Lattice dynamics and Griineisen parameters of AMg,Pn,

To better understand the origin of anharmonic behavior in MgMg, Sb, as well the discrepancies of
thermal expansion and elastic moduli, a computational investigation of lattice dynamics is necessary.
The calculation results shown below are done in collaborations with Guido Petretto, Gian-Marco
Rignanese, Geoffroy Hautier at Université catholique de Louvain. The phonon properties and elastic
constants were obtained from density functional theory (DFT) and density functional perturbation

theory (DFPT) simulations using the ABINIT software package [134, 135, 136].

As shown in the stacked partial phonon density of states (PDOS) of MgMg,Sb,, CaMg,Sb,, and
CaMg,Bi, in Figure 3.6, the anion is responsible for the low frequency modes whereas the cation
(A) and metal site (M=Mg(1)) vibrations are distributed in the mid- and high-frequency regime,
respectively. Given that low-frequency acoustic vibrations dominate the lattice thermal transport, it
is natural for one to expect that the cation species does not have much impact on the anharmonicity

of these compounds, which is clearly not the case for AMg, Pny, compounds.
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Figure 3.6: The partial phonon density of states of MgMg,Sb,, CaMg,Sb, and CaMg,Biy shows
that the low-, mid-, and high-frequency regimes are dominated by displacements of the anions, Pn,
cations, A, and metal site, M=Mg(1), respectively. Figure taken from W. Peng et al. [20].
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The interactions between the cation and anion site are somehow having a major impact on the acous-
tic modes in MgMg,Sb,. A comparison of the phonon dispersions of MgMg,Sb,, CaMg,Sb,, and
CaMg;Bi, can demonstrate this point. The slopes of the transverse and the longitudinal acoustic
branches represent the transverse and longitudinal phonon velocities, respectively. As shown from
the black lines in Figure 3.7, a smaller slope as well as the "dips" around the A-, L-, and M-point

on the transverse acoustic branch of MgMg,Sb, set this compound as an outlier.
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Figure 3.7: The black lines are the phonon dispersion of MgMg,Sb,, CaMg,Sb,, and CaMg;Bi,
at 0 K. The volume dependence of the phonon dispersions are shown through the thickness of the
bands, with red and blue representing positive and negative values of mode Griineisen parameters,
respectively. Figure taken from W. Peng et al. [20].

As mentioned in Chapter 1, the frequency shift with the unit cell volume is defined as the mode
Griineisen parameter, representing local anharmonicity of a certain vibration mode.

\% 5&),’

— , 3.1
w; OV @-1)

Yi=

where V' is volume and w; is the mode frequency. To quantify the degree of anharmonicity of
each acoustic vibrational mode, the volume dependence of the frequency are also shown Figure
3.7 via the colored bands. The thickness of the bands represent the normalized mode Griineisen
parameters, from which A-, L-, and the M-point of the transverse phonons in MgMg,Sb, are

identified as modes with large Griineisen parameters and therefore most unstable.

The red and blue color bands in Figure 3.7 represent the positive and negative values of mode

Griineisen parameters, respectively. A locally negative thermal expansion in a material with a
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positive average thermal expansion coefficient is usually a result of a local metastable mode. This
can be seen in Figure 3.8, the absolute values of the mode Griineisen parameters of MgMg,Sb; can
reach as high as ~5 at the low-frequency regime, but the similar amount of positive and negative
distribution of the value lead to a low average mode Griineisen parameter. As a comparison,
the acoustic mode Griineisen parameters of CaMg,Sb, only contain densely distributed positive
values. A negative thermal expansion corresponds to a negative Griineisen parameter value from
definition, but it is contributing to the overall anharmonic phonon-phonon scattering. The large
mode Griineisen parameters of MgMg,>Sb, lead to high anharmonic phonon-phonon scattering

rate, leading to its anomalously low lattice thermal conductivity.
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Figure 3.8: The mode Griineisen parameters as a function of frequency. Figure taken from W. Peng
et al. [20].

One might notice that the thermal expansions of Mg3Sb, and Mg3Biy, in contrast to the drastic
difference in elastic moduli, are only slightly higher compared to other A M, X, compounds (Figure
3.5. While elastic moduli and speed of sound is related solely to the slope of acoustic branches
upon ['-point, the thermal expansion is an effect from the average of all the vibrational modes in
both the acoustic and optics regimes. The negative mode Griineisen parameters in the acoustic
branches, for example, can lead to a lower average Griineisen parameter and therefore reduced

thermal expansion.
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3.5 Breaking of Pauling’s radii rule

Given the results above, it comes to the question of the fundamental reasons behind the unusual
phonon properties of MgMg,Sb,. The cation size plays an important role in the stability of
CaAl,Sij structure type relative to other AM; X5 structures (i.e. BaCu,S; and ThCr,Si; structure
types) [16, 153, 45]. In the sphere packing model proposed by Pauling for ionic solids, the smallest

stable cation to anion radius for octahedral coordination is given by rcation:¥anion = 0.414 [154].

Figure 3.9 shows the estimated r.qtion:Yanion for AMgyPny compounds, in which compounds
with A=Mg have rcqtion:*anion below the stability limit, while compounds with larger cations
are predicted to be stable in a six-fold coordinated environment. If the radii ratio is less than
the minimum, the polyhedron is more likely to get distorted in order to depart the anions from
touching. This distortion is featured in both MgMg,Sb, and MgMg», Biy, in which large octahedral
bond angle variances of 26.53° and 36.01° can be observed. As a comparison, the octahedral bond
angle variance in CaMg,Sb, and CaMg,Bi, is only 1.77° and 5.04°. The cation radii were from
ref [155, 156] using the values for 2+ valence and 6-fold coordination. The anionic radii were
estimated by taking the average A-Pn bond length and subtracting the corresponding cation radii,

yielding rp = 1.93 A, ra, =2.07 A, rgp, =2.23 A, and rp; =2.29 A.

3.6 Conclusion

Inherently low lattice thermal conductivity is typically associated with dense materials or com-
pounds with lattice complexity. The unusually low lattice thermal conductivity of Mg3Sb,, in
contrast, shows that it is possible for a simple structure with low density to have high phonon

scattering rates and low lattice thermal conductivity when structural instability is presented.

This was shown experimentally by the rapid decrease of the speed of sound and elastic moduli in
Mg3Sb, and Mg3Bip with increasing temperature, which is a direct consequence of the softening

of the acoustic modes. By combining ab initio phonon calculations and high-temperature elasticity
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Figure 3.9: For octahedral coordination (CN=6), Pauling’s radius ratio rules predict a minimum
stability limit of 7¢4zion:7anion = 0.414. For Ca, Sr, Eu, and Yb, this rule is satisfied. In contrast, the
Mg cation is too small, which leads to a distorted octahedral environment and may be responsible
for weak, anharmonic interlayer bonding. Figure taken from W. Peng et al. [20].

measurements, we showed that Mgz Sb, and Mg3Bij are highly anharmonic, in contrast to the Ca-
and Yb-containing AMg,Pn, compounds investigated here. Large mode Griineisen parameters,
both negative and positive, were predicted in the acoustic branches of Mgz Sby and Mg3Biy, which

are expected to have a large contribution to thermal transport.

We attribute this unique behavior to the small radii of Mg, which is undersized for the octahedrally-
coordinated cation site. The poor fit of the Mg cation is suspected to lead to weak interlayer
bonding, which was observed as the soft shear modes both experimentally and computationally.
This behavior ultimately results in the highly anharmonic behavior of the acoustic branches and
thus low thermal conductivity. These results suggest more broadly that soft shear modes resulting
from undersized cations provide a potential path to low lattice thermal conductivity in ionic layered

structures.
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CHAPTER 4

LIMITS OF CATION SOLUBILITY IN AMg,Sb, (A=Mg, Ca, Sr, Ba) ALLOYS

(Adapted from W. Peng et al. [25]. 2019. Limits of cation solubility in AMg,Sb, (A= Mg, Ca, Sr,

Ba) alloys. Materials (Basel, Switzerland), 12(4).)

4.1 Introduction

Given that the small cation size is the origin of anharmonicity in MgMg,Sb, and the smallest
cation that can occupy the octahedral site (A) of AMg,Pn, is Mg, the next question is what
is the impact of the cation size on solubility. Complete solubility has been reported in most
AM>, X, isotructural alloys with the CaAl,Siy structure type regardless of the substitution site

[30, 31, 32, 28, 27, 28, 29, 28, 33, 34].

Thus far, much of the z7" optimization of n-type MgMg,Sb, has focused on alloying or doping on
the anion site.(e.g. alloying Bi and doping Te on the Sb site of MgMg,Sb,). In contrast, for most
of the previous work on the isostructural p-type AM, X, compounds, alloying on the cation site (A
= Mg, Ca, Sr, Ba, Sm, Eu, Yb) was a frequent approach to improve and optimize thermoelectric
performance. For example, the mixed occupancy of A = Ca, Yb, and Eu in the AZn;Sb, [27, 28, 31]
and ACd,Sb, systems [32, 28, 33, 29], and more recently in the AMg,Pn, system, have been

investigated of their effect on enhancing the thermoelectric performance [34, 111, 30].

Alloying on the cation site is appealing in two major perspectives. Recall zT = "'TzaT. Previous
evidence has shown that the site disorder often increases the ratio of electronic mobility to lattice
thermal conductivity [30, 31, 32], which is beneficial to a higher z7'. Equally importantly, alloying
subtly affect the defect formation energy for cation vacancies, which is the dominant intrinsic defect
in this structure type [157, 149]. This allows for optimization of the carrier concentration without

introducing additional dopants.
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Although isovalent alloying on the cation site in n-type MgMg, Pns has not yet been reported, one
would expect that similar z7' enhancements could be achieved through this strategy (assuming that

n-type doping can still be achieved for A # Mg.)

In the present study, we reported the solubility limits of larger cations (e.g., Ca, Sr, Ba) alloyed with
Mg on the A cation site in AMg,Sby compounds. Even though alloying on the A site seems to be
an applicable approach to further optimize the thermoelectric properties of n-type MgMg,Sb,, the
present study shows that the small ionic radius of Mg2+ leads to limited solubility of any cation

larger than Ca.

4.2 Experimental

Table 4.1: The SPS temperatures of (CayMg;_,)MgrSby, (SryMgi_,)Mg,rSb,, (BayMgi_y)
Mg, Sby, and (BayCaj_, ) Mg, Sb,.

(CayMgi_)MgrSby x=0 x=0.1 x=0.2 x=03 x=04 x=0.5 x=0.6 x=0.7 x=0.8 x=1

Temp (°C) 850 810 790 770 750 730 710 690 670 650
(SrxMgi_)MgrSby,  x=0 x=0.1 x=0.2 x=04 x=0.6 x=0.7 x=0.8 x=0.9 x=1

Temp (°C) 850 800 750 750 750 750 750 750 700
(BayMgi_,)Mg>Sby, x=0 x=03 x=0.5 x=0.8 x=0.9 x=1 - - -

Temp (°C) 850 750 700 700 700 700
(BayCaj_x)MgySby x=0 x=0.1 x=03 x=0.5 x=0.7 x=09 x=1

Temp (°C) 650 700 700 700 700 700 700

Samples of (CayMg_,)Mg,Sb; (x=0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1), (SrxMg1_,)Mg>Sb,
(x=0, 0.1, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9, 1), (BayMg_,)Mg,Sb, (x=0, 0.3, 0.5, 0.8, 0.9, 1), and
(BayCaj_,)MgySby (x=0, 0.1, 0.3, 0.5, 0.7, 0.9, 1) were synthesized via direct ball-milling of
elements followed by spark plasma sintering (SPS). The corresponding stoichiometric elements
(99.8% Mg shot, 99.5% Ca shot, 99% Sr chunk and 99%-+ Ba rod, and 99.99% Sb from Alfa
Aesar) were used. The details of balling and sintering can be found in Chapter 2. The maximum
temperature and hold time used during spark plasma sintering are shown in Table 4.1. The densities
of all the samples were obtained by measurement of mass and geometry, yielding at least 97% of the

theoretical density. All of the alloyed samples were annealed after sintering to ensure homogeneity.
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The samples were wrapped in graphite foils and sealed in glass ampules under vacuum, which were
then held at 500°C for ten days. The samples were quenched to room temperature in air. X-ray
diffraction was performed before and after annealing. The lattice parameters and Ry, p values from

refinements of powder XRD patterns can be seen in the Appendix.

4.3 Results and discussion

Among AMg,Sby, and AMg,Biy compounds, Mg is the smallest cation that can occupy the
octahedral site (A). The ionic radius of Mg2+ in an octahedral environment is 0.72 A, which is
significantly smaller than that of Ca%* (1.00 A), Sr2* (1.18 A) or Ba%* (1.35 A) [155, 156]. The
divalent rare-earth metals Sm, Eu, and Yb can also occupy the cation site, having ionic radii in
between that of Ca and Sr. In the present study, alloyed samples in the series (CayMgi_,)Mg,Sby
(x=0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1), (SryMg;_,)Mg>Sb; (x=0, 0.1, 0.2, 0.4, 0.6, 0.7, 0.8,
0.9, 1), BayMg{_,)Mg>Sb, (x=0, 0.3, 0.5, 0.8, 0.9, 1) were synthesized to investigate the phase
stability when cations of increasingly divergent ionic radii occupy the A site in AMg,Sb,. Note
that Ca, Sr, and Ba are too large to occupy the tetrahedrally-coordinated M site of the AM» X,
compounds. Therefore, with increasing amount of Ca, Sr, or Ba, the observed mixed occupancy is

solely presented on the A = Mg site, not on the M = Mg site.

For the (CayMgi_,)Mg,Sb, series, we find that the lattice parameters undergo a linear change
with calcium alloying for x=0-1 (Figure 4.1a) and b)), showing that (Ca,Mg;_,)Mg,Sb, forms
a complete solid solution according to Vegard’s rule [158]. In contrast, alloying Mg with larger
cations (Sr or Ba) leads to phase separation into a Mg-rich phase and Mg-poor phase, indicating a

eutectic-like phase diagram.
The lattice parameters of (SryMg;_,)Mg,Sb, and (BayMg;_,)Mg,Sb; are shown in Figure 4.1c¢)-

f). For the Sr-Mg alloy, a slight decrease in the lattice parameters a and ¢ indicates a small (roughly

10%) solubility for Mg on the Sr site, but no solubility of Sr on the Mg site. In the Ba-Mg alloy,
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Figure 4.1: a-b) For the (CayMg;_,)Mg,Sb, series, the lattice parameters a and ¢ underwent
a linear change with calcium alloying ratio. c¢-d) For the (SryMg;_,)Mg,Sb, series, the lattice
parameters indicate a 10% solubility for Sr on Mg site, and no solubility for Mg on Sr site. e-f) For
(BayMgi_,)Mg,Sb, series, the lattice parameters show no solubility between Ba and Mg on the
cation site. Note that the MgMg,Sb, phase can be observed from X-ray diffraction pattern when x
= 0.8 in the Sr-Mg series and for x = 0.8 and 0.9 in the Ba-Mg series, but the peak intensities are
too low for reliable refinement of lattice parameters. Figure taken from W. Peng et al. [25].

no solubility of Ba on the Mg site, or of Mg on the Ba site was observed. Note that the lattice

parameters shown in Figure 4.1 were measured after annealing at 500°C for ten days.
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Figure 4.2: The linearly varying lattice parameters in the (Ba,Ca;_,)Mg,Sb, alloy indicate com-
plete solid solubility of this system. Figure taken from W. Peng et al. [25].

In the ionic metal model proposed by Hume-Rothery for substitutional solid solutions, differences
in ionic radius, polarizability, structure, valence, and electronegativity are the key factors affecting
the solubility [159, 160, 161]. Here, the atomic size difference is expected to play a dominant role
in the stability [161, 162]. To estimate an upper limit for size mismatch on the cation site in the
AMg>Sby compounds discussed here, we use the limit established by the partial solubility of the
Sr-Mg system. For substitutions of a small cation by a larger one, the upper limit size mismatch is
estimated by (rg,-rp1¢)/r g = 64%. For substitutions of a larger cation by a smaller one (e.g., Mg
on the Sr site) the limit is given by (rg,-rp1¢)/75-=39%. To test these limits, the Ba,Ca;_,Mg,Sb)
series was synthesized. The radii difference of Ba to Ca is 35% and Ba to Ca is 25.9%, both
of which are smaller than the critical size difference. As shown by the linearly increasing lattice
parameters in Figure 4.2, the Ba,Ca;_, Mg,Sb, alloy is found to be a complete solid solution, as

predicted.

A survey of prior alloying studies of isotructural AM;,Pny compounds suggests that the limit
proposed here is likely to be generic to the cation-site alloying. As shown in Figure 4.3, the ionic
radius ratio, (r{-rp)/ro, for all possible combinations of cations where r; > rp are summarized

here. The ionic radii were obtained from ref [155, 156] using the values for 2+ valence and
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6-fold coordination. Square symbols indicate cation combinations that have been experimentally
attempted, while circles represent our predictions. Indeed, this figure illustrates that it is only
possible to exceed the predicted size mismatch limit by alloying with Mg on the cation site.
All other combinations have sufficiently similar ionic radii (e.g., Ca-Yb [30, 31, 32, 28], Ca-Eu
[27, 28, 29], Yb-Eu [28, 33], Mg-Yb [34].) to form complete solid solutions.
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Figure 4.3: The cation radii difference of AM,X, calculated from (ry-rp)/ro for all possible
combinations of cations where r; > rp. In each combination, the smaller species is listed first.
Square symbols represent experimental observations, while circles represent predictions. The
limited solubility in Sr/Mg (present study) and Sm/Mg (Ref [26]) alloys provide an approximate
upper limit for cation radii mismatch. The complete solubility of Ca/Eu [27, 28, 29], Ca/Yb
[30, 31, 32, 28], and Yb/Eu [28, 33] Mg/Yb [34] have been confirmed by prior studies. Figure
taken from W. Peng et al. [25].

One notable exception in the literature is the (Sm,Mg)Mg,Sb, system, investigated in 2006 by
Gupta et al. [26]. Depending on synthesis conditions, alloying with Sm on the Mg site was shown
to lead to either phase separation or to the formation of a superstructure in which Mg and Sm occupy
alternating cation monolayers. The ionic radii of Sm?™* is similar to that of Sr%*, which appears to
be around the upper limit for ionic radius on the A = Mg site. However, no superstructure formation
was observed after quenching from high temperature for any of our alloyed samples. The upper size

limit established here may provide guidance for doping on the Mg site in MgMg,Sb,. Recently,
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La3* and Y3* on the Mg site were successfully used as an n-type dopants [163, 164]. The ionic
radii of La3* are similar to that of Yb2*, as are the radii of the majority of trivalent lanthanides, and
Y3+ has a even smaller radii between Yb2* and Mg2+. This suggests that the radii of these n-type
dopants will not be a primary factor limiting their solubility. We note, however, that complete solid
solubility would never be expected for alio-valent dopants in Zintl phases. Further, in alio-valent
doping, the size of the dopant is only a minor factor. Other factors controlling solubility such as the
valence of the dopant and the impact that the dopant has on the chemical potential of other types

of defects.

4.4 Conclusion

In AM, X, alloys, the existence of complete solid solubility is found to depend strongly on the
difference between the ionic radii of the alloyed species. For mixed occupancy on the cation
site, the partial solubility of Mg on the Sr site in the (Mg, Sr;_,)Mg,Sb, series indicates that the
size mismatch of Sr and Mg can be used as an approximate upper limit to guide future alloying
and doping studies. Indeed, among all cations that are known to occupy the A site in AM» X,
compounds, we find that only Mg is sufficiently small to lead to phase separation, and only when

alloyed with cations with radii equal to or larger than Sr (e.g., Ba, Eu, or Sm).
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CHAPTER 5

HIGH-PRESSURE COMPRESSIBILITY, ANISOTROPY AND PHASE TRANSITIONS
OF AM,X, COMPOUNDS

(Adapted from M. Calderon and W. Peng et al. [165] and W. Peng et al. [6].
[165] Anisotropic structural collapse of Mg3Sb, and Mg3Bij at high pressure. 2020. Chemistry
of Materials (submitted).

[6] High-pressure behavior of layered AM5 X, compounds. 2020. (in preparation))

5.1 Introduction

High-pressure is an effective tool for the discovery of novel phases of known materials, synthesis
of new compounds, as well as studying structure-property relationships. The most fascinating
aspect of pressure is that it allows the variation of bonding environment without varying chemical
compositions, which can avoid introducing new variables to the system and provides an opportunity

for in-situ observations without disturbance [166].

In the past few years, the alloys between Mg3Sb, and Mg3Bi, have become increasingly interesting
as n-type thermoelectric materials, with a thermoelectric figure of merit higher than any other
isostructural Zintl phases as well as the traditional thermoelectric materials such as BirTes [167,
168, 120, 118]. One of the major reasons for such a high figure of merit of n-type Mg3Sb, is
because of their exceptionally low lattice thermal conductivity [169, 170, 171, 118, 67, 172]. The
results described in Chapter 3 [20] have explained the anomalously low lattice thermal conductivity
of Mg3Sb; using a combination of resonant ultrasound spectroscopy and DFT phonon calculations,
giving insights into the rapid softening of the speed of sound, soft shear acoustic modes, and large

Griineisen parameters originated from the loosely-bonded Mg-Sb octahedron [20].

As described in the previous sections, Mg3Sb, and Mg3Bi, are binary members of the CaAl,Siy
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structure type (P3m1), making them part of a broader family of AM,X, Zintl compounds. Tradi-
tionally, AM> X, compounds are described as layered structures [106, 102, 35], which consists of
the covalent [M2X2]2‘ slabs and the ionically-bonded interlayer A?* cations to provide the overall
charge balance [115]. However, as suggested by the first-principles study by Zhang et al., this
layered structure description is not suitable in the case of Mg3Sb, and Mg3Bi, [67] even though
they share the same structural description, since the Mg(1)-Sb and Mg(2)-Sb bonds in Mgz Sb, are
quite similar with respect to the degree of charge transfer from Mg to Sb. The study further showed
the calculated near-isotropic compressibility of Mgz Sb, under pressure to prove this quasi-isotropic

bonding prediction [67].

Thus far, much of the experimental studies related to the elastic behavior of the AM>X, com-
pounds were focused on the temperature-dependence. However, equally importantly, the pressure-
dependence of the same set of material can provide a different aspect of insights - but the data on this
relationship is generally lacking. In fact, there have been only a handful of high-pressure studies of
compounds in the CaAl,Si, structure type, despite their long history and technological importance
[173, 174, 175]. The understanding of lattice stability and bonding environment can benefit the
understanding of fundamental thermoelectric properties such as lattice thermal conductivity, which

can be studied with high-pressure experiments.

In addition to the ability to obtain anisotropic compressibility, for a given composition, pressure
can simulate different bonding and atomic size conditions, which can be a leading factor for phase
transitions. Specifically, the structure type of AM;X> compounds is controlled partially by the
cation to anion size ratio [16]. This generates an even higher tendency for the ambient phase to
transform to other competing structures types when pressure is applied. In a study by Zevalkink et
al. [174], SrAl,Si, transformed from the CaAl,Si,-type to the ThCr,Si,-type structure at 3 GPa
/ 700 K. In a more recent study, pressure-induced polymorphism between the trigonal structure

(P3m1) and monoclinic structure was reported by Gui et.al [176], in which single-crystal CaMn, Bi,
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Figure 5.1: Structure types formed by AM, X, compounds with VEC =16 include a) the trigonal
CaAl,Siy structure type (P3m1), b) the orthorhombic BaCu,S, structure type (Pnma), and c)
the tetragonal ThCr,Siy structure type (/4/mmm). d) The stability range of each structure can be
delineated as a function of the atomic radii, f = r4/(rp; + 0.2rx), while the polarity of the M-X
bond is clearly not a deciding factor [35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50,
51,52, 53, 19, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66]. Figure taken from W. Peng et al.
[16].

exhibits a displacive structural transition to a monoclinic structure (P2;/m) between 2-3 GPa at

room temperature. Therefore, it is likely that the AM,X, phases being selected for this elastic

moduli study can also transform into polymorphic forms at high-pressure/temperature.

In the present study, we investigate the high-pressure behaviors experimentally using in-situ syn-
chrotron X-ray diffraction of Mg3Sby, Mg3Biy, YbMg,Bip, CaMg,Sb,, and EuAl>Sip under
different pressure and temperature conditions at pressures up to ~50 GPa, and temperatures up to
900 K, revealing disparities in the anisotropic compressibility of the ambient and high-pressure
structures in Mgz Sb,, and the relative elastic anisotropy of the selected AM, X, compounds. Phase
transitions have also been observed for the first time in several compounds at different pressures and
temperatures. This work provides direct experimental evidence of the bond strength and relative

phase stability of AM,X, compounds,
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5.2 Phase transition of Mg;Sb, and Mg;Bi, at high-pressure

High-pressure powder diffraction experiments were performed to investigate the compressibility
and possible high-pressure phase transitions of the Mg3Sby, and Mg3Biy. As shown in Figure
5.2, the ambient structure pattern shifted consistently with pressure up to ~7.8 GPa for Mg3Sby
and ~4.0 GPa for Mg3Bi;. Above these two pressures, new peaks as well as abrupt changes of

compressibility can be observed, indicating a pressure-induced phase transition.

To determine whether or not the phase transition is reversible, we performed a decompression
experiment on Mg3Biy. The ambient-pressure P3m1 structure was completely recovered when the
pressure was reduced (see Figure 5.3), indicating the non-quenchability of the high-pressure phase

and confirming that the new peaks at high-pressure are not a result of decomposition.

The high-pressure structure was solved on a Mg3Sb, single crystal. The synthesis of the single
crystal and structural solution were done by our group member, Mario Calderon. The details of the
single crystal diffraction and crystallographic data can be found in ref [165]. A structure solution
for Mg3Sb, at 7.8 GPa was reached in the monoclinic C2/m space group. As shown in Figure
5.4, the high-pressure monoclinic structure of Mg3Sb, can be viewed as a distorted variant of the
original trigonal structure at low pressure. The tetrahedrally coordinated Mg(2),Sb; slab in the
ambient phase transforms into a layer with alternating tetrahedral and square pyramidal coordination
environments at high pressure. The same C2/m structure solution provides a satisfactory fit for
Mg3Sb, and Mg3Bi, powder data at high pressure, suggesting that both phases undergo the same

high-pressure phase transition.

5.3 Compressibility and anisotropy of Mg3;Sb, and Mg;Bi,

To investigate the impact of cation size on the pressure response of AM;,X» structures, we first
study the the binary members of the AM,X, family: the ambient- and high-pressure structures

of Mg3Sb, and Mg3Biy. The pressure-dependence of the volume per formula unit for Mgz Biy
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Figure 5.2: Powder diffraction patterns of a) Mg3Sb, and b) Mgz Bi, at ambient temperature reveal
the emergence of new peaks belonging to a high-pressure phase above 7.8 and 4.0 GPa respectively.
Peak bars in blue correspond to the trigonal ambient and newly-discovered high-pressure phase.
The X-ray wavelength for Mg3Sb, and MgsBi, is 0.4133 A and 0.4340 A, respectively. Figure
taken from W. Peng et al. [6]

and Mg3Sby from powder and single crystal samples is shown in Figure 5.5, represented by

circles and asterisks, respectively. The pressure-dependence of the powder and single crystal data

56



Mg,Bi, powder reversibility test
Loaded with silicon ail
(GPa)
2.4
2
o
=
£
L 4.0
oy
‘B
o
3
£
4.9
| | “ | 5.4
5 6 7 8 9 10 11
20 (deg)

Figure 5.3: The reversibility of the phase transition was confirmed by decompressing the powder
Mg3Bi; sample. All of the original P3m1 peaks re-emerged below 4.0 GPa. Figure taken from W.
Peng et al. [6].
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Figure 5.4: Comparison of the a) ambient (P3m1) and b) high-pressure (C2/m) structure of
Mg3Sb,. The high-pressure monoclinic structure of Mg3Sb, can be viewed as a distorted variant
of the original trigonal structure at low pressure. c¢) The four Mg coordination environments in the
high-pressure structure. Figure taken from W. Peng et al. [6].

Mg3Sb, agree well within the measured temperature range. The unit cell volume obtained from
the powder data decreases abruptly above approximately 7.8 GPa and 4.0 GPa for Mg3Sb, and
Mg3Bi,, respectively. Note that even though the the pattern at 7.8 GPa is shown in Figure 5.2, is

not included here. The on-going phase transition made the pattern hard to be accurately refined.
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Figure 5.5: The pressure-dependence of the volume per formula unit for MgzSb, and Mg3Biy
from powder and single crystal samples are represented by circles and asterisks, respectively. The
zero-pressure bulk modulus, K, of both the ambient- and high-pressure phases were obtained from
a 2nd-order Birch-Murnaghan equation of state fit, represented by the solid lines. Figure taken
from W. Peng et al. [6].

The bulk modulus at zero-pressure, K, of the ambient- and high-pressure phase of each compound
was fitted using the powder diffraction data with the 2nd-order Birch-Murnaghan equation of state,
which are displayed as the solid curves in Figure 5.5. The V|, for the ambient structures (P3m1)
were obtained via Rietveld refinement of the corresponding room temperature XRD pattern. For the
high-pressure phases (C2/m), since V| is unknown, they were treated as an open fitting parameter
in the Birch-Murnaghan EOS fit. The zero-pressure bulk modulus of AP- and HP-Mg3Sb, is 38
GPa and 46 GPa, respectively, while the zero-pressure bulk modulus of AP- and HP-Mg3Bi, is
37 GPa and 49 GPa respectively. The zero-pressure bulk moduli of AP-Mg3Sb, and AP-Mg3Biy
obtained in this study is comparable to the results of resonant ultrasound spectroscopy (36 GPa and
38 GPa, respectively) [20] and DFT (42 GPa and 37 GPa, respectively) [22]. The HP structures

of both compounds are slightly stiffer than the AP structures, similar to the behavior reported for
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CaMn;Bi, [176]. The exact fitted parameters from the 2nd-order Birch—-Murnaghan EOS fit for all
four phases are shown in Table A5 in the Appendix. The uncertainties of the pressure and lattice
parameters is shown in Tables A6-A9 in the Appendix and the parameters of the 2nd-order and 3rd

order Birch-Murnaghan fit can be found in Table A5 in the in the Appendix.
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Figure 5.6: a) - b) A comparison of the unit cell of the P3m1 (ambient) and C2/m (high-pressure)
structures. The blue and grey lines are used to outline the ambient-pressure cell in both structure
types, while the cyan lines represent the interatomic distance, x, which is equal to a and b in the
P3m1 symmetry. Here, we define a’=b’ and ¢’, and a’ and g’ to represent the primitive unit cell
after it has lost its trigonal symmetry. Note that these parameters do not correspond to the true a,
b, and c axes of the monoclinic C2/m unit cell. Normalized lattice constants of powder a) Mg3Sb,
and b) Mg3Bi, before and after the phase transition. We have defined x as the [110] diagonal of
the trigonal AP unit cell, as shown in the inset of panel. ¢) - d) A comparison of the normalized
lattice constants and interatomic distance, x, of powder Mg3Sb, and Mg3Bi;. The dashed lines in
panel c¢) show the results of a prior computational study by Zhang et. al.[67]. Figure taken from
W. Peng et al. [6].
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The question of whether or not Mg3 Pn, (Pn = Sb, Bi) are layered structures has been under debate
[80]. For a typical layered compound, the out-of-plane axis is significantly more compressible
than the in-plane axis [177, 178, 179]. In fact, anisotropic compressibility is a key feature of
layered structures, in particular those characterized by weak interlayer van der Waals bonding.
However, even though Mg3 Pn; share the same structural features as the ternary layered AM> X,
compound family, the in-plane (Mg(2)-Pn) and out-of-plane (Mg(1)-Prn) bonding in Mg3 Pn, has
been shown to be chemically similar despite their difference in the bonding environment. This was
reported in a recent computational study of the pressure-dependence of AP-Mg3Sb, by Zhang et
al. [67] predicted nearly isotropic compressibility of the a- and c-axes. As shown in Figure 5.6 c),
our experimental powder diffraction data (circle symbols) is consistent with Zhang’s predictions
(dashed lines) up to 8 GPa. Further, powder data for Mgz Bi, up to 4 GPa (Figure 5.6 d)) reveals
that the a-axis and c-axis of AP-Mg3Bi, compress at near-identical rates, suggesting a even more
isotropic behavior than AP-Mg3Sb,. The exact values and uncertainties of each powder data point

in Figure 5.6 can be found in Tables A6-A9 in the Appendix.

When the ambient Mg3 Pn, structure (P3m1) transforms to the high-pressure Mgz Pn, structure
(C2/m), the volume collapse is highly anisotropic with respect to the relative compression of the
unit cell axes, as can be seen in Figure 5.6. At pressures above the phase transition, we continued
to employ the unit cell axes from the trigonal P3m1 phase to analyze the C2/m structure since the
monoclinic cell is four-times the size of the trigonal cell and with axes re-defined in a different angle.
The c lattice parameter is the out-of-plane direction, and the a lattice parameter is the in-plane
directions. Here, we have newly defined x as the [110] diagonal of the trigonal unit cell, which is
also an in-plane direction. In the P3m1 structure, due to the fixed 120 degree angle, y, between the
a and b axes, the relationship x = a is fixed regardless of the pressure. From Figure 5.6, we can see
that the phase transition in both compounds involves a collapse in the c- and x-direction, while a
remains unchanged. The reduced symmetry of the C2/m structure allows the angle to deviate from

120 degrees, such that x < a after the phase transition. The drastic collapse along the c-direction
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is a result of the transition of the distorted [Mg(1)-Sbg] octahedra to a square planar coordination
environment. The experimental evidence of this statement can be found in the single crystal data
in ref [165]. Furthermore, at pressures exceeding the phase transition, we find that the c-axis of
the HP structure is more compressible than the a-axis, which is quite different from the isotropic

compressibility of the AP structure.

Note that the nearly-isotropic in-plane and out-of-plane compressibility in ambient-pressure P3m1
Mgs Pn; (Pn=Sb, Bi) does not mean that the octahedral Mg(1)-Pn bonds are equal in strength to
the tetrahedral Mg(2)-Pn bonds. The force constant calculations reported by J. Ding et al. have also
shown that the octahedral Mg(1)-Pn bonds are significantly weaker than the tetrahedral Mg(2)-Pn
bonds [180]. Experimentally, the single crystal data collected in the present study has also given
similar result, in which the octahedral volume decreases more rapidly than the tetrahedral volume

(The data can be found in the original paper.).

The relatively weak octahedral Mg(1)-Pn bonds help to explain the anomalously weak shear
modulus and soft transverse phonon modes reported in Mgz Prny compounds. These instabilities
are in turn responsible for the low thermal conductivity and excellent thermoelectric performance

of Mgz Pny compounds [20, 180].

5.4 Compressibility and anisotropy of ternary AM,X, compounds

Here, we show the pressure response of the unit cell volume and the lattice parameters of YbMg»,Biy,
CaMg,Sb,, and EuAl,Sij, in comparison with the Mg3Bi,, Mg3Sby data with the same measure-
ment and data processing approach in the prior section. The zero-pressure bulk modulus, K
of each compound were fitted with the 2nd-order Birch-Murnaghan equation of state, which are
reproduced as solid curves shown in Figure 5.7 a). The K| obtained in this study for all compounds
are comparable to those from high-temperature resonant ultrasound spectroscopy [20] and the DFT

results (see table in Figure 5.7 b) [22].
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Figure 5.7: a) The pressure-dependence of the unit cell volume for YbMg,Bip;, CaMg,Sb,,
MgMg,Biy, MgMg,Sby, EuZn,Sby, and EuAl,Sij.
corresponding bulk modulus of each compound with the 2nd-order Birch-Murnaghan equation.
b) A comparison of the bulk modulus obtained with different methods: Resonant ultrasound
spectroscopy (RUS), density functional theory (DFT), and high-pressure X-ray diffraction.

From the RUS measurements, only the average bulk modulus in all directions is reflected. In
contrast, the in-situ high-pressure measurements provide a convenient approach to track the progress

of the relative compressibility along the a- and c-axis, which give information on which direction is
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being affected the most. Here, we explored different types of AM5 X, compounds with the trigonal
CaAl,Sij structure type to study the relationship between anisotropy and the bulk modulus within

this structure type.
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Figure 5.8: a) The pressure-dependence of the c/a ratio for YbMg,Bi,, CaMg,Sb,, MgMg,Biy,
MgMg,Sb,, and EuAl,Sip. The slope of MgMg,Bi, is significantly smaller compared to other
compounds, which is an indication of a more isotropic behavior. b) The slopes of c/a are shown
as vertical bars. The corresponding spatial dependence of Young’s modulus from the Material-
sProject.org is shown on top of each bar. The experimental anisotropy agrees qualitatively with the
DFT results. Figure taken from W. Peng et al. [68].
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Figure 5.9: a) Normalized lattice constants along a- or b-axis and b) c-axis for powder YbMg,Biy,
CaMg;Sb,, Mg3Bip, MgsSby, and EuAl,Siy. The discrepancies of the slope of a/ag between
different compounds is significantly larger than that of c/c(. Figure taken from W. Peng et al. [68].

Figure 5.8 a) shows that the c/a ratio of all AM,X, compounds are decreasing near-linearly with

pressure but at different rates. Since all the compounds are in the same structure type, one might not
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expect to see a major difference in the c/a trend with increasing pressure. However, as can be seen
from Figure 5.8 a), the slope of the MgMg;Bi, is almost zero, indicating a much higher isotropic
behavior compared to other AM»X, compounds. Our prior experimental study of the pressure-
dependence of Mg3Sb, and Mg3Biy [165] observed near-isotropic compressibility of the a- and
c-axes. The EuAl,Sij, in contrast, show a faster decreasing rate of c/a, which also corresponds
with more anisotropic behavior. A faster rate suggests a bigger difference of the compressibility in
the a-b plane compared to that along the c-axis, whereas a slower rate suggests a smaller difference,
which in turn indicates a more isotropic behavior. To further illustrate this, Figure 5.8 b) shows the

calculated spatial dependence of the Young’s modulus from MaterialsProject.org database.

When we compare the c/a result with the bulk modulus values, a clear relationship can be found:
A lower bulk modulus corresponds with more isotropic compressibility, whereas a higher bulk
modulus corresponds with more anisotropic compressibility. This can be a result of less compress-
ibility along the c-axis with decreasing anisotropy or more compressibility along the ab-plane with
decreasing anisotropy. The normalized lattice constants, a/ag and c/cq (Figure 5.8), showed that
the discrepancies of the slope of a/ag are significantly larger than that of c/cq. This indicates that
the bond strength of M-X in the covalent slabs is a key factor in the anisotropy of the elastic moduli
of AM»X, compounds. The more ionic the M-X bond is, the weaker the covalent slab is, and

therefore, the more isotropic the elastic modulus is.

5.5 High-pressure phase transition of ternary AM; X,

To investigate the relative stability of the A M, X, compounds mentioned above, we kept adding pres-
sure until the phase transition occurred. As shown in Figure 5.10, phase transitions of YbMg,Bi»,
CaMg,Sb,, and EuAl,Sij occured between 10.2 - 11.3 GPa, 14.1 - 19.1 GPa, and 13.7 - 16.0 GPa
were observed, all of which were not previously reported. The peak bar for high-pressure phase of
YbMg,Bi; was made with the same structure as CaMn,Biy (P2 /m) [176]. However, since we

did not do single-crystal diffractions to confirm any of these three high-pressure compounds, we do
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Figure 5.10: a) Powder diffraction patterns of YbMg,Biy, b) CaMg,Sb,, and c¢) EuAl,Si, with
increasing pressure. Possible phase transitions were observed in all phases. The X-ray wavelength
is 0.4133 A for YbMg,Biy and CaMg,Sb,, and 0.4340 A for EuAl,Siy. Figure taken from W.
Peng et al. [68].
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not know the exact high-pressure structures. As shown in Table 5.1, within selected the AMg> Pny
(Pn=Sb,Bi) compounds, the transition pressure increases as the rcqzion : Tanion iNcreases, which is

an indication of increasing phase stability.

Table 5.1: Transition pressure of AMg,Pny compounds and its relationship with the ionic radius.
The transition pressure increases as the regzion : Tanion INCreases.

Mg3Bi2 Mg3Sb2 YngzBiz CaMgQsz
Transition pressure (GPa) 4.0-4.5 7.8-8.5 10.2-11.3 14.1-19.1
Teation - Tanion 0.31 0.32 0.44 0.45

5.6 High-pressure high-temperature phase transition and intermediate phase
exploration of EuAl,Si, and SrAl,Si;

The CaAl,Siy (P3m1) structure type for AM,X, compounds is one of the several structures that
can be formed, which is also the structure type being discussed in the previous sections. Another
structure type of AM»X, compounds is the tetragonal ThCrpSiy (I4/mmm). Studies have shown
that smaller cations tend to form CaAl,Si, structure type, whereas ThCr;Si, structure is preferred
when larger cations is presented [181, 45, 16]. The increase of pressure can result in an increase of
coordination number (i.e. SiOy4 to SiOg) [182]. The cation coordination is six in the CaAl,Si, and
eight in the ThCr;Si, structure type, respectively. Pressure-induced polymorphism between these
two structure types was first observed in ref [183], in which SrAl,Si, transformed from CaAl,Siy

structure to ThCr;Si, structure type above 3 GPa /700 K with a multi-anvil press.

It has been pointed out by Huster et al. that a possible intermediate structure BaCuyS, existed
from a topological point of view [184], since there is no group-subgroup relation between the
low-pressure trigonal phase and high-pressure tetragonal phase. However, no experimental studies
have been done. In this study, our goal was to 1) collect in-situ X-ray diffraction data of SrAl,Siy
during heating to observe the transition process from CaAl,Siy to ThCr,Siy structure type. 2)

Observe the phase transition of another CaAl,Si; structure with big cations. For this purpose, we
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Figure 5.11: a) Powder diffraction patterns of EuAl,Si, at a fixed temperature around 600 °C.
An abrupt phase transition from the trigonal (P3m1) to tetragonal (/4 /mmm) phase was observed.
Note that the pressure shown on the right is the gas-membrane pressure. b) Powder diffraction
patterns of SrAl,Si at a fixed pressure around 1.4 GPa. A gradual phase transition from the
trigonal (P3m1) to tetragonal (I4/mmm) phase was observed. Two-phase patterns can be spotted
above ~700 °C. The X-ray wavelength is 0.3542 A for both measurements. Figure taken from W.
Peng et al. [68].
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chose EuAl,Si,, as Eu has a similar ionic radius with Sr.

To explore the possible intermediate phase, we slowed down the reaction rate via two approaches.
The first was to keep the system at a constant temperature, while gradually increasing pressure
(Figure 5.11 a). Note that a high-enough temperature is kinetically necessary to activate the
reaction due to the reconstructive nature of this phase transition. We have shown in Figure 5.10
c) that a different type of phase transition would take place when the system is not exposed to a
high enough temperature. In this regard, we chose the temperature to be 600 - 700 °C for our
first approach, which is high enough to drive the kinetics but low enough to allow a few pressure
steps to observe the transition process. Two thermocouples were attached for temperature reading
at different locations. The thermocouple that was attached to the anvil read a temperature of 610
+10 °C. The thermocouple that was attached to the heater read a temperature 685 +10 °C. The
ruby fluorescence spectrum is a function of temperature, which shifts and broadens as temperature
increases. Using ruby as a pressure calibrate is not ideal at high-temperature. Therefore, the
pressure of the gas-membrane instead of ruby pressure was used in Figure 5.11 a), which is
positively correlated with the pressure of the DAC. Each data collection took approximately 5

minutes to complete.

The second approach is to keep the pressure fixed at around 1-2 GPa, while gradually increasing
temperature, as shown in Figure 5.11 b). The room pressure reading was 1.4 GPa according to the
ruby fluorescence. The pressure is expected to creep up a small amount with increasing temperature
due to the thermal expansion of the pressure medium. One thermocouple was attached to the heater

for temperature reading. Each data collection took approximately 5 minutes to complete.
As shown in Figure 5.11 a) the phase transition from trigonal (space group: P3m1) to tetragonal

EuAl,Si; (space group: 14/mmm) was reported for the first time. The trigonal phase is a semi-

conductor, whereas the tetragonal phase is typically a superconductor. The successful observation
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of the high-pressure phase also represents the discovery of a new superconductor.

No intermediate phase was observed with both approaches. Figure 5.11 a) shows an abrupt transition
between the two structures. In Figure 5.11 b), two-phase patterns can be spotted above ~700 °C,
which can serve as further evidence that the reaction mechanism could be a fundamentally different
pathway. However, we cannot exclude the possibility that an intermediate phase existed for a few
seconds and we missed to capture it. Thus, we are planning to perform the same experiment at a
higher energy beamline in the future, which can collect diffraction patterns in a matter of seconds.
We also have an on-going collaboration with Dr. Stevanovic Vladan’s group at Colorado School of
Mines to computationally explore the transition pathway for a deeper understanding of this phase

transition.

5.7 Concluding remarks

The present work observed the high-pressure phase transition of AM»X, compounds in powder
Mg3Sb,, Mg3Bi,, CaMg;Sb,, YbMg,Biy, and EuAl, Si; samples above 7.8 GPa, 4 GPa, 19.1 GPa,
11.3 GPa and 16.0 GPa, respectively. The reversibility of the phase transition was confirmed with
powder Mg3Bi,. Single-crystal diffraction at high pressure confirmed the monoclinic high-pressure
structure (C2/m) of Mg3Sb, and Mg3Bi,, which is a distorted variant of the ambient-pressure
structure. The transition to the high-pressure structure was shown to involve a highly anisotropic

collapse of the lattice parameters along different crystallographic directions.

The anisotropy of the elastic moduli of the powder Mg3Sb,, Mg3Bi,, CaMg,Sb,, YbMg;Biy,
and EuAl,Si, samples was compared within the ambient structures. Mgz Sb, and Mg3Bi, exhibit
near-isotropic compressibility, whereas the ternary compounds are more anisotropic. When we
compare the c/a decrease per GPa in powder Mg3Sby, Mg3Biy, CaMg,Sby, YbMg,Biy, and
EuAl,Sip samples, we found that the bond strength of M-X in the covalent slabs is a key factor

in the anisotropy of the elastic moduli of AM;X, compounds. The more ionic the M-X bond
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is, the weaker the covalent slab is, and therefore, more isotropic the elastic modulus is. The
normalized lattice constants, a/ag and c/cq also confirmed that the discrepancies of the in-plane
compressibility is significantly larger than that of the out-of-plane direction. Note that even though
the ambient-pressure structures of Mg3Sb, and Mgz Bi, exhibit isotropic compressibility, analysis
of the single crystal data shows that the octahedral Mg-Pn bonds does not have the same strength as
the tetrahedral Mg-Pn bonds. The the octahedral ones are more compressible than the tetrahedral

ones due to longer bond lengths.

For the high-temperature high-pressure phase transition of EuAl,Si; and SrAl,Siy, no intermediate
phase was observed, indicating that the reaction mechanism could be a fundamentally different
pathway as Huster et al. predicted. However, we cannot exclude the possibility that an intermediate
phase might existed for a few seconds and we missed to capture it. The phase transition from
trigonal to tetragonal of EuAl,Si, was reported for the first time. The successful observation of

the high-pressure phase also represents the discovery of a new superconductor.

These high-pressure results provide a unique perspective and deeper understanding of the stability

and bonding environment of AM;X,> compounds. We hope that this work will inspire the next

generation of thermoelectric research to explore in the high-pressure dimension.
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CHAPTER 6

LATTICE HARDENING DUE TO VACANCY DIFFUSION IN (GeTe),;Sb,Te; ALLOYS

(Adapted from W. Peng et al. [71] "Lattice hardening due to vacancy diffusion in (GeTe),, Sb,Te;
alloys." 2019. Journal of Applied Physics, 126(5), 055106.)

6.1 GeTe-Sbh,Te; homologous series

To extend our understanding of the structure - property relationships in layered materials, we
investigate the GeTe - SbyTes homologous series. (GeTe),; SbyTes alloys, also known as GST
alloys, have been widely studied for nonvolatile memory storage applications due to their rapid and
reversible transition between amorphous and crystalline phases with the accompanying changes
in electrical and optical properties [185, 186, 187, 188, 189, 190, 191, 192, 193, 194]. The
amorphous phase is achieved by rapid-quenching from the liquid state to the solid phase, whereas
the cubic crystalline phase is obtained with a slower cooling rate. More recently, GST alloys have
also attracted a great deal of excitement as p-type thermoelectric materials in the intermediate
temperature range due to their low thermal conductivity, power factor up to 40 ,chm‘lK_z, and
impressive thermoelectric figure of merit (z7) in samples with optimized carrier concentrations
[123, 195, 196, 197, 198, 199]. The highest zT values have been reported in Ge-rich alloys; J.
Williams et al. reported a peak z7T of 2.2 at 750 K in (GeTe)7Sb, Tes doped with an excess of 5%
Sb [197], and Xu et al. achieved a zT of 2.4 at 773 K in undoped (GeTe);7Sb,Tes after extended

annealing [198].

Compared to other other rock salt (e.g. GeTe, PbTe, and SnTe) and van der Waals (vdW) compounds
(e.g. BipTes and SbyTej3), one of fascinating features of GeTe-SbyTes is their tunable layers. As
shown in the phase diagram in Figure 6.1, up to about 7% of Sb2Te3 can be inserted into the

GeTe structure within the solid-solution region to form the (GeTe),, - SbyTez homologous series.
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Different thicknesses of layers in the building block can subtly affect the transport properties
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Figure 6.1: The phase diagram of GeTe - SbyTes [69].

within the different temperature range due to the complicated effect of phonon scattering, carrier
concentration, interlayer bonding, defect layers, and phase transition temperatures. For example, in
a study by Rosenthal et al. [200], they found that (GeTe),, - SboTe; compounds with high values
of GeTe contents (i.e. high m values) typically have rather low z7T" values at low temperatures but
reach the highest z7 values in the high-temperature range. In contrast with the relatively simple
scattering mechanism in most telluride thermoelectrics, GeTe-Sb, Tes opens more opportunities to

have the highest z7 in the application range.

6.2 Structure and phase transitions of GeTe-Sh,Te; alloys

In contrast to the amorphous - crystalline transition for memory applications, the phase transition for
in this study and for thermoelectric applications in general is the rhombohedral to cubic transition

within the solid-state.
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Figure 6.2: a) Ambient-temperature rhombohedral structure of GeTe (R3m), b) SbyoTes (R3m),
and c) (GeTe);;SbyTez (R3m) with m = 3 used for illustrative purposes. The cation vacancies in
(GeTe);,SbyTes are relaxed into ordered layers, which resemble van der Waals gaps. Note that
the hexagonal unit cell was employed here, with the c-axis perpendicular to the layers. d) At high
temperature, (GeTe),; SbyTes transitions to cubic symmetry with randomly distributed vacancies
on the cation site. It can be visualized as stoichiometric occupancy of Ge, Sb, and vacancies on the
cation site, while 100% of Te on the anion site [70]. Figure taken from W. Peng et al. [71].

As shown in Figure 6.2 a) and b), GeTe crystallizes in a distorted rocksalt structure with rhombohe-
dral symmetry (R3m) at ambient temperature. At 643 K, GeTe transforms into the cubic rocksalt
structure (Fm3m) [72]. Pure Sb,Tes, in contrast, does not exhibit a temperature-dependent phase
transition as a solid. It forms the layered tetradymite structure (R3m) [201, 202], which is charac-
terized by five-atom thick, Te-terminated covalent slabs separated by van der Waals (vdW) gaps, as

shown in Figure 6.2 b).

(GeTe);, SboTes alloys form a homologous series, which can be visualized as m layers of GeTe
inserted into the covalent SbyTes slabs, expanding them into 2m+5 atomic-layer thick 3-D blocks
[200, 203, 204, 205, 206], as illustrated in Figure 6.2 ¢). Like GeTe, GST alloys transform into the

cubic rocksalt structure at high temperature. However, unlike the rapid displacive phase transition
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found in pure GeTe, the phase transition in (GeTe),;SbyTes alloys is reconstructive in nature,
necessitating significant cation diffusion [207, 208, 209, 200, 198]. As illustrated in an in — situ
study by Xu et al. [198], the vdW gaps in (GeTe){7SbyTes at low temperature can be thought
of as ordered layers of cation vacancies, which spontaneously diffuse into the surrounding matrix
with increasing temperature. This behavior is reversible; upon cooling, the vacancies re-order into
layers, and the expanded tetradymite-like structure is recovered. The exceptional mobility of the
cation vacancies in GST alloys, as well as the flexibility in spacing between vacancy layers has

been demonstrated by several recent studies [205, 206].

6.3 Experimental

6.3.1 Synthesis

Samples of (GeTe);7SbyTes, GeTe, SbyTes, and BiyTes were synthesized starting with stoichio-
metric quantities of Ge (zone-refined ingot, 99.9999%), Sb (bmm shot, 99.999%), Bi (granules,
1-2 mm, 99.997% ) and Te (chunk, 99.999%) from Alfa Aesar. GeTe, Sb,Tes, and BiyTe; were
synthesized via direct ball-milling of the elements followed by spark plasma sintering (SPS). The
powder was heated to 738 K in 5 minutes and held at the target temperature for 5 minutes for
GeTe, to 738 K in 10 minutes and held for 15 minutes for SbyTes, and to 723 K in 10 minutes and
held for 5 min for BiyTes under a uni-axial pressure of 31 MPa using a Dr. Sinter SPS-211LX
spark plasma sintering (SPS) press. (GeTe);7SbyTes was synthesized by our collaborator, Jared
Williams, with a slightly different approach (see Chapter 2 for details). The densities of all samples
were obtained via measurements of mass and geometry, yielding at least 96% of the theoretical
densities. Phase purity and compositions of the samples was confirmed via peak matching within
the ICSD database, in which no impurity phase could be observed. More experimental details can

be found in Chapter 2.
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6.3.2 High-temperature resonant ultrasound spectroscopy

The temperature-dependent elastic moduli and speed of sound for the selected compositions were
obtained by resonant ultrasound spectroscopy (RUS) [24]. The elastic moduli were measured in
~10 K intervals from room temperature up to 723 K for (GeTe);7Sb,Tes, 530 K for BirTes, and
600 K for SbyTez and GeTe. The signal was lost for the GeTe sample above 600 K, so the elastic
moduli above phase transition were not captured. More details of the high-temperatur RUS setup

can be found in Chapter 2.

6.3.3 High-temperature X-ray diffraction

Thermal expansion of (GeTe)7SbyTesy and SbyTes were measured from 303 K to 673 K and 303
K to 573K, respectively, using a Rigaku Smartlab X-ray diffractometer equipped with the Rigaku
HT1500 high-temperature stage. The samples showed no hysteresis upon further thermal cycling
after the first cycle, in which a reversible phase transition between the rhombohedral and cubic

rocksalt structure could be observed. More details can be found in Chapter 2.

6.4 Structural evolution with increasing temperature

High-temperature powder X-ray diffraction was used to investigate the evolution of the lattice
parameters with increasing temperature in (GeTe);7Sby Tes and Sby Tes. These results are compared
with the corresponding data for GeTe from the previous literature [72]. The (GeTe);7SbyTes
patterns share nearly the same peak positions both in the rhombohedral phase and in the cubic
phase as the corresponding structure of GeTe without any superstructure peaks. The absence of
a well-defined superstructure in the alloyed composition has been observed in several previous
reports [198, 200]. Even though the vacancy layers (i.e., van der Waals gaps) in (GeTe),,SbyTes
alloys are nominally spaced at 2m+5 atom intervals, the layer thickness exhibits a large degree of
variability, which is dependent on m and the processing route. Samples with larger m and faster
quenching lead to more variability. However, even afer two weeks of annealing, some variability of

m can still be seen. Therefore, the GeTe unit cell was used for the refinement of the (GeTe);7Sb, Tes
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Figure 6.3: a) The c/a ratio, b) lattice parameter, a, and c) lattice parameter, ¢, of (GeTe)7Sb,Te;
and GeTe. The GeTe data is taken fromref. [72]. A reversible phase transition from a rhombohedral
structure (R3m) to cubic rocksalt (Fm3m) at roughly 623 K is observed in both materials. Figure
taken from W. Peng et al. [71].
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patterns.

Note that the hexagonal instead of rhombohederal notation are employed for all three compounds
for the convenience of symmetry. As shown in Figure 6.2, with the hexagonal notation, the c-axis

is perpendicular to the layers, while the a- and b-axes are parallel to the layers.

First compare the unit cell volume (per formula) of GeTe and the (GeTe)7Sb,Te3. As shown in
Figure 6.3 b) - ¢), the unit cell of (GeTe){7Sb,Tes is larger along the a-axis and smaller along the
c-axis compared to GeTe in the entire temperature range below the phase transition. The expansion
in the a-b plane for the (GeTe){7Sb,Tej is due to the substitution of the larger Sb cations on the Ge
site, while the contraction along the c-axis is caused by the cation vacancy layer perpendicular to c.
A reversible phase transition from the rhombohedral structure (R3m) to the cubic rocksalt structure
(Fm3m) occurs in both GeTe and (GeTe)7Sb, Te3 at ~623 K. The data in Figure 6.3 were measured
during heating of the sample, the cooling data in Figurexx shows that the phase transition is fully

reversible.

As shown in Figure 6.3 a), the c/a ratio, provides a convenient approach to track the progress of
the phase transition, since cubic symmetry is achieved when c/a = Zm. As the temperature
approaches the transition to the cubic structure, GeTe has been shown previously to expand in
the a-direction, while contracting in the c-direction, corresponding to the gradual opening of
the rhombohedral angle [72]. Since the same rhombohedral-to-cubic phase transition occurs in
(GeTe);7Sb, Tes, one might expect to see a similar contraction along the c-axis approaching the
transition temperature. However, as shown in Figure 6.4 b), the thermal expansion of the c-axis in
(GeTe)17Sb,Tes is almost zero. This suggests that vacancy re-ordering is playing a role. In the
high-temperature cubic phase, symmetry dictates that the cation vacancies be randomly dispersed.
However, the transition from ordered vacancies to random vacancies cannot occur instantaneously at

the transition temperature. Instead, the vacancy diffusion occurs gradually as temperature increases,
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Figure 6.4: Normalized change in a) unit cell volume and b) lattice parameter along c-axis of
(GeTe);7Sb,Tes, GeTe, and SbyTes. Data for GeTe was taken from ref. [72]. Similar volumetric
thermal expansions is observed for the three compounds, despite drastic differences in the c-axis
thermal expansion. Figure taken from W. Peng et al. [71].

leading to a gradual expansion of the structure along the c-axis.
To estimate the extent of vacancy re-ordering that occurs between 300 K and 620 K, we look to the
c/aratio. In the case of randomly dispersed vacancies, the c/a ratio in (GeTe)7SbyTes should be

identical to that of GeTe, assuming that the rhombohedral distortion lessens at the same rate in both

compounds and the size effect of the random vacancies dispersed into the structure can be ignored
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due to their small amount. And indeed, with increasing temperature, we see that the c/a ratio
of (GeTe)17SbyTez and GeTe slowly converge as we approach the phase transition temperature,
indicating that the vacancy layers have mostly disappeared. Above the phase transition, the c/a ratio
is necessarily identical in both compounds due to the cubic symmetry. The magnitude of the a and
¢ in both compounds in the cubic symmetry are also similar, since the size-effect of the randomly
distributed cation vacancies is mostly cancelled out by the partial substitution of the larger Sb on

the Ge site.

For comparison, Figure 6.4 a) - b) shows the temperature-dependent unit cell volume and lattice
parameter, ¢, of GeTe, SbyTes, and (GeTe)7SbyTes, normalized to the room temperature values.
Although the c-axis of Sb,Te; expands more rapidly with increasing temperature, the volumetric
thermal expansion of all three compounds is quite similar. The lattice parameters a and ¢ for

SbyTes are shown separately in Figure 6.6.
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Figure 6.5: a) A two-step phase transition can be observed during the first heating process. The
cubic rocksalt structure transforms to a rhombohedral structure at 523 K, and then to a cubic rocksalt
structure at 623 K. A single phase transition to rhombohedral structure occurred during the cooling
process. b) The 2nd thermal cycle shows a reversible phase transition between the rhombohedral
and cubic rocksalt structure around 623 K. Figure taken from W. Peng et al. [71].

Note that the as-synthesized sample need to be annealed in order to show the reversibility. Upon
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cooling during the spark plasma sintering (SPS) process, the (GeTe);7SbyTes sample was es-
sentially "quenched" in a meta-stable cubic phase (Fm3m) due to relatively slow kinetics of the
diffusion process, as described in ref. [123]. During the first post-SPS heating cycle, a two-
step phase transition can be observed: first, a phase transition from the metastable cubic rocksalt
to the stable rhombohedral (R3m) structure occurs beginning at around 523 K (given sufficient
time, annealing at a lower temperature would presumably have the same effect). The rhombohe-
dral structure undergoes another phase transition to the cubic rocksalt structure at 623 K. During
cooling, only one phase transition to the rhombohedral structure at 623 K occurred (Figure 6.5
a). The sample showed no hysteresis upon further thermal cycling after the first cycle, in which
a phase transition between the rhombohedral and cubic rocksalt structure around 623 K can be
observed both during heating and cooling, indicating stable structures and reversible transitions of

(GeTe);7Sb,Tes (Figure 6.5 b).
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Figure 6.6: a) Lattice parameter a, and b) lattice parameter, ¢ of SbyTe;z measured as a function of
temperature. Figure taken from W. Peng et al. [71].

6.5 Temperature-dependent elastic moduli

Figure 6.7 a) - b) compares the calculated and experimental Young’s modulus of polycrystalline
rock salt compounds at room temperature. Density functional theory (materialsproject.org [22]),

shown as the vertical bars, predicts 1) that the distorted rock salt structure is softer than the cubic
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rock salt structure, and ii) that the cubic structure becomes softer as we proceed to larger cations
with longer bonds (consistent with room temperature experimental data for SnTe and PbTe from ref.
[74, 73,9, 10]). The average Ge-Te bond length in the distorted structure is longer than that in the
cubic phase, leading to an overall weaker Young’s modulus in comparison with the cubic structure.
The distorted rock salt structure is also anisotropic (illustrated by the calculated 3D compressibility
surfaces [22]) as a result of the distortion of the Ge position, which has three longer and three
shorter Ge-Te bonds. This in turn leads to weaker bonds in the c-direction, and stronger bonding
in the a — b plane. Note that RUS measurements using polycrystalline samples do not capture the
anisotropy of rhombohedral GeTe, but they do confirm the prediction of softer Young’s modulus

compared with cubic compounds SnTe and PbTe.

A comparison of cubic PbTe and SnTe with rhombohedral GeTe reveals a slower rate of softening
in GeTe (Figure 6.7 b)). In the absence of phase transitions, the rate of softening of a material is
typically correlated with the degree of anharmonicity of the acoustic phonons [20, 17], which is
usually correlated with thermal expansion. Structural changes, however, can have a greater impact
on the elastic moduli than thermal expansion. In the case of GeTe, there is a phase transition from a
distorted rocksalt structure to a cubic rocksalt structure. We attribute this anomalous slow softening
to the gradual decrease in the rhombohedral distortion in GeTe with increasing temperature. In the
current study, we did not obtain data for GeTe above the phase transition due to limitations of our
RUS equipment, however, we would predict a step-like stiffening of the Young’s modulus upon the
transition to cubic symmetry. This step-like stiffening was observed in a previous investigation of

single crystalline Geg ,Sng gTe at the phase transition at 220 K [210].

We next turn to a comparison of the temperature-dependent shear and Young’s moduli (G and Y,
respectively) of GeTe, (GeTe);7SbyTes, and SbyTes (see Figure 6.8 a) - b). Although all three
compounds have similar rates of volumetric thermal expansion, as established in Figure 6.4 a), they

exhibit drastic differences in the temperature dependence of the elastic moduli. For comparison,
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Figure 6.7: a) A comparison of the Young’s modulus, Y, of cubic and distorted rock salt compounds
shows that the distorted structure is softer. Bars show calculated data from ref. [22] and symbols
are experimental data (present work: %, literature data: O [73], ¢[10], A[74], o[9]). 3D surfaces
show the compressibility of the two structure types [22]. b) The temperature dependence of Y for
GeTe [present work], SnTe[10], and PbTe [74] show the slower rate of softening in GeTe. Figure
taken from W. Peng et al. [71].

we also measured the high-temperature elastic moduli of BiyTes, reported here for the first time.
The rate of softening in SbrTe; and BiyTes, which does not exhibit a phase transition at high
temperature, is comparable to that of other thermoelectric materials such as PbTe [9] and SnTe

[10].

The (GeTe)7SbyTes alloy is unique in that the elastic moduli actually harden gradually with in-

creasing temperature. This gradual hardening is followed by an abrupt increase of the elastic moduli
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Figure 6.8: The temperature dependence of the normalized a) Young’s modulus, Y, and b)
shear modulus, G, for GeTe, (GeTe);7Sb,Tes, SbyTes, and BipTes. All compounds besides
(GeTe)17Sb,Tej soften with increasing temperature. ¢) The value of the Young’s and shear moduli
of (GeTe)17Sb,y Tes across phase transition. Figure taken from W. Peng et al. [71].

at the transition from rhombohedral to cubic symmetry (Figure 6.8 c). Finally, at temperatures

above the phase transition, softening of the elastic moduli can be observed, which is expected for
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most compounds due to thermal expansion. Even though the abrupt increase in Y and G at the
phase transition was expected, and is consistent with previously reported behavior for Ge( ,Sng gTe
as well as the presumed behavior of GeTe. The gradual hardening of (GeTe);7Sb,Tes leading up

to the phase transition is unusual.

We attribute the gradual hardening of (GeTe){7SboTes to two independent factors. The first is
the gradually decreasing rhombohedral distortion with increasing temperature. As mentioned in
the previous paragraphs, this effect also contribute to the relatively slow softening rate of GeTe
compared to compounds with similar thermal expansion. The second and more significant effect is
the dynamic reconfiguration of the cation vacancies with increasing temperature, which uniquely
present in the alloy. When the vacancies are ordered into layers, the neighboring slabs are connected
by weak Te-Te van der Waals interactions. Whenever a vacancy diffuse onto a cation site, a cation
simultaneously diffuse onto the vacancy site. These local bondings formed between the cation and
Te are stronger than the initial weak Te-Te van der Waals bonds. As temperature increases, more
and more cations diffuse onto the vacancy sites, leading to stronger and stronger bonding between
the slabs. This gradual diffusive re-ordering of the vacancies lead to the gradual stiffening of the
lattice. The randomly distributed vacancies represent only 5% of the cation sites, which is not
enough to have significant impact on the overall stiffness. Upon the phase transition, the elastic
moduli of (GeTe);7SbyTes has an abrupt increase as the vacancy layers diminish. The behavior
of the elastic moduli in (GeTe);7SbyTes is reversible, showing the same temperature-dependence

during heating and cooling.

The lattice hardening due to the phase transition in (GeTe);7Sb,Tes leads to increasing speed
of sound as a function of temperature (shown in Figure 6.9), in stark contrast to most solids.
While the impact of lattice hardening is not significant enough to lead to increasing lattice thermal
conductivity with temperature, since the the inverse temperature dependence of Umklapp scattering

is simply too strong, it likely leads to a flatter lattice thermal conductivity. The relatively flat lattice
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Figure 6.9: a) Longitudinal speed of sound and b) Transverse speed of sound of (GeTe);7Sb,Tes,
SbyTes, GeTe, and BipTe; measured from room temperature up to 600 K via resonant ultrasound
spectroscopy. ¢) Longitudinal and shear speed of sound of (GeTe)7SbyTez measured from room
temperature across phase transition. Figure taken from W. Peng et al. [71].

thermal conductivity of the (GeTe)7SbyTes sample used for this study is shown in Figure 6.10 c).

The stiffening of the elastic moduli with increasing temperature is expected to be a general feature

of all GeTe-Sb,Tes as well as GeTe-BiyTes alloys [211], as long as they exhibit a rhombohedral-

to-cubic transition involving vacancy diffusion. Further, we expect the stiffening rate to be more

pronounced with increasing vacancy ratio in the structure (i.e., with decreasing value of m.)

Table 6.1: Experimental elastic moduli and speed of sound at 300 K for (GeTe);7Sb,Tes, SbyTes,
GeTe, and BiyTes samples measured using resonant ultrasound spectroscopy.

6.6

(GeTe);7SboTes | SboTes | GeTe | BipTes
Young’s modulus (GPa) 55 45 43 47
Shear modulus (GPa) 22 18 17 18
Longitudinal speed of sound (m/s) 3300 2950 | 2980 | 2800
Transvere speed of sound (m/s) 1900 1750 | 1740 | 1550
Theoretical density (g/cm3) 6.09 6.12 5.91 7.47

Conclusions

In the current study, we have combined high-temperature X-ray diffraction and elasticity mea-

surements to reveal anomalous lattice hardening in (GeTe){7Sb,Tes, despite its positive thermal

expansion coefficients. A positive thermal expansion coefficient is usually associated with lattice
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Figure 6.10: The thermoelectric properties of the (GeTe);7Sb,Te; samples used in this study:
a) Total thermal conductivity, lattice thermal conductivity, and electrical thermal conductivity;
b) resistivity; c) Seebeck coefficient; and d) thermoelectric figure of merit. In contrast to the
expectation of a decreasing trend of lattice thermal conductivity, as it is the case for most materials,
the lattice thermal conductivity of (GeTe);7Sb,Tes remains roughly unchanged with increasing
temperature before the phase transition. Figure taken from W. Peng et al. [71].

softening, since bonds weaken as they become longer. The elastic moduli of GeTe, SbyTes and
BipTes, in contrast, showed the expected softening behavior with increasing temperature. The un-
usual behavior of (GeTe);7SbyTes is assumed to originate from the gradual diffusion of vacancies
that accompanies the phase transition from a layered structure to the cubic rocksalt structure. As the
the ordered layers of vacancies switched sites with the cations, the attractions between neighboring

layers presumably increases, which in turn stiffens the lattice. We expect this behavior to be a
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generic feature of all GeTe-SbyTes as well as GeTe-BipTes alloys, playing a fundamental role in

the thermal conductivity in this important class of thermoelectric materials.
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CHAPTER 7

CONCLUDING REMARKS

This work was focused largely on understanding the elastic moduli of two classes of layered
thermoelectric materials: AM»>X, Zintl phases and GeTe - SbyTe3 alloys. We learned that the
stability of the bond controls the elastic moduli and anharmonicity, which is partially determined
by the size ratio between the cation and anion, bond length, and bond type in the structure. In
addition, approaching phase transitions have an impact on the elastic modulus of materials. In
Figure 7.1, the data measured in this study is added to the literature temperature-dependent elastic
moduli data of typical thermoelectric materials to illustrate the relationship between structure and

elastic modulus.

In general, compounds with octahedral coordination, such as tetradymites and rock salts, are softer
than those with tetrahedral coordination. This is because the bonds of a close-packed octahedron
are typically longer than a close-packed tetrahedron according to Pauling’s close-packed rule. In the
case of AM,X, compounds, the alternating layers of tetrahedral and octahedral coordination may
explain their intermediate to low moduli. Within the same structure type, the differences in atomic
sizes are the determining factor of the differences in the bond length and therefore have an impact
on the stiffness of compounds. Among AM, X, Zintls, for example, the Bi-based compounds are

generally softer than Sb-analogues due to the larger size of Bi.

7.1 Possible explanations for the large anharmonicity of Mg;Sb,

Mg3Sb, and Mg3Biy, as outliers of the AM>X, compounds, have a similar stiffness as the
tetradymites structures due to their anomalously low shear moduli due to the small size of Mg.
One of the main conclusions from our study of the elastic properties of AM,X, compounds is that
Mg3Sb, and Mg3Bij have large anharmonicity and anomalously low lattice thermal conductivity.

This finding is further confirmed by the comparison of Young’s modulus, softening rate, thermal
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Figure 7.1: Temperature-dependence of the Young’s modulus, Y, of the selected thermoelectric
material [7, 8, 71, 71, 9, 10, 75]. AM,X, compounds, the alternating layers of tetrahedral and
octahedral coordination may explain their intermediate moduli. Mg3Sb, and Mg3Bij, as outliers
of the AM>X, compounds, have a similar stiffness as the tetradymites structures. Figure taken
from W. Peng et al. [6]

expansion, and mode Griineisen parameters in the previous chapters. One possible explanation is
the poor fit of the cation in the octahedral environment. In the sphere packing model proposed by
Pauling for ionic solids, the smallest stable cation to anion radius for octahedral coordination is
given by rcation:tanion=0.414 [154]. Figure 3.9 shows that for all the AM», X, compounds, A = Mg
ones are the only compounds that have 7¢4tion:Fanion below the stability limit, while compounds
with larger cations are predicted to be stable in a six-fold coordinated environment. This results
in large octahedral bond angle variances in Mg3zSby and Mg3Bi; in order to depart the anions
from touching and may explain why only compounds with A = Mg (not those with A=Ca, Sr, Yb,
Eu) exhibit anomalous thermal properties. The unstable octahedra lead to a low shear modulus in

Mg3 Sb2 and Mg3Bi2.
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Another possible explanation is that the Mg(2)-Sb ionic bond is weaker than a typical M — X
covalent bond in AM,X, compounds, which leads to an overall less stable "covalent" slabs and
lower in-plane thermal conductivity in Mg3Sb,. This idea was first reported by a DFT study by
Zhang et. al [67]. Due to the high electronegativity of Mg compared to other possible element
choices for the M-site, the Mg(2)-Sb bond is showing a stronger ionic character compared to most
M-X bonds in a AM> X, compound (e.g. CaZn,Sby). Our results provide experimental evidence
for this prediction. The in-situ high-pressure synchrotron X-ray diffraction showed that the bond
strength of M-X in the covalent slabs is a key factor in the anisotropy of the elastic moduli of AM> X,
compounds. The more ionic the M-X bond is, the weaker the covalent slab is, and therefore, the
more isotropic the elastic modulus is. A more isotropic elastic modulus results in a lower average

elastic modulus and lower average lattice thermal conductivity.

7.2 Lattice hardening of GST alloys

Even though the phase transition of GST alloys has been previously investigated with in-situ
TEM, the elastic moduli during the phase transition were reported for the first time in this study.
Unlike most compounds that soften with increasing temperature, the elastic moduli of (GeTe)7
- SbyTej stiffen with increasing temperature before the phase transition. This is the only type of
thermoelectric material that has observed to have this behavior due to a non-defect reason. Further,
we observed the flattening of lattice thermal conductivity of (GeTe)7 - SbyTes as a result of the
lattice stiffening. We concluded that the unusual behavior of (GeTe)7Sb; Tes is originated from the
gradual diffusion of vacancies that accompanies the phase transition from a layered structure to the
cubic rocksalt structure. This behavior is expected to be a generic feature of all (GeTe),; SboTes and
(GeTe),,Biy Tes alloys. Future works can be directed at investigating the temperature-dependent
elastic moduli of other types of GST compounds to exploit the relationship between the rate of
lattice stiffening with the thickness of the layer, as well as the impact of lattice stiffening on lattice

thermal conductivity.
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7.3 Opportunities and challenges

Temperature-dependent resonant ultrasound spectroscopy and in-situ high-pressure X-ray diffrac-
tion are powerful tools for the characterization of elastic properties and investigation of anharmonic-
ity of materials. Few works have been directed at measuring and utilizing the elastic properties in
the thermoelectric community so far. In addition, high-pressure characterization opens a new di-
mension to discover the unknown phase transitions of thermoelectrics. Combined with the property
measurements through the phase transition, direct observation of the structure-property relation-
ship can be achieved. Even though elastic moduli alone cannot be independently used predict the
thermoelectric performance of materials, they can provide guidance for systematically searching
high zT materials with low thermal conductivity wit DFT calculations. The main challenge of the
ultrasound measurement is the limitations on the geometry of the sample and difficulty in solving
the spectrum for low symmetry structures. Besides, the speed of sound and elastic moduli only
contain information of the lowest frequency phonons. A further area of opportunity is to combine
elasticity measurements with other in-situ techniques. For example, the frequencies of selected
optical modes can be investigated via Raman spectroscopy and inelastic scattering can be used to

target at any desired phonon mode.
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Table Al: Lattice parameters and R,,, values from refinements of powder XRD patterns of

(BayCaj_,)Mg,Sby.

Table A2: Lattice parameters and R,,, values from refinements of powder XRD patterns of

After SPS After annealing 10 days
X a C Ryp a C Ryp
0  4.64913(18) 7.56089(2) 3.66 - - -
0.1 4.65967(10) 7.61872(15) 2.99 4.6563(3) 7.6121(4) 222
0.3 4.6821(2) 7.7356(4) 4.33 4.68539(15) 7.740300(3) 3.56
0.5 4.7077(10)  7.8544(16) 5.97 4.7046(2) 7.8483(4) 3.46
0.7 4.7328(2) 7.9790(4) 4.64 4.7328(2) 7.9790(5) 1.83
0.9 4.76027(14) 8.0907(3) 2.81 4.75453(16) 8.0838(3) 3.73
1 4.76767(15) 8.1293(3) 2.82 - - -

(CayMg;_)Mg;Sb,.

After SPS After annealing 10 days

X a C Ryp a C Ryp
0  4.56436(14) 7.2310(2) 3.66 - - -

0.1 4.5760(2) 7.2631(2) 3.54 4.56854(18) 7.25428(17) 3.85
0.2 4.5856(2) 7.3033(4) 3.86 4.57815(16) 7.2932(2) 3.7
0.3 4.58928(15) 7.3319(2) 2.89 4.58691(11) 7.3304(2) 3.16
0.4 4.59639(11) 7.36216(17) 3.38 4.59622(11) 7.36684(17) 3.33
0.5 4.60429(12) 7.3853(2) 2,62 4.60254(11) 7.3905(18) 3.1
0.6 4.61042(9) 7.41467(14) 2.72 4.60919(11) 7.41438(18) 2.71
0.7 4.62359(10) 7.45927(17) 2.12 4.61850(7) 7.44851(13) 2.21
0.8 4.62980(7) 7.49189(14) 2.74 4.63103(16) 7.4971(2) 2.34
0.9 4.64026(8) 7.52549(14) 198 - - -

1 4.64913(18) 7.56089(2) 2.42 - - -

Table A3: Lattice parameters and R,,, values from refinements of powder XRD patterns of
(SrxMgi_,)Mg,>Sb,. With the exception of the x = 0.9 sample, all alloyed samples contain both a
Sr-rich and a Mg-rich phase.

After SPS After annealing 10 days

Sr-rich phase Mg-rich phase Sr-rich phase Mg-rich phase
X a c a c Ryp a c a c Ryp
0o - - 4.56436 (14)  7.2310(2) 3.66 - - - - -
0.2 4.6841(2) 7.7482 (7) 4.57706 (10)  7.2805(2) 2.9 4.6827(4) 7.7533(8) 4.56333(17) 7.2389(3) 2.28
0.4 4.6850 (3) 7.7570 (5) 4.5736 (3) 7.2721 (15) 2.19  4.6852(2) 7.7594(4) 4.5639(3) 7.2406(4) 2.92
0.6 4.68527 (19) 7.7568 (3) 4.5711 (4) 72599 (8) 1.9 4.68857(11)  7.7671(19)  4.5637(5) 7.2407(8) 1.81
0.7 4.68489 (17) 17.7597 (3) 4.5694 (6) 7.2643 (10) 1.83  4.6891(9) 7.765(15) 4.5664(2) 7.2377(7)  1.83
0.8 4.69262(8) 7.78273 (17) - - 2.18  4.68644(19) 7.7651(3) - 2.03
0.9 4.68927 (12) 7.7681 (2) 2.47 4.68727(9) 7.76557(16) - -
1 470068 (7)  7.82196(13) - 1.59 - - -
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Table A4: Lattice parameters and R,,, values from refinements of powder XRD patterns of
(BayMgi_,)Mg,Sb,. All alloyed samples separated into a Ba-rich and a Mg-rich phase, suggesting
zero solubility.

After SPS
Ba-rich phase

After annealing 10 days

Mg-rich phase Ba-rich phase Mg-rich phase

X a c a c Ryp a c a c Ryp
0 - - 4.56436 (14)  7.2310(2) 3.66 - - - - -

0.1 4.7615(3) 8.1174 (8) 4.5649 (15) 7.2327 (18) 3.06 4.7647 (3) 8.1269 (10) 4.56246 (15)  7.22828 (19) 2.85
0.3 4.7645 (3) 8.1252 (5) 4.5653 (4) 7.2335(5) 271 4.7642 (4) 8.1249 (8)  4.56622 (18) 7.2372 (3) 2.73
0.5 4.7716 (3) 8.1319 (2) 4.5682 (4) 7.2302(9) 2.83 4.76237 (14) 8.1222(3)  4.56307 (17)  7.2346 (4) 247
0.8 4.76800 (15) 8.1250 (3) 4.564 (4) 7.1924 (8) 3.64 4.7665 (3) 8.1236 (4) - 3.31
0.9 4.7624 (18) 8.122(3) 4.5746 (17) 7.2295(5) 3.19 4.76172(18) 8.1196 (3) 3.8

1 4.76767 (15) 8.1293 (3) - - 2.82 - - -

Table A5: The parameters from the 2nd-order Birch-Murnaghan EOS fit for Mg3Sb; and Mg3Bij
corresponding to Figure 5.5. The V) for the ambient structures (P3m1) were obtained via Rietveld
refinement of the corresponding room temperature XRD pattern. For the high-pressure phase

(C2/m), V¢ is unknown, so it was treated as an open fitting parameter in the Birch-Murnaghan
EOS fit.

AP - Mgngz C2/m Mg3Sb2 AP - Mg3Bi2 C2/m Mg3Bi2
Vo (A%) 130.44 122.5 138.79 128.7
K (GPa) 38.4 45.7 36.9 48.9
K, (GPa) 4 4 4 4

Table A6: Lattice parameters and uncertainties of the P3m1 MgzSb, phase from powder XRD
refinements using PDXL2. The lattice parameters, and peak shape parameters are refined. P; and
P, are pressure readings before and after the measurement of each pattern. The deviation of the
average value between P and P, is used as the pressure uncertainty for the Birch—Murnaghan
equation of state fit.

P, (GPa) | P, (GPa) a(A) c(A) V (A3)
0.58 0.58 | 4.5376(17) | 7.195(3) | 128.29(8)
0.64 0.64 | 4.5337(17) | 7.185(3) | 127.90(8)
0.73 0.75 | 4.5304(16) | 7.180(3) | 127.62(8)
091 0.88 | 4.5269(18) | 7.170(3) | 127.25(9)
1.26 1.26 4513(2) | 7.146(3) | 126.02(9)
1.94 1.94 | 4.4919(18) | 7.107(3) | 124.19(9)
3.06 3.06 4.464(2) | 7.055(3) | 121.73(10)
3.38 3.38 4.452(2) | 7.038(3) | 120.78(9)
3.90 3.90 | 4.4403(16) | 7.016(4) | 119.80(9)
4.36 436 | 4.4274(15) | 6.997(3) | 117.53(9)
4.81 490 | 4.4122(18) | 6.971(3) | 117.53(9)
5.48 557 | 4.3986(19) | 6.954(16) | 116.51(13)
6.70 6.70 | 4.3792(17) | 6.913(4) | 114.81(9)
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Table A7: Lattice parameters and uncertainties of the C2/m Mg3Sb, phase from powder XRD
refinements using PDXL2. The lattice parameters, peak shape parameters, z and x are refined.
The deviation of the average value between P and P, (pressures measured before and after sample
exposure) is used as the pressure uncertainty for the Birch—-Murnaghan equation of state fit.

P, (GPa) | P, (GPa) a(A) b (A) c(A) | V(A3 | beta (deg)
8.43 8.60 | 15.062(11) | 4.201(3) | 7.599(3) | 425.8(4) | 117.67(2)
9.08 9.11 | 15.012(15) | 4.187(4) | 7.595(4) | 423.0(6) | 117.62(3)

10.25 10.44 14.910(16) | 4.169(4) | 7.549(3) | 415.7(6) | 117.63(4)
13.33 13.53 14.693(19) | 4.144(5) | 7.479(4) | 403.4(7) | 117.65(5)
15.02 15.29 14.638(16) | 4.126(4) | 7.420(3) | 396.4(6) | 117.79(4)
17.48 17.65 14.495(16) | 4.094(4) | 7.348(4) | 385.8(6) | 117.78(4)
18.56 18.70 | 14.450(18) | 4.085(5) | 7.322(4) | 382.2(7) | 117.84(4)

Table A8: Lattice parameters and uncertainties of the P3m1 Mg3Biy phase from powder XRD
refinements using PDXL.2. The lattice parameters, and peak shape parameters are refined. The
deviation of the average value between P; and P, (pressures measured before and after sample
exposure) is used as the pressure uncertainty for the Birch—-Murnaghan equation of state fit.

P; (GPa) | P, (GPa) | a(A) c (A) Vv (A%)
1.49 1.49 | 4.6005(12) | 7.293(8) | 133.67(16)
2.48 2.55 | 4.5672(11) | 7.236(7) | 130.73(13)
2.92 3.00 | 4.5559(11) | 7.217(7) | 129.74(13)
3.52 359 | 4.5365(11) | 7.185(7) | 128.06(13)

Table A9: Lattice parameters and uncertainties of the C2/m Mg3Bi, phase from powder XRD
refinements using PDXL2. The lattice parameters, peak shape parameters, z and x are refined.
The deviation of the average value between P; and P, is used as the pressure uncertainty for the
Birch—-Murnaghan equation of state fit.

P, (GPa) | P, (GPa) a(A) b (A) c (A) V (A3) | beta (deg)
451 4.6 15.618(19) | 4.329(3) | 7.907(3) | 475.4(7) | 117.20(6)
521 525 | 15.548(15) | 4.327(2) | 7.8773(19) | 471.0(5) | 117.27(4)
5.80 591 | 15.481(13) | 4315(2) | 7.850(2) | 466.2(5) | 117.24 (4)
6.56 6.68 | 15.426(14) | 4.310(2) | 7.831(2) | 462.9(5) | 117.26(4)
7.10 726 | 15.388(15) | 4.292(3) | 7.801(2) | 457.7(5) | 117.34(4)
8.00 8.00 | 15.320(14) | 4.281(2) | 7.7722(19) | 452.7(5) | 117.36(4)
8.60 8.60 | 15.284(14) | 4.276(2) | 7.7573(19) | 450.1(5) | 117.39(4)
9.30 9.3 15.233(13) | 4.269(2) | 7.7368(18) | 446.6(5) | 117.40(4)
10.02 10.02 | 15.181(14) | 4.260(2) | 7.7143(18) | 442.8(5) | 117.42(4)
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