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Abstract

Thermoelectric devices convert between temperature gradients and electricity, implying numerous
applications, such as powering exploratory space vehicles, industrial waste-heat recovery, and solid-
state refrigeration. Thermoelectric devices consist of doped p-type and n-type semiconductor legs,
and the overall device efficiency depends on the transport properties of these semiconductor materi-
als. High-performing thermoelectric materials require a high Seebeck coefficient and high electrical
conductivity, but these can be conflicting requirements—increasing the doping level increases the
electrical conductivity but decreases the Seebeck coefficient. However, electronic band engineering
in k-space, or reciprocal space, can partially decouple these properties and yield materials that
have a high Seebeck coefficient and electrical conductivity. Specifically, it is beneficial to engineer
bands that have complex Fermi surfaces, characterized by high valley (band) degeneracy, carrier
pocket anisotropy, and/or low-dimensional transport. The goal of this dissertation is to understand
the chemical origins of complex Fermi surfaces by studying the k-dependence of atomic-orbital in-
teractions in various thermoelectric semiconductors. The motivation behind this work is to use
this understanding of complex electronic structures to predict chemical trends in band structure
behavior, and therefore, predict alloying design strategies for engineering better thermoelectric ma-
terials. In this thesis, the tight-binding method, also known as the Linear Combination of Atomic
Orbitals, is used in conjunction with density-functional theory, to gain chemical insights into the
origins of complex electronic structures in a variety of technologically-relevant thermoelectric mate-
rial systems, including IV-VI semiconductors, transition-metal-based half-Heusler semiconductors,

and Zintl-phase Mg3Shs.



Acknowledgements

I certainly would not have been able to make it to this point alone, and I am immensely grateful to
all of the people who have supported me throughout my studies. Jeff, thank you for sharing your
genuine curiosity and passion for science. I appreciate how much trust and freedom you have given
me to explore my interests and different approaches to tackling research questions. Because of your
mentorship, I have learned to look a problems from new, creative perspectives. It is abundantly
clear that you are invested in the growth and success of your students above all else, and I definitely
would not be the person or scientist I am today without you as an advisor. I also want to thank
my other committee members, Dr. Mercouri Kanatzidis, Dr. James Rondinelli, and Dr. Chris

Wolverton, for your valuable feedback and guidance.

Next, I'd like to thank the Applied Physics and Applied Math (APAM) department, my profes-
sors, and my advisor, Dr. Simon Billinge, at Columbia University in New York, where I completed
the first-year of my PhD studies. I learned a tremendous amount while I was there, and the knowl-
edge I gained has proved invaluable in completing my thesis. I also appreciate the support I received

from the department and faculty in continuing my PhD at Northwestern.

My experience at Northwestern would not have been the same without the support of my lab-
mates, past and present, in the Snyder group. I want to thank Dr. Maxwell Dylla and Dr. Shashwat
Anand, who were valuable mentors upon the start of my PhD and inspired much of my work on
half-Heuslers and MgsSby. Shash, thank you for your continued collaboration, encouragement and
support throughout my entire PhD. I also want to thank Michael Toriyama, who has been by my
side in the Snyder from first-year courses to co-authoring papers together. Your scientific insights
and collaborations have been incredibly valuable to me, and I have learned a great deal from working
together and from our discussions in the office. Finally, to the other current Snyder group members,
Leah Borgsmiller, Duncan Zavanelli, Adetoye Adekoya, Muath Al-Malki, and Patrick Ding, you all

inspire and impress me with your work, and I wish you all the very best in completing your studies.



I have also been fortunate enough to work with several collaborators outside of Northwestern,
and I want to thank all my co-authors, in addition to the co-PIs and members of the DMREF and
TECCA collaborations. I have learned so much from collaborating on papers and sharing research

at meetings.

I also want to thank all my MSE (and non-MSE) friends outside of lab who remind me that
there is life beyond thermoelectrics. To my book-club friends, thanks for giving me a reason to read
something other than textbooks and journal articles. I am also incredibly thankful for the support
and friendship of Stephanie Ribet. Steph, thank you so much for making me feel so welcome when
I started at Northwestern. Your hard work and love of science has been a source of inspiration, and

your friendship has meant so much to me through the ups and downs of grad school.

Finally, I would not have been able to reach this point without the support of my family. I
cannot thank my parents, Bruce and Jennifer, enough for all their unconditional love and support.
You have given me everything I could have ever wanted or needed to succeed. Mom, I don’t know
how I would have made it through college and graduate school without our phone calls, where you
remind me that everything will be okay and that you believe in me. Dad, thank you for showing
me the importance of not only hard work, but also standing up for your values in the process. To
my older brother, Eric, thank you for your endless support and for always knowing how to make me
(and everyone else) laugh. If there were a PhD degree in Philadelphia sports, you would definitely
have it. And to my fiancé, David, I can’t thank you enough for all your support these past few

years. On good days and bad, I always feel at peace knowing that I get to go home to you.

This thesis is dedicated to Mom, Dad, Eric, and David.



Notation Conventions and Abbreviations

Physical Constants

e Boltzmann constant: kg = 1.38 x 1072 J/K

e Planck’s constant: h = 6.63 x 10734 J-s

e Reduced Planck’s constant: i = 1.05 x 10734 J-s
e Electron rest mass: m, = 9.11 x 1073! kg

e Electron charge: e = 1.60 x 10719 C

List of Symbols

e T Absolute Temperature

e ZT: Thermoelectric Figure-of-Merit (device)

e 2T Thermoelectric Figure-of-Merit (material)

e B: Thermoelectric Quality Factor

e 0: Electrical conductivity

e r : Thermal conductivity (lattice: xr, electronic: ke)

e [: Lorenz number

e Ep: Electron chemical potential (Fermi level) or Fermi energy{l]
e 1: Reduced electron chemical potential

e «a: Seebeck coeflicient

e m* : Effective mass (inertial: m7, density-of-states: mppg, band: mj, conductivity: m},

Seebeck: m¥)

e Ny: Valley (band) degeneracy

n (or p for holes): Carrier concentration

e 1: Mobility (weighted: p,,, parameter: )

In this dissertation, we distinguish between the Fermi level and the Fermi energy, though both are denoted by
Ep. The Fermi level is the electron chemical potential (also denoted ), which is the energy at which the probability
of electron occupation is 1/2. In an intrinsic (undoped) semiconductor, the Fermi level lies in the middle of the band
gap. The Fermi energy is only defined for zero Kelvin, and refers to the energy of the highest filled electron state. In
an intrinsic semiconductor, the Fermi energy is located at the valence band maximum.



e 7: Carrier relaxation time
e f: Fermi-Dirac distribution function

e [: Fermi integral of jth order

Frequently Used Abbreviations

e Tight-binding (TB)

e Linear Combination of Atomic Orbitals (LCAO)
e Density-of-states (DOS)

e half-Heusler (hH)

e Density Functional Theory (DFT)

e Crystal orbital Hamilton population (COHP)
e Perdew Burke-Ernzerhof (PBE)

e Spin-orbit coupling (SOC)

e Valence band (VB)

e Conduction band (CB)

e Valence band maximum (VBM)

e Conduction band minimum (CBM)

e Brillouin zone (BZ)
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1

(a) The thermoelectric figure-of-merit, 27", depends on the Seebeck coethicient, «,

the electrical conductivity, o, and the (total) thermal conductivity, x, which all have

different dependencies on the reduced Fermi level, n, such that the 21" reaches a

peak value at an optimal value of 1, which is a function of doping level. (b) The

thermoelectric quality factor, 5, determines the maximum 27" that can be achieved

in a material as a function of doping level (or n). As B increases, the maximum 27

increases. Ky, 1s the lattice thermal conductivity, and £r i1s the Fermi level. Figure

reproduced with permission from M. K. Brod, 5. Guo, Y. Zhang and G. J. Snyder.

MRS Bulletin, 47, 573-583 (2022). Copyright 2022 by the Author(s), under exclusive

License to the Materials Research Society,| . . . . . . ... . ... ... ... ... ..

T2

[llustration of how the symmetry ot a point influences its degeneracy, using a mirror

plane and four-told rotation axis as examples. When the point is located on top of

a symmetry operator, no additional copies of that point are made. However, when

the point 1s located off the symmetry operator, then copies of that point are made in

accordance with the symmetry operation. | . . . . . . ... ... ... ... . ... ..

P

Molecular orbital bonding diagram for a diatomic molecule formed from the interac-

tion between orbital 1 (shown with magenta coloring), with on-site energy £, and

orbital 2 (shown with blue coloring), with on-site energy Es. The bonding molecular

orbital has an energy ¢_ and the anti-bonding molecular orbital has an energy ¢, .

The bond energy is given by b, and the colors (magenta and blue) are used to quali-

tatively represent the relative contribution of each atomic orbital to each molecular

orbital. The bonding molecular orbital has more blue coloring to indicate that it has

more orbital 2 character, and the anti-bonding molecular orbital has more magenta

coloring to indicate that 1t has more orbital 1 character.| . . . . . . . . . .. ... ..
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R.2

Schematic representation of 1D s-orbital Bloch functions (at position, r) for different

values of k in a periodic 1D lattice (defined by a lattice constant, a) comprised of one

s-orbital per unit cell. The blue dashed line represents the real-part of the wavetunc-

tion phase, while the wavefunction itself is represented using the green circles, which

represent the spherically symmetric s-orbitals. The shading of the s-orbitals (dark

green versus light green) represents the sign of the phase (positive versus negative),

while the size of the circles represents the amplitude. Interactions between neigh-

boring orbitals that have phases with the same sign are bonding, while interactions

between neighboring orbitals that have opposite-signed phases are anti-bonding. | . .

P3

oketch of fundamental interaction parameters between s and p orbitals, such the

shading (versus no shading) represents the phase (4 or —) of the atomic orbitals. In-

phase interactions are bonding, while out-of-phase interactions are anti-bonding. The

convention of the interaction parameters (Vjy,,, ) is such that (a) Viso <0, (b)Vspe > 0,

() Vppo >0, and (d) Vipre <O. | 0000000

R4

Tight-binding band structure and corresponding wavefunction (1.(k)) sketches (peri-

odic boundary conditions) for 1D chains of (a) s-orbitals and (b) o-bonding p-orbitals.

The dashed-line band structures are calculated for the case where the interaction pa-

rameters are 2Vss, or 2V,,,», which are twice the magnitude of that used to calculate

the solid-line bands (Vsss or Vipo) - The s-orbital chain is in an entirely bonding

configuration at £ = 0, while it in a completely antibonding (AB) configuration at

k = 4m/a. Conversely, the o-bonding p-orbital chain is completely antibonding

(AB) at k = 0 and completely bonding at k = +7/a. Both are non-bonding (NB)

at k = +7/2a. The shading in the orbital sketches represents the phase, such that

in-phase overlaps are bonding and out-of-phase interactions are antibonding. | . . . .

o7

B5

Tight-binding band structure and wavefunction (. (k)) sketches (with periodic bound-

aries) of a 1D chain of M-s and X-s orbitals. The dashed-line band structure is calcu-

lated for an interaction parameter 2V, while solid-line band structure 1s calculated

using Vssr. The wavefunction for the top band is entirely anti-bonding (AB) at T’

and becomes non-bonding (NB) at £ = +7/a. The wavefunction of the lower-band

is entirely bonding at I" and non-bonding (NB) at k = 4+ /a. The shading of the

orbitals represents the phase (£), and the different colors (red versus blue) represent

different atoms (M or X). Note that the size of the orbitals does not represent the

relative magnitude of the atomic-orbital wavetunctions—all the orbitals are made to

be the same size such that they only represent the symmetry of the phases (£). |

99

0.6

oketches of the I'-point crystal orbital units for 1D crystals with two-atomic-orbital

bases. When the orbitals are both s-orbitals or both p-orbitals, the crystal orbital

of the lower band 1s symmetric and its band runs up in energy from £ = 0, and the

crystal orbital of the higher band 1s anti-symmetric and its band runs down in energy

from k£ = 0. When one orbital is a p-orbital and the other is an s-orbital, the lower

band has an anti-symmetric crystal orbital and runs down in energy, while higher

band has a symmetric crystal orbital and runs up in energy.| . . . . . . ... ... ..

61
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[2.7 Tight-binding band structure corresponding to a 1D lattice consisting of an M-s and

X-p orbital separated by a distance of a/2, where a is the lattice constant. The solid

lines represent the bandstructure when only nearest-neighbor (NN) interactions (s-p

interactions) are included, while the dashed line represents the band structure when

NN and next NN interactions (s-s and p-p) are included.|. . . . . . . . ... ... ..

63

[3.1  Crystal structure of rock salt Pb’Te, showing the conventional cubic unit cell. The Te

atoms are octahedrally coordinated by Pb atoms (coordination octahedron shown in

blue), and the Pb atoms are octahedrally coordinated by Te atoms. | . . . . . . . ..

13.2  Electronic band structure of PbTe with the normalized band-resolved projected den-

sity of states (pDOS) for the (a) Te-s, (b) Pb-s, (c) Te-p and (d) Pb-p orbitals. Band

structure calculated using DF'T' with the PBE tunctional without spin-orbit coupling.|

66

[3.3 Sketch of the projected density of states (pDOS) in a IV-VI rock salt compound like

PbTe. Red coloring represents the anion, while blue coloring represents the cation.| .
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[3.4 Tight-binding (TB) band structures for PbTe toy models calculated using (a) Pb-

s—Te-p and Pb—p—Te-p interactions, (b) only Pb-s—Te-p interactions, and (c) only

Pb—p—Te-p interactions. The magenta, cyan, and orange horizontal lines are visual

guides that show the energy of the L, ., and A VBMs, respectively. The T'B hopping

parameters are given by Vg, = 0.8 €V, V., =1 €V, and Vj,,r = —1/8 €V (see Table

BID -

[3.5 Tight-binding (TB) band structures for PbTe toy models calculated using (a) Pb-s—

Te-p and Pb—p—Te-p interactions and (b) using Pb-s—Te-p, Pb—p-Te-p, and Te-p—Te-p
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are given by Vg, = 0.8 eV, Vo = 1€V, Vpr = —1/8 €V, Vo 7 = 0.15eV, and
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[3.6 k-dependent strength of the cation-s—anion-p tight-binding (TB) hopping integral

(based on the diatomic molecule model) (|V,|) corresponding to the highest valence

band along the (a) A (I'L)-line, (b) ¥ (I'K)-line, and (c) A (I'X)-line of the FCC

Brillowin zone for the IV-VI rock salt I'B model. The values are shown in terms ot

the cation-s—anion-p hopping parameter, Voo | . . . . . 0 . 000000000

[3.7 k-dependent strength of the cation-p—anion-p tight-binding (TB) hopping integral

(based on a diatomic molecule model), |V,,,|, for the highest valence band along the

(a) A (I'L)-line, (b) X (I'K)-line, and (¢) A (I'X)-line of the FCC Brillouin zone for

p hopping parameter, V,,,. The fainter lines in (a)-(c) represent the case where

Vopr = 0, and the darker lines represent the cases where V. = —(1/8)V,p0| . . . . .
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[3.8

oketches of molecular-orbital-like diagrams showing the nearest-neighbor bonding

interactions in IV-VI rock salt semiconductors at the I'-point and at the L-point. (a)

At the ['-point, interactions between the cation-s and anion-s orbitals and between

the cation-p and anion-p orbitals are present. The valence band (VB) edge at I' comes

from the cation-p-anion-p bonding states and the conduction band (CB) edge comes

from the cation-p—anion-p antibonding states. (b) At the L-point, cation-s—anion-p

and cation-p-anion-s interactions are present, and the valence band maximum (VBM)

and conduction band minimum (CBM) come from cation-s—anion-p and cation-p—

anion-s anti-bonding states, respectively. The final energies ot the molecular orbitals

in (b) are modified due to next-nearest-neighbor interactions (e.g., cation-p—cation-

p and anion-p—anion-p next-nearest-neighbor interactions push the nearest-neighbor

s-p anti-bonding states in (b) down in energy and the non-bonding p-states up in

eNnergy). . . . .o

B9

Sketch of linear (1D) representations of the crystal orbital units and corresponding

Bloch functions at I' and L in the highest valence band in PbTe. (a) The Te-p/Pb-s

crystal orbital unit is described by a Te-p orbital and Pb-s orbital in an anti-bonding

(AB) configuration. The I'-point Bloch function for this unit is non-bonding (NB),

as the nearest neighbor bonds alternate between being anti-bonding and bonding,

cancelling out to give zero net-bonding. The L-point Bloch tunction is entirely anti-

bonding (AB). (b) The Te-p/Pb-p crystal orbital unit is described by a Pb-p—Te-

p bonding interaction. The I'-point Bloch function is bonding, while the L-point

Bloch function is non-bonding (NB). Dark versus light shading is used to represent

the orbital phases (positive or negative), such that overlaps between orbitals of the

same phase are bonding (o) and overlaps between orbitals of opposite phases are

anti-bonding (c*). Note that the size of the orbitals does not represent the orbital

contributions/characters. The orbitals are all shown using the same size, such that

only the symmetry ot the phase is represented by these sketches. The 1D L-point

representation also corresponds to the 1D representations of the W-point, Y.’-point,

and A'-point VB edges. | . . . . . ...

B.10

3D sketches of the tight-binding wavetunctions in the highest valence band of Pb'Te at

the L-point, Y'-point, and A’-point. At the L-point, the Te-p orbital is aligned along
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integral), given by V;,(k), decreases from L to X' to A’. The shading indicates the

orbital phases (positive or negative), and the relative phases of the Pb-s orbitals were

assigned using the 3D Bloch functions.| . . . . . .. . ... ..o
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[4.1 Low-dimensional Fermi surfaces in bulk 3D materials have density of states (DOS)

with energy () dependencies that correspond to those in true low-dimensional ma-

terials, such as thin-films and nanowires. The top row depicts sketches of true 3D,

2D, and 1D materials. The middle row contains sketches of the corresponding DOS

for these materials, assuming parabolic bands in the dispersive direction(s). The

DO K aCe 1D DUILK 1 d [1a
DOSs with energy dependencies corresponding to 3D-type transport (DOS o /),

2D transport (DOS independent of energy), and 1D transport (DOS x 1/4/¢). In

the DOS sketches, ¢, denotes the band edge.|. . . . . . . . .. ... ... ... ...
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[4.2  DFT-calculated (using the PBE functional without spin-orbit coupling) electronic

structure ot Pb'Te, showing the valence band edge. The energy of the L, >, and A

valence band extrema are shown using the magenta, cyan, and coral dotted lines,

respectively. The energy differences between the L and Y bands (Ery) and L and A

bands (Epa) are labeled|. . . . . . .. . ... ...
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[4.3  Tight-binding (TB)-calculated band convergence between L, 3, and A valence bands

with respect to (a) the cation-s—anion-p interaction strength (Vs,,), (b) the anion-

p-anion-p interaction strength (V,,,7.) and (c) the energy separation between the

cation-s and anion-p orbitals (24,,). The solid lines are calculated using the ana-

Iytical approximations given in Equations F.1[4.2] and the circles represent values

calculated numerically using the TB model. The values ot the TB parameters when

they are held constant are V,,, = 0.8 eV, V,,n. 7¢ = 0.15 eV, 24,, =5¢V, V), =1

eV, and Vppr = —1/8 V. Vjpr e is constrained, such that Vipr 7o = —%V},p(,,;re (see

Table[3.1)). | . . . . .

[4.4  Comparison of DFT-calculated (no SOC) valence band (VB) offsets and k-resolved,

band-resolved projected density of states (pDOS) values for the cation-s orbitals as

a function of lattice constant between GeTe and PbTe. (a) Difference in energy

between L and ¥ VBs (circles) and between L and A VBs (inverted triangles) for

GeTe (red) and PbTe (blue). Lines of best fit are shown with solid lines (L—X) or

dashed lines (L—A). (b) Difference in the (normalized) pDOS of cation-s between L

and ¥ VBs and between L and A VBs for GeTe and PbTe (same label key as (a)).

(c) Normalized cation-s pDOS in the L-point VBM as a function of lattice constant

for Ge'le and PbTe. | . . . . . . . . .
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[4.5  Numerical tight-binding (TB) values of valence band (VB) offsets between the L and
[ Y VBs (Erx) and between the L and A VBs (E7A) as a function of z in M1, M2;_, X,
where M1 is a cation that introduces unfilled s states above the VB edge (Na, Mn,
Mg, Cd, Hg, etc.), M2 is a group-1V cation (Ge, Sn, Pb), and X is a group-VI anion
(S, Se, Te). The darker lines represent values calculated with the M1-s"-X-p and
M2-5°—X-p interactions included, while the fainter lines represent values calculated
where only the M2-s°—X-p interaction is considered (s"-cation (M1) acts as a cation
vacancy). The same s-p hopping parameter, Vj,,, is used for both s-p interactions,
and the on-site energy of M1-s" is set to be 2.5 eV above the X-p on-site energy. The
other TB parameters are the same as those used to calculate Figure |4.3| (see Table
[3.1). The M2-p—X-p interaction is also included in all calculations. Note that only
| the effects of the cation-s-orbital contents are being considered in this model— we |
| do not regard the eflects of introducing other M1 orbitals.|. . . . . . . ... ... .. 98

[4.6  Valence band (VB) Fermi surface evolution from tight-binding (TB) band structures |
| of a toy IV-VI rock salt semiconductor, where the cation-s—anion-p hopping param- |
eter, Vs,o, 18 varied. The top panel shows 1B Fermi surfaces when the Fermi energy
1s set to be 0.05 eV below the VBM, and the bottom panel shows Fermi surfaces
with the same V,, values for a Fermi energy 0.075 eV below the VBM. All the TB |
parameters aside from V;,, are given by the values listed in Table B[ ]. . . . . . .. 99

[4.7 Idealized IV-VI rock salt valence band (VB) Fermi surfaces types. Each type of Fermi
| surface is distinguished by the energy dependence of its density of states (DOS), and
| the dimensionality of transport that coincides with this DOS. The 3D-type Fermi |
surface (left) consists of four spheres (eight half-spheres), with radius [kgp|. The 2D-
like Fermi surface (center) consists of twelve cylinders with radius [kep| and length
2T where a is the unit cell lattice constant. The 1D-like Fermi surface (right) can be

approximated as six intersecting sheets (neglecting the overlapping areas) with side
lengths @ and thickness 2|k D|.| ............................ 101

4.8 Seebeck coefficient (o), power factor (o), and 2T as a function of hole concentration

(p) at 300K for different scattering assumptions (based on acoustic-phonon scattering)
for the 3D- (green), 2D- (blue), and 1D-like (red) Fermi surfaces in IV-VI rock salt
compounds. (a) The Seebeck coefficient is highest in the 1D Fermi surface, followed
by the 2D then 3D Fermi surface geometries. (b) Power factor and (c) 27 as a
function of carrier concentration, assuming that the scattering rate is proportional |
to the density of states of a single sphere, cylinder, or sheet. (d) Power factor and
(e) 2T, assuming that the scattering rate is proportional to the density of states
corresponding to one of the four L-points (1/4 of the total DOS for 4 spheres, 12
cylinders, or 6 sheets)| . . . . . . ... oo 107

[4.9 (a) Seebeck coefficient (), (b) power factor (a®c), and (c) 27T as a function of hole

concentration (p) at 300K calculated using the constant scattering time approxima-
tion for the 3D- (green), 2D- (blue), and 1D-like (red) Fermi surfaces in IV-VI rock
salt compounds.|. . . . . .. L 109
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|4.10 Comparison of Seebeck effective mass and Fermi surface complexity factors for ide-

alized IV-VI rock salt Fermi surfaces with 3D- (green), 2D- (blue), and 1D-like (red)

transport—described by spheres, cylinders, and sheets, respectively. (a) Seebeck ef-

fective mass (m7) versus carrier concentration (p) relationships calculated using an

acoustic-phonon scattering assumption with the Seebeck versus carrier concentration

data in Figure 4.8a. (b) Fermi surface complexity factor, Ny, K*, for each type of

Fermi surface using conductivity effective masses (m}) of 0.2m., 0.4m., and 0.6m,.,

for the 3D-, 2D-, and 1D-type Fermi surfaces, respectively. All calculations were done

at T =300K. 1. . . ..

BT

Primitive unit cell of GeTe in the cubic rock salt phase and rhombohedral phase,

where Te is located at (0, 0, 0) in both cases. (a) In the cubic phase, Ge (blue) is

located at (0.5, 0.5, 0.5), and the primitive cell interaxial angle () is 60°. (b) In the

rhombohedral phase, the Ge is displaced from the center of the Te (red) octahedron

at (0.5 +0,0.5+6,0.5+9), where 6 ~ 0.03, and the interaxial angle is 58°. | . . . . .

52

Labelled first Brillouin zones (BZs) of the (a) cubic rock salt and (b) rhombohedral

phases of GeTe. DFT electronic band structures of (c¢) c-GeTe and (d) r-GeTe,

calculated using the PBE tunctional with SOC.|. . . .. ... .. ... ... ... ..

116

5.3

(a) Schematic of the valence band (VB) edge energies (L, Z, 3, n, and A ) with

respect to the L-point CBM (black) as a function of interaxial angle (v) when the

Ge-offset, 0 = 0 (top) and = 0.03 (bottom). The energies (shown with dashed

lines) are calculated from DF'T with spin-orbital coupling (SOC). (b)-(c) Qualitative

sketches of just the L, Z, and Y., band energies as a function of v for 0 = 0 and 0.03.

Increasing the offset from o0 = 0 to 0.03 pushes the Z and . bands down in energy

relative to the > band (for all 7). The values in parentheses are the degeneracies for

each specified k-point or line. |. . . . . . . ... o

B4

2D heat maps showing the nominal valley degeneracy (/Ny) of the valence band using

a Fermi energy (Er) of Eypy — Er = 0.03 eV, (b) Eyvpy — Er = 0.05 eV, (c)

Evey — EF =0.07 eV, and (d) Eypy — Ep = 0.10 €V. Eypas is the energy of the

VBM. The values of nominal Ny are labeled in each region. | . . . ... .. ... ..

55

Fvolution of Ge'le valence band Fermi surface upon increase in symmetry from the

rhombohedral to cubic structure. (a)-(c) Fermi surfaces calculated 0.05 eV below

the VBM for the (a) relaxed r-GeTe, (b) less distorted r-GeTe with 0 = 0.01 and

= 59.7°, and (c) relaxed c-GeTe. (d)-(f) Fermi surfaces calculated 0.10 eV below

the VBM for the (d) relaxed r-GeTe, (e) less distorted r-GeTe with o = 0.01 and

~v = 59.7°, and (f) relaxed c-GeTe. The nominal values of Ny are given below each

Fermi surface. | . . . . . .
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.6

(a) Offset (0) versus interaxial angle () values determined experimentally (magenta

circles and black triangles) |1,2| and from DFT (red inverted triangles). (b) Valence

band energies (Eyp) of the X, L, Z, n and A bands along the interpolated DFT ~

vs. 0 line. The energies are shown relative to the energy of the CBM at the L-point

(Ecpym(L)). (c) Nominal valley degeneracy (Ny ) along the DET ~ vs. 0 line for a

Fermi energy 0.05 eV below the VBM.| . . . .. ... ... ... ... ... ......

B7

Visualizations of simplified tight-binding (TB) wavefunctions at local VBMs in c-

GeTe (v = 60°) and r-GeTe (y < 60°), assuming that only the interaxial angle (v)

varies, while the offset is constant at v = 0. (a) For c-GeTe, at the L-point, the Te-p

orbital 1s oriented such that 1t 1s anti-bonding with all six neighbors, and the angle

between the Te-p orbital and the Ge-s orbitals (¢ ) is such that cos¢¢ = 1/v/3.

At the ¥ maximum, the Te-p orbital is anti-bonding with 4 Ge-s neighbors and

non-bonding with 2 Ge-s neighbors. The bonding angle between the Te-p orbital

and the 4 anti-bonding Ge-s orbitals (¢$%) is given by cos¢s = 1/v/2. (b) TB

wavefunctions after c-GeTe are distorted through a reduction in . The Z-point

VBM wavefunction is characterized by a bonding angle (¢7,) that is less than ¢.

The L-point wavetunction is defined by two different bonding angles, a bonding angle

17, (2/6 of bonds), where that ¢, > ¢7, and an angle, ¢35, (4/6 of bonds), where

that ¢ L > ¢7 - The cubic X VBM splits into the thombohedral ¥ and 7 bands,

where ¢F, < @G and @) > @G| . . . ..

53

Ge-s—Te-p bonding angles ¢ and effective s-p interaction strength, Vy,/Vp, (from

Equation [5.2)), as a function of interaxial angle (y) and atomic offset (). For L

and 7, all 6 neighbors are considered, and for > and 7, the 4 strongly anti-bonding

neighbors are considered. (a) ¢ vs. v for L, Z, n, and . At L, there are two distinct

s-p bonding angles (shown in dashed lines), so the average is shown using the red

“-0” line. At the L, VBM, the average value ot ¢ increases with decreasing v, while at

7, ¢ decreases. At the n VBM, ¢ increases with decreasing ~, while at the >, VBM,

¢ decreases. (b) Thus, the Z and ¥ VBs becomes more anti-bonding as v decreases,

while the L and n bands becomes less anti-bonding. | . . . . . .. ... ... ... ..

59

k-resolved, band-resolved projected crystal orbital Hamilton population (pCOHP)

values versus interaxial angle (y) in the Z (magenta), L (red), ¥ (blue), n (turquoise),

and A (green) VBMs in GeTe. COHP of Ge-s—Te-p interaction when (a) o = 0 and

(b) 0 = 0.03. COHP of Ge-p—Te-p interaction when (c) 6 = 0 and (d) 6 = 0.03. Sum

of Ge-s—Te-p and Ge-p—Te-p COHP values when (e) 0 =0 and (f) 6 =0.03 . . . ..
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[5.10

Molecular-orbital-like bonding diagrams representing the GeTe valence band (VB)

edges, 1llustrating the reduction in energy ot the anti-bonding VB edge and the emer-

gence of the ¥ VBM over the Z (or L) VBM when the Ge offset (9) is greater than

zero (inversion symmetry broken). The states near the VB edge are characterized by

cation-s—anion-p anti-bonding character. In the rock salt structure (0 = 0), interac-

tions between the anti-bonding VBM and the cation-p states are symmetry forbidden.

When inversion symmetry is broken, the s-p anti-bonding strength decreases and the

cation-p (Ge-p) states can interact with these anti-bonding states, which lowers their

energies. Moreover, the bonding interaction with the Ge-p states is stronger in the

7 VB than in the > VB, which pushes the energy of the Z VB down more, favoring

the > VBM m r-Gele. | . . . . . . . o

B.11

TB electronic structure for a toy model of GeTe (interaxial angle set to v = 58°)

illustrating the origin of the Z-VBM oftset from the Z-point and its decrease in energy

upon increasing 6. Band structures when (a) Vy,p, =4 €V, V. = —0.5€V, Vg,p = 1.5

eV, and 0 varies from 0 to 0.03, (b) 0 = 0.03, Vs, = 1.5 eV and V,,, varies from

0to6 eV (Vypr = —Vipo/8), (¢) Vipe =4 €V, Vi = —0.5 €V, Vi, =0 eV and 0

varies from 0 to 0.03, and (d) 6 = 0.03 Vs, = 0 €V and V,,,, varies from 0 to 6 eV

W = Voo /80 |+ - o o o

.12

Tight-binding (TB) band offsets (calculated without SOC) between the ¥ and L

bands (Fy, red lines) and between the . and Z bands (Fx 7, blue lines) as a function

of cation offset for the cases where (a) the interaxial angle is given by v = 60°, and (b)

v = 55°. The darker red and blue lines are from calculations that do not include Te-p—

Te-p bonding interactions, and the fainter lines are from calculations that include the

Te-p—Te-p interactions (Vo 7e = 0.275 eV). The black arrows point to the upward

shift in the Fy7, and Es.z lines when the anion-p—anion-p interactions are included.

The remaining TB hopping parameters are given by Vi, = 1.5 eV, V,,,, = 4.0 eV,

Vopr = —0.5 eV (see Table[5.1). The cation offset is set to § = 0.03 for all calculations.

Note that These TB offsets just give a qualitative description of Gele and do not

give the actual values of the band offsets. For instance, in r-GeTe, the VBM 1s along

I'P(X),not Zor L.| . ... o

F.13

Tight-binding (TB) band structure, showing the top of the valence band (VB), in

a toy model of r-GeTe (6 = 0.03, v = 58°) with (a) varying spin-orbit coupling

(SOC) strength and constant V,,, = 4.0 €V, and (b) constant SOC = 0.5 eV with

varying values of Vj,». The other TB parameters are set such that Vy,r = —Vp,5/8,

Lge—p — Frep = 3.5, Voo = 1.5 eV, and Vo 7e = Ve 7e = 0. These TB band

structures only give a qualitative description of r-Ge'le and do not give the actual

values of the band offsets. For instance, in r-GeTe, the VBM is along I'P (X), not

(slightly off) Z.|. . . . . . . . .
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6.1

The half-Heusler crystal structure (space group #216) is comprised of three crystal-

lographic sites, each forming an FCC sublattice. The X (blue) and Z (green) sites

form the octahedrally coordinated rock salt structure with X at the (0, 0, 0) position

and Z at the (1/2, 1/2, 1/2) position. The Y-sites (red) at (1/4, 1/4, 1/4) fill half of

the rock salt tetrahedral sites, while the other half of the tetrahedral sites are unfilled. (140

6.2

Simplified sketch of two bands (each doubly degenerate, yielding four bands total)

along the A-line in a halt-Heusler compound before and after interacting and inducing

an avoided crossing. (a) When the bands are non-interacting, one of the bands

decreases energy from [’ to L and has orbital character that transitions from being

mainly Y-d—X-d at I' to being mostly Y-d at L. The second band increases in energy

from I' to L and contains mostly X-d character. (b) When the bands interact, an

avoided crossing occurs, and the lower band transitions from having X-d character

at I' to Y-d character at L. There are two local VBM, one at 1" with X-d character

and one at I with Y-d character. The relative energies of these VBMs can be tuned

via substitutions on the X- and Y-sites. The dashed horizontal line in (a) and (b)

represents the Fermienergy. | . . . . . . . . oL

(6.3

DE'T-calculated electronic band structure calculations of hali-Heusler compounds,

ZrNiSn and NbFeSb, showing (a)-(b) the relative contribution of each atomic species

(X,Y,Z) and (c)-(d) the relative contribution of each orbital type (s,p,d). The

symmetry representations for select bands at the X-, I'-, and L- points and along the

A- and A-lines are shown. The dashed line indicates the Fermi energy.| . . . . . . . .

146

6.4

Schematic depiction of a normal crossing and three cases of avoided crossings (top)

with corresponding sketches of the tight-binding hopping integral, V (bottom). (a)

Normal crossing with an interaction of V= 0. (b) Avoided crossing when the hopping

integral, V, is constant along the entire k-path. (c) Avoided crossing where the

hopping integral varies sinusoidally, such that V' = 0 at the far right and left and

reaches a maximum at the center of the k-path where the bands would have crossed.

(d) Avoided crossing when V varies, such that V' = 0 at the far left and is at a

maximum at the far right ot the plot. Red and blue coloring is used to depict the

character of the bands, and in (b)-(d) top, the dashed lines indicate the behavior of

the bands when V' = 0. In (b)-(d) bottom, the blue horizontal dashed lines are shown

at V=00 . . o o e

6.5

k-resolved, band-resolved crystal orbital Hamilton (COHP) values in the Az 4 (a) va-

lence band (VB) of ZrNiSn, (b) VB of NbFeSb, (c) conduction band (CB) of ZrNiSn,

and (d) CB of NbFeSb. In the VB, the green curve represents X-d—Y -p interactions,

the red curve represents X-d—Z-p interactions, the purple curve represents X-d—Y -d

interactions, and the blue curve represents Y -p—Z-p interactions. In the CB COHP

plots, the red curve represents X-d—Z-p interactions, the green curve represents Y -

d—Z-p interactions, and the blue curve represents X-d—Y-d interactions.| . . . . . . .

6.6

Magnitude of X-d-Z-p tight-binding hopping integral in the A3 4 bands in a generic

halt-Heusler compound. | . . . . . . . . .. L
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(6.7

Heat maps representing the normalized band-resolved projected density of states |

(pDOS) of (a) the I'15 valence band (VB), (b) the I'15 conduction band (CB), (c) the

X5 VB, and (d) the X5 CB in ZrNiSn and of (e) the I'j5 VB, (f) the I';5 CB, (g) the

X5 VB, and (h) the X5 CB in NbFeSb. For the I'j5 bands, the pDOS shown is the

average of the three triply degenerate bands comprising that state, and tor the Xsg |

bands it is the average of the two doubly degenerate bands. The orbital projections |

are normalized, such that the sum ot the orbital projection for each band at each |

k-point isequal toone.|. . . . . ..o 153

(6.8

Qualitative sketches of the molecular orbital diagrams at the I'-point representing

(a,c) the formation of the [Y Z|"™ polyanion and (b,d) the formation of the XY Z

half-Heusler (hH) structure from [Y Z|"~ and X"". The diagrams in (a)-(b) more

closely resemble the bonding in ZrNiSn, and those in (c)-(d) most closely resemble

NbFeSb. The symmetry representations of the molecular orbitals with respect to the

1,y point group are shown, with the corresponding band symmetry labels shown in

degenerate X-d orbitals and a Z-p—Y -p anti-bonding state. The relative energies of

|
|
parentheses. The VB edge at I' can be described as a bonding state between the triply |
|
|

the atomic and molecular orbitals will vary as the chemistry ot the compound changes.

Note that the energy scales in each of the four MO sketches are arbitrary.| . . . . . . 156

(6.9

Electronic band structures calculated via DF'T showing the normalized d-orbital con-

tributions of each band at each k-point. The thickness of the line represents the con-

tribution from the designated orbitals, and the dashed horizontal line represents the

Fermi energy and is at the VB edge for both compounds. We show the contributions

of (a) the Zr-dy, orbitals in ZrNiSn, (b) the Ni-d, orbitals in ZrNiSn, (c) the Nb-dj,

orbitals in NbFeSb, and (d) the Fe-d. orbitals in NbFeSb. Symmetry representation

labels for various I' — A—L bands are shown in (a) and (c) for reference.| . . . . . . . 157

[6.10

k-point-resolved, band-resolved projected COHP values for various interactions in |

ZrNiSn in (a) the second-highest A3 VB (VB lower), (b) the highest A3 VB (VB

upper), and (c) the A3 CB. Negative COHP values correspond to bonding character,

while positive COHP values indicate anti-bonding character,|. . . . . . . . . ... .. 158

(B

Heat maps showing normalized projected density of states (p-DOS) for the X5 CB in |

(a) ZrNiSn and (b) NbFeSb and for the X3 CBs in (c) ZrNiSn and in (d) NbFeSb/|. . 160

6.12

k-resolved, band-resolved COHP values for the X-d—Y-d interactions in the I';9 —

A1—X3 and ['19 — As—Xo bands i ZrNiSn and NbFesSb. The red lines correspond to

interactions in ZrNiSn. The filled circles denote the A, band, while the plus (+)

|
|
the Nb-d—Fe-d interaction in NbFeSb, and the blue lines correspond to the Zr-d—Ni-d |
|
|

symbols represent the A; band. At I', both of the I'15 states are anti-bonding, and

at X, the X3 state is anti-bonding, while the X5 state is non-bonding. | . . . . . . .. 161

6.13

Magnitude of tight-binding (TB) hopping integrals [V| for (a) the X-d.—Y-d. in-

teractions in the A; and A, bands and (b) the X-djo—Y-d, interaction in the Aj
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6.14

Qualitative sketch of molecular orbital diagrams at the X-point that explain the

character and relative energies of the competing Xo and X3 CBMs. (a) The Y-d.»

orbitals interact with the Z-p, orbitals to form a bonding and anti-bonding state,

while the Y-d,2_,» orbitals are non-bonding. (b)-(c) The X-d,, orbitals interact with

the Y -s orbitals to form a bonding and anti-bonding state below and above the two

competing CBMs, respectively. (b) When there is a greater difference between the

relative energies of the X-d and Y-d orbitals, the anti-bonding X3 state from (a) is the

CBM. (c) When there is a smaller difference (NbFeSb) between the relative energies

of the X-d and Y-d orbitals, the non-bonding X-d,2_,2 state (X3) is the CBM. (d)

The X3 anti-bonding state (from Y-d—Z-p interaction) in (a) interacts with the X3

bonding states (from X-d-Y-d interaction) from (b) and (c), such that the X3 CBM

has X-d—Y-d anti-bonding character.| . . . . . . .. .. ... o oo

164

6.15

Electronic band structures calculated via DE'I' for two hH compounds, NbRhSn and

NbCodn, with VBMs at the W-point. The color and line thickness represents the

normalized contribution of the (a) Sn-p orbitals in NbCoSn, (b) Co-d. orbitals in

NbCoSn, (c) Sn-p orbitals in NhRhSn, and (d) Rh-d. orbitals in NbRhSn. | . . . . .

6.16

(a) Scatter plot showing how the energy difference between the L and W VBMs

(Evpu(L) — Evpa(W)) varies with the difference in the normalized Z-p orbital

contribution between the L and W valence band edges. (b) Plot showing Fy gy (L) —

Ev ey (W) versus the Pauling electronegativity difference between the Y- and Z-site

species [3]. (c) Plot of Ey gy (W) — Ey (L) versus the difference in group number

between Y and X. The blue points correspond to compounds that have a VBM at

the I'-point, and the red points correspond to compounds that have a VBM at the

L-or W-points. | . . . . . . . .

6.17

Plot of Eyvpy(I') — Eyvpa (L) versus E(X3) — F(X2) (calculated from DFT-PBE)

for sixteen different halt-Heusler compounds. Four different quadrants are defined

according to the Fypy (') — Eypu(L) = 0 and £(X3) — F(Xy) = 0. Eypy(I) —

Eyvpu (L) generally decreases with E(X3) — E(X3). The blue region is comprised

of compounds where the X-d orbitals dominate the higher energy VB (') and the

higher energy CB (X3), and the red region is comprised of compounds where the

Y'-d orbitals dominate the higher energy VB (L) and the higher energy CB (X3).

Materials with W-pockets at or near (within 100 meV of) the VB edge are denoted

with green triangles.| . . . . . . . ...

71

(a) Crystal structure of MgsShy. The blue and turquoise atoms represent Mg and the

orange atoms represent Sb. (b) The Mg(1) site (dark blue) is octahedrally coordinated

by Sb, while (c) Mg(2) (turquoise) is tetrahedrally coordinated by Sb. |. . . . . . ..
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[7.2  Illustration of how Mg-s—Sb-p anti-bonding interactions yield the low-symmetry CBM

at U™ in MgsSbs. In this sketch, the relative size of the Sb-p orbitals qualitatively

represents the relative contribution of the Sb-p orbitals relative to the Mg-s orbitals

and corresponds to the strength of the Mg-s—Sb-p anti-bonding interactions. Mg-s—

Sb-p anti-bonding interactions are weaker near U™ and becomes stronger away from

U*, leading to a minimum (or local minimum) at U*. | . . . ... ... ... ... ..

[7.3  Electronic bands, orbital compositions, and crystal orbital Hamilton population (COHP)

values for a two-orbital tight-binding (TB) model serve as guides to interpret orbital

contributions and COHP values calculated from DFT. (a) TB band structure where

the color of the bands represents the relative contributions from the M-s (blue) and

X-s (red) orbitals. (b) TB orbital contributions of M-s (blue) and X-s orbital (red)

to the lower band. (c) Orbital contributions in the upper band. (d) The non-local

term (COHP) reaches a maximum in magnitude at I' and is zero at L. These plots

are based on a I'B model of an FCC rock salt structure comprising M-s and X-s

orbitals with an hopping parameter given by Virx (1) = 6Vs, cos (7l /2), where [ = 0

at 'and [ = 1 at L and Vo = —1 12. The on-site energies are defined such that

(EM—s + EX_S)/Q =0and Fy,_s — Ex_s = 1.| .....................

[7.4  The two-band tight-binding (TB) electronic band structure for a toy FCC crystal

consisting of M-s and X-s orbitals shows that both increasing the s-orbital interaction

strength and decreasing the energy difference between orbitals decrease the effective

mass of the carriers. (a) Bands calculated with A = 5(Ey,s — Ex,s) = 3.0 eV and

Vise = -0.5 eV (magenta), -1.25 eV (green), and -2.0 eV (blue). (b) Bands calculated

with Viso = —2.0 €V and A =1.0 eV (magenta), 5.5 eV (green), and 10.0 eV (blue).| .

181

[7.5 2D heat maps of the of the conduction bands (CBs) in the 'ALM plane for an energy

window of 0 eV to 0.4 eV above the CBM for (a) Mg3Bis, (b) MgsSba, and (c) Mgz Ass.
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Introduction

1.1 Thermoelectric Devices

Thermoelectric devices are solid-state heat engines that possess the unique ability to directly convert
between temperature gradients and electricity through the flow of charge carriers (electrons and
holes), implying important applications in sustainable power generation and solid-state cooling [7].
Thermoelectric devices are comprised of a number of thermoelectric modules that contain p-type
and n-type semiconductor legs that are electrically in series and thermally in parallel [8]. In the
power-generation mode, a temperature gradient is applied across the devices, which generates a
voltage and induces the flow of charge carriers from the cool side to the hot side, producing an
electric current. Conversely, when an external voltage is applied to the device, the flow of charge

carriers, and hence heat, is directed such that one side of the device is cooled |7,§].

NASA has been successfully employing Radioisotope Thermoelectric Generators (RTGs) to
power deep-space missions since the middle of the 20th century [9], and RTGs have been used to
power the Voyager, Cassini, Curiosity Rover, and Perseverance Rover missions |10]. However, with
the current climate crisis, there is a growing need to develop technology that can reduce greenhouse
gas emissions, pushing the field of thermoelectrics to focus more attention on terrestrial applications.
One potential application is industrial-scale waste-heat recovery. According to one analysis [11], 80%
of industrial waste heat is released as heated gas (373-573 K). Using thermoelectrics to convert this

waste heat into electricity can improve overall energy efficiencies and mitigate the deleterious en-



31

vironmental impacts of alternative waste-heat management strategies [12|. Similarly, waste-heat
recovery in automobiles could be a potential route to improving fuel-efficiency, and hence, reducing
harmful carbon emissions. Automotive internal combustion engines typically have efficiencies rang-
ing between 25% and 40%, and much of the unused energy is rejected as waste-heat, which could

be captured and used by thermoelectric generators |13,[14].

Additionally, thermoelectric cooling provides a means to reduce the environmental impact of
carbon emissions and harmful refrigerants |15]. Over 25% of the electricity consumed in the United
States is used for heating, ventilation, and air-conditioning (HVAC). Much of this energy is wasted
because most HVAC systems are designed to heat or cool entire buildings or cars. Thermoelectric
coolers and heat pumps can provide the technology required for distributed HVAC, which provides
heating and cooling locally, where necessary, and has the potential to greatly reduce HVAC energy

requirements [15].

The performance of a thermoelectric device for both power generation and cooling is determined
by its dimensionless figure-of-merit Z7T'. For power generation, the relationship between the device
ZT and efficiency, 7, is given in Equation [I.I} where T, and T}, are the absolute temperatures of
the cold side and hot side, respectively, of the device, and T is the average temperature across the
device. The term (1}, — T.)/T}, is the Carnot efficiency, or the thermodynamic efficiency limit. As

Z'T approaches infinity, the device efficiency approaches this Carnot limit.

n:Th—TC<\/1+ZT—1> L)

Th, Vi+ 2T+

For thermoelectric refrigerators, the coefficient of performance (COP), denoted ¢, also depends

on ZT and the temperature gradient (Equation . The COP is defined as the heat removed
divided by the electrical power consumed, and the term, T../(T}, —T¢) is the Carnot COP (thermody-
namic limit) |16]. For thermoelectric coolers/heat pumps to be competitive with vapor-compression
cooling systems, ZT > 2 is required, while ZT" > 6 is would be required to cool to cryogenic temper-

atures [16]. However, the best thermoelectric cooling systems to-date are yet to reliably reach values
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of ZT =1, indicating the need for better mid- to low-temperature thermoelectric materials [17].

¢ (1.2)

T V1+ZT —T,/T,
T, — Te V1+ZT +1

1.2 Optimizing Thermoelectric Performance

In the previous section, we described the device figure-of-merit, Z7T', as a means to determine the
efficiency of a thermoelectric device for power generation or cooling. However, the focus of this
dissertation is on engineering the materials that comprise the n-type and p-type legs themselves, so
we require a means to quantify the performance of thermoelectric materials. To describe the perfor-
mance of a thermoelectric material, we employ the material figure-of-merit 27", given by Equation
[I.3] where T is the absolute temperature, o is the electrical conductivity, « is the Seebeck coeffi-
cient, k. is the electronic contribution to the thermal conductivity, and ry, is the lattice (phonon)
contribution to the thermal conductivity [8,/18]. The term a?c term in the numerator is referred
to as the power factor. The electronic contribution to the thermal conductivity can be written as

ke = LoT, where L is the Lorenz number, so k;, = kK — LoT.

2
T
1= L0 (1.3)
Ke + KL

Thus, designing high-performing thermoelectric materials is a complex optimization problem
that requires increasing the Seebeck coefficient and electrical conductivity, while minimizing the
thermal conductivity. Unfortunately, these properties have competing behaviors, as increasing the
electrical conductivity often reduces the Seebeck coefficient and increases the electronic contribution
to the thermal conductivity. Therefore, the thermoelectric quality factor, B, is introduced as a means

to decouple competing effects and elucidate strategies to optimize thermoelectric performance.
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1.2.1 Thermoelectric Quality Factor

The material properties that comprise 27" are functions of the reduced Fermi level, n (also called
the reduced chemical potential) (Figure [l.1h). The reduced Fermi level is given by n = Ep/kpT,
where Ef is the Fermi level (electron chemical potential), and the reduced Fermi level depends on
the doping level (i.e., carrier concentration), such that 7 increases monotonically with increasing
carrier concentration. The exact relationship between 1 and carrier concentration (n or p) depends
on the nature (shape) of the band structure. The Seebeck coefficient (magnitude) decreases with
increasing 1, while the total thermal conductivity and the electrical conductivity both increase with
7. Because of these competing effects, the 27T reaches a maximum value at an optimal carrier
concentration, or reduced Fermi level. The maximum 27 that a thermoelectric material can achieve
when it is optimally doped is determined by its dimensionless thermoelectric quality factor, B,
which is independent of doping (Equation . As B increases, the peak 2T that can be achieved

when the material is optimally doped also increases (Figure [1.1p) [18][19].

Ny

B o —
mIKZL

(1.4)

The quality factor, which is derived in Chapter is proportional to the valley (band) degeneracy
(Ny) and inversely related to the lattice thermal conductivity (kz,) and to the inertial effective mass
(m7). While a reduction in the lattice thermal conductivity is crucial for optimizing thermoelectric
performance [20-27], this dissertation centers on optimizing the electronic transport properties of
thermoelectrics, namely by increasing Ny and decreasing mj. The valley degeneracy describes
the number of carrier pockets (Fermi surface pockets) contributing to transport at a given Fermi
level, while the inertial effective mass determines the velocity, and hence, mobility of the charge
carrier and is inversely related to the curvature of the electronic dispersion near the band edge
(valence band edge for holes and conduction band edge for electrons). Low inertial effective masses

are beneficial because they lead to higher electrical conductivity, o, and high valley degeneracy is
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-10 =5 0 5
n= EF/kBT

Figure 1.1: (a) The thermoelectric figure-of-merit, 27", depends on the Seebeck coefficient, «, the electrical
conductivity, o, and the (total) thermal conductivity, &, which all have different dependencies on the reduced
Fermi level, n, such that the 2T reaches a peak value at an optimal value of 7, which is a function of doping
level. (b) The thermoelectric quality factor, B, determines the maximum 27T that can be achieved in a
material as a function of doping level (or n). As B increases, the maximum 27 increases. sy, is the lattice
thermal conductivity, and Ep is the Fermi level. Figure reproduced with permission from M. K. Brod, S.
Guo, Y. Zhang and G. J. Snyder. MRS Bulletin, 47, 573-583 (2022). Copyright 2022 by the Author(s),
under exclusive License to the Materials Research Society.
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beneficial because of the trade-off between electrical conductivity and the Seebeck coefficient with
respect to the reduced chemical potential, 7, and hence, carrier concentration (see Figure .
The electrical conductivity increases with 7 specifically because of the associated increase in carrier
concentration (o o« n), while the relationship between « and 7 is not actually related to the carrier
concentration itself (its dependence on the carrier concentration is a consequence of its dependence
on n). Thus, high valley degeneracy partially resolves the trade-off between a and o with respect
to n, in that it allows for higher carrier concentrations (increased o) without increasing n (a is not

reduced).

1.2.2 Electronic Band Engineering

Electronic band engineering in reciprocal-space (k-space) is a popular and highly effective approach
for enhancing the electronic components (i.e., Ny and mj) of the thermoelectric quality factor,
B |8,[28H35]. Specifically, it is desirable to engineer bands that have high curvature (low inertial
effective mass) and multiple carrier pockets near the band edge (high valley degeneracy), assuming

minimal inter-valley scattering |36].

A large portion of this dissertation focuses on achieving high valley degeneracy, which can
be achieved in two ways. The first is to have band extrema (valence band maximums (VBMs) or
conduction band minimums (CBMs)) at lower symmetry points in the Brillouin zone (BZ) of higher-
symmetry crystals. In other words, it is better to have band extrema at k-vectors that are located
on as few symmetry operators (e.g., mirror planes, glide planes, rotation axes, inversion centers,
etc.) as possible. When a point is located on a symmetry operator, that symmetry operation maps
the point back onto itself, so no additional copies of that point are generated. However, if a point
is located off that symmetry operator, the symmetry operation generates copies of that point. For
instance, a four-fold rotation axis would create three additional copies (four total) and a mirror
plane would create one additional copy (see Figure . Therefore, when a point in the BZ has

lower symmetry (located on fewer symmetry operators) and the crystal itself has higher symmetry,
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there are more symmetrically equivalent copies of this point inside the BZ. The I'-point (k = 0)
is the highest-symmetry point, located at the center of the BZ, and it always has a degeneracy of
Ny = 1 associated with it. Thus, it is generally desirable to have band extrema located off the

I'-point.

The second way to increase valley degeneracy is to have multiple VBMs (p-type) or CBMs
(n-type) converged in energy at the same or different k-point. Due to inter-band scattering, it is
generally more beneficial to have bands converged at distant k-points, rather than the same k-
points [36]. Band convergence can be achieved through numerous routes, such as alloying, strain,
temperature, and symmetry distortions, and it has proven effective in numerous thermoelectric
systems, such as IV-VI semiconductors [29}37-39], half-Heuslers [31}40], BizTes [41], Mga(Si, Ge,
Sn) [42,43], and CoSbs skutterudites [44].

In addition to high valley degeneracy, Fermi surfaces characterized by carrier pocket anisotropy,
non-parabolicity, and low-dimensional-like transport (in bulk 3D crystals) are also predicted to be
beneficial for thermoelectric performance |34}|45,|46]. Band structures with these types of non-
ellipsoidal carrier pockets behave like bands that have very high valley degeneracy in that higher
carrier concentrations can be achieved at given 7, yielding higher power factor |34,47|. Fermi surfaces
characterized by high valley degeneracy and non-parabolic, anisotropic, and/or low-dimensional
carrier pockets can be generalized as complex Fermi surfaces. The degree of high valley degeneracy,
and/or carrier pocket anisotropy can be described by a single value known as the Fermi surface
complexity factor, Nj, K*, where IVy; is the effective valley degeneracy and K™ describes the effective
anisotropy of the carrier pockets |34]. In general, we want to engineer complex Fermi surfaces, for

optimal thermoelectric performance.

1.3 Dissertation Overview

The primary objective of this dissertation is to explore the chemistry behind high valley degeneracy

and, more generally, complex Fermi surfaces in an array of thermoelectric materials in order to
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Figure 1.2: Illustration of how the symmetry of a point influences its degeneracy, using a mirror plane and
four-fold rotation axis as examples. When the point is located on top of a symmetry operator, no additional
copies of that point are made. However, when the point is located off the symmetry operator, then copies
of that point are made in accordance with the symmetry operation.
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understand and predict chemical trends in thermoelectric performance. This dissertation aims to
explore not only how to modify band structures in k-space, but also why band structures behave
and change the way they do. We employ the tight-binding (TB) method, or Linear Combination of
Atomic Orbitals (LCAO), as the overarching orbital-chemistry framework for understanding the be-
havior of complex electronic structures. Additional methods include DFT, crystal orbital Hamilton
population (COHP) calculations, and group theory. The DFT calculations are performed using the
Vienna ab intio Simulation Package (VASP) [48-50| using the Perdew-Burke-Ernzerhof (PBE) [51]
exchange-correlation functional. All of the DFT-based COHP calculations were performed us-
ing the Local-Orbital Basis Suite Towards Electronic-Structure Reconstruction (LOBSTER) soft-
ware [52-54]. The first part of Chapter [2| gives an introduction to thermoelectric transport and a
derivation of the thermoelectric quality factor. In the second part of Chapter [2] an overview of the

TB method as a means to interpret and engineer electronic band structures is provided.

In Chapter |3} we develop a TB framework that describes the valence band (VB) structure of IV-
VI rock salt semiconductor materials like PbTe. Then, we use this framework to explain the chemical
origins of high valley degeneracy in PbTe, one of the best-performing thermoelectric materials, by
analyzing the symmetry of the VB crystal orbitals and deriving analytical expressions that describe
the VB energy throughout reciprocal space. Next, in Chapter [ we extend the TB model developed
in Chapter [4] to understand how the complexity of the VB Fermi surface in PbTe (and other IV-
VI rock salt compounds) can be further enhanced by converging the energies of the VB edge at
multiple different k-points. We then identify three basic types of Fermi surface geometries that
may arise in this materials system with different levels of convergence, and we introduce and discuss
transport models for these different types of Fermi surfaces to evaluate the their relative predicted
performances. Chapters [3] and [4] are based on work published in Chemistry of Materials 32, 22,
9771-9779 (2020) |55] and Journal of Materials Chemistry A, 9, 12119-12139 (2021) [47].

In Chapter [ we return to the IV-VI semiconductor framework introduced in Chapters

but this time applied to GeTe, which undergoes a cubic to rhombohedral transformation at lower
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temperature. The change in crystal structure in accompanied by a change in the electronic structure,
which affects the valley degeneracy and Fermi surface complexity. Thus, in this chapter, we go
beyond the cubic (rock salt) system in order to better understand how and why the rhombohedral
distortion influences the electronic structure, specifically the valence band degeneracy. Here, we
show that a simple atomic-orbital framework based on the TB model can explain changes to the

band structure upon the cubic to rhombohedral transformation.

Chapter [6] explores chemical trends in the band structures of transition-metal based half-Heusler
(hH) semiconductors to explain how to engineer high valley degeneracy for both n-type and p-
type hH compounds. We show that the techniques to achieve high Ny are quite similar between
the n-type and p-type versions because similar atomic orbitals dictate the behavior of both the
valence and conduction band edges. Furthermore, we identify and explain how different orbital
interactions influence the band energies using COHP calculations, group theory, and TB. We show
that recognizing avoided crossings (also known as anti-crossings) is crucial for fully understanding

the chemistry of the band edges in hH compounds.

Finally, in [, we explore the origins of the low-symmetry, highly degenerate CBM in MgsSba,
a high-performing mid-to-low temperature n-type thermoelectric material. The chemical origins of
this low-symmetry CBM are important for understanding alloying strategies that tune the electron
mobility and carrier pocket anisotropy. While prior studies focused on Mg—Mg interactions, we show
that Mg—Sb interactions can explain the low-symmetry CBM in addition to changes in electronic
properties upon alloying. The importance of Mg—Sb interactions are shown using DF'T, COHP, and

TB calculations.
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Theoretical Background

2.1 Derivation of Quality Factor

In this section we derive the thermoelectric quality factor, B, for a band structure characterized
by parabolic bands, acoustic-phonon scattering (deformation potential scattering), and minimal
intervalley scattering [18,/19,|36,56-60]. We employ the reduced variables, ¢ = E/kpT and n =
Er/kpT, where E is the energy below (p-type) or above (n-type) the band edge (transport edge)

and 7 is the reduced Fermi level (Ef).

To derive the thermoelectric quality factor, B, we use the effective mass (m*) model, also known
as the single parabolic band (SPB) model, to describe thermoelectric transport properties [18/56H58].
For this derivation, we assume that the electrons are free-electron-like and form spherical, parabolic

bands (E = h;iff), with a density of states (DOS), g, given below. Note that the effective mass

that is used to define the DOS is given the label, m},g.

2
E'? (2.1)

We define an energy-dependent transport function, og(FE), given by Equation We assume
that the particles move with an average squared velocity, (v?), and that on average each particle

encounters a scattering event after a characteristic relaxation time, 7.
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op(E) = ¢*(v(E)*)T(E)g(E) (2:2)

Because the group velocity, vy, of the carriers is given by the slope of the electronic dispersion
(vy = OE /Ok), the velocity is simply v(FE) = /2E/m* for a spherical band. Moreover, because we
assume isotropy, we can replaced (v?) with v2/3. We can also use the assumption that scattering
time is inversely related to the DOS (from Fermi’s golden rule), which is is proportional to E1/2
(Equation . Therefore, we assume that 7 is of the form 7 = 7pe~1/2. Then, we can write the

scattering constant as 79 = m*pg/e (Drude model), where g is the carrier mobility parameter.

Substituting in our energy-dependent expressions for v2, 7, and g, we can obtain an analytical

form of our transport function, o, which is proportional to the energy from the transport edge.

eto(2mpos) (k)2

on(E) = 3m2h3

(2.3)

All three electronic components of the zT" (o, o, and k) equations can be written as convolutions
of the electronic transport function and various selection functions, which are related to the Fermi-

Dirac distribution, f, and the Fermi level, Ep.

o= /UE(E)_aaEde (2.4)
o= é on(E) <E_TEF> _eng (2.5)
— 2\ _—
Ke = ;/O‘E(E) ((E TEF) ) a(?Ede —a*oT (2.6)

In order to simply the above expressions, we employ Fermi integrals of the form, Fj(n).
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© glde
F; = —_— 2.7
= (2.7

By substituting Equation [2.3]into Equation [2.4] substituting ekpT for E, and making use of the
integral, I,,, defined in below (derived using integration by parts) [61], we can rewrite the energy-

dependent expression of o for a parabolic band, assuming scattering inversely related to the DOS

(n =1 in Equation 2.8).

I, = — n gy = nF, 2.
| e = nFia) (2.9
epo(2m’,ckpT)3/?
_ et D05 " R (2.9)

We condense the pre-factor (energy-independent terms) of Equation into the term op,, such

that 0 = o, Fy(n). This gives us the following expression for og,.

eto(2mposkeT)*/?

3m2h3
3/2 * 3/2
_ e(2mckpT) ; mHog (2.10)
3m2h3 Me
e(2mekpT)>?/?
3m2h3 Hho

OFE, =

Here, we define the weighted mobility, p,, = ,uo(m*DOS/me)?’/Q, where m},,¢ can be related
to the valley (or band) degeneracy, Ny, such that, m},,q = m,";N‘Q/ 3 The parameter, my, is
the DOS effective mass of a single band, and is referred to as the band effective mass. While
we began this derivation assuming spherical bands, we can extend it to general ellipsoidal bands

27.2
n2k2 | h2k2
2m3 2mj,

h2)2

* 9
2m3

*
Y

(E(k) = + where m},, my, and m} are the inertial effective masses along the

Cartesian axes), by defining the band effective mass, such that mj; = (m;‘:m;mj)l/ 3,

Next, we can obtain an expression for the Seebeck coefficient and show that it is only a function
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of 7, given that the shape of the dispersion is known (in this case spherical).

kg (2F1(n)
a(n) =~ (Fo(??) n) (2.11)

Then, using Equations [2.6] 2.9 -11] and the relationship, s, = LoT, we can obtain an expres-

sion for the Lorenz number, L, using Fermi integrals.

Ly = B (3F0(77)F2(77) — Ff(n)) (2.12)

e F§(n)

Like «, L is a function of only the reduced chemical potential, . Finally, we can re-express
the 2T equation such that all of the n-independent terms are condensed into a single dimensionless,

doping-independent parameter, the thermoelectric quality factor, B [18].

T a’oT _ a?
KL+ ke b+ L
), o) (2.13)
W +Ln) (gﬁ({(@%; + L(n)
B= <k’3>2 TEo (2.14)
e Kl

Clearly, the quality factor is proportional to the electronic transport function coefficient, og,,
and inversely related to the lattice thermal conductivity. By comparing Equations and it

can be seen that the quality factor is proportional to the weighted mobility.

Furthermore, an expression for the carrier mobility parameter, pg, can be derived—assuming
that acoustic-phonon scattering is the dominant scattering mechanism—using the deformation po-
tential model [5960]. The mobility parameter for acoustic-phonon scattering is derived from Fermi’s
Golden Rule (Equation [2.15)), which states that the scattering rate (1/7) of an electron with energy,

E. and occupying state k to a state k’, is related to the density of states and the relevant matrix
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element (Mjy ;) for the perturbation Hamiltonian, H’.

) fg(EﬂMk’,kP (2.15)

Then, assuming | k’,k’2> which is related to the deformation potential and elastic constants, is

independent of k, it can be shown [59| that the mobility parameter for the SPB model is given by

B meh*Cy
MO amy(mykpT)32E2

(2.16)

In the above equation, = is the deformation potential, C; is the longitudinal elastic constant,
and mj is the inertial effective mass, which is related to the band curvature. In the expression
for the weighted mobility, the 1/(m})3/? term in the denominator (from Equation cancels
with the (m;)g/ 2 term in the numerator. Thus, the weighted mobility, and hence, quality factor is
proportional to the valley degeneracy and inversely related to the inertial effective mass (Equation
).

While this derivation of quality factor is based on the assumption that we are dealing with
spherical—or more generally, ellipsoidal—parabolic bands, this quality-factor analysis can be ex-
tended to describe transport in more complex, non-ellipsoidal bands (using the Fermi surface com-

plexity factor, N, K*, for example) [34].

2.2 Tight-Binding Model

The tight-binding (TB) method is a computationally inexpensive approach to approximate the
electronic structures of molecules and crystalline solids using a basis set consisting of recognizable
atomic orbitals (s, p, d, etc.). The TB method is often referred to as the Linear Combination of
Atomic Orbitals (LCAO) because it asserts that electronic states in molecules or crystalline mate-

rials come from molecular or crystal wavefunctions that are linear superpositions of atomic-orbital
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wavefunctions. This approximation is based upon the assumption that the electrons are “tightly
bound” by the nucleus, so it is generally most effective in reproducing valence band structures, and
more limited in reproducing bands deeper higher into the conduction band. That being said, even
in cases where the TB model is limited in its ability to reproduce the conduction band structure,
it can still be helpful in understanding the bonding and symmetry of the conduction band states,

especially near the conduction band edge.

In this section, we first describe the TB method for determining the molecular orbital energy
levels in a diatomic molecule. Then, we describe how to use the TB method to determine the
electronic dispersion relationship for a crystalline material. In both the molecular and crystalline
cases, the procedure involves determining the form of the molecular or crystalline wavefunctions
and Hamiltonian operators and subsequently using Schrodinger’s equation to solve for the energy
levels. Finally, we explain how the TB method can be used predict and explain band behavior using
simple atomic orbital pictures. Details on the TB model and methods used in this section can be

found in Refs. 62, 63}, |64, |6, and [65]

2.2.1 Tight-Binding Model of a Diatomic Molecule

In this section, we derive the energy levels of a diatomic molecule, based on the steps outlined in
Refs. 6 and |63l First, we must write the molecular wavefunction for the diatomic molecule (t,,) as

a linear combination, or superposition, of the two atomic orbital wavefunctions (¢1 and ¢2),

U (r) = c101(7) + c2¢2(r) (2.17)

where ¢; and co are coefficients. The coefficients relate to how much each type of orbital con-
tributes to the wavefunction, and we often refer to these contributions as describing the “character”
of the energy state. For instance, if |c1]|? > |co|? for a given state, we would say that it has more

orbital 1 character than orbital 2 character. We assume that the atomic-orbital wavefunctions are
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orthonormal, such that

1, ifi=j
(¢l ;) = (2.18)

0, otherwise.

The energy levels (&,,) and molecular orbital wavefunctions (¢, ,,) are the eigenvalues and eigen-

vectors (of index n), respectively, given by the time-independent Schrodinger equation,

IrIwm,n(T) = Enwm,n('r)7 (2.19)

where H is the Hamiltonian operator, which is an Hermitian operator defined by matrix elements

of the form H;;, such that

Hy; = (¢:i| H |¢;) . (2.20)

The Hamiltonian for a generic diatomic molecule is given by

R E1  Hi E, VvV
H = = ) (2.21)
Hyy  Eo V B
where Hio = Ho; =V, and V is the hopping integral, which describes the interaction strength

between the two orbitals and depends largely on the interatomic separation and the amount of

orbital overlap. F; and E» are the atomic-orbital energies, or on-site energies.

A schematic of a molecular orbital diagram for a diatomic molecule is given in Figure[2.1] showing
the on-site energies, bonding and anti-bonding molecular orbital states (¢_ and £ ), and bond energy
b, which is defined later. From Equation the energy levels (1) and the coefficients (c1, c2)+ of
the molecular wavefunctions (1, +) can be found by solving for the eigenvalues and eigenvectors,

respectively, of the Hamiltonian matrix, H.
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Figure 2.1: Molecular orbital bonding diagram for a diatomic molecule formed from the interaction between
orbital 1 (shown with magenta coloring), with on-site energy FE;, and orbital 2 (shown with blue coloring),
with on-site energy F,. The bonding molecular orbital has an energy e_ and the anti-bonding molecular
orbital has an energy e;y. The bond energy is given by b, and the colors (magenta and blue) are used
to qualitatively represent the relative contribution of each atomic orbital to each molecular orbital. The
bonding molecular orbital has more blue coloring to indicate that it has more orbital 2 character, and the
anti-bonding molecular orbital has more magenta coloring to indicate that it has more orbital 1 character.
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Ei+ B 1
_ % £ (B~ B+ 4V (2.22)

€+

By — Ey+ \/(Ey — Fy)2 + 4V2
1~ Bt V/(Br 2)+V,1> (2.23)

(c1,¢2)x =Cn < Y

Here, we use a plus sign (+) to denote the anti-bonding (higher energy) state and a minus sign
(—) to denote the bonding (lower energy) state. Cy is a normalization coefficient that ensures the
modulus of each eigenvector is equal to one. We can simplify the expression for the energy levels and
wavefunction coefficients by defining a parameter, A, which describes half of the energy separation
between the atomic orbitals (4 = 1(E) — E»)) and a parameter, £, which describes the average

on-site energy (E = 1(E; + E»)). Note that here we are assuming that E; > E».

er =E+\A2 4+ V2 (2.24)

(2.25)

A+VA2Z+V?2
(c1,¢c2)+ = Cn — .1

From Equation m it can be shown that if £} = Ey (A = 0), the coefficients will be given by
(c1,02)+ = %(\V!/V, 1) and (c1,c2)- = %(—]VVV, 1), which simplifies to (c1,c2)+ = %(:&1,1)
if V> 0, and (c1,c2)+ = —=(F1,1), if V < 0. This means that for the case of a homopolar

V2
diatomic molecule, the bonding and anti-bonding states both have an equal contribution from each
atomic orbital. Also, when V < 0, the orbitals are bonding when ¢; and c¢o have the same sign
and anti-bonding when they have opposite signs (and vice-versa for V' > 0). When A > 0, it
can be shown that |c1|?> < |e2|? for the bonding (—) molecular orbital and that |c1]? > |eg|? for
the anti-bonding (4) molecular orbital. This means that the contribution from the higher-energy

atomic orbital (orbital 1) is greater than the contribution of the lower-energy atomic orbital (orbital

2) in the anti-bonding molecular orbital state, and the contribution from the lower-energy atomic
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orbital is greater in the bonding molecular orbital. Moreover, if |V| decreases and/or A increases,
the asymmetry in the atomic-orbital contributions to each molecular-orbital state increases, such
that the anti-bonding state will have even more orbital 1 character, and the bonding state will
have even more orbital 2 character. In the limit where |V| approaches zero, the coefficients for the
higher-energy state are given by (c1,c2) = (1,0) and the coefficients for the lower-energy state are

(c1,¢2) = (0,1), with the corresponding energies being F; and Es, respectively.

We can also define a bond energy, b, which describes the energy difference between the on-site
energies and the molecular orbital energies (b = e, — E; = E9 —e_), as shown in Figure [66].

It can be shown that the bond energy is given by

b=\V24 A2 A (2.26)

Thus, the bond energy increases with |V | and decreases with A, which indicates that the bonding
strength in the diatomic molecule increases with stronger orbital interactions and smaller energy
separations between the interacting orbitals. For the case of a homopolar diatomic molecule (F; =

E,), the energy levels are simply given by e+ = E; £V, and the bond energy is simply b = |V].

2.2.2 Tight-Binding Model of a Crystalline Solid

To move from molecular-orbital energy levels in isolated molecules to electronic dispersions in
crystalline solids, we must the TB method to approximate electronic wavefunctions in periodic,
crystalline materials. Any electron wavefunction in a periodic crystal must obey Bloch’s theorem
(Equation , which states that the wavefunction at a location r + R, where R is any lattice
translation vector (in real space), must be equal to the wavefunction at r times a Bloch phase factor

of the form e~*R |67].

Y(r + R) = e * By (r) (2.27)
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Functions that satisfy Bloch’s theorem must be linear combinations of Bloch functions, defined

as

V(1) = e *Tu(r), (2.28)

where u(r) obeys the periodicity of the lattice, such that u(r + R) = u(r).

Now, using the LCAO approach, we can write out the expression for the crystal wavefunction
(1), which is a function of k and r, as a linear combination of atomic-orbitals wavefunctions in
their Bloch form (¢4), where o denotes a specific atomic orbital. The number of electronic bands

will be equal to the number of elements in m (i.e., the number of ¢, coefficients).

an ¢a k, 7' (229)

dalk,T) \/>Zei Rigo(r — Rj) (2.30)

In the above equation, N represents the number of lattice sites in the crystal, aq(r) is the
function (constrained by the periodicity of the lattice) associated with the atomic orbital labelled
a, and R; are lattice translations. The proof that Equation@obeys Bloch’s theorem is as follows
(from Ref. [67):

N
da(k,7 + R) = —Z _ZkRﬂaar—Rj—i-R)
VN J

) *““RZe el 1) (2.31)

b
VN

— eiik.R(ﬁa(k, ,’,)

67ik:-R Z efik-Rl aa(Rl)
l
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Figure 2.2: Schematic representation of 1D s-orbital Bloch functions (at position, r) for different values of k
in a periodic 1D lattice (defined by a lattice constant, a) comprised of one s-orbital per unit cell. The blue
dashed line represents the real-part of the wavefunction phase, while the wavefunction itself is represented
using the green circles, which represent the spherically symmetric s-orbitals. The shading of the s-orbitals
(dark green versus light green) represents the sign of the phase (positive versus negative), while the size of
the circles represents the amplitude. Interactions between neighboring orbitals that have phases with the

same sign are bonding, while interactions between neighboring orbitals that have opposite-signed phases are
anti-bonding.

Again, we assume that the atomic-orbital basis is orthonormal, and must therefore satisfy the
following expression:

1, ifi=jand R=0
(9i(r)]9j(r + R)) = (2.32)

0, otherwise.

A real-space visualization of a 1D s-orbital Bloch wavefunction for different values of k is shown
in Figure In this example, all of the lattice vectors R; are of the form nja, where n; is an

integer, and a is the lattice constant of the infinite 1D chain of s-orbitals.

To determine the energy levels (&,) and wavefunctions (¢, ) of the crystal at a certain k-point,
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we must solve Schrodinger’s equation (Equation [2.33) at that k-point.

I;I(k)wc,n(k) = En(k)wc,n(k)' (233)

This means finding the eigenvalues and eigenvectors of the Hamiltonian operator, H, given by

the matrix elements,

Hap(k) = (¢a (k)| H(K) |65(K)) , (2.34)

where « and (5 label two different atomic orbital types belonging to the atomic-orbital basis set.

As shown in Ref. [63] these Hamiltonian matrix elements can be constructed by summing over all

() —ik-r(a™P ()

of the terms, V,"ze g ; where V"3 is a Slater-Koster matrix element [65] between orbitals a
(located at a position ji) and S (located at a position j3), and 1'J(-0‘_>ﬁ ) are the real-space vectors
between each a-f neighbor pair, such that 'rj(-a_)ﬂ) =Tj, — Tj;-
H (k) _ Z V(J) —ik-rj(a_}g) (2 35)
af - a,ﬁe )
J
V) = (aa(rg)| H Jas(rs,)) (2.36)

The matrix elements defined in Equation [2:30] can be parameterized using the methods outlined
in Ref. |65 and are known as Slater-Koster matrix elements. We construct these parameterized
matrix elements using a set of fundamental hopping parameters of the form Vjy,,, where [ and I’
describe basic atomic orbital types (s, p, d, etc.), and m represents the bonding type (o, 7, J, etc.).
Ilustrations of these fundamental interaction types are given in Figure Interaction types that
are in-phase, or bonding, are described by values of Vs, that are less than zero, while interaction
types that are out-of-phase, or anti-bonding, are characterized by values of Vj,,, that are greater

than zero. In this dissertation, we assert that Vi, < 0, Vipe > 0, Vppe > 0, and V,,r < 0. Moreover,
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Figure 2.3: Sketch of fundamental interaction parameters between s and p orbitals, such the shading (versus
no shading) represents the phase (+ or —) of the atomic orbitals. In-phase interactions are bonding, while
out-of-phase interactions are anti-bonding. The convention of the interaction parameters (V) is such that
(a) Vise <0, (b)Vipe >0, (¢) Vipe >0, and (d) Vipr < 0.

the magnitude of Vjy,, describes the strength of the interaction and depends mainly on interatomic

distance and the amount of overlap between the orbitals.

Examples of the Slater-Koster matrix elements between s and p orbitals are given in Table

21 663,

Table 2.1: Expressions for Slater-Koster matrix elements, where [, m, and n, are the direction cosines of the
vector between the atomic-orbital states described.

Matrix element Expression
Vs,s Viso

Vs pe Wspo
VS,py m‘/SpO'
‘/s7pz n%po
Voo ps l2Vpp0 +(1- l2)vpp7r
Voypy mQVJDpa +(1- mZ)Vppﬂ
Vo..p- ”2Vppcr +(1- nz)Vppﬂ
Voo.py ImVpps — ImVipr
Voop: InVipe = InVipr

Voups mnVppo — MnVppr
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Finally, when o« = 8 and j; = jo (i.e., the same orbital on the same lattice site), Voo = Fq,

where F, is the on-site energy of the o atomic orbital.

2.2.3 Crystal Orbital Hamilton Population from Tight-Binding

In this section, we show a brief derivation of the crystal orbital Hamilton population (COHP) [52]

using the TB, or LCAQO, framework. The derivation follows from that provided in Ref. [68]

Assuming that our crystal wavefunction (1).) is given by a superposition of atomic-orbital Bloch

wavefunctions (Equation [2.29)), the energy levels at each k-point (g,,(k)) are given by

5n(k) = <wc,n(k)| I:I(k) Wcm(k»

= 3 G s ) (2:37)

= |ca(k)]*Haa(k) + 2 Re(c(k)ch(k)Has(k))
«a a<p

where 9., are the eigenfunctions (wavefunctions) for the nth band at a given k-point, and ¢*
is the complex conjugate of ¢i. The final expression from Equation @ can be divided into two
terms, the local term (first term) and the non-local term (second term). If we assume that only
nearest-neighbor interactions are important (which is not always the case), then we can make the
approximation H,, >~ F,. Thus, the local term simply yields the on-site energies weighted by their

relative contributions to the nth band at a specific k-point.

The second term is defined as the COHP (Equation [2.38)) for a given band at a given k-point
(band-resolved, k-resolved COHP), and it describes the interactions between atomic orbitals on
different lattice sites. In order to obtain the partial COHP (pCOHP) between two orbitals, we

simply only sum over the relevant terms to describe that interaction.

COHP, (k) =2 3 Re(cl (k)c3(k) Hop (k) (2.38)
a<f
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2.2.4 Understanding Band Behavior from Tight-Binding

Tight-binding is a powerful tool for understanding band behavior in terms of simple atomic orbital
pictures [62,|66]. This section contains a brief introduction into how tight-binding can help us
understand the behavior of electronic bands, such as location of the band extrema and the band

widths.

One-Band Model

Consider an infinite 1D chain of a single atomic orbital type with a lattice constant, a. If we
consider only nearest-neighbor interactions, the 1D crystal orbital wavefunction is given by . = ¢4
(see equation , and we can show that our Hamiltonian is given by H = E,; + V(e + ¢i2F) =
Eu 42V cos (ka), where Ey; is the on-site energy and V' is the Slater-Koster matrix element for the

interaction. It is trivial to see that the eigenvalue of this solution € = E,; + 2V cos (ka).

Here, we focus on two features of this simple band structure: how the band “runs" from k£ = 0
(T") and the band width. The direction that the band runs from k = 0 depends on the sign of V,
and the band width depends on the magnitude of V. If V < 0, the band will reach a minimum of
—2|V] at I' and a maximum of 2|V| at k = £7, the 1D Brillouin zone edge. Conversely, if V' > 0,
the band will reach the maximum at I' and a minimum at the Brillouin zone edge. The band width,
W, is defined as the difference in energy between the highest and lowest energy in the band, and it
is trivial to see that, in this TB framework, the band width is given by W = 4|V/|. Thus, increasing

the interaction strength between the orbitals increases the band width.

This simple one-band model can guide us in predicting the difference between a band derived
from s versus p orbitals. The bonding between s-orbitals is given by a negative-valued matrix
element, Vg, while o-bonding between p-orbitals is given by a positive-valued matrix element,
Vppo- Therefore, the band dispersion for the s-band is given by, &5 = Es — 2|Vs4,| cos (ka), and

the dispersion for the p-band is given by ¢, = E, + 2|V}, | cos (ka). Therefore, the s-orbital band
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runs up in energy from k£ = 0, or I', and the o-bonding p-orbital band runs down in energy from
I' (Figure . Also, while a 1D chain of o-bonding p-orbitals runs down in energy from I', a
chain of m-bonding p-orbitals runs up in energy because Vj,r < 0 (Figure . However, because
p—p o-bonding interactions are much stronger than the m-bonding interactions [6], we expect p-
orbital bands to run down in energy from I', when both types of interactions are present. Moreover,
as shown in Figure 2.4] when the strength of the interaction increases, the band width increases

regardless of the orbital type.

This s- and p-orbital behavior can also be understood visually with simple atomic orbital sketches
of the s- and p-orbital phases at different values of k (see Figure . The magnitude of the wave-
vector, |k|, describes the spatial frequency, so it represents how frequently in real-space the phases
of the orbitals change sign. Essentially, we can say that the sign of the orbital flips when r satisfies
e~ = —1or kr =nm (n = 41,43, £5, etc.) For instance, when k& = 0, the phases of the orbitals
never change (kr = 0) sign so all of the s-orbitals are in-phase (bonding) with both of their nearest-
neighbors, while the p-orbitals are out-of-phase (anti-bonding) with both of their nearest-neighbors.
At k = £, the phases change sign with a frequency of once for every two lattice translations
(2a). Therefore, each orbital is bonding with one of its neighbors but anti-bonding with its other
neighbor, making it a net non-bonding state. Finally, at the 1D Brillouin zone edge (k = 7), the
phase changes with a frequency of one time for every one lattice translation, so now every s-orbital

is out-of-phase (anti-bonding) and every p-orbital is in-phase (bonding).

Clearly, the signs of the fundamental interaction parameters (Vjy,,,) are not arbitrary or trivial,
as they have a profound influence on the band dispersion. The sign of the parameter is directly to
related to whether the orbitals are in-phase (V' < 0) or out-of-phase (V' > 0) at I'. We can show that
orbitals that are symmetric along the bonding axis (e.g., s-orbitals and m-bonding p-orbitals) must
always be in-phase at k& = 0 and that orbitals that are anti-symmetric (e.g., o-bonding p-orbitals)
along the bonding axis must always be out-of-phase at I'. The atomic orbital Bloch functions (¢,)
at the I'-point are of the form, ¢,(r,k = 0) = ﬁzj\[ aq(r + nja) (n; = —1,-2,0,1,2, etc),

'In higher dimensions (i.e., 2D or 3D) this condition generalizes to e~

kT — _Jork-r=nm
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Figure 2.4: Tight-binding band structure and corresponding wavefunction (¢.(k)) sketches (periodic bound-
ary conditions) for 1D chains of (a) s-orbitals and (b) o-bonding p-orbitals. The dashed-line band structures
are calculated for the case where the interaction parameters are 2Vy,, or 2V,,,, which are twice the mag-
nitude of that used to calculate the solid-line bands (Viss or Vppe) . The s-orbital chain is in an entirely
bonding configuration at k¥ = 0, while it in a completely antibonding (AB) configuration at k = +u/a.
Conversely, the o-bonding p-orbital chain is completely antibonding (AB) at k = 0 and completely bonding
at k = +m/a. Both are non-bonding (NB) at k = +7/2a. The shading in the orbital sketches represents the
phase, such that in-phase overlaps are bonding and out-of-phase interactions are antibonding.
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where aq(r + nja) = aq(r) for all n;. Thus, at the I'-point, all of the orbitals separated by any
lattice spacing nja must have identical phases to each other, which means that atomic orbitals
with symmetric phases are in-phase with both their nearest-neighbors, while atomic-orbitals that
are anti-symmetric are out-of-phase with both nearest-neighbors. To generalize, a band from a
1D chain of atomic orbitals (with one atomic orbital per unit cell) runs up in energy from I' when
the orbital is symmetric about the bonding axis, and it Tuns down in energy when the orbital is

anti-symmetric about the bonding axis.

Two-Band Model

Now, consider an infinite 1D lattice with a two-orbital basis, {«, }. The orbitals of the same type
(a or ) are separated by distance, na (n = £1,+2, 43, etc.), and the o and 3 orbitals are separated
by a distance of % (n = £1,43,45, etc.). The 1D crystal wavefunction for this system is given
by, 1. = cada + cgpg, and, assuming that interactions beyond nearest-neighbors are negligible, the

Hamiltonian operator for this system is given by

ﬂ _ <¢a’H ’¢a> <¢a’ H ‘¢ﬁ> _ Eq Vaﬂ ] (2.39)

(0] H |¢a) (dp| H |¢p) Vis Eg

Then, it can be shown that the energy of the energy levels (eigenvalues) as a function of k are

given by the following expression (notice the form is analogous to Equation [2.22)):

s (K) = 3 (Bat+ Bp) £ o \/(Ba— B + 41Vap(h)P (2.40)

Consider, for example, a 1D lattice where « is an M-s orbital and 8 is an X-s orbital, and
En—s > Ex_s. It can be shown that the hopping integral V4 is given by Vg(k) = 2Viss cos (ka/2).
The band structure and wavefunctions for each band is shown in Figure[2.5] The lower-energy band

runs up in energy from I' (k = 0), while the higher-energy band runs down in energy from I'. At
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Figure 2.5: Tight-binding band structure and wavefunction (.(k)) sketches (with periodic boundaries) of a
1D chain of M-s and X-s orbitals. The dashed-line band structure is calculated for an interaction parameter
2Vsso, while solid-line band structure is calculated using Vis,. The wavefunction for the top band is entirely
anti-bonding (AB) at I" and becomes non-bonding (NB) at k = £7/a. The wavefunction of the lower-band
is entirely bonding at I" and non-bonding (NB) at k = +7/a. The shading of the orbitals represents the
phase (4), and the different colors (red versus blue) represent different atoms (M or X). Note that the
size of the orbitals does not represent the relative magnitude of the atomic-orbital wavefunctions—all the
orbitals are made to be the same size such that they only represent the symmetry of the phases (+).

first this may seem counter-intuitive based on the previous section because a single s-orbital band
runs up in energy from I'. However, when considering a lattice with two or more atomic sites in the
basis, it is necessary to look at the symmetry of the crystal orbital units, rather than of the atomic

orbitals alone .

Each band stems from a different crystal orbital unit (a.(r)), which is one unit cell of the crystal
orbital wavefunction at the I'-point. Then, when k # 0, the wavefunction for that band is given by
the linear combination of these crystal orbital functions (a.(r —nja)) multiplied by the Bloch phase
factors (e~*%), where nja is an integer number of lattice translations. Therefore, a band with a
symmetric crystal orbital (along the bonding axis) will behave like the s-band (as described in the

previous) section and increase in energy away from I'. In this case, the lower-energy band comes
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from a crystal orbital described by M-s and X-s orbitals that are the same phase (bonding), such
that the phase (sign) of this crystal orbital unit is symmetric. Therefore, the lower energy band
runs up in energy from I' to the Brillouin zone edge. On the other hand, the higher-energy band
comes from a crystal orbital described by the two out-of-phase (anti-bonding) s-orbitals. Thus, the
crystal orbital phase is anti-symmetric with respect to the bonding axis, so this band behaves like a
p-orbital band despite coming from s-orbitals. As a result, the band-gap for this two-band system

is at =7 /a. Moreover, increasing the s-s interaction strength increases the band width of each band
(Figure [2.5)).

The location of the bandgap in the 1D two-band model depends on the nature of the two orbitals.
As we just showed, two s-orbitals leads to a bandgap at the Brillouin zone edge. For different orbital
interactions, we can predict how the bands will run and the location of the bandgap, based on the
symmetry of the bonding and anti-bonding crystal orbital units (Figure . Like the infinite 1D
chain of two different atomic s-orbitals, a chain of two different o-bonding p-orbitals gives a lower
band with a symmetric crystal orbital and higher band with an anti-symmetric crystal orbital, so
the bands should behave in an analogous manner to those in Figure 2.5 The same will be true for
m-bonding p-orbitals. On the other hand, when the lattice contains one s- and one p-orbital, the
bonding band (lower band) has an anti-symmetric crystal orbital and runs down in energy, while
the anti-bonding band has a symmetric crystal orbital and runs up in energy from I'. Hence, the

bandgap for the sp system is at I' rather than the Brillouin zone edge.

If we were to consider the next-nearest-neighbor interactions in these simple 1D systems, the
behavior of the bands would change because the interactions of the orbitals with their periodic
images would become important. Interactions of atomic-orbitals with their periodic images favors
the band behavior predicted from the single-orbital lattices discussed in the previous section. That
is, interactions between s-orbital periodic images would give the band more of a tendency to run
up in energy from I', and interactions between p-orbital periodic images would have the opposite

effect of favoring a decrease in energy form T'.
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Figure 2.6: Sketches of the I'-point crystal orbital units for 1D crystals with two-atomic-orbital bases. When
the orbitals are both s-orbitals or both p-orbitals, the crystal orbital of the lower band is symmetric and its
band runs up in energy from k = 0, and the crystal orbital of the higher band is anti-symmetric and its band
runs down in energy from k£ = 0. When one orbital is a p-orbital and the other is an s-orbital, the lower
band has an anti-symmetric crystal orbital and runs down in energy, while higher band has a symmetric
crystal orbital and runs up in energy.
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The relative importance of nearest-neighbor and next-nearest-neighbor interactions depends on
the energy separation of the nearest-neighbor orbitals. If the energy difference between the two
different orbitals in a unit cell is sufficiently large, the nearest-neighbor interaction will be very
weak relative to the interaction between the periodic images of the same orbital (which have the
same energy ), despite the smaller interatomic separation (see Equation . This would cause the
bands to behave more like the bands from a lattice that contains only that orbital. For instance,
in our 1D s-p example, if E, >> E,, such that the s-p interactions is negligible compared to the
s-s and p-p interactions. As a result, the higher-energy band would behave like a s-orbital band
and run up from I', and the lower-energy band would behave like an p-orbital band and run down
in energy from I'. However, if E; > E,, but the s-p interactions are not negligible, then the higher
band—which would have more s than p character—would be favored to run down from both the
s-p nearest-neighbor and s-s next-nearest neighbor interactions. Moreover, the lower band—which
would have more p character—would be favored to run down in energy by both the s-p and next-
nearest neighbor p-p interactions. Therefore, the curvature/bandwidth of both bands would be
higher with the nearest neighbor and next-nearest neighbor interactions than from only nearest-

neighbor interactions (Figure [2.7)).

While the band structures in real 3D materials are far more complicated and need more scrutiny
to fully understand, the 1D examples given in this section can be used as starting points help
decipher and understand the chemical origins of complex electronic structures. In Chapter [3| we
will employ a very similar framework to that described in this section to understand the valence

band structure of PbTe and IV-VI semiconductors in general.
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Figure 2.7: Tight-binding band structure corresponding to a 1D lattice consisting of an M-s and X-p orbital
separated by a distance of a/2, where a is the lattice constant. The solid lines represent the bandstructure
when only nearest-neighbor (NN) interactions (s-p interactions) are included, while the dashed line represents
the band structure when NN and next NN interactions (s-s and p-p) are included.
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Chemical Origins of High Valley Degeneracy in p-Type
PbTe

3.1 Introduction

Rock salt PbTe (Figure has long been considered one of the highest performing thermoelectric
materials, reaching 27" > 1 when optimally doped [29,70-73|. PbTe and the similar SnTe and GeTe
based alloys have been employed as a power source for NASA space missions since the 1960’s [28),74].
Much of the exceptional thermoelectric performance of PbTe can be attributed to its favorable
electronic band structure, particularly the high valley degeneracy of the conduction band (CB) and
valence band (VB) edges. In this chapter, we focus specifically on the VB structure of PbTe, but
this work can be applied directly to the other lead chalcogenide or IV-VI semiconductor (PbS, PbSe,

SnTe, GeTe, etc.) VB structures.

The high VB degeneracy in PbTe stems from the fact that its VBM is located at the L-point in the
face-centered cubic (FCC) Bravais lattice Brillouin zone (BZ)[T| which has a degeneracy of Ny = 4
[29,35]72,|73},75,/76], and inter-valley scattering is symmetry-forbidden at the L-point [36,[77,/78|.
There are also lower-energy VB maxima located along the I'K (X) line (Ny = 12), the I'X (A) line
(Ny = 6), and at the W-point (Ny = 6), which lead to promise for even higher valley degeneracy
if and when these band extrema are converged (Figure . The second valence band along the X

symmetry line (Ny = 12) is found ~0.1-0.2 €V below the L band at low temperature [28},29,75.|77,

1See Table in Appendix |A| for description of the Brillouin zone of the FCC lattice type.
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Figure 3.1: Crystal structure of rock salt PbTe, showing the conventional cubic unit cell. The Te atoms
are octahedrally coordinated by Pb atoms (coordination octahedron shown in blue), and the Pb atoms are
octahedrally coordinated by Te atoms.

81]. It is known that as temperature increases, the energy of the L band decreases relative to
that of the 3 band, causing the bands to approach each other in energy (when the L maximum is
higher) [294[35//80-82]. The two bands converge at T' ~ 700 K, resulting in an exceptionally high

(nominal) valley degeneracy of Ny ~ 16 and significantly enhanced thermoelectric performance.
[29}[35}[35}71H73}83].

Based on the band-structure orbital projections shown in Figure[3.2] we can broadly break down
the PbTe band structure into the Te-s, Pb-s, Te-p, and Pb-p bands, or groups of bands (see Figure
for corresponding density of states sketch), to better understand the chemical origins of the band
structure. The s-bands are the two singly degenerate bands deep inside the VB, with the Te-s band
below the Pb-s band. The next group of three bands closest to the VB edge (triply degenerate at
I') are mainly Te-p states, while the next set of triply degenerate (at I') bands, which comprise the
conduction band edge, come from the Pb-p orbitals. Of course, there is hybridization between all

of these orbitals, which causes mixing of orbital character throughout the BZ. In this Chapter, we
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Figure 3.2: Electronic band structure of PbTe with the normalized band-resolved projected density of states
(pDOS) for the (a) Te-s, (b) Pb-s, (c) Te-p and (d) Pb-p orbitals. Band structure calculated using DFT

with the PBE functional without spin-orbit coupling.
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Figure 3.3: Sketch of the projected density of states (pDOS) in a IV-VI rock salt compound like PbTe. Red
coloring represents the anion, while blue coloring represents the cation.

are mainly interested the highest VB, which comes from primarily Te-p, with a smaller contribution
from the Pb-s states near the top of the band. Typically, VBs that are dominated by p-orbital-like
states have a VBM at the high-symmetry I'-point (Ny = 1) because p-orbitals tend to be most
anti-bonding with their periodic images at I' and become more less anti-bonding (or more bonding)
away from I’ (see Figure . However, because the highest VB in PbTe runs up in

energy from I' it must have s-orbital-like symmetry despite containing largely p-orbital character.

In prior work, the filled Pb-s orbitals have been pointed to as the primary reason for the VBM of
PbTe being located at the L-point ,. Ref. claims that the lone-pair s-orbitals from the

Pb make the highest VB behave like an s-orbital band. While these lone-pair s-orbitals certainly
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contribute significantly to the behavior of the VB states, these explanations overlook the importance
of the p-orbitals in dictating the shape of the VB edge. In this chapter, we employ the tight-binding
(TB) method to describe a more complete VB picture that explains the L VBM— in addition to
the 3, A, and W VBMs— that includes the bonding between the nearest and next-nearest neighbor
p-orbitals. We show that the TB wavefunction that describes the VB edge has s-like symmetry and
that this s-like symmetry does not even require (but may include) the presence of atomic-s states.
In fact, the s-orbitals are not requisite for the VB to increase in energy from I' to L (and to the X,
A and W VBMs), though it is required for the L VBM to exceed the energy of the ¥, A, and W
VBMs.

3.2 Tight-Binding Band Structure

We build a simple TB model for a toy [V-VI rock salt compounds in order to understand the chemical
origins of the VB behavior in PbTe. Details on how to construct the PbTe TB Hamiltonian are
given in Appendix [B], and this Hamiltonian construction can be directly generalized to describe the

other IV-VTI rock salt semiconductor compounds.

One important advantage of the TB method for calculating (approximate) band structures is
the flexibility in constructing toy models. In this section, we perform TB computational thought
experiments that would not be tractable using more sophisticated electronic structure calculation
methods like DFT. These thought experiments involve adding/removing and varying certain inter-
actions in order to rapidly visualize which interactions lead to which (qualitative) features in the
band structure. The TB hopping (interaction) parameters for the toy IV-VI rock salt system used
in both this chapter and Chapter [4 unless specified otherwise, are summarized in Table 3.1} These
parameters give the values for the cases where their respective interactions are completely “turned
on”. Here, we use Pb as the cation and Te as the anion for the sake of discussion, but these can be
replaced with any other group-IV cation and group-VI anion, respectively. In this chapter and in

Chapter |4, the hopping parameters for the Pb—s—Te-p (cation-s—anion-p) interaction is denoted by



69

Table 3.1: Tight-binding hopping parameters for a toy IV-VI rock salt semiconductor. All interactions
mentioned describe the shortest-distance interactions of that type, so cation—anion interactions are nearest-
neighbor interactions (6 nearest-neighbors) and anion—anion interactions are next-nearest-neighbor interac-
tions (12 next-nearest-neighbors).

Matrix element Description Value (eV)
Vspo cation-s—anion-p o-bonding 0.8
Vopo cation-p—anion-p o-bonding 1.0
Vopre cation-p—anion-p m-bonding -(1/8)Vpper
Vipo,an anion-p—anion-p o-bonding 0.15
Vopr.an anion-p-anion-p m-bonding -(1/8)Vppo,an
Eun—p — Ecat—s cation-s—anion-p on-site energy separation )
Ecqt—p — Eqn—p cation-p-anion-p on-site energy separation 2

Vepo, and the hopping parameters for the Pb—p-Te-p (cation-p-anion-p) o- and 7-interactions are
denoted by Vjps and Vi, respectively. The next-nearest neighbor anion-p-anion-p interactions are

denoted by Vppo.an and Vipran (Vppe,re and Vipr e for the PbTe case).

First, we calculate TB band structures that include (1) the Pb-s—Te-p and Pb—p—Te-p interac-
tions, (2) only Pb-s—Te-p interactions, and (3) only Pb-p-Te-p band structures (Figure [3.4). The
TB model with both cation-s—anion-p and cation-p—anion-p interactions (Figure ) yields the L-
point VBM, and the ¥, A and W VB pockets are lower in energy with the > band higher in energy
than the A and W bands (A and W are nearly equal). When only cation-s—anion-p interactions
are included (Figure ), we only get dispersion in one band, the band that corresponds to the
highest VB (when all important interactions are included). This band reaches a maximum at L,
with secondary maxima at W and along > and A, and the energy at the ¥ maximum is higher than
the A and W maxima. Finally, if only cation-p—anion-p interactions are included, the VB edge still

runs up from I' to L, but the energy of the L, W, A, and ¥ VBMs are all equal (Figure )

The thought experiment depicted in Figure [3.4] shows that the Pb-s orbitals are not necessary
for the VB edge to run up in energy from I" to L, but they are necessary for the L. VBM to exceed
the energies of the other competing VBMs at W and along > and A. Because the highest VB

still increases in energy from I' to L. without the lone-pair s-orbitals, the hypothesis presented in



70

(a)
— [—
S 2 f
2L
>
] — .
—_
Q) I p—— F———
c
m_z‘
I X W r
(b) (c)
S 2 Y 2<{ >\%
2L 2L
Y — e S - S A S A -
e s Ml i > S R S I~ @ /§
C C
W, W, — |
r X W K r L U r X W K r L U

Figure 3.4: Tight-binding (TB) band structures for PbTe toy models calculated using (a) Pb-s—Te-p and
Pb-—p-Te-p interactions, (b) only Pb-s—Te-p interactions, and (c) only Pb—p-Te-p interactions. The magenta,
cyan, and orange horizontal lines are visual guides that show the energy of the L, ¥, and A VBMs, respec-
tively. The TB hopping parameters are given by Vo = 0.8 €V, Vp,, = 1€V, and Vppr = —1/8 €V (see Table

B1).
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(a) Without Te-p-Te-p (b) With Te-p-Te-p

Energy (eV)
Energy (eV)

Figure 3.5: Tight-binding (TB) band structures for PbTe toy models calculated using (a) Pb-s—Te-p and Pb—
p—Te-p interactions and (b) using Pb-s—Te-p, Pb—p—Te-p, and Te-p—Te-p interactions. The magenta, cyan,
and orange horizontal lines are visual guides that show the energy of the L, X, and A VBMs, respectively.
The TB hopping parameters are given by Vi, = 0.8 €V, Vipo = 1 €V, Vppr = —1/8 €V, Vipo,re = 0.15eV,
and Vppr.1re = —Vippo,1e/8 €V (see Table .

Ref. [66| claiming that the s-orbitals give the VB the symmetry needed to run up from I' is not
entirely correct. The symmetry needed for the band to run up in energy is satisfied from both the

hybridization between the cation-p and anion-p orbitals and the hybridization between the cation-s

and anion-p orbitals.

While the nearest-neighbor interactions between the Te-p orbitals that dominate the VB edge
and the Pb-s and Pb-p orbitals qualitatively reproduce the shape of the VB edge, the next-nearest
neighbor Te-p—Te-p interactions provide some further insight into the VB structure in PbTe and
similar IV-VI rock salt semiconductors. Numerically, we can investigate the effect of these next-
nearest neighbor anion-p interactions by comparing the TB electronic structure of the toy IV-VI
rock salt model with and without these interactions (Figure . Including the anion-p-anion-p
interactions decreases the difference in energy between the L, ¥, A, and W VBMs and increases

the bandgap energy.

3.3 Analytical Tight-Binding Solutions

Analytical solutions for our toy IV-VI rock salt TB model can be determined by setting up and

solving for the eigenvalues of Hamiltonian matrices that that describe the interactions between
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certain pairs of orbitals.

3.3.1 Cation-s—Anion-p Interaction

First, we write out the Hamiltonian that describes only the Pb-s—Te-p interactions (the Hamiltonian

and its constituent hopping integrals are a function of k).

EPb—s HPb—s,Te—px HPb—s,Te—py HPb—s,Te—pz
*
r }I’Pb—s,Te—pgE EPb—p 0 0
HPb—s,Te—p = (31)
*
HPb—s,Te—py 0 EPb*p 0
*
Hpy s me_p. 0 0 Epy_p

The hopping integrals as a function of k in Equation [3.1] can be simplified by choosing specific
paths along the FCC Brillouin zone. Here, we will give the solutions along I'L (A), TK (X), and
I'X (A). Along A = 7(1,1,1), the hopping integrals are given by Hpy s1c—p, = Hpo—sTe—p, =
Hpy—sTe—p, = —2iVsposin (Im/2), where [ varies from 0 at I" to 1 at L. This shows that the Pb-
s—Te-p interaction is zero at I', which can also be shown using group theory [4]. Along ¥ =
g—Z(O, s,5), the hopping integrals are given by Hpy_s1ec—p, = 0, and Hpp—s1e—p, = Hpo—sTe—p. =
—2iVpo sin (3s7/4), where s varies from 0 at I' to 1 at K. Finally, along A = 22(0,0,d), we have
Hpy s1ep, = Hpp—sTe—p, =0 and Hpy_s1e—p. = —2iVspo sin (dm), where d varies from 0 at T to

1 at X.

If we solve for the eigenvalues along these three BZ paths, we obtain solutions for the VB energy

of the form,

1 1
EVB,sp - i(Ebes + ETe—p) + 5\/(ETe—p - Ebes)2 + 4($%po)2~ (32)

Notice that Equation has the same form as the anti-bonding TB eigenvalue solutions for the

diatomic molecule described by Equation [2.22)in Chapter [2, where V;;, = 2V, is like the diatomic
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Figure 3.6: k-dependent strength of the cation-s—anion-p tight-binding (TB) hopping integral (based on the
diatomic molecule model) (|Vsp|) corresponding to the highest valence band along the (a) A (I'L)-line, (b) £
(TK)-line, and (c) A (I'X)-line of the FCC Brillouin zone for the IV-VI rock salt TB model. The values are
shown in terms of the cation-s—anion-p hopping parameter, V..

hopping parameter, V. For the A, ¥, and A paths, the value of z is given by z = (6/v/3) sin (I7/2),
r = (4/v/2)sin (3s7/4), and = = 2sin (dr), respectively. The corresponding k-dependent values of
|Vsp|, which represents the k-dependent hopping strength, are plotted in Figure . The value of
x, and hence |V,|, reaches a maximum along A at { = 1, a maximum along ¥ at s = 2/3, and a
maximum along A at d = 1/2. In this chapter we define the points at s = 2/3 and d = 1/2 as ¥’
and A', respectively. That is ¥’ = 7(0,1,1) and A" = 7(0,0,1). Then, we can write the values of
Vsp = xVspo for the local maxima along A, ¥ and A, as V(L) = 6Vspo/\/§, Vep(X)) = 4Vspg/\/§,
and Vip(A') = 2V, Also, it can be shown that V(W) = Vg, (A'). Clearly, based on Equation
and the values of |V;)| for each local VB, the cation-s—anion-p antibonding strength is strongest

at L, followed by ¥’ then A’ and W, which is evident in both Figures and

The bonding analogues of Equation (plus sign in front of the square-root term is replaced
with a minus sign) describes the s-p bonding states that are found in the (predominantly) cation-s

band deeper into the VB (see Figures and [3.3).
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Table 3.2: TB Hamiltonian matrix elements for nearest-neighbor Pb-p-Te-p interactions along A, ¥, and A
lines in FCC Brillouin zone. We use H , as shorthand for Hpy_p,, 1e—p,, €tc.

H, A S A

2z (2Vppe +4Vpyr) cos (I /2) 2Vppo + 4Vppr cos (3sm/4) 2Vppo + Vipre[2 + 2 cos (dr)]

H,
Hyy (2Vppo + 4Vppr) cos (I/2)  2(Vipo + Vipr) €08 (35/4) + 2Vipr  2Vipo + Vipr[2 + 2 cos (dr)]
H.:  (2Vppo + 4Vppr) cos (Im/2)  2(Vppo + Viprr) €08 (357/4) + 2Vppr 2Vppo cos (dmr) + 4Vppr

3.3.2 Cation-p—Anion-p Interaction

Next, we look at the effect of the cation-p—anion-p interactions. The Hamiltonian describing these

interactions is given as follows:

Epp—p 0 0 Hpp—p, Tep. 0 0
EPb—p 0 0 HPb—py,Te—py 0
. : - Eppyp 0 0 Hpp—p, Te—p.
Hpy prep= . . ; . (3.3)
. . . Teep
Efep 0
ETe—p

We only give the upper diagonal elements, but we can use the fact that the Hamiltonian is
Hermitian (H;; = H ]*Z) to fill in the lower diagonal elements. Along the A, ¥, and A direction, the

Hamiltonian elements are give in Table

When we solve for the eigenvalues to Equation the highest VB is triply degenerate along
A, doubly degenerate along ¥, and singly degenerate along A (see Figure ) Note that when
the cation-s—anion-p interaction is included, the highest VB is singly degenerate. The energy the
highest VB(s) along the A, 3, and A paths based on only the Pb-p—Te-p interactions can also be
written in a form similar to Equation where V' = V], (see Equation . The k-dependent
values of V,,, are listed below, and E; and Ey (from Equation are given by Epp_, and E7e_yp,

respectively.
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Figure 3.7: k-dependent strength of the cation-p—anion-p tight-binding (TB) hopping integral (based on a
diatomic molecule model), |V,,|, for the highest valence band along the (a) A (I'L)-line, (b) ¥ (I'K)-line,
and (c¢) A (I'X)-line of the FCC Brillouin zone for the IV-VI rock salt TB model. The values are shown in
terms of the cation-s—anion-p hopping parameter, V,,,. The fainter lines in (a)-(c) represent the case where
Vppr = 0, and the darker lines represent the cases where Vipr = —(1/8)Vppo-

o A: Vip(l) = (2Vppo + 4Vppr) cos (Im/2)

o 3 Vip(s) = 2(Vopo + Viprr) cos (3sm/4) + 2Vppr

o A: Vip(d) = 2Vipo cos (dm) + 4Vppx

The strength of the cation-p—anion-p interaction parameter, H/;)p] along each path is plotted in

Figure [3.7]

When considering the cation-p-anion-p interactions, the VB edge is the bonding (lower-energy)

solution of Equation [2.22

1

1
EVB,pp = Q(EPb—p + ETe*p) - Q\/(EPb—p - ETefp)z + 4(%}?)2- (3-4)

At T, the cation-p-anion-p hopping parameter is given by V,,(I') = 2V,ps + 4Vppr. Recall, that
Vppe > 0, while V,,r < 0, so given that the p-orbitals are o-bonding at I', then they must be m-anti-

bonding at I'. Because we can assume that the o-bonding interaction is at least two times as strong
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as the m-bonding interaction [63|, p-orbitals must be in a net-bonding state at I'. Along the A-line,
the magnitude of the interaction decreases from I' to L, such that it is zero at the L-point. This
explains why the highest VB (and the two other anion-p VBs below that) runs up in energy from I
to L when only the cation-p—anion-p interactions are considered. It can also be shown that at the
W-point, the highest VB is singly degenerate and the cation-p—anion-p hopping parameter at this
point equals zero. As seen in Figures [3.4k and [3.7b-c, there are also points along ¥ and A where
the net interaction between the Pb-p and Te-p orbitals is zero, leading to additional VBMs that
are equal in energy to the VBM at L (when only Pb-p—Te-p interactions are present). In contrast
to the case where only Pb-s—Te-p interactions are present, the maxima along ¥ and A for the case
where Pb-p-Te-p interactions are considered are not necessarily at the exact A’ and ¥’ points. The
exact location of the maxima depends on the ratio of Vs to Vppr (see Figure —c). Along A,
the maximum occurs at the value of d that satisfies, dm = arccos(—2Vppr/Vppo), and along 3, the
maximum occurs at the value of s that satisfies sm = (4/3) arccos (—Vppr/(Vops + Vppr))- In the toy
model we use to create Figure and , we assume that Vpr = —(1/8)Vppe. This assumption
gives a value of d = 0.42, and s = 0.61. However, if we were to set Vppr = 0, then d = 1/2 and

s=2/3.

The antibonding analogues to the VB cation-p—anion-p bonding states are found in the CB,

which is why the shape of the CB edge somewhat mirrors that of the VB edge.

3.3.3 Anion-p—Anion-p Interaction

We can think of the Te-p—Te-p interactions as adjusting the effective on-site energy of the Te-
p orbitals when estimating the energies of the local VBMs using Equation Note that this
effective on-site energy does not apply to all of the Te-p VBs and should only be applied to the
highest (singly degenerate) VB at the specified k-points. We denote this effective on-site energy as

El

Te—p- We skip the details of the derivation here, but by setting up a 3 x 3 Hamiltonian that only

describes the Te-p—Te-p interactions (see Te-p—Te-p matrix elements in Appendix , we can show



7

that the adjusted on-site energies at L, W, A/, and ¥’ are as follows:

Ere (L) = Ere_p + 4Vppr 1e — 4Vppo,Te (3.5)
Ete p(X) = Ere—p + 2ViprTe — 2Vipo,Te (3.6)
Ete_p(A") = Ere_p + 4Vppr 1e (3.7)
Ere y(W) = Ere_p — 4Vipr1e (3.8)

Because Vpps1e > 0 and Vo 7e < 0, the anion-p-anion-p interaction lowers the energy of the

highest VB at L, ¥/ and A’, and slightly increases the energy at W.

Using these adjusted, or effective, on-site anion-p energies, the VB edges at the different VB
pockets (L, ¥, A, and W) can be approximated using these effective on-site energies substituted

into Ere—p in Equation [3.2]

3.3.4 Summary of Interactions

In summary, the L, W, X, and A VBMs are all Pb-s—Te-p antibonding states and Pb-p—Te-p non-
bonding (or nearly non-bonding for the A and ¥ VBMs) states. Away from these VBMs, the band
becomes less Pb-s—Te-p anti-bonding and more Pb-p—Te-p bonding, which results in these VBMs
or local VBMs. The Pb-s-Te-p anti-bonding strength is greatest at the L point, followed by ¥/,
then A’ and W. The weaker next-nearest neighbor Te-p-Te-p interactions are also relevant when
studying the VB behavior of PbTe. These interactions push down the VB edge in the L, 3, and A

VBMs, with the interaction being strongest at L, followed by ¥’ then A’. This interaction is slightly
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anti-bonding at W.

3.4 Atomic-Orbital Pictures

The results of the numerical and analytical results can be explained using simple molecular-orbital-
like bonding diagrams (at specific k-points) and atomic-orbital sketches that represent the TB
wavefunctions that describe the various VB edges. As discussed in the previous section, at different
k-points, different orbital interactions are present, and the strengths of these interactions vary with
k. For instance, at the I'-point, the cation-p—anion-p and cation-s—anion-s interactions are present
but the nearest-neighbor s—p interactions are not present, while at the L. point, the converse is true
(Figure . The VBM and CBM at the L-point are described by cation-s—anion-p and cation-p—

anion-s anti-bonding states, respectively (Figure )

3.4.1 Crystal Orbitals with s-Like-Symmetry

In Chapter [2| we showed that bands that have s-like-symmetry run up in energy from I' to the BZ
edge, while bands that have p-like-symmetry (and o-bonding dominates) run down in energy from I'
to the BZ edge. Therefore, it may initially seem counter-intuitive for the VBM in PbTe and in other
IV-VI rock salt semiconductors to be located at the L-point, as the VB edge comes primarily from
anion-p states. Ref. [66] offers the explanation that the filled Pb-s states, which are also present in
the VB edge, themselves make the highest VB behave like an s-band—simply because s-orbitals are
present. While the Pb-s orbitals are important, this explanation has two pitfalls. The first is that
the percentage of Te-p character in the highest VB is greater than the percent Pb-s character, even
at L (Figure . Therefore, there is no reason that the Pb-s-orbital interactions should be more
important than the Te-p-orbital interactions. Second, our toy TB model shows that the highest
VB runs up in energy from I' to the BZ zone edge with only the Pb-p—Te-p interactions (no Pb-s

orbitals).
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Figure 3.8: Sketches of molecular-orbital-like diagrams showing the nearest-neighbor bonding interactions in
IV-VI rock salt semiconductors at the I'-point and at the L-point. (a) At the I'-point, interactions between
the cation-s and anion-s orbitals and between the cation-p and anion-p orbitals are present. The valence band
(VB) edge at T' comes from the cation-p—anion-p bonding states and the conduction band (CB) edge comes
from the cation-p—anion-p antibonding states.
interactions are present, and the valence band maximum (VBM) and conduction band minimum (CBM)
come from cation-s—anion-p and cation-p—anion-s anti-bonding states, respectively. The final energies of the
molecular orbitals in (b) are modified due to next-nearest-neighbor interactions (e.g., cation-p—cation-p and
anion-p—anion-p next-nearest-neighbor interactions push the nearest-neighbor s-p anti-bonding states in (b)
down in energy and the non-bonding p-states up in energy).

(b) At the L-point, cation-s—anion-p and cation-p—anion-s
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Here, we show that the highest VB state can be described by Pb-s—Te-p and Pb-p-Te-p crystal
orbitals [69] that have s-like symmetry. The crystal orbitals describe superpositions of the atomic
orbitals within a single repeat unit (primitive unit cell) of the crystal. Like atomic orbitals, we
can construct Bloch functions from these crystal orbital units in order to understand band behavior
(Figure[3.9). For simplicity, we show 1D linear interpretations of the Bloch wavefunctions, such that
they can be easily compared to Figures [2.4] and 2.5 in Chapter 2] Note that these sketches are only
intended to show the symmetry and phases of the orbitals, not the relative orbital contributions.
In fact, the Te-p orbitals have the greatest contribution to the VB edge, but the contribution varies
in k-space. The Pb-s/Te-p crystal orbital unit representing the highest VB is constructed from
a Te-p orbital in an anti-bonding configuration with a near-neighbor Pb-s orbital (Figure )
The overall symmetry of the phase (shown using dark versus light shading for negative of positive
phase) of this unit is symmetric with respect to the o-bonding axis, giving it s-like-symmetry.
Therefore, at the I'-point, where all of these crystal orbitals are aligned with no phase change, the
interactions between the crystal orbital units are all bonding. However, because the interaction
within the crystal orbital units is always anti-bonding, the bonding and anti-bonding interactions
cancel out from symmetry making this state at I' net non-bonding. On the other hand, at L, each
crystal orbital unit is out-of-phase with its neighboring crystal orbital unit, so the crystal orbital

wavefunction at L is completely anti-bonding.

The Pb-p/Te-p crystal orbital unit that describes the highest VB is constructed from an in-phase
(bonding) Pb-p—Te-p interaction that also has s-like (symmetric) phase symmetry with respect to
the o-bonding axis (Figure ) Thus, at T' the interaction between the crystal orbital units is
bonding, and at L the interaction between the units is anti-bonding. Because the interaction within
the unit is bonding, the I'-point Bloch function is an entirely bonding state, while the L-point Bloch
function is non-bonding. Overall, the TB crystal orbital transitions from being a Pb-p—Te-p bonding
state at I' to a Pb-s—Te-p anti-bonding state at L, resulting in a band that runs up in energy from
I'. Moreover, the 1D interpretation of the L-point in Figure [3.9] can be generalized to represent

the Bloch function corresponding to the VB pockets at ¥/, A’, and W. The difference in bonding
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Figure 3.9: Sketch of linear (1D) representations of the crystal orbital units and corresponding Bloch func-
tions at ' and L in the highest valence band in PbTe. (a) The Te-p/Pb-s crystal orbital unit is described
by a Te-p orbital and Pb-s orbital in an anti-bonding (AB) configuration. The I-point Bloch function for
this unit is non-bonding (NB), as the nearest neighbor bonds alternate between being anti-bonding and
bonding, cancelling out to give zero net-bonding. The L-point Bloch function is entirely anti-bonding (AB).
(b) The Te-p/Pb-p crystal orbital unit is described by a Pb-p-Te-p bonding interaction. The I'-point Bloch
function is bonding, while the L-point Bloch function is non-bonding (NB). Dark versus light shading is
used to represent the orbital phases (positive or negative), such that overlaps between orbitals of the same
phase are bonding (o) and overlaps between orbitals of opposite phases are anti-bonding (o*). Note that the
size of the orbitals does not represent the orbital contributions/characters. The orbitals are all shown using
the same size, such that only the symmetry of the phase is represented by these sketches. The 1D L-point
representation also corresponds to the 1D representations of the W-point, ¥'-point, and A’-point VB edges.
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Weaker anti-bonding

Figure 3.10: 3D sketches of the tight-binding wavefunctions in the highest valence band of PbTe at the
L-point, ¥/-point, and A’-point. At the L-point, the Te-p orbital is aligned along the [111] direction, at
¥ = 2(0,1,1) it is aligned along the [011] direction, and at A" = (0,0, 1) it is aligned along [001]. The
overall s-p interaction strength (hopping integral), given by Vi,(k), decreases from L to ¥’ to A’. The
shading indicates the orbital phases (positive or negative), and the relative phases of the Pb-s orbitals were
assigned using the 3D Bloch functions.

(anti-bonding) between the competing VBMs is elucidated by considering the 3D atomic-orbital

interpretation of the VB wavefunctions.

3.4.2 3D Valence Band s-p Anti-bonding Pictures

While simple 1D sketches of the Bloch functions are sufficient to understand why the highest VB
increases in energy from I' to L, W, the ¥ maximum, and the A maximum, to understand the
relative energies of the four different local VBMs (L, ¥, A, and W), 3D sketches are needed. For
these sketches, we show a single Te-p orbital octahedrally coordinated by its six nearest-neighbor
Pb-s orbitals (see Figure , whose phases are given by the 3D Bloch functions for each k-point
(Figure . The vector describing the direction of the p-orbital is determined by the k-point. At
the L-point, the Te-p orbital is oriented along a <111> direction, along 3., it is oriented along a

<011> direction, and along A, it is oriented along a <001> direction.

These simple VB eigenfunction sketches can be used to obtain the same analytical solutions

for the VBM (from s-p interactions) given in the prior section. Specifically, we can reproduce the
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values of V;,(k) (found by analytically solving part of the TB Hamiltonian) for L, ¥’, and A’ using
the geometry and symmetry of the sketches in Figure[3.10] As given in Table of Chapter [2] the
Slater-Koster matrix element for an s-p interaction is [Vy,,, where [ is the direction cosine (projected
along the direction of the p-orbital) of the vector between the p-orbital and s-orbital sites. We can
use a similar formalism to describe the anti-bonding nature of the VB edge states, but instead of
using the Cartesian basis of p-orbitals (p, py, and p.), we use the p-orbital that describes the VB
eigenstates at the various local VBMs. Formally, we can write the s-p anti-bonding strength for
the L, ¥, and A’ VBMs using Equation where ¢ sums over each nearest-neighbor and ¢; is the

angle between the p-orbital direction and the vector between the neighbor pairs (see Figure [3.10)).

6
Viplk) = Vipr 3 cos((k) (39

It is important to note that this equation can only be used at k-points where the s-orbitals
are in a phase that is completely (maximally) bonding, anti-bonding, or non-bonding with the
p-orbital. If we apply Equation at the L-point, we get V(L) = 6Vip, x 1/v/3. At the X'
point, we get Vi, (X') = dVipo X 1/V/2 + 2V, x 0 = 4V, /+/2. Finally, at A', we get Vip, (A') =
2Wepo X 1+ 4Vips X 0 = 2V,

This atomic-orbital picture framework is not limited to understanding cubic IV-VI semicon-
ductors. We use the same equation and similar eigenstate sketches to understand how the band
structure in GeTe changes with respect to its cubic (rock salt) to rhombohedral phase transition in

Chapter [3

3.5 Computational Methods

The first-principles DFT calculations to obtain the PbTe band structure (and corresponding or-
bital characters) were performed using the Vienna ab initio Simulation Package (VASP), employing

projector augmented wave (PAW) pseudopotentials and the PBE functional, derived from the gen-
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eralized gradient approximation (GGA). [48-51,87,[88|. A plane-wave cutoff energy of 450 eV was
used for each calculation. The structural degrees of freedom were relaxed—until the forces on atoms
were less than 0.01 eV /nm—using a I'-centered [89] k-point mesh of size 13 x 13 x 13. The electronic

structure calculations were performed using a I'-centered k-point mesh of size 20 x 20 x 20.

3.6 Conclusion

The high valley degeneracy in the VBs of PbTe is partially due to its four-fold-degenerate L-point
VBM, and it can be increased further when the L band is converged with the twelve-fold-degenerate
3 band. Theoretically, band convergence can be enhanced even more if the A and W VB pockets
are also converged at the VB edge, though this type of convergence is not as well documented in the
literature. In this chapter, we have developed a simple and intuitive orbital-chemistry framework

to aid in the understanding of high band degeneracy in PbTe and IV-VI rock salt semiconductors.

First, we use a toy TB model to show that the highest VB increases in energy from I' to the
VB edges (L, W, X, and A) with cation-s—anion-p and/or cation-p—anion-p interactions included
in the model. Simple 1D orbital sketches show that a crystal orbitals unit constructed from cation-
s-anion-p anti-bonding interactions and from cation-p—anion-p bonding interactions have the s-like
symmetry expected from a wavefunction that describes a band that increases in energy away from
the I'-point. The highest VB has cation-p—anion-p bonding character at I', but the cation-p—anion-p
bonding strength decreases away from I, such that it is non-bonding at L. The VBM at L is a cation-
s—anion-p anti-bonding state, while this cation-s—anion-p interaction is forbidden at I'. The other
local VBMs at W and along ¥ and A can also be described as largely cation-s—anion-p anti-bonding
states and cation-p—anion-p non-bonding (or nearly non-bonding) states. The s-p interaction is
strongest at L, followed by X, then A and W. The difference in s-p anti-bonding strength can be
understood using 3D sketches of the s-p wavefunctions describing these VBMs. Anion-p-anion-p
next-nearest neighbor interactions also influence the shape of the VB. These interactions (in the

highest VB) are bonding in nature at L, X, and A, with the bonding interaction being stronger at L,
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followed by X, then A. At the W-point, the anion-p—anion-p interactions are slightly anti-bonding.

In addition to providing insight into band engineering of PbTe, the framework described in
this chapter has been used to understand the chemical origins of band inversion in the crystalline
topological insulator, SnTe [90]. In the next chapter, we build upon this framework to understand

and develop strategies for achieving high band convergence and complex Fermi surface topologies.
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Band Convergence and Low-Dimensional Band Topology

in IV-VI Rock Salt Semiconductors

4.1 Introduction

In Chapter [3, we developed a tight-binding (TB) framework of the valence band (VB) structure in
IV-VI rock salt semiconductors. In this chapter, we extent upon this framework to yield insights for
designing complex Fermi surfaces for better thermoelectric performance in PbTe and other IV-VI

semiconductors.

Convergence of the VB extrema, specifically between L and ¥ has been shown to improve
the thermoelectric performance of p-type PbTe and other IV-VI semiconductor materials 29,30,
35,138,172, /73, (75,(91}95]. At low temperature, the ¥ VB (Ny = 12) is found below the L band
(Ny = 4) [28,29,75,[79-81,196], but as temperature increases, the energy of the L band decreases
relative to that of the ¥ band, causing the bands to approach each other until the 3 band overtakes
the L band at ~ 700K [29}|35[80-82]. Through experiment, alloying is well-known to be an effective
method for tuning the relative energies of the L and ¥ bands [97]. For instance, alloying PbTe
with PbSe, decreases the energy of the secondary VBM along ¥ relative to the primary VBM at
L |29]. By contrast, cation-site alloying with impurities, such as Cd, Mg, Sr, Mn, Na, and Hg—all
of which introduce s states above the VB edge—decreases the energy of the L-band relative to the

S band [28,[711[73,[75,85./95197] [100].

In this chapter, we use the TB framework from the previous chapter to elucidate the chemi-
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cal origins of band convergence in order to explain these alloying strategies. Additionally, while
discussion of band convergence has typically been limited to the L and ¥ bands, in this chapter,
we discuss convergence with the A and W bands, which can further improve band degeneracy and
Fermi surface complexity [34]. Higher convergence of band edge extrema may lead to interesting
variations (beyond simply increasing the nominal valley degeneracy) in the Fermi surface, leading
to unique low-dimensional-like transport in 3D bulk materials. In general, increasing the band con-
vergence favors lower-dimensional Fermi surfaces in IV-VI semiconductors, and reducing the band

dimensionality in thermoelectric materials may improve performance [45}/101},/102].

Traditionally, low-dimensional behavior is achieved by designing nano-scale materials that con-
fine electronic transport in at least one dimension [103-105]. While low-dimensional materials were
initially thought to enhance thermoelectric performance [103}|104], when multiple bands contribute
to transport, quantum confinement from low-dimensionality can actually reduce thermoelectric per-
formance by breaking degeneracy [106}|107]. However, low-dimensional transport has been reported
in 3D materials that have lower dimensional Fermi surfaces, and associated gains in thermoelectric
performance are predicted [45/69,/101,108]. Thus, engineering low-dimensional bands in 3D materials
provides a novel pathway to achieve the efficiency gains associated with low-dimensionality without
the challenges and costs associated with synthesizing nano-scale material or the loss in thermo-
electric power from degeneracy-breaking quantum confinement effects seen in true low-dimensional

materials [45,/101].

While transport in these materials does occur in all three dimensions (as dictated by the sym-
metry of the bulk crystal), the density of states (DOS) has the same energy dependence as true
low-dimensional materials, such as nano-wires and nano-scale thin-films (see Figure . Fermi
surfaces that yield 3D-type transport are ellipsoidal and expand in all three dimensions with an
increase Fermi energy, so the DOS is proportional to the square-root of energy. Fermi surfaces with
2D-type transport are cylindrical, and therefore, only expand in two dimensions with increasing

Fermi energy. The corresponding DOS is independent of energy. Finally, Fermi surfaces with 1D-
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Figure 4.1: Low-dimensional Fermi surfaces in bulk 3D materials have density of states (DOS) with energy (&)
dependencies that correspond to those in true low-dimensional materials, such as thin-films and nanowires.
The top row depicts sketches of true 3D, 2D, and 1D materials. The middle row contains sketches of the
corresponding DOS for these materials, assuming parabolic bands in the dispersive direction(s). The bottom
row shows sketches of Fermi surfaces in cubic bulk 3D materials that have DOSs with energy dependencies
corresponding to 3D-type transport (DOS o +/€), 2D transport (DOS independent of energy), and 1D
transport (DOS o 1/4/€). In the DOS sketches, &, denotes the band edge.
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type transport resemble sheets and expand in one dimension as the Fermi energy moves deeper into

the band. The DOS for these bands is inversely related to the square-root of energy.

In Ref. first-principles calculations show that PbTe, PbSe, PbS, and SnTe with sufficient
carrier concentrations exhibit a 2D VB Fermi surface topology consisting of 12 tubes, or “threads”,
connecting the L-points and intersecting the 12 3 VB pockets. Higher power factors are predicted
for the tubes than the ellipsoids . Here, we use the toy IV-VI rock salt TB model to show that the

lower-dimensional Fermi surfaces could emerge closer to the band edge (accessible at lower carrier
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concentrations/electron chemical potentials) if the various VB pockets are more converged. We
also describe the chemical origins of this transition from the 3D ellipsoidal Fermi surface to the 2D
topology (tubes/threads), along with an additional theoretical transition to a topology characteristic
of 1D transport. By varying the relative convergence of the VB extrema using “chemical knobs”
within the TB model, we see a topological evolution in the Fermi surface from 3D, to 2D, to 1D.
Using an effective mass model, we show that the lower-dimensional Fermi surfaces have higher Fermi
surface complexity factors (quantification of Fermi surface complexity [34]) and may lead to higher
Seebeck coefficients and power factors, although the extent of the benefits depend on the scattering

assumption.

4.2 Identifying Chemical Knobs for Tuning Convergence

4.2.1 Insights from Tight-Binding Model

The first step to developing an orbital-chemistry framework for band convergence is to write out
analytical TB expressions that describe the energy difference between the L and ¥ VB extrema
(Ers) and between the L and A VB extrema (Era) (see Figure [£.2). The notation for the TB
parameters adopted in this chapter is the same as that used in Chapter [3] For the most part, we
neglect spin-orbit coupling (SOC) effects, in order to understand the effects of the simple atomic-
orbital interactions themselves. Discussion on the potential influences of SOC can be round in Ref.
47. The overall chemical trends in VB are not significantly impacted by SOC, though SOC does
have a significant impact on the bandgap energy, and this effect becomes less important as Pb and

Te are replaced with lighter elements |109}/110].

Using Equation [B.2] for the L, ¥, and A VB extrema, in addition to Equations we
can write out analytical expressions that approximate the values of Ersy and Epa, where we let
Ay = %(ETe_p — Epp—s). We plot these solutions alongside the numerical solutions to the TB

model (see Chapter [3| for parameters) with respect to Vipe, Vopo e (Vppr,1e = —%Vppg,Te), and As)
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Figure 4.2: DFT-calculated (using the PBE functional without spin-orbit coupling) electronic structure of
PbTe, showing the valence band edge. The energy of the L, 3, and A valence band extrema are shown using
the magenta, cyan, and coral dotted lines, respectively. The energy differences between the L and 3 bands
(Ery) and L and A bands (ELa) are labeled.
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(Figure E| The analytical solutions are determined assuming that the ¥ and A VBMs occur
exactly at the points, A" = 7(0,0,1) and X' = 7(0,1,1) while the numerical TB solutions use the
true locations of these maximums, which deviate from these values. Clearly, both Ery and Epa
increase as Vo increases and as Vpps1e and A, decrease. Additionally, when convergence between

L and ¥ and between L and A increase, ¥ and A also converge.

1
Ers & Viprre = Vopo,e + 5\/ (245p + 4Vipr 1e — 4Vipo,1e)? + 48V2,

1
-5 (2Asp + 2‘/})}77{',1—'6 - 2‘/ppcr,Te)2 + 32V2

spo

(4.1)

1
Ern = =2Vppore + 5\/(214519 + 4Vppr,Te — 4Vppa,Te)2 + 4'8‘/8?17(7

1
— 5/ (240 + 4Vpprre)? + 16V3,  (4.2)

The trends with respect to Vip, and Ay, are directly related to the fact that the different VB
extrema have differing dependencies on the cation-s—anion-p interaction. As discussed in Chapter
the local VB maximums in PbTe and similar IV-VI rock salt semiconductors are primarily cation-s—
anion-p anti-bonding states. Because the s—p interaction is strongest at L, followed by X, then A and
W, the VBM is located at L, while the other VB maximums are lower in energy. Therefore, when
this interaction is weakened, either by reducing the interaction parameter (Vy,,) or by increasing
the energy separation between the orbitals (24,,) [66], it reduces the difference in energy between
the different anti-bonding states at different k-points (Figure ,c). Moreover, the next-nearest-
neighbor anion-p—anion-p interactions have an influence on the energy of the VBMs. In the L, X,

and A VBMs, this interaction is bonding in nature, and lowers the energy of these bands, while in

'Like in Chapter we use Pb as the cation and Te as the anion for the sake of discussion, but Pb can be
generalized to a group-IV cation (Ge, Sn Pb), and Te can be generalized to any group-VI anion (S, Se, Te).
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Figure 4.3: Tight-binding (TB)-calculated band convergence between L, ¥, and A valence bands with
respect to (a) the cation-s—anion-p interaction strength (Vi,s), (b) the anion-p-anion-p interaction strength
(Vipo,re) and (c) the energy separation between the cation-s and anion-p orbitals (24,,). The solid lines are
calculated using the analytical approximations given in Equations and the circles represent values
calculated numerically using the TB model. The values of the TB parameters when they are held constant
are Vopo = 0.8 €V, Vypo,re = 0.15 €V, 24, =5€V, V0 =1 €V, and Vppr = —1/8 €V. V,,r 7e is constrained,
such that Vypr re = — 3 Vppo,re (see Table [3.1)).

the W VBM, it is slightly anti-bonding. Because the bonding interaction is stronger in the L band,
followed by 3, then A, increasing the interaction strength causes the L band to decrease relative

to the 3, A and W bands, while the ¥ band decreases relative to the A band, and the A band

decreases relative to the W band, enhancing the overall band convergence (Figure [£.3p).

4.2.2 Design Strategies for Valence Band Convergence

The theoretical insights from the TB model can be used to inform and explain real design strate-
gies for achieving band convergence in PbTe and other IV-VI rock salt materials. As discussed
in the previous section, the TB routes for achieving convergence involve tuning the values that
influence the cation-s—anion-p nearest-neighbor and anion-p—anion-p next-nearest-neighbor interac-

tionsﬂ Because the cation-s—anion-p interaction dominates over the next-nearest neighbor anion-p

2While the cation-p-anion-p interactions do not play a significant role in controlling band convergence—the
VB maxima are non-bonding or nearly non-bonding with respect to this interaction—these s—p interactions should
influence the curvature of the VB (and CB) edges. Increasing the strength of this interaction (i.e., decreasing the
energy separation between the p-orbitals or increasing the hopping parameter between the orbitals) should increase the

curvature. The increase in curvature should then yield a lower inertial effective mass and higher carrier mobility [111].
While we do not investigate this relationship in detail, it is an interesting topic for study.
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interactions, we focus on strategies that target the strength of the s-p coupling at the VB edges. The
s-p interaction strength depends on both V,, and A, so methods to enhance convergence should
target, or effectively target, one or both of these parameters. Note that when we describe strategies
to enhance convergence, we are assuming that the VBM is at L, rather than along . However,
at higher temperatures or certain compositions, ¥ may overtake L and become the VBM [29], and
in those cases, the opposite strategies should be employed to enhance convergence. We are also

assuming that there is no change to the crystal structure—these effects are discussed in Chapter

The value of Vi, can be directly reduced by increasing the lattice constant, as the magni-
tude of any interaction (hopping) parameter decrease with interatomic distance [63,64]. This can
be achieved through an increase in temperature (thermal expansion) [112|, decreasing hydrostatic
pressure, or tuning alloying concentrations to increase the lattice constant. Because temperature
and pressure do not change the composition of the compounds, they have been shown to consis-
tently tune band convergence in the predicted direction based on the change in lattice constant and
corresponding change in Vi, [29,86}/109]. This trend in V), and convergence with respect to lattice
constant is evident in Figure [£.4] which shows that the convergence between the L, ¥, and A bands
increases with lattice constant—up until the point where the ¥ and A overtake the L. band—and
that both the contribution of the cation-s orbital at L and the difference between the contribution
at L and in the ¥ and A bands decreases with lattice constant. The percent contribution of the
cation-s orbital in the VB edges acts as a proxy for the strength of the s-p coupling |113], so these
trends show that the s-p coupling (described by Vi), and hence differences in s-p coupling be-
tween the different VB pockets, decreases with increasing lattice constant. Clearly, increasing the
lattice constant decreases the energy separation between the L VBM and the other local VBMs, and
this trend can be directly linked to a decrease in cation-s—anion-p coupling with increasing lattice

constant.

When chemical substitutions that change the composition alter the lattice constant, the trend

with respect to s-p interaction strength and subsequent change in convergence is less straightforward.
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For instance, substitutions on the anion-site with a more electronegative species (e.g., substituting
Te with Se or S or substituting Se with S) [6] decreases the lattice constant [86,/112] but also
decreases the on-site energy of the anion-p orbitals, which reduces the values of Ay, [64]. Because
the decrease in lattice constant and decrease in s-p energy splitting both increase the strength of
the s—p coupling, there is a consistent trend indicating that substituting Te or Se with a more
electronegative chalcogen decreases VB convergence [29,[86,|109}|112]. Furthermore, when replacing
Pb with Sn, both the decrease in Ay, (Sn is more electropositive than Pb [3]|) and the decrease in
lattice constant should lead to a decrease in convergence, which is in fact the case |1147116]E| On the
other hand, when the cation-site is replaced with a more electropositive cation species that increases
the lattice constant (e.g., substituting Ge with Sn) [6], we would expect a decrease in convergence
due to a decrease in Asp,ﬁ but an increase in convergence from the larger unit-cell volume. That is,
replacing Ge with Sn should lead to a decrease in convergence from Sn being more electropositive
than Ge (smaller Agp), but should lead to an increase in convergence from the lattice constant of
SnTe being larger than that of GeTe |116]. In this case, the effect of reducing the s-p energy splitting
evidently wins out, as it is known from first-principles calculations that the convergence between

band edges at low temperature is greater in GeTe than in SnTe [38,|91}/119-122|.

It is worthwhile to point out that SnTe exhibits band inversion at the L-point (when SOC is
considered), making it a topological crystalline insulator, so the cation-s—anion-p anti-bonding state
actually constitutes the CBM at L, while the cation-p-anion-s anti-bonding state constitutes the
L-point VBM [90}114},115,|119]. Therefore, in SnTe with band inversion, Equation and do

not hold. In pure SnTe with band inversion, the differences in band-edge energy are even greater

3The PBE electronic band structures of rock salt GeTe, PbTe, and SnTe, in addition to other IV-VI semiconductors
without SOC can be found on the Materials Project database: https://materialsproject.org/materials. The interactive
band structure plots allow users to see the relative energy of the different VB pockets relative to the VBM at the
L-point.

4While the electronegativity generally decreases down a group on the periodic table, Pb represents an exception in
the chalcogen series, as it is more electronegative than both Sn and Ge. This somewhat anomalous electronegativity
trend is attributed to relativistic effects—which decrease the energy of the valence electrons by contracting the s and
p electron shells—from the large size of Pb |116-118|. This electronegativity trend actually contradicts the atomic
on-site energies given in Ref. 63, which indicates that the Pb-s and Pb-p energies are higher than those of Sn and
Ge.
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than the differences that would be calculated using the actual VBM energies, because the L-point
cation-s—anion p anti-bonding state is higher in energy than the L-point VBM (a cation-p—anion-s
anti-bonding state). That being said, when we consider alloying SnTe with IV-VI rock salt materials
that do not exhibit band inversion (and the alloy also does not exhibit band inversion), then the
differences between the cation-s—anion-p anti-bonding states at L, 3, A, and W are the relevant

factors in determining trends in band convergence with respect to alloying.

The difference in the VB offsets between PbTe and (cubic) GeTe are more difficult to explain
using Ve and Agy. Based on both electronegativity and equilibrium lattice constants (agete = 6.02
A, apeTe = 6.56 A), we would expect GeTe to have a less converged VB structure because it has
a smaller lattice constant and should have a smaller value of Ag,. However, cubic GeTe is more
converged than PbTe, showing that this intuition is not sufficient. As seen in Figure [f.4h, the
difference in energy between the . VBM and A and 3 VBs is larger in PbTe than in GeTe when
the lattice constants are equalﬂ Additionally, at the equilibrium lattice constants, GeTe is more
converged than PbTe, despite GeTe having a smaller lattice constant. The fact that the L-> and
L—-A offsets are greater in PbTe than GeTe for the same lattice constant indicates that chemically,

GeTe intrinsically favors having smaller offsets, independent of lattice constant effects.

Based on Figure [1.4pb-c, the s-p coupling does not decisively explain these differences in VB
offsets. The difference in cation-s contribution between the L. and 3 bands and L. and A bands are
very similar between the two materials (Figure [4.4b). Based only on the cation-s contributions in
the L-point VBM, PbTe exhibits greater s-p coupling than GeTe, given that they have the same
lattice constant, but equilibrium GeTe exhibits greater s—p coupling than equilibrium PbTe (Figure
H{:) The former observation is not consistent with Pb being more electronegative than Ge and the
latter is inconsistent with the band offsets being larger in PbTe than GeTe. The first contradiction
may be from the Ge-s orbitals being lower in energy than Pb-s orbitals, despite what the Pauling

electronegativity values [3] would suggest. In fact, according to Ref. 63| this is the case, and Ge-s

5The methods used to calculate the DFT energy levels are the same as those described in Chapter For the
strain calculations, the lattice constants are set manually and not by structural relaxations.
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Figure 4.4: Comparison of DFT-calculated (no SOC) valence band (VB) offsets and k-resolved, band-resolved
projected density of states (pDOS) values for the cation-s orbitals as a function of lattice constant between
GeTe and PbTe. (a) Difference in energy between L and ¥ VBs (circles) and between L and A VBs (inverted
triangles) for GeTe (red) and PbTe (blue). Lines of best fit are shown with solid lines (L—X) or dashed lines
(L—A). (b) Difference in the (normalized) pDOS of cation-s between L and ¥ VBs and between L and A
VBs for GeTe and PbTe (same label key as (a)). (¢) Normalized cation-s pDOS in the L-point VBM as a
function of lattice constant for GeTe and PbTe.

orbitals are lower in energy than Pb-s orbitals. The second contradiction may be due to relatively
stronger Te-p—Te-p interactions in GeTe than in PbTe, which would lower the energy of the L VBM
relative to the ¥ and A bands. However, this hypothesis still needs to be confirmed, and other

unexplored explanations may be possible.

Finally, one of the most popular and effective strategies for enhancing band convergence in the
IV-VI rock salt thermoelectrics, alloying/doping on the cation-site with elements that introduce
unfilled s’-orbitals above the VBM, can be explained as effectively decreasing the s-p coupling
strength. These unfilled cation-s’-orbitals interact with the anion-p states in the VB with the same
relative strength (between different VB pockets) as the filled cation-s?-anion-p interactions, but
because these unfilled cation-s orbitals are above the VB edge, they push the VB edges down in

energy. That is, the VB edges contain unfilled cation-s’—anion-p bonding states, analogous to the

2

filled cation-s“—anion-p anti-bonding states. This interaction directly counteracts the filled cation-

s?~anion-p anti-bonding interaction in the VB edges, and it is strongest in the L VB, followed by
¥ VB, then A and W VBs, so it leads to an effective decrease in V)., and therefore, increase

in convergence. Additionally, increasing the content of the s°-cations decreases the content of the
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s2-cations, which simply reduces the number of s>-orbitals that can interact with the anion-p VB

states.

The impact of cation-s" states on the VB structure can be qualitatively modeled using the TB
method in conjunction with the virtual crystal approximation (VCA). The VCA is a computationally
inexpensive method to model alloy systems that is simple to implement. Within the VCA, the
alloying site is treated as a weighted average of the its constituents. If we consider the alloy,
A1_,.B,C, the VCA potential describing the electronic structure of the alloy can be written as a

linear combination, or weighted average, of the potential of the compounds, AC and BC [123-126].

This VCA methodology can be translated to understanding cation-site substitutions (with differ-
ent on-site energies) by adding an an additional TB basis element for the cation-s” state. Consider
the alloy, M1,M?2;_, X, where M1 is a cation that introduces unfilled s° states above the VB edge
(Na, Mn, Mg, Cd, Hg, etc.), M2 is a group-IV cation (Ge, Sn, Pb), and X is a group-VI anion (S,
Se, Te). To implement the VCA in this case, we simply modify the Hamiltonian such that we weight
the hopping parameter for the M1-s-X-p interaction by x and weight the hopping parameter for
the M2-s>-X-p interaction by 1 — z. Additionally, we weight the M2-p—X-p interactions by 1 — z,
and we assume that the M1 atom only introduces s% states and no other orbital states. Results
for this model are depicted in Figure[d.5] Clearly, increasing the M1 content within this TB model
causes both Ers, and Epa to decrease such that the VB structure is more converged. Moreover,
this effect is still present when we do not consider the M1-s2-X-p interactions at all but still weight
the M1-X interactions by 1 — x (treating M1 as a vacancy), but the effect is weaker, especially at

larger x.

4.3 Low-Dimensional Fermi Surface Topology

When more and more VB pockets are converged in energy near the band edge in PbTe (and similar
IV-VI compounds), the result is not merely an increase in the nominal number of carrier pockets

to increase Ny . Rather, the result is a more fundamental change to the nature of the Fermi surface
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Figure 4.5: Numerical tight-binding (TB) values of valence band (VB) offsets between the L and ¥ VBs
(Frx) and between the L and A VBs (ELa) as a function of x in M1,M2;_,X, where M1 is a cation that
introduces unfilled s° states above the VB edge (Na, Mn, Mg, Cd, Hg, etc.), M2 is a group-IV cation (Ge,
Sn, Pb), and X is a group-VI anion (S, Se, Te). The darker lines represent values calculated with the M1-
s%-X-p and M2-s>-X-p interactions included, while the fainter lines represent values calculated where only
the M2-s>-X-p interaction is considered (s’-cation (M1) acts as a cation vacancy). The same s-p hopping
parameter, Vy,,, is used for both s-p interactions, and the on-site energy of M1-s° is set to be 2.5 eV above
the X-p on-site energy. The other TB parameters are the same as those used to calculate Figure (see
Table . The M2-p—X-p interaction is also included in all calculations. Note that only the effects of the
cation-s-orbital contents are being considered in this model— we do not regard the effects of introducing
other M1 orbitals.
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Figure 4.6: Valence band (VB) Fermi surface evolution from tight-binding (TB) band structures of a toy
IV-VI rock salt semiconductor, where the cation-s—anion-p hopping parameter, Vj,,, is varied. The top
panel shows TB Fermi surfaces when the Fermi energy is set to be 0.05 eV below the VBM, and the bottom
panel shows Fermi surfaces with the same Vj,, values for a Fermi energy 0.075 eV below the VBM. All the
TB parameters aside from V), are given by the values listed in Table @

topology, such that complex and non-ellipsoidal Fermi surface geometries emerge, leading to low-

dimensional-like (1D-like or 2D-like) transport in 3D materials.

4.3.1 Description of Fermi Surfaces

The VB Fermi surfaces calculated using the TB model for the toy IV-VI rock salt system provide a
picture of a theoretical evolution of Fermi surface geometries as certain parameters are varied. Here,
we present an evolution based on varying the cation-s—anion-p hopping parameter, Vyp, (Figure.
However, a similar type of evolution would be expected from increasing the strength of the anion-p—

anion-p interactions or increasing the energy separation between the cation-s and anion-p orbitals.
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At higher values of Vs the Fermi surface near the band edge is characterized by four ellipsoidal
pockets that start to form “prongs” slightly deeper into the VB edgeﬂ Then, as Vi, is reduced,
the twelve X pockets emerge, and if V,, is reduced further or the Fermi energy is moved deeper
below the VBM, the Fermi surface extends continuously between the L-points, through the twelve
> pockets, such that the Fermi surface is characterized by twelve tubes that roughly outline a cube
(like the IV-VI rock salt Fermi surfaces depicted in Ref. 45). Additionally, at slightly lower values
of Vips or (Fermi energies), pockets at the W-points begin to emerge and eventually connect to the
tubes. Finally, at even lower values of V), the A pockets begin to form and coalesce with the tubes,
such that Fermi surface “sheets” are formed. While the exact nature of the evolution depends on the
other TB parameters, the Fermi surfaces depicted in Figure give an general sense of the types

of Fermi surface geometries that can be (theoretically) achieved in IV-VI rock salt semiconductors.

We can simplify the features of these Fermi surfaces into three types of idealized shapes: ellipsoids
spheres, cylinders, and sheets (Figure . Specifically, the Fermi surface types include four spheres
(radius |ksp|), twelve cylinders (radius |kep|, length 27 /a), and six intersecting sheets (thickness
2|k1p|, side length 2v/27/a). We distinguish these three different Fermi surface based on the energy-
dependence of their DOS expressions, as described in Figure The spherical Fermi surface has a
3D-like DOS, the cylindrical Fermi surface has a 2D-like DOS, and the sheet-like Fermi surface has a
1D-like DOS. Using these simplified Fermi surfaces geometries, we can develop transport models to
describe them, following a similar approach to that used in Chapter 2| to derive the thermoelectric

quality factor, B.

4.3.2 Thermoelectric Transport Predictions

To develop transport models for the three Fermi surface types described in the previous section, we
start with the generic electronic dispersion for a free-electron-like band (Equation {4.3)), following

the assumptions in the single parabolic band (SPB) model [18]56]. We also assume acoustic-phonon

5This pronged, or corrugated, type of Fermi surface is very similar to that described in Ref. |46 to describe the
GeTe and SnTe Fermi surfaces.
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Figure 4.7: Idealized IV-VI rock salt valence band (VB) Fermi surfaces types. Each type of Fermi surface is
distinguished by the energy dependence of its density of states (DOS), and the dimensionality of transport
that coincides with this DOS. The 3D-type Fermi surface (left) consists of four spheres (eight half-spheres),
with radius |kgp|. The 2D-like Fermi surface (center) consists of twelve cylinders with radius |kep| and
length %7 where a is the unit cell lattice constant. The 1D-like Fermi surface (right) can be approximated

as six intersecting sheets (neglecting the overlapping areas) with side lengths @ and thickness 2|k1p].
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scattering, which means that the scattering rate should be approximately proportional to the DOS
(from Fermi’s Golden Rule).

Rk2 WPky KK
= +o—2L+

* *
2my  2m}

(4.3)

In the above equation, k;, ky, and k. are the Cartesian components of the k-vector, and mJ,

*

y» and m7 are the inertial effective masses along the three Cartesian directions. For a spherical

m

*

. . .
, = m3), so the dispersion

Fermi surface pocket, the inertial effective mass will be isotropic (m} = m

can be simplified (Equation .

(ki +ky +k2) _ #’lkspl®
2m’ o2m}

E(k) = (4.4)

For a (perfectly) cylindrical Fermi surface pocket, the curvature is zero (i.e., the band is flat),

in one of the three directions. The inertial effective mass is inversely related to the curvature, so

21.2
the effective mass for this direction would approach infinity, making the term, Zn{:ﬁ —where i is the

direction with zero curvature— approach zero. Therefore, the cylindrical dispersion is given by the
expression in Equation where we assume (arbitrarily) that the cylinder is oriented along the

z-axis.

Rk + k) 1[kapl?

* *
2m7 2m7

E(k) = (4.5)

Finally, for the sheet-like Fermi surface, the bands have zero curvature in two of the three
directions, giving the following electronic dispersion, assuming (arbitrarily) that the sheet is oriented

in the y-z plane:

_ R*kZ hPkip|?

2mj 2mj
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The velocity of the charge carrier in a given direction is related to the partial derivative of the

dispersion relationship [67,/69).

_10E(k) Tk
- % 81@ N my (47)

In Equation [£.7] v; is the carrier velocity along the i—direction, where ¢ = z,y, or z. The
velocity in a given direction is inversely proportional to the respective effective mass. Therefore,
when there is virtually zero dispersion in a given direction (flat band), then the effective mass
in that direction approaches infinity, and the velocity approaches zero. Consequently, the carrier
transport is effectively zero in that direction and limited to the other direction(s). That is, in the
3D-like Fermi surface (spheres) transport occurs in all three dimensions from each Fermi surface
pocket, while for the 2D-like (cylindrical) Fermi surface, each cylinder will contribute to transport
in only two dimension, as the dispersion is flat in the third direction. Moreover, for the 1D-like
Fermi surface (sheets), each sheet only contributes to transport in one of the three directions. Even
though each individual cylinder (or sheet) only contribute to transport in two (or one) directions,
the overall transport is still isotropic for this cubic system because the contributions of each cylinder
(or sheet) can be added, and there are three cylinders (two sheets) in each direction [69]. Thus, the

contributions to transport are equal in all three directions.

The expressions for the scattering time, 7, Seebeck coefficient, «a, quality factor, B, Lorenz
number L, figure of merit, 27", and DOS, g, for 1D-, 2D-, and 3D-type bands are given in Appendix
(see Chapter [2 for background on thermoelectric transport). Because we assume acoustic-
phonon scattering (7 o 1/g) the expression for a, L, and 2T are identical for 1D, 2D, and 3D in
terms of B and the reduced Fermi Level (this is not the case for all scattering assumptions), 7,

where n = Ep/kpgT, and Ef is the Fermi energy. They are given in Equations |4.844.10|

0 =C2) 7 49
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(kB \? [3F2(n)Fo(n) — AF2(n)
= () [P (49)
2T(n, B) = ko‘:(”) (4.10)
By + L)

Fj;(n) is the Fermi-Dirac integral, which is defined in Equation

Although « is the same for all three dimensions for a given value of n, the reduced chemical
potential is a function of the hole concentration, p, which is given by p = fooo g(E)f(E)dE, where
f is the Fermi-Dirac distribution. Because the DOS is different for each dimension, the relationship
between p and 7 changes with dimensionality, as seen in Equations [L.114.13] Here, p1p, pop, psp
represent the number of holes per unit volume of the material corresponding to the idealized 1D, 2D,
and 3D Fermi surface types, respectively, and mj is the band effective mass (or the DOS effective

mass for a single band).

_12(2mjkpT)Y/?
pip = e A () (4.11)
12mykpT
= F, 4.12
P2D anh2 0(n) ( )
2(2m;kpT)>/?
pap = 2B, ) (1.13)

Using Equations and Equation [I.8] we can calculate the Pisarenko relationship at
300K (« versus p) for each dimension as seen in Figure . The lattice parameter is taken to be
a = 6.46 A, and the band effective mass is taken to be my = 0.2m, |45]. For a given p, the Seebeck
coeflicient increases as the dimensionality of the bands is reduced, and this increase in thermopower

is due to the higher hole concentration for a given value of 7. Moreover, using the expressions for
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the electrical conductivity, o, and Lorenz number, L derived in Appendix [C] for the three Fermi

20) and 2T for each type of Fermi

surface geometries, we plot estimates for the power factor («
surface. Here, we assume (solely for the sake of comparison between Fermi surface types) that the

lattice thermal conductivity is given by k7, =5 W/mK.

Furthermore, because the scattering time, and hence, mobility should be inversely related to
the DOS of a given carrier pocket (from acoustic-phonon scattering assumption based on Fermi’s
golden rule) [59,/60,|127], we scale the value of the carrier mobility parameter, pg, by the DOS of
each type of carrier pocket, such that the mobility is decreased when the DOS is larger. To start,
we try a mobility approximation that uses the DOS of a single sphere, cylinder, or sheet, and does
not include the degeneracy of each type of carrier pocket (Equations [4.14H4.16]). We introduce a

variable, e, which is the reduced energy (¢ = E/kgT).

\/i(mZ)S/Q 1/2 \/i(m?;)?’/z

gsphere(E) = WE = W(kﬁBT)l/%?l/Q (4.14)
m*
gcylinder(E) = a7rf22 (415)
2(2m*)1/2 B 2(2m*)1/2 B B
gsheet(E) = T’Tl[)'hE 1/2 = T;_h(kBT) 1/28 1/2 (416)

Thus, if we assume that p9 = po,, for the spherical Fermi surface pockets, then the mobil-
ity parameter for the cylindrical Fermi surface pockets can be roughly estimated to be po,, =
tosp, V2a(mikpT)Y? /(7h), and the mobility parameter for the sheet-like Fermi surface pockets
can be approximated as po,, = pospa®(mikpT)/(2mh?). Thus, uo,, ~ (1/10)uo,, and po,, ~
(1/200)p0,,,- For this example, we take the mobility of the spherical pockets to be po,,, = 1000
cm?V /s. The energy-dependence of the DOS is already taken care of in the derivation of «, o, and

L as a function of carrier concentration (see Appendix [C| for more details).
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Using these scattering-rate assumptions, we predict an improvement to the peak power factor
(Figure[4.8b) and 2T (Figure[4.8k) as the Fermi surface evolves from the 3D-like geometry (spheres)
to the 2D-like geometry (cylinders), and from the spheres to the 1D-like Fermi surface (sheets), but a
decrease in peak power factor and 27 from the cylinders to the sheets. The predicted improvement
in the 2D and 1D cases (from the 3D case) is the result of higher carrier concentrations closer
to the band edge (lower 1), allowing for the Seebeck coefficient and electrical conductivity to be
simultaneously enhanced. However, in the 1D case, the increased carrier concentration near the
band edge is counteracted by the higher scattering rate, such that the overall power factor and 27T
is reduced relative to the 2D case. Additionally, the power factor and z1 peak at higher carrier

3

concentrations as the Fermi surface evolves from the 3D to the 2D to the 1D case (9 x 10*® cm ™3,

2 x 10%Y ecm ™3, and 4 x 10%! ecm ™3, respectively).

In the last, assumption, we assume that scattering occurs at equal rates on the entire surface
of a cylinder or sheet but not between cylinders and sheets. Another assumption we can try, is to
assert that there is complete scattering between the states closest to one of the four L-points, and
no scattering between states that are closest to different L-points. That is, we use the DOS that
corresponds to 1/4 of the total DOS for the four spheres, twelve cylinders, or six sheets. The mobility
parameters for the 1D and 2D bands (relative to that for the 3D bands) for this assumption are
10, p = Hospa(mikpT)/(37h%) and po,, = po,pV2a(mikpT)"/?/(3nh). This assumptions leads to
equivalent maximum values of power factor (Figure [4.8d) and 2T (Figure [£.8d) for all three cases
(the Seebeck coefficient is still highest in the 1D case and lowest in the 3D case for a given 7).
These results indicate that all the benefits of having a higher hole concentration are completely
cancelled out by the increase in electron-phonon scattering from the higher DOS. The optimal
carrier concentrations for this assumption are 9 x 10" cm™3, 3 x 10%° cm ™3, and 5 x 10%! cm ™3 for

the 3D, 2D, and 1D cases, respectively.

The scattering assumptions based on the simple scaling of the mobility by the DOS for each

Fermi surface type assumes that the electron-phonon scattering rate is independent on the initial
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Figure 4.8: Seebeck coefficient («), power factor (a?c), and 2T as a function of hole concentration (p) at
300K for different scattering assumptions (based on acoustic-phonon scattering) for the 3D- (green), 2D-
(blue), and 1D-like (red) Fermi surfaces in IV-VI rock salt compounds. (a) The Seebeck coefficient is highest
in the 1D Fermi surface, followed by the 2D then 3D Fermi surface geometries. (b) Power factor and (c)
2T as a function of carrier concentration, assuming that the scattering rate is proportional to the density of
states of a single sphere, cylinder, or sheet. (d) Power factor and (e) 2T, assuming that the scattering rate
is proportional to the density of states corresponding to one of the four L-points (1/4 of the total DOS for
4 spheres, 12 cylinders, or 6 sheets).
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and final k-vectors and the distance between the k-vectors on the iso-energy Fermi surface. However,
in general, electron-phonon scattering between k-points is less likely in more distant k-points [36].
Also, this simplified DOS scaling of the scattering time is not entirely consistent with real behavior
seen in in IV-VI compounds because it would mean that there would be no benefit from having
Y-pockets contributing to the transport in PbTe, as the benefits from the extra carriers introduced
by the ¥ pockets would be completely cancelled out by an increase in electron-phonon scattering.
The YX-pockets do, in fact, enhance the performance of PbTe [29,|78|, so this DOS scaling likely

presents an over-correction to the mobility.

Therefore, it is beneficial to look at the other extreme: the constant scattering time approxi-
mation. This assumption asserts that the scattering time 7 is independent of energy and has no
dependence on the DOS [57,128|. The Pisarenko relationship, power factor, and 27" following this
assumption are shown in Figure . We assume o = 1000 cm?V /s fall all three Fermi surface
geometries. Clearly, the constant scattering time approximation predicts a dramatic increase in the
power factor and zT upon a reduction in the transport dimensionality, in accordance with Ref. [45|
Again, the enhancement is due to the large increase in charge carriers for a given value of 1. While
the constant scattering time approximation is not a good model for thermoelectric transport, as it
completely neglects the DOS dependence electron-phonon scattering, it provides a kind of upper
limit on the potential for performance gains in low-dimensional bands in bulk 3D materials. Thus,
if the DOS-scaling is an over-correction, and the constant 7 approximation is an under-correction,
then the real effects of low-dimensional-type transport may lie in between, suggesting the possibility
of more modest gains in thermoelectric performance from the 2D- and 1D-type Fermi surfaces. To
more accurately understand the effects of Fermi surface geometry and dimensionality, numerical cal-
culations of the k-dependent scattering matrix elements (see Equation would need to carried
out [78].

Another metric that can be used to compare the potential performance of the different Fermi

surface types—but is less (directly) dependent on scattering time approximations—is the Fermi
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Figure 4.9: (a) Seebeck coefficient («), (b) power factor (a?c), and (c) 2T as a function of hole concentration
(p) at 300K calculated using the constant scattering time approximation for the 3D- (green), 2D- (blue),
and 1D-like (red) Fermi surfaces in IV-VI rock salt compounds.

surface complexity factor, Ny, K*, which quantifies how complex a Fermi surface is based on its
effective degeneracy (Ny;) and effective anisotropy factor (K*) [34]. Note that the anisotropy
factor refers to the anisotropy of the Fermi surface pocket(s), and not the overall conductivity.
In the cubic rock salt materials, the conductivity tensor is isotropic, even with anisotropic carrier
pockets. Higher complexity factors strongly correlate with maximum power factors (a?c) and better
performing thermoelectric materials. The complexity factor depends on both the the conductivity

*

effective mass (m}) and the Seebeck effective mass (m¥) which is simply the DOS effective mass

that is extracted from Seebeck versus carrier concentration data using Equation

*
mC

m* 3/2
Ny K* = ( S) (4.17)

The conductivity effective mass can be determined from the inertial effective masses, using the

following relationship: m* = 3/ (ml,;; + ﬂij + n}bz) It is not difficult to show that the conductivity
effective mass values are , m; = mjy, m} = 2mj, and m} = 3mj, (m; as used in Equations
for the 3D-, 2D- and 1D-type Fermi surfaces, respectively. Recall that in this example, we assume
that mj is constant at a value of 0.2m.. The Seebeck versus carrier concentration values used to

determine the Seebeck effective mass are those given in Figure [£.8h, which is calculated assuming

electron-phonon scattering. The values of the Seebeck effective mass, mg, and complexity factor,
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Figure 4.10: Comparison of Seebeck effective mass and Fermi surface complexity factors for idealized IV-VI
rock salt Fermi surfaces with 3D- (green), 2D- (blue), and 1D-like (red) transport—described by spheres,
cylinders, and sheets, respectively. (a) Seebeck effective mass (m}%) versus carrier concentration (p) rela-
tionships calculated using an acoustic-phonon scattering assumption with the Seebeck versus carrier con-
centration data in Figure . (b) Fermi surface complexity factor, N, K*, for each type of Fermi surface
using conductivity effective masses (m?) of 0.2me, 0.4m., and 0.6m,, for the 3D-, 2D-, and 1D-type Fermi
surfaces, respectively. All calculations were done at T' = 300K.

Ny, K*, are shown in Figure [£.10}

Clearly, the Fermi surface complexity factor is increases substantially as the bands become
more converged and the Fermi surface geometries evolve from spheres to cylinders to sheets. The
complexity factor for the 3D case (spheres) is constant at N, K* = 4. The complexity factors for
the 2D (cylinders) and 1D (sheets) cases are not constant with hole concentration, p, but they
peak (and plateau before decreasing) at values of Ny K* ~ 60 and Ny K* ~ 500. Based on this
metric alone, we would expect significant improvement in a material that has a Fermi surface more
closely resembling the 1D-like sheets and more modest improvement in a Fermi surface resembling
the cylinders, relative to the ellipsoidal or spherical Fermi surface. However, the complexity factor
does not capture the scattering effects on the conductivity, so more detailed analysis of scattering
rates must still be performed to truly understand the benefits, or lack thereof, associated with low-

dimensional Fermi surfaces in 3D bulk materials. In fact, in Ref. [108, a computational analysis



111

of various types of band structures is performed using a more detailed treatment of deformation-
potential scattering, polar-optical scattering, and ionized impurity scattering, and it was found
that, regardless of the scattering assumption, that 1D-type bidirectional bands (sheets) are the

ideal Fermi surface geometry [108]. |Z|

4.4 Conclusion

Using a TB model of a toy IV-VI rock salt semiconductor, we identify “chemical knobs” that can
be used to tune the level of convergence in the PbTe VB structure to engineer more complex Fermi
surfaces. Because all of the VB pockets (L, 3, A, and W) are largely cation-s—anion-p anti-bonding
states with varying strengths, the convergence of these bands is primarily dictated by the strength
of this s-p coupling. The s-p coupling is influenced by the s-p energy separation and by the hopping
parameter describing the interaction, Vy,,. Decreasing the strength of the s-p coupling by either
increasing the energy separation of decreasing the magnitude of Vy,, favors convergence (in cases
where the VBM is at L). In real materials, Vs,, can be reduced, or effectively reduced, by increasing
the lattice constant (e.g., through temperature, pressure, or alloying), increasing the s-p splitting
through chemical substitutions on the anion or cation site, or introducing chemical substitutions
that replace the cation with a cation that introduces unfilled cation-s® orbitals at the expense of
the filled cation-s? orbitals. A secondary approach to tuning convergence in the TB model is to
tune the anion-p—anion-p interaction strength, where increasing the interaction strength generally

increases convergence (assuming an L VBM).

"Note that the transport and zT estimates presented in this chapter are simply meant to provide a qualitative
comparison of potential transport in theoretical Fermi surfaces that act as perfect spheres, cylinders, or sheets. The
goal here is simply to motivate the study of these lower-dimensional Fermi surfaces in 3D materials, particularly the
IV-VI semiconductor family. More nuanced numerical calculations must be carried out to more accurately estimate
the scattering rate of the charge carriers in each type of geometry. Additionally, we assume here that the type of
Fermi surface geometry stays constant with increasing carrier concentration, but this is not necessarily the case.
If the carrier concentration is increased in a IV-VI compound that has less converged bands (the Fermi surface is
spherical/ellipsoidal near the band edge), the Fermi surface will begin to form into tubes, and eventually sheets at
higher carrier concentrations. That being, said, these predictions provide a good starting point for understanding how
band convergence may influence the thermoelectric transport properties, especially at lower doping concentrations.
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Moreover, we calculate TB Fermi surfaces and find that increasing band convergence does not
simply introduce additional carrier pockets (increasing Ny ), but it leads to more substantial changes
to the nature of the Fermi surface. For instance, when the L and ¥ pockets are sufficiently con-
verged, the Fermi surface forms twelve interconnected tubes, and when the A and W bands are also
sufficiently converged, the Fermi surface starts to resemble sheets. The complexity of the Fermi sur-
face increases upon the transition from the 3D to 2D to 1D type Fermi surfaces. This Fermi surface
evolution marks a change in the nature of transport, such that the tubes (simplified as cylinders)
should have a 2D-like DOS and the sheets should have a 1D-like DOS. We model the thermoelectric
transport arising from the different classes of Fermi surfaces using different scattering-time assump-
tions, and find that the 2D-like (tubes) and 1D-like (sheets) Fermi surface may lead to power factor
and zT enhancements over the 3D-like (L-point ellipsoids) Fermi surface if the electron-phonon
scattering between points on the tubes and sheets does not completely negate the benefits from the

increased Seebeck coefficient and carrier concentration.
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GeTe Band Structure Evolution upon Cubic to Rhombo-

hedral Transition

5.1 Introduction

Group-IV chalcogenide semiconductors, particularly PbTe, have been extensively studied as high-
performing, mid-temperature thermoelectric materials [28,29,35,38.(73}7591},121},129,/130]. Excel-
lent p-type thermoelectric performance in these IV-VI semiconductors—when they are in the cubic
rock-salt phase—occurs largely as the result of high valley degeneracy (Ny) from the convergence
of the L (Ny =4) and ¥ (Ny = 12) valence band (VB) pockets at high temperature and/or when
strategically alloyed to achieve convergence [28,29|35,38,(91}92}/131,|{132]. While PbTe has histor-
ically attracted the most attention of the IV-VI chalcogenide thermoelectrics due to its excellent
performance as an n- and p-type thermoelectric, GeTe has gained increasing attention as a Pb-free
alternative, and as a result, has seen significant improvements in its performance throughout the

past few decades [131].

Among the traditional IV-VI thermoelectric semiconductors, GeTe is unique in that it undergoes
a transition from a low-temperature rhombohedral phase (R3m) to a high temperature cubic phase
(Fm3m) at ~ 700K [1,2]. The primitive unit cells (2 atoms/cell) of both the cubic and rhombohedral
phases of GeTe are shown in Figure[5.1] In the cubic rock salt phase (c-GeTe), the Ge atom is located
at the center of the Te coordination octahedron. The transition from the cubic to rhombohedral

phase (r-GeTe) is the result of the displacement of the Ge atoms from the center of the octahedron,
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(b) Rhombohedral

Figure 5.1: Primitive unit cell of GeTe in the cubic rock salt phase and rhombohedral phase, where Te is
located at (0, 0, 0) in both cases. (a) In the cubic phase, Ge (blue) is located at (0.5, 0.5, 0.5), and the
primitive cell interaxial angle (y) is 60°. (b) In the rhombohedral phase, the Ge is displaced from the center
of the Te (red) octahedron at (0.5 %+ §,0.5 £ 6,0.5 &+ ), where § ~ 0.03, and the interaxial angle is 58°.

moving from the (0.5,0.5,0.5) position to (0.5 +6,0.5+5,0.5 + ) position (in the primitive lattice
basis), where 6 ~ 0.03. It is also marked by a reduction in the primitive unit cell interaxial angle,

7, from v = 60° to v ~ 58° (see Figure [5.1h-b) [92/[129,[131H{134]. The rhombohedral phase can also

be regarded as a distortion of the conventional cubic unit cell along the [111] direction.

Upon the cubic to rhombohedral phase transformation, the electronic structure of GeTe is sig-
nificantly altered (see Figure [5.2]). The Brillouin zones (BZs) for the rhombohedral and cubic unit
cells are shown in Figure In the c-GeTe, the VBM is located at the L-point (Ny = 4), with
a secondary VBM located along the ¥ line (I'K; Ny = 12) that is ~ 0.06 €V below the L VBM
(Figure [5.2k). There is an additional VB pocket along the A (I'X) direction with Ny = 6 that is
~ 0.3 eV below the L, VBM and could become important to transport at high doping level and/or
when the bands are highly converged ,. When the GeTe unit cells distorts from c-GeTe

to r-GeTe, the L point in c-GeTe (Ny = 4) splits into two different k-points in r-GeTe, L (Ny = 3)

IThe coordinates of the special points in both the FCC and rhombohedral Bravais lattices are given in Appendix

A
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and Z (Ny = 1) (Figure[5.2h-b). Moreover, the ¥ line in c-GeTe (Ny = 12), splits into two distinct
directions that each have Ny = 6, ¥ (I'P) and n (I'X), in r-GeTe. The A line from ¢-GeTe maintains
its six-fold degeneracy upon the transition to r-GeTe, but the naming convention changes such that
it is labeled as the I'F line in r-GeTe [137]. In contrast to c-GeTe, the VBM of r-GeTe is along the
> direction, and the next highest VB pockets are the L. and Z bands, which are both 0.2 eV below
the ¥ VBM, with Z being slightly higher (Figure [5.2{).

The differing location of the VBMs in ¢-GeTe and r-GeTe introduces a new degree-of-freedom
for electronic band engineering in GeTe and its alloys: the extent of rhombohedral distortion |94,
129//131,|133]. Increasing the extent of the rhombohedral distortion increases the ¥ VBM relative
to the L/Z VBM, but breaks the degeneracy of the (cubic) ¥ and L bands. While it is typically
believed that any reduction in symmetry from the cubic to rhombohedral phase necessarily reduces
Ny because the degeneracy of the both L and ¥ bands is broken [39}92,|130}/138,/139]|, there may
actually be opportunities to achieve higher Ny through slight reductions in the symmetry due to
better convergence between the L, Z and ¥ bands [129,131}[133//140]. Additionally, r-GeTe has lower
lattice thermal conductivity due to its larger distribution of bond lengths |131], offering a different

source of improved performance in r-GeTe relative to c-GeTe.

Alloying can tune the shape of the GeTe unit cell, and hence, be used for band engineering, by
controlling the stereochemical activity of the cation-s lone pair electrons. Because the rhombohedral
distortion at low temperature is due to the stereochemical expression of the Ge-s lone pairs |66],
the phase transition temperature or the level of distortion (from cubic) at a given temperature can
be decreased by alloying on the cation site with a cation that suppresses this lone-pair expression,
such as Li, Mn, Cd, Na, Cu, Sb, Bi, Pb, and Sn [39,92.|93}/122,/130}/131,|133},135,|136}, 141146}, 146).
It is important to note that these substitutions also alter the nature of the chemical interactions
in the material, so changes to the band structure with respect to both symmetry and chemistry
need to be considered. That being said, cation-site alloying to tune the shape (v and ) of GeTe

has been shown to successfully enhance thermoelectric performance in several studies by promoting
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Figure 5.2: Labelled first Brillouin zones (BZs) of the (a) cubic rock salt and (b) rhombohedral phases of
GeTe. DFT electronic band structures of (c¢) c-GeTe and (d) r-GeTe, calculated using the PBE functional

with SOC.
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band convergence [39}135,/136/140,/143}/146).

While differences between the band structures in c-GeTe and r-GeTe are already well-understood
[94], the chemical origins of these variations have not been thoroughly explored. Density functional
theory (DFT) calculations show that the offset, 0, rather than the interaxial angle, -, is responsible
for the emergence of the 3 VBM in r-GeTe [94]. However, the reduction in +y has a significant impact
on the relative energies and convergence of the various local VBMs. Here, we aim to elucidate the
chemical origins of changes to the electronic band structure upon the transition from r-GeTe to
c-GeTe using a linear combination of atomic orbitals (LCAO), or tight-binding (TB) framework
[62,66]-in addition to crystal orbital Hamilton population (COHP) calculations—isolating the effects

of modifying v and §.

5.2 Trends from Density Functional Theory

Using DFT electronic band structure calculations, we obtain a detailed picture of how both v and
9 influence the L, Z, ¥, n, and A bands in GeTe. First, we look at how the band structure (band
edges) evolves upon varying v and J, as seen in Figure (calculated with SOC). From these band
structure calculations, it is clear that increasing § favors the > VBM over the Z VBM because
it lowers the energy of the Z and L bands relative to the X band. On the other hand reducing ~
disfavors the ¥ VBM over the Z VBM but increases the L VBM relative to the ¥ VBM. The relative
energies of the VB edges with respect to to § for v = 60° and v = 58° can be seen in Figure in
Appendix [F]

To gain a better sense of how the shape of the unit cell influences the (nominal) value of Ny,
heat maps are calculated to show the valley degeneracy for all combinations of v and §, such that
0 <0 <0.03 and 57.5° < v < 60°. These Ny, maps were constructed by taking a linear interpolation
of a 6 by 7 “grid” of band structure calculations and simply counting the number of VB pockets

under a given threshold for Ey gy — EF using the degeneracies of L, Z, 3, and 7 given in Figure

Even though the Z-VBM is actually offset from the true Z-point (when § # 0), we still consider
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Figure 5.3: (a) Schematic of the valence band (VB) edge energies (L, Z, ¥, n, and A ) with respect to
the L-point CBM (black) as a function of interaxial angle (v) when the Ge-offset, 6 = 0 (top) and 6 = 0.03
(bottom). The energies (shown with dashed lines) are calculated from DFT with spin-orbital coupling (SOC).
(b)-(c) Qualitative sketches of just the L, Z, and 3, band energies as a function of v for § = 0 and 0.03.
Increasing the offset from § = 0 to 0.03 pushes the Z and L bands down in energy relative to the ¥ band
(for all ). The values in parentheses are the degeneracies for each specified k-point or line.
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it to add Ny = 1 to the total degeneracy, because it only emerges near the band edge when § is
very close to zero, and the Z-point offset is negligible when § is nearly zero (see Figure . Based
on the Ny heat maps, if we consider the cases where the Fermi energy 0.03 eV or 0.05 eV below
the VBM (Figure , the optimal crystal structure for achieving high Ny is a slightly distorted
rhombohedral phase (y ~ 59.7° — 59.9° and 6 ~ 0.005 — 0.01). This slightly distorted structure
gives a nominal Ny = 10 due to convergence between the ¥ (6), L (3), and Z (1) bands. In the
cubic structure, Ny = 4 because only the L band is within the energy threshold. If the shape of the
crystal can be tuned such that ¢ is increased but the deviation of v from 60° remains small, then
a relatively high Ny of 9 can be achieved. In this case, ¥ and L are converged, but the increase
in ¢ breaks the convergence of the Z band, which is pushed down in energy with increasing §. On
the other hand, if 7 is decreased to less than ~ 59.7°, but § remains very close to 0, then only the
Z band will be within the threshold of the VBM, giving a low band degeneracy of Ny = 1. This

shows that, if feasible, it is better to only increase § than to only decrease ~.

If we increase the energy threshold for determining Ny (i.e., higher temperature or doping
concentration) such that Eypy — Ep ~ 0.07-0.1 €V, then having a cubic or slightly distorted
rhombohedral structure is adequate for achieving a high Ny = 16 because the L, Z, > and n
pockets would fall within the threshold (Figure [p.4k-d). VB Fermi surfaces for different degrees
of rhombohedral distortion and Fermi energies are shown in Figure These Fermi surfaces
provide insights into Fermi surface complexity beyond the nominal band degeneracy. For instance,
while the nominal values of valley degeneracy are the same for the slightly distorted and cubic
geometries for a Fermi energy 0.1 eV below the VBM, the ¥ pockets are more elongated for the
slightly distorted geometry. This elongation may lead to better thermoelectric quality factor due
to low-dimensional (2D) type transport and higher carrier pocket anisotropy (higher Fermi surface

complexity factor) [|34./45].

Because we cannot necessarily choose any arbitrary combination of v and § (v results from

J 66]), we put the Ny maps from Figure in context by considering the “natural" relationship
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Figure 5.4: 2D heat maps showing the nominal valley degeneracy (Ny ) of the valence band using a Fermi
energy (EF) of EVBM — EF = 0.03 eV, (b) EVBM — EF = 0.05 eV, (C) EVBM — EF = 0.07 eV, and (d)
Evpy — Erp = 0.10 eV. Eypyy is the energy of the VBM. The values of nominal Ny are labeled in each

region.
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Figure 5.5: Evolution of GeTe valence band Fermi surface upon increase in symmetry from the rhombohedral
to cubic structure. (a)-(c) Fermi surfaces calculated 0.05 eV below the VBM for the (a) relaxed r-GeTe, (b)
less distorted r-GeTe with § = 0.01 and v = 59.7°, and (c) relaxed c-GeTe. (d)-(f) Fermi surfaces calculated
0.10 eV below the VBM for the (d) relaxed r-GeTe, (e) less distorted r-GeTe with § = 0.01 and vy = 59.7°,
and (f) relaxed c-GeTe. The nominal values of Ny are given below each Fermi surface.
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Figure 5.6: (a) Offset (&) versus interaxial angle () values determined experimentally (magenta circles and
black triangles) and from DFT (red inverted triangles). (b) Valence band energies (Ey g) of the ¥, L,
Z, n and A bands along the interpolated DFT ~ vs. § line. The energies are shown relative to the energy of
the CBM at the L-point (Ecpa(L)). (¢) Nominal valley degeneracy (Ny ) along the DFT + vs. 6 line for a
Fermi energy 0.05 eV below the VBM.

between ~ and §. In Figure [5.6h, the values of v and ¢ from Refs. [1] and [2 are shown. Additionally,
the DFT § vs. v path was found by setting an offset value § and relaxing the unit cell shape to get
the corresponding v and unit cell volume. The DFT relationship between v and § is in relatively
good agreement with the experimental values. By interpolating along the DFT ~ vs. § line, we
calculated the relative VB energies (X, L, Z, n, and A) and the nominal values of Ny along this
natural structure pathway (Figure ) Clearly, when following this § vs. = path, it is possible to
access the Ny = 10 region at very small rhombohedral distortions, before the distortion becomes

large enough to result in the lower Ny = 6 type Fermi surface (Figure )
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5.3 Orbital Chemistry Interpretation

The aim of this section is to explain why the VB structure varies the way it does with varying
interaxial angle and cation offset using an orbital chemistry framework. Specifically, we use the
LCAOQ, or TB, method to approximate the GeTe wavefunctions as a superposition of atomic-orbital

wavefunctions.

5.3.1 Atomic-Orbital Pictures

To understand how the energy of the competing VBMs varies with the primitive cell interaxial
angle (), we consider the atomic-orbital wavefunction consisting of Ge-s and Te-p orbitals. As
discussed in Chapter [3] in cubic rock salt IV-VI semiconductors, the VBMs at L, ¥, A, and W can
be approximated as cation-s—anion-p anti-bonding wavefunctions, where the s-p bonding strength is
greatest at L followed by ¥ then A and W (which are the same in terms of s-p anti-bonding). We use
the s-p VB orbital picture from Chapter [3|to visualize the VB edge atomic-orbital wavefunctions in
GeTe. That is, we consider an eigenstate described by a Te-p atomic orbital octahedrally coordinated
by six Ge-s atomic orbitals in a net anti-bonding configuration. The angle between the direction
of the p-orbital and the vector between the Te-p and Ge-s orbital for a neighbor pair is given by ¢.
The cation-s and anion-p orbitals are in the most anti-bonding configuration when ¢ = 0° and in
a non-bonding configuration when ¢ = 90°. When 180° > ¢ > 90, the s-p interaction is bonding.
We solve for the VB wavefunction pictures (i.e., determine ¢) by setting up a TB Hamiltonian
based on only cation-s—anion-p interactions and solving for the eigenvectors corresponding to the
different VBMs. We then define the s-p hopping integral, or interaction strength, at a given k-
point, V,, using Equation (rewritten below from Chapter . Here, Vipo is the k-independent
s-p interaction strength that depends on the interatomic distance between the orbitals and the
chemistry (i.e., more orbital overlap leads to greater V) [6,65]. The index, 4, iterates over the six

closest neighbors.
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6
Vipll) = Vapar > o8 (64()) (5.1)

Recall from Chapters|3[and that the values of Vs, (k) at L, ¥, A, and W for the IV-VI rock salt
compounds are Vip(L) = 2v/3Vipe, Vip(X) = 2v/2Vipe, and Vip(A) = V(W) = 2Vyp, [47]. Here,
the hopping parameters for ¥ and A are calculated at the points, ¥ = 2(0,1,1) and A = 7(0,0, 1),
respectively, where a is the lattice constant for the cubic cell. While these are not the true locations
of the VB edges (the locations vary with chemistry and composition), these are the exact locations
of the ¥ and A VBMs when there are only nearest-neighbor s-p and p-p o-bonding interactions
in a TB model. That is, they are the locations where the s-p bonding strength is greatest (along
those lines) and the p-p o-bonding strength is exactly zero. The energy of the VB edge in this s-p

atomic-orbital framework, Ey g, would then be given by Equation [5.2]

Bvn(k) = 5(Bat Byp) + 5\/(B, — Eo)? + 4V (k)2 (5:2)

The same s-p framework used to understand band convergence in IV-VI rock salt materials can
be used to explain changes to the band edges with respect to the interaxial angle (when § = 0).
When the primitive cell interaxial angle, «, is reduced from 60°, the s-p bonding angles, ¢, change
which changes the overall anti-bonding strength. Atomic orbital sketches of the L and ¥ VBM
atomic-orbital wavefunctions (eigenstates) can be seen in Figure . At L, the Te-p orbital is
anti-bonding with all six Ge-s nearest neighbors, and cos (¢ ) = 1/4/3 for all these neighbors. Near
the ¥ VBM, the Te-p orbital is anti-bonding with four nearest-neighbors (non-bonding with two),
and cos (¢>) = 1/v/2. When v < 60°, each of these eigenstates splits into two distinct eigenstates
with different s-p bonding angles (Figure |5.7p). In the rhombohedral phase (v < 60), the s-p angle
for the Z-point (¢7,) decreases as v decreases, and as a result, the anti-bonding strength increases
at Z (Figure . On the other hand, at (rhombohedral) L, the s-p bonding angle for two of

the neighbors (¢f;) increases, while it slightly decreases for the other four neighbors (¢5;). The
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average s-p bonding angle for L slightly increases, which leads to a slight decrease in the anti-
bonding strength as v decreases (Figure . As a result, the energy of Z increases relative to L as
~ decreases. The splitting of 3 into ¥ and 7 with changing + can be explained in a similar manner.
As 7 decreases from 60°, the s-p bonding angle in the 3 eigenstate decreases, while the s-p bonding
angle in the n eigenstate increases. Consequently, the ¥ VBM becomes more anti-bonding relative
to the n VBM, and the ¥ VBM increases in energy relative to the L VBM. Both of these trends are
consistent with DFT calculations for 6 = 0 and § = 0.03 (Figure and [F.2)).

5.3.2 Crystal Orbital Hamilton Population Calculations

To confirm the anti-bonding behavior of the L, Z, 3 and n bands upon decreasing + and to under-
stand the changes in bonding upon increasing d, we analyze k-resolved COHP, or projected COHP
(pCOHP) values in the highest VB. The k-resolved COHP reflects how bonding or anti-bonding the
interactions are in a given band at a given k-point. Positive COHP values indicate anti-bonding in-
teractions, negative values indicate bonding interactions, and the magnitude indicates the strength

of the interaction.

Figure [5.9 shows the Ge-s—Te-p and Ge-p—Te-p pCOHPs for the L, Z, 3, n, and A VBMs as a
function of v. When § = 0, there Ge-p—Te-p interactions are zero or nearly zero at all . Consistent
with the predictions from the Ge-s—Te-p atomic-orbital model described earlier, the Z and ¥ VBMs
become more anti-bonding as v decreases, with Z being more anti-bonding than 3, while L. and
7 become slightly less anti-bonding when ~ decreases, with L being more anti-bonding. The Ge-
s—Te-p anti-bonding strength of the A VBM, however, is virtually constant for all -y, and is the
least anti-bonding of the five VBMs shown in Figure This is because the s-p bonding angle
in the A VBM eigenstate is ¢ = 0° (Figure , and changing ~ does not alter it. When § is
increased to § = 0.03, breaking the inversion symmetry (Figure ), the same trends in Ge-s—Te-p
anti-bonding strength are seen: the strength in L and n bands decreases, the strength in Z and X

bands increases, and the strength in the A band is constant with decreasing v. When § increases



126

Rhombohedral

Figure 5.7: Visualizations of simplified tight-binding (TB) wavefunctions at local VBMs in ¢-GeTe (y = 60°)
and r-GeTe (y < 60°), assuming that only the interaxial angle () varies, while the offset is constant at
v = 0. (a) For c-GeTe, at the L-point, the Te-p orbital is oriented such that it is anti-bonding with all six
neighbors, and the angle between the Te-p orbital and the Ge-s orbitals (¢$) is such that cos ¢ = 1/v/3.
At the ¥ maximum, the Te-p orbital is anti-bonding with 4 Ge-s neighbors and non-bonding with 2 Ge-s
neighbors. The bonding angle between the Te-p orbital and the 4 anti-bonding Ge-s orbitals (¢%) is given
by cos ¢% =1/ V2. (b) TB wavefunctions after c-GeTe are distorted through a reduction in . The Z-point
VBM wavefunction is characterized by a bonding angle (¢7) that is less than ¢$. The L-point wavefunction
is defined by two different bonding angles, a bonding angle ¢, (2/6 of bonds), where that ¢7; > ¢$, and
an angle, ¢4, (4/6 of bonds), where that ¢5; > ¢¢ . The cubic ¥ VBM splits into the rhombohedral ¥ and
n bands, where ¢%, < ¢§, and ¢; > ¢5,.
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Figure 5.8: Ge-s—Te-p bonding angles ¢ and effective s-p interaction strength, V,/Vipe (from Equation,
as a function of interaxial angle () and atomic offset (§). For L and Z, all 6 neighbors are considered, and
for ¥ and 7, the 4 strongly anti-bonding neighbors are considered. (a) ¢ vs. v for L, Z, n, and 3. At L,
there are two distinct s-p bonding angles (shown in dashed lines), so the average is shown using the red “-0”
line. At the L. VBM, the average value of ¢ increases with decreasing -y, while at Z, ¢ decreases. At the 7
VBM, ¢ increases with decreasing 7, while at the ¥ VBM, ¢ decreases. (b) Thus, the Z and ¥ VBs becomes
more anti-bonding as v decreases, while the L. and n bands becomes less anti-bonding.
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and 7 is constant, the Ge-s—Te-p anti-bonding character of all five VB pockets decreases at all values
of v, and they decrease such that the Z band has less Ge-s—Te-p anti-bonding character than the L
and 3 VB pockets.

Furthermore, breaking the inversion symmetry also allows for the Ge-p—Te-p bonding interaction
to emerge in the VBMs (Figure [5.91) [147]. Because this interaction pushes down the energy of the
s-p anti-bonding states that comprise the VB edge, it has been described as effectively lowering the
energy of the s? lone pair, which is the driving force for the rhombohedral distortion GeTe [664[147].
According to the COHP values, The Ge-p—Te-p bonding interaction is strongest in the n VB pocket,
followed by the A, Z , L and ¥ VB pockets. The weaker strength of Ge-p—Te-p bonding in the X
VB pocket relative to the Z and L VB pockets explains the emergence of the 3 VBM in r-GeTe, as
illustrated in Figure After adding the Ge-s—Te-p and Ge-p—Te-p COHP contributions of the
various VBMs when § = 0.03, (Figure ), it can be seen that the Ge-Te interactions are most
anti-bonding in the L. VBM, followed by X, Z, n, and A.

The Ge-p—Te-p bonding interactions in the VB edge when & # 0 also give insight into why the
Z VBM is offset from the “true" Z-point when inversion symmetry is broken. Regardless of v, the
offset of the Z VBM from the true Z-point emerges when ¢§ reaches a large enough value (see Figure
. The offset from the Z-point is due to the emergence of, and increase in Ge-p—Te-p interaction
at the Z-point with increasing ¢. Figure (Appendix [F)) shows the COHP values for the true Z
point when § = 0.03, and it is less net anti-bonding than that in the Z VBM (offset from the true
Z-point), which pushes the maximum off the actual Z-point to where the net anti-bonding strength

is higher.

The Ge-Te (cation—anion) interactions alone do not fully explain the relative energies of the
competing VBMs. For instance, the Ge-Te COHP suggests that the L. VBM is the most (net)
anti-bonding in r-GeTe, but the VBM is located along ¥ rather than at L. The discrepancy between
the cation—anion COHP and the actual relative band energies can be accounted for in the Te-p—Te-p

next- or second-next-nearest neighbor interactions. The L (Z) and ¥ (n) VBMs both have Te-p—Te-
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Figure 5.9: k-resolved, band-resolved projected crystal orbital Hamilton population (pCOHP) values versus
interaxial angle () in the Z (magenta), L (red), ¥ (blue),  (turquoise), and A (green) VBMs in GeTe.
COHP of Ge-s—Te-p interaction when (a) § = 0 and (b) 6 = 0.03. COHP of Ge-p—Te-p interaction when (c)
d=0and (d) 6 = 0.03. Sum of Ge-s—Te-p and Ge-p—Te-p COHP values when (e) 6 =0 and (f) § = 0.03.
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Figure 5.10: Molecular-orbital-like bonding diagrams representing the GeTe valence band (VB) edges, illus-
trating the reduction in energy of the anti-bonding VB edge and the emergence of the ¥ VBM over the Z
(or L) VBM when the Ge offset (d) is greater than zero (inversion symmetry broken). The states near the
VB edge are characterized by cation-s—anion-p anti-bonding character. In the rock salt structure (6 = 0),
interactions between the anti-bonding VBM and the cation-p states are symmetry forbidden. When inver-
sion symmetry is broken, the s-p anti-bonding strength decreases and the cation-p (Ge-p) states can interact
with these anti-bonding states, which lowers their energies. Moreover, the bonding interaction with the Ge-p
states is stronger in the Z VB than in the ¥ VB, which pushes the energy of the Z VB down more, favoring

the ¥ VBM in r-GeTe.
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p bonding character, but this bonding character is stronger in the L (Z) bands than in the X ()
bands (refer to Chapters [3| and [4] for details) [47]. As a result, the L. VB is pushed below the ¥ VB

despite the Ge—Te anti-bonding interactions being stronger in the L band [47].

5.3.3 Tight-Binding Thought Experiments

To gain more insight into how atomic-orbital interactions influence the electronic structure with
respect to the unit cell shape, we perform TB thought experiments, where we employ a toy model
of GeTe and vary geometry (i.e., 6 and ), the Ge-Te interaction parameters, and SOC strengthﬂ
The TB parameters for this toy model (unless specified otherwise) are described in Table Using
this TB approach, we can better understand why increasing § reduces the energy of the Z VB edge
below that of the > VBM to ultimately yield a > VBM and why the Z VBM is slightly offset from
the true Z point. For simplicity, in this section, we start by using a TB model that only includes the
Ge—Te interactions. Note that because the Te-p—Te-p interactions are not included, the VBM will
not be at 3, even with larger 0, as the Te-p-Te-p interactions lower the energy of the ¥ (and 1) bands
relative to the L (and Z) bands. Also, the V,p, and Vy,, values given represent the interactions
that correspond to the average Ge-Te distance for the six shortest Ge—Te neighbor pairs. Then the
actual values of V,, and V,, for the three nearest and three next-nearest neighbors (six nearest
neighbors when § = 0) are set by requiring that V(d) = V(do) x (do/d)?, where d is the neighbor
distance dy is the average interatomic distance for the six shortest Ge-Te neighbor pairs. The same
type of method is used to define the V},,, 7. parameters when v # 60°, but using the twelve shortest

Te-Te neighbor pairs.

Modifying Geometry and Atomic-Orbital Interactions

The TB model can explain the offsetting of the Z VBM from the true Z point in addition to the

decrease in the energy of the Z VB relative to the ¥ VB upon an increase in §. As seen in Figure

2Note that this model is not fit to the GeTe band structure from DFT of experiments. It is simply a toy model
that qualitatively reproduces the valence band structures and trends in its behavior.
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Table 5.1: Tight-binding parameters for a toy model of GeTe. The hopping parameters, Vy,, and Vs,
are defined for the case where § = 0, and there are six (equivalent) nearest-neighbors. When 6 # 0, and
the six nearest-neighbors split into three nearest-neighbors and three next-nearest neighbors, the hopping
parameters are adjusted such that V(d) = V(do) x (do/d)?, where dy is the average interatomic distance for
the six shortest Ge-Te neighbor pairs. The same type of adjustment is made for the Te-p—Te-p interactions
when v is modified.

Parameter Description Value (eV)
Vipo Ge-s—Te-p o-bonding 1.5
Vopo Ge-p-Te-p o-bonding 4.0
Vopr Ge-p-Te-p m-bonding -(1/8)Vipo
Vppo,Te Te-p—Te-p o-bonding 0.275
Voppr,Te Te-p—Te-p w-bonding 0
Ere_p — Ege—s Ge-s—Te-p on-site energy separation 10.0
Ege—p — Ere—p Ge-p-Te-p on-site energy separation 3.0

, which shows the TB band structure (with Ge-s—Te-p and Ge-p—Te-p interactions) around Z
and 3, there is no offset when § = 0, but as § increases, the Z VBM moves farther away from 7 and
it decreases in energy (Figure ) Notice that the energy of the VB edge at the true Z-point also
decreases. By contrast, the 3 VBM shows a minimal decrease in energy when § increases. The TB
model also shows that the Ge-p—Te-p interactions are responsible for the offsetting behavior and the
decreases in energy of the Z band. There is no offset when V), = 0, and the offset from the true
Z-point increases as Vj,,, increases (Figure ) Additionally, the energy of the Z VBM (and the

energy of the VB edge at the true Z-point) decreases relative to the ¥ VBM as V), increases.

Moreover, a TB model with Ge-p—Te-p interactions but without Ge-s—Te-p interactions empha-
sizes the role that the Ge-p—Te-p interactions alone play. When there are no Ge-s—Te-p interactions,
the Z VBM moves farther away from the true Z-point as § increases, but the energy of this Z VBM
remains constant (Figure ) That being said, the energy of the band at the true Z-point still
decreases with increasing 6. Moreover, when § is constant and V,,,s (and Vppr) increases in strength,
the location and energy of the Z VBM remain unchanged, but the energy of the VB edge at the
true Z-point decreases with increasing Vj,,. Thus, the band maximum between B and Z that re-

sults from only the Ge-p—Te-p interactions is non-bonding (its energy is constant with V},,), while



133

(a) Constant Vyps (b) Constant §

— 65=10.03 254 — Vppo=6.0eV
6= 0.02 — Vppo=4.0eV
6=0.01 Vopo=2.0 eV
6=100 Vippo = 0.0 eV

= /AN

Energy (eV)
S L 5 &
Energy (eV)

o
&

N/

=

B z r P B z r P

Energy (eV)
S

Energy (eV)
|

Figure 5.11: TB electronic structure for a toy model of GeTe (interaxial angle set to v = 58°) illustrating the
origin of the Z-VBM offset from the Z-point and its decrease in energy upon increasing §. Band structures
when (a) Vppe =4 €V, Vppr = —0.5 €V, Vi, = 1.5 €V, and § varies from 0 to 0.03, (b) 6 = 0.03, Vgpe = 1.5
eV and V), varies from 0 to 6 eV (Vipr = —Vppo /8), (€) Vppe =4 €V, Vppr = —0.5 €V, Vi, =0 €V and 6
varies from 0 to 0.03, and (d) 6 = 0.03 Vs, = 0 €V and V), varies from 0 to 6 eV (Vppr = —Vppo/8).

the band becomes more bonding away from that point (toward both B and Z). In terms of basic
atomic-orbital interactions, the location and energy of the Z VBM results from a trade-off between
the Ge-s—Te-p anti-bonding interaction, which favors the VBM at the true Z-point (it reaches a lo-
cal maximum in strength at Z), and the Ge-p—Te-p bonding interaction, which favors a VBM offset
from the Z-point, as it pushes the energy of the highest VB down in energy at Z (and between the
true Z-point and the offset Z-VBM). Consequently, the Z-VBM is located between the true Z-point

and the point (between B and Z) where it would be located if there were no Ge-s—Te-p interactions

and only Ge-p—Te-p interactions.

As seen in Figure the energy of the > VB pocket remains virtually constant with respect
to changes in § and Ge-s—Te-p interaction strength. This indicates that the energy of the ¥ VB is

nearly independent of the Ge-p—Te-p interactions, and hence, more weakly dependent on §. Thus,
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Figure 5.12: Tight-binding (TB) band offsets (calculated without SOC) between the ¥ and L bands (Fxr,
red lines) and between the ¥ and Z bands (Exz, blue lines) as a function of cation offset for the cases where
(a) the interaxial angle is given by v = 60°, and (b) v = 55°. The darker red and blue lines are from
calculations that do not include Te-p—Te-p bonding interactions, and the fainter lines are from calculations
that include the Te-p—Te-p interactions (Vipo7e = 0.275 €V). The black arrows point to the upward shift
in the Fyy and Exyz lines when the anion-p-anion-p interactions are included. The remaining TB hopping
parameters are given by Ve = 1.5 €V, V50 = 4.0 €V, Vppr = —0.5 €V (see Table . The cation offset is
set to d = 0.03 for all calculations. Note that These TB offsets just give a qualitative description of GeTe
and do not give the actual values of the band offsets. For instance, in r-GeTe, the VBM is along T'P (%),
not Z or L.

when the inversion symmetry is broken, the ¥ band is lowered to a much smaller extent than the Z
or L bands are (see Figure [5.10)). These offset (6) effects—in addition to effects from the interaxial
angle and anion-p—anion-p interactions— in the TB model are depicted more clearly in Figure[5.12]
Both the energy difference between the ¥ and Z bands (FExz) and between the ¥ and L bands (Exy)
increases with increasing 6. Furthermore, when Te-p—Te-p interactions are incorporated, both the
FEs 7 and Exy, curves shift upwards, which is consistent with these anion-p interactions pushing the
energy of the L and Z bands down more so than the ¥ band (see Chapters |3/ and . Finally, when
the primitive cell interaxial angle, ~, is reduced from 60° (Figure [5.12h) to 55° (Figure [5.12p), the
FEs 7 curves shift down while the Fyj curves shift upward. This behavior is consistent with the Z
band becoming more s-p anti-bonding and the L. band becoming less s-p anti-bonding relative to

the ¥ band as v is reduced P

3Note that Figure does not reproduce the DFT or experimentally calculated values of the band offsets.
Rather, it is intended to depict trends with respect to structural parameters and chemical interactions.
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Effect of Spin-Orbital Coupling

Simple atomic-orbital interactions alone are not sufficient to fully explain the behavior of the VB
edges when inversion symmetry is broken, as SOC also plays a role through the Rashba spin-splitting
effect [134}/148.|149]. The Rashba effect causes the spin-splitting of single-electron (spin) bands in
k-space, and in GeTe, it has a particularly pronounced effect around the Z-point. Moreover, it has
been shown that increasing the strength of the Rashba effect by alloying Ge with Sn promotes the
convergence of the Z and 3 VB edges in r-GeTe, which leads to better thermoelectric performance
[134]. Using another toy model of GeTe, we can investigate the effect of SOC on Rashba splitting.
From Figure [5.13h, it is clear that while the Z offset exists without SOC, increasing the strength
of the SOC makes the offset more pronounced—the energy difference between the band at Z and
the maximum off Z increases, and the VBM moves farther away from the Z-point. Not only does
the enhanced offsetting from SOC increase Ny by converging the Z and ¥ VBs, but because the
Z VB pocket is not actually on the high-symmetry Z-point, it actually has higher Ny than the
degeneracy of the Z-point and leads to a more complex Fermi surface (when converged near the 3
VB in r-GeTe). From Figure |5.13p, it is evident that the anion-p—cation-p interactions are needed
for this dramatic offsetting effect to occur. That is, when there are no p-p interactions, we see the
typical spin-splitting of the band at Z—the bands shift in different directions in k-space [134]—
but we do not get the sharp peak off of Z that is observed in the real (DFT) band structure (with
and without SOC). This sharp peak only emerges when the p-p interaction is introduced, and it

becomes sharper when the strength of the p-p interaction increases.

5.4 Computational Methods

The first-principles DFT calculations to obtain the cubic and rhombohedral GeTe band structure
(and corresponding orbital characters) were performed using the Vienna ab initio Simulation Pack-

age (VASP), employing projector augmented wave (PAW) pseudopotentials and the PBE exchange-
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Figure 5.13: Tight-binding (TB) band structure, showing the top of the valence band (VB), in a toy model
of r-GeTe (0 = 0.03, v = 58°) with (a) varying spin-orbit coupling (SOC) strength and constant Vpp, = 4.0
eV, and (b) constant SOC = 0.5 eV with varying values of Vpp,,. The other TB parameters are set such
that Vipr = —Vipo /8, Ege—p — Ere—p = 3.5, Vipe = 1.5 €V, and Vipo,7e = Vppr,re = 0. These TB band
structures only give a qualitative description of r-GeTe and do not give the actual values of the band offsets.
For instance, in r-GeTe, the VBM is along I'P (X), not (slightly off) Z.

correlation functional, derived from the generalized-gradient approximation (GGA). [48-51}[37,/88].
A plane-wave energy cutoff of 450 eV was used for each calculation. The structural degrees of free-
dom were relaxed (without including SOC), until the forces on atoms were less than 0.01 eV /nm,
using a I'-centered k-point mesh of size 13 x 13 x 13. After relaxation, the self-consistent elec-
tronic structure calculations were performed using a I'-centered k-point mesh of size 20 x 20 x 20.
To find the & vs v relationship, the offset () was set manually, and the interaxial angle () was
determined by relaxing the unit cell with respect to the unit cell shape, while constraining the
atomic positions. The k-vector resolved crystal orbital Hamilton population (COHP) calculations

were performed using the version 4.0.0 of the LOBSTER software with the pbeVASPFit2015 basis

set. 2 BA150).

5.5 Conclusion

The rhombohedral distortion GeTe, marked by a reduction in the primitive lattice interaxial angle
() and by the offset (0) of Ge from the center of the Te-octahedron, creates new degrees-of-freedom
for band engineering. While the VBM in c-GeTe is located at the L-point, with the ¥ VB less than

0.1 eV below, r-GeTe has a VBM along the ¥ symmetry line, with the next lowest VB 0.2 eV lower.
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While reducing the symmetry from the cubic to rhombohedral phase is often thought to reduce the
valley degeneracy, there may be some cases, particularly when the Fermi energy is closer to the
VBM, where a slight rhombohedral distortion is beneficial because it brings the ¥ band closer to
the L band.

Detailed analysis of DFT band structures over a range of v and § values shows that J, the cation
offset, is responsible for the emergence of the ¥ VBM in r-GeTe. On the other hand, the decrease in
~ actually leads to an increase in the Z VB relative to the % and L VBs, while the relative energy of
the L VB decreases relative to the 3 band. Using an atomic-orbital TB framework and k-resolved
COHP calculations, we show that changes to the band structure with respect to v can be explained
through changes to the Ge-s—Te-p anti-bonding character in each of the VB pockets. Specifically,
the strength of this interaction increases at Z and ¥ (more so at Z) and slightly decreases at L and
1. Moreover, we show that the emergence of the 3 VBM over the L. and Z VBs with increasing ¢
is due to the presence of Ge-p—Te-p bonding interactions in the various VBM states when inversion
symmetry is broken. These bonding interactions remain minimal in the ¥ VBM state and are

stronger in the L and Z bands.

Finally, we show using COHP and a toy TB model that the offset of the Z VBM from the true
Z-point when the inversion symmetry is broken (§ # 0) is from a trade-off between the Ge-p—Te-
p bonding interactions and Ge-s—Te-p anti-bonding interactions at the Z-point. Moreover, using
another toy GeTe model with SOC, we show that SOC enhances this Z-point offsetting effect and
increases the energy of the Z VBM relative to the ¥ VBM, which explains another technique for
enhancing -7 convergence in r-GeTe, where the ¥ band is higher in energy than the Z band:

enhancing the Rashba effect through stronger SOC.

Future work in this area should focus on better understanding how variations in the Fermi
surface (i.e., valley degeneracy and carrier pocket anisotropy) influence the electronic transport at
different doping levels using software packages like BoltzTrap2 or AMSET [151,/152]. Moreover,

because alloying/doping is typically required to control the geometry, it is necessary to study the
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combined effect of changing the chemistry and geometry of the material in tandem. Many of the
alloying species, such as Mn, Li, Cd, Na, etc., are known to converge the VB pockets in IV-VI
semiconductors, so these effects may dominate over or change the nature of the effects of geometry

alone.
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Engineering Band Degeneracy in Half-Heusler Thermo-

electrics

Portions of this chapter are reproduced with permission from M. K. Brod, S. Anand, and G. J.
Snyder. Advanced Electronic Materials, 8(4), 2101367 (2022) |153|. Copyright 2022 by Wiley-VCH
GmbH.

6.1 Introduction

As discussed in Chapter [I] high valley degeneracy can be achieved by having a valence band maxi-
mum (VBM) or conduction band minimum (CBM) at a low symmetry point in the Brillouin zone
(BZ) of a high symmetry crystal and/or by having multiple band extrema converged within a few
kpT in energy at the same point or different points in the BZ [29,36]. In this chapter, we distinguish
between degeneracy imposed by the crystal symmetry, Ny, , and that due to number of degenerate
bands at a given k-point, the orbital degeneracy (Ny,), such that the total valley degeneracy (for
a specified k-point) is given by Ny = Ny, x Ny,. For example, there is only one I'-point (k = 0)
located at the center of the BZ, so if a VBM or CBM were located at the I'-point, the symmetry-
imposed valley degeneracy would be Ny, = 1. If this I-point VBM or CBM were doubly degenerate,
then we would have Ny, = 2, giving Ny = 1 x 2 = 2 for the I'-point contribution. On the other
hand, in the BZ of a face centered cubic (FCC) material, there are three symmetrically equivalent

X-points (half of an X-point on each of the six square faces), so a VBM or CBM at the X-point
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Figure 6.1: The half-Heusler crystal structure (space group #216) is comprised of three crystallographic
sites, each forming an FCC sublattice. The X (blue) and Z (green) sites form the octahedrally coordinated
rock salt structure with X at the (0, 0, 0) position and Z at the (1/2, 1/2, 1/2) position. The Y-sites (red)
at (1/4, 1/4, 1/4) fill half of the rock salt tetrahedral sites, while the other half of the tetrahedral sites are
unfilled.

would yield Ny, = 3. Recall that convergence of multiple bands at a single k-point may not be as
beneficial as convergence between band extrema that are farther apart in the BZ .

Semiconducting half-Heusler (hH) compounds comprise an important class of thermoelectric

materials. [154H160] They exhibit high chemical, mechanical, and temperature stability and are

relatively simple to synthesize |[157,|158,[161-164]. The typical hH crystal structure (shown in Figure

6.1]) has composition XY Z and belongs to the F'43m space group (#216). The X-site is typically
occupied by the most electropositive species, the Y-site contains a transition metal element, and
the Z-site is occupied by a main group element (Sb, Sn, Bi, etc). The Y and Z sites form a

polyanionic zinc blende sublattice, [Y Z]"~, while the X and Z sites form the rock salt lattice (with

Y filling half of the rock salt tetrahedral sites) [157,161,[165-167]. While the Wyckoff positions of X
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and Z are interchangeable with no effect on the properties, interchanging Y with one of the other
sites alters the electronic structure [167-169]. Stable, semiconducting compositions form when the

valence electron count is balanced using Zintl chemistry [155,/161,/170H173].

All three atomic sites can be alloyed to improve both the electronic and thermal properties of
hH thermoelectrics. The valence imbalance from an aliovalent substitution leads to doping, while
isoelectronic alloying can lead to altering the band masses and energies as well as scattering |158,
159,|1744181]. Although some 60+ XY Z combinations of transition-metal-based hH compounds
are known, their electronic structures can be classified broadly based on the nature of their band
extrema (VBMs or CBMs). For example, Dylla et. al describe three basic types that can be
mapped according to the location of their VBMs in the BZ, which can be at I' (Ny, = 1; Ny, = 3),
L (Ny, =4; Ny, =2) or W (Ny, =6 ; Ny, =1). The valence band (VB) edge at I' is dominated
by mainly the X-d orbitals, while the VB edge at L consists of mostly Y-d character. The W-point
VB edge also contains mostly Y-d character but has more Z-p contribution than the L-point VB
edge in most cases. Thus, there is a natural strategy to alter the energy of the VB edge at L or I
where one simply changes the group number of the X or Y element: increasing the group number
difference between X and Y favors the I'-point VBM, while the converse favors the L-point and
W-point VBMs. Moreover, near the transition between the I'-point and L-point VBM, the W-point
(Ny, = 6; Ny, = 1) VBM emerges [182|. Here, we discuss the chemical origins of the W-point
VBM and show that the energy of the Z-p orbitals plays an important role in the emergence of
the W-pocket, such that all three sites must be strategically chosen to engineer this class of hH

thermoelectrics.

We see a similar picture for conduction band convergence. For typical transition-metal-based
hH thermoelectrics, the CBM is located at the X-point (Ny, = 3), and there are two symmetrically
distinct bands that could be the CBM depending on the compound, one that is anti-bonding with

mostly Y-d character, and one that is non-bonding with predominantly X-d character |68]E| In

IThere are exceptions to this X-point CBM and its orbital description in valence-balanced hH semiconductors.
Specifically, there are compounds that have low-lying s-orbital states near the CB edge, resulting in a CBM at the
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typical hH thermoelectrics, the anti-bonding (Y-d) and non-bonding (X-d) CBMs belong to the
X3 and Xo symmetry representation of the T,; point group, respectively. Higher CB degeneracy of
Ny ~ 6 can be achieved by converging these two CBMs, such that Ny, = 2. Guo et. al report trends
dictating CB convergence that are nearly identical to those describing VB convergence (between I'
and L). That is, decreasing the group number difference between X and Y increases the energy of the
X3 CBM relative to the Xo CBM [188|. Thus, tuning the VBs and CBs is chemically quite simple:

adjust the group number of the X and Y elements, with secondary effects from the electronegativity.

Generally, compounds with a VBM at I' tend to have the X3 CBM, and those with the L. VBM
tend to have the X9 CBM, though there are exceptions to this. MNiSn (M = Ti, Zr, Hf) hH alloys,
which are common n-type candidates |175,189-193] comprise the I' VBM, X3 CBM class, [182}|188|
while high performing p-type compounds, such as the (V,Nb,Ta)FeSb alloys |31}194-197|, comprise
the L VBM, X5 CBM type |188|. The better p-type performance seen in the latter category can be
directly attributed to the higher VB degeneracy from having a VBM located at the L-point rather
than at the I'-point [31}40],154,|182}/189,197,/198|. In this chapter, we use ZrNiSn and NbFeSb as
the model systems for the hH compounds with a I'-point VBM and X3 CBM and those with an
L-point VBM and X, CBM, respectively. While we only provide a detailed analysis of ZrNiSn and
NbFeSb, the differences in their electronic structures and bonding can be broadly generalized, as
NbFeSb better represents compounds with a smaller group number difference between X and Y,
and ZrNiSn better represents compounds that have a larger group number difference between X

and Y.

While the community understands the VBM and CBM classifications, the orbital character of
the band edges is not understood well enough. For instance, there is not a clear understanding of
why the orbital character at the I'-point VB edge differs greatly from the VB edge at the L-point

and why the I'-point CB edge character (mostly X-d) differs significantly from the X3 CB orbital

T'-point rather than the X-point (e.g., ScPbSb, ScPtBi, LuPtBi, YPdBi, CePdBi, ScNiBi, LuAuSn, etc.). In this class
of hH compound, the CB and VB edges may cross at the I-point, closing the bandgap (the s-orbitals and d-orbitals
do not hybridize at ', which allows the bands to cross). These hH compounds may have applications as topological
insulators |183H187].
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character (mostly Y-d). Additionally, while simple bonding pictures might predict the CB edge to
be dominated by the orbitals of the more electropositive X species and the VB edge by the more
electronegative Y species |161], this is not the case at each k-point. By gaining insight into the
chemistry behind the orbital classifications identified in Refs. [182|and [188], we can better understand
and develop strategies to engineering more highly converged hH electronic structures with greater

thermoelectric performance.

Here, we aim to explain how the VB and CB edges can so dramatically change character as they
traverse from I' to L or from I' to X. The essential mechanism at play is the avoided crossing, some-
times called a band (or level) anti-crossing [4,/169]. Band anti-crossings occur when two interacting
bands that would normally cross each other if they were non-interacting are forbidden to cross.
The result is two distinct bands characterized by an admixture of the original (non-interacting)
bands [4]. The I" and L. VBMs are the result of an avoided crossing between a band that decreases
in energy from I' to L, with primarily Y-d character at L, and a band with mostly X-d character
that increases in energy from I' to L. A simplified sketch of this avoided crossing along the I' — A—L
path is depicted in Figure[6.2] The result is a valence band edge with local maxima at I and L that

are dominated by X-d and Y-d character, respectively.

In general, increasing the energy of the X-d orbitals increases the energy of the blue band in
Figure , and increasing the energy of the Y-d orbitals increases the energy of the red band (more
so near L). Therefore, in materials with a greater energy (group number) difference between X and
Y (ZrNiSn), the I" VB pocket is higher compared to the L VB pocket. Conversely, in materials with
a smaller group number difference (NbFeSb), the L. VB pocket is higher relative to that at I'. In
terms of doping/alloying, these changes to the anti-crossing bands could be accomplished by tuning
the weighted average of the group number (or electronegativity) difference between X and Y based

on the end-member compounds.
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Figure 6.2: Simplified sketch of two bands (each doubly degenerate, yielding four bands total) along the
A-line in a half-Heusler compound before and after interacting and inducing an avoided crossing. (a) When
the bands are non-interacting, one of the bands decreases energy from I' to L and has orbital character that
transitions from being mainly Y-d-X-d at I" to being mostly Y-d at L. The second band increases in energy
from I" to L and contains mostly X-d character. (b) When the bands interact, an avoided crossing occurs,
and the lower band transitions from having X-d character at I" to Y-d character at L. There are two local
VBM, one at ' with X-d character and one at L with Y-d character. The relative energies of these VBMs
can be tuned via substitutions on the X- and Y-sites. The dashed horizontal line in (a) and (b) represents
the Fermi energy.
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6.2 Avoided Crossings in the Half-Heusler Electronic Structure

The symmetry properties of electronic bands are crucial for understanding band behavior and in-
teractions. Using a group theory, [4,5,/199] the electronic bands at various k-points/paths can
be classified based on the irreducible symmetry representations of their corresponding wavefunc-
tions 68|, where we can describe the electronic wavefuctions using the linear combination of atomic
orbitals (LCAO) approach [63H65,184]. Bands (or orbitals) that belong to the same symmetry rep-
resentation at a given point in the BZ can interact, whereas interactions between bands belonging
to different representations are forbidden [4,5]. The first-principles electronic band structures with
band symmetry labels and orbital projections along the X-A-T'-A-L path for ZrNiSn and NbFeSh
can be seen in Figure (the orbital character at the band edges is in agreement with that reported
in Ref. |182). All the density-functional theory (DFT) calculations presented here are carried out
using the Perdew-Burke-Ernzerhof (PBE) [51] functional without including spin-orbital coupling
(SOCQ) effects. The bands labeled as I'15 are triply degenerate states, those labeled as I'12, X5, Ls,
As 4, or Az are doubly degenerate states, and those labeled as X1, Xa, X3, X4, L1, Ay, Ag, or Ay

are singlet states (see Appendix @] for more information on group theory band notation).

Often, the bandgap is attributed to Y-d-X-d bonding, leading to band edges dominated by
the transition metal d-orbitals. [157,|161}|165}/168}200-203]. Based on this bonding description, one
might expect states near the CB edge to have more X-d character and states near the VB edge to
exhibit mostly Y-d orbital character because X is more electropositive. However, a closer look at
k-point dependence of the atomic orbital compositions (Fig. suggests that this simple bonding
description does not adequately capture the important features of the band structure, particularly
those needed to understand band convergence and degeneracy. For example, it fails to explain why
X-d states dominate the VB edge at the I'-point and why the X3 CBM exhibits predominantly Y-d
character. Therefore, we must take a more nuanced approach to looking at the bonding at different

k-points in the BZ by considering the role of avoided crossings in the hH band structure [169].
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Figure 6.3: DFT-calculated electronic band structure calculations of half-Heusler compounds, ZrNiSn and
NbFeSh, showing (a)-(b) the relative contribution of each atomic species (X,Y,Z) and (c)-(d) the relative
contribution of each orbital type (s,p,d). The symmetry representations for select bands at the X-, T'-, and
L- points and along the A- and A-lines are shown. The dashed line indicates the Fermi energy.
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6.2.1 Tight-Binding Model of Avoided Crossings

Avoided crossings in band structures occur because the eigenvalues (energies) of two interacting
eigenstates (wavefunctions) cannot be equal to each other. When bands belonging to different
symmetry representations approach each other in energy, they are able to cross normally, such that
there is a k—point where the energy of the two bands are equal. On the other hand, bands that
belong to the same symmetry representation will interact, and therefore, are forbidden to cross,
resulting in two distinct bands that are an admixture of the original wavefunctions. An avoided
crossing may result in a band having different orbital character at different k—points. Moreover, it
can lead to a certain orbital being found in one band at a given k—points but in another band at

a different k—points, rather than belonging to a continuous band.

We employ the tight-binding (TB), or LCAO, [63/-66,84,[204] framework to better understand
different ways that avoided crossings can appear in a band structure. As mentioned in Chapter
the TB solution for the energy levels in a diatomic molecule can be a useful tool for understanding
complex electronic structures [47]. Consider the interaction between two orbitals (1 and 2) that
are members of the same symmetry representation. The expressions for the resulting bonding (£_)
and anti-bonding (¢) energy levels are given in Equation FE; and E» represent the on-site
energies of the atomic orbitals prior to interacting, and V is the tight-binding hopping integral
that describes the strength of the interaction between the two orbitals. In order to extend this
simple diatomic molecule model to complex crystal structures, we can adjust the on-site energies
and hopping (interaction) parameters so that they are effective on-site energies ((F1(k) and (E2(k))
and interaction parameters, or hopping integrals (V' (k)), which are a function of the k-vector. [47]
That is, we can write Equation[6.1], as a function of k, as shown in Equation[6.2] in order to describe

more complex electronic dispersions with a simple diatomic molecule TB model.

1 1
ex = 5 (B + Bo) & 5/(Br — Bp)* +4V? (6.1)
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e (k) = S (Ea(k) + Ea(k)) 5 /(B (R) — BB + AV2(R) (6.2)

Simply understanding how the effective hopping integrals varies as a function of k provides
insight into how electronic bands behave. For instance, regardless of whether or not avoided crossings
are present, k-dependent hopping integrals that are strongest at I' result in bonding bands that run
up in energy (increase in energy, becoming less bonding) from I' and in anti-bonding bands that
run down in energy from I'. Conversely, interactions that are weakest at I' result in bonding bands

that run down in energy from I' and in anti-bonding bands that run up in energy from I' [84].

A schematic of a normal band crossing and three illustrative cases of avoided crossings can be
seen in Figure[6.4] where the red and blue coloring represent the orbital character of each interacting
orbital. In all four cases, the effective on-site energy of the red state is decreasing, and the effective
on-site energy of the blue state is increasing. The increase/decrease of effective on-site energies
is due to secondary interactions that are not captured in the V (k) term, such as interactions of
the orbitals with themselves (their periodic images). Figure depicts two non-interacting bands
that cross trivially with no change in the character of the bands upon crossing, consistent with a
TB hopping integral of V' = 0. Figure represents the case where the TB hopping integral is
constant across the k-path. Figure [6.4k illustrates an avoided crossing where V' is a function of the
k-vector. In this case, V varies sinusoidally, and is at a maximum at the center of the path where
the bands would have crossed. The resulting anti-crossing bands bow outward from each other.
Figure [6.4d also represents a case where V varies, but in this example, V increases from left to
right. Note that only cases where V' > 0 are shown, but V' can be negative as well (the magnitude

is what is important in this example).

6.2.2 Avoided Crossings along I' — A—X

The presence of avoided crossings in hH compounds along the A symmetry line was introduced by

Ogut et. al in 1995 in order to explain the formation of the bandgap in these compounds [169)].
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Figure 6.4: Schematic depiction of a normal crossing and three cases of avoided crossings (top) with corre-
sponding sketches of the tight-binding hopping integral, V' (bottom). (a) Normal crossing with an interaction
of V' = 0. (b) Avoided crossing when the hopping integral, V', is constant along the entire k-path. (¢) Avoided
crossing where the hopping integral varies sinusoidally, such that V = 0 at the far right and left and reaches
a maximum at the center of the k-path where the bands would have crossed. (d) Avoided crossing when V/
varies, such that V' = 0 at the far left and is at a maximum at the far right of the plot. Red and blue coloring
is used to depict the character of the bands, and in (b)-(d) top, the dashed lines indicate the behavior of the
bands when V' = 0. In (b)-(d) bottom, the blue horizontal dashed lines are shown at V = 0.
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Ogut et al. identify an avoided crossing between the highest A3 4 VB and the lowest energy Az 4
CB in ZrNiSn. We can see the signature of this avoided crossing in the complementary character of
the two anticrossing Az 4 bands (see Figure and c). [169] That is, the lower band has mostly
Zr-d character at I' and Sn-p character at X, and the upper band has mostly Sn-p character at T’

and predominantly Zr-d character at X.

We can think of these bands as being the result of an avoided crossing between a ‘“Zr-d band”
and a “Sn-p band”. That is, if there were no interactions between the two bands, there would
simply be an X-d band that increases in energy from I' to X crossing a Sn-p band that decreases
in energy from I' to X like Figure [6.4h. In fact, we can use k-point-resolved, band-resolved crystal
orbital Hamilton populations (COHPs) [52,205] to explain this behavior. While multiple orbital
interactions (including interactions between atoms and their periodic images) are needed to fully
explain the complex hH electronic structure, we focus on a few important interactions as examples.
The COHPs of the Az 4 VB and CB for ZrNiSn can be seen in Figure ,C where positive values
of the COHP indicate an anti-bonding interaction, negative values of the COHP indicate a bonding
interaction, and the magnitude represents the strength of the interaction. The COHP values show
that the “Zr-d band” would run up in energy from I' to X because of the Zr-d-Ni-p interaction
(bonding in the Az 4 VB) that is strongest at I' and decreases to almost zero at X. In other words,
this Zr-d—Ni-p interaction pushes the Zr-d states down in energy, such that they are found in the
VB edge where the interaction is strongest (at I') and in the CB where the interaction is weakest
(at X). Additionally, there is an interaction between the Ni-p and Sn-p orbitals (bonding in the
VB) that increases in strength from I' to X. This interaction explains why the Sn-p state would run
down in energy from I' to X. That is, the Sn-p states are pushed down in energy by the Ni-p states

at X more so than at I', such that the Sn-p states are found in the VB at X but in the CB at I".

COHP also explains why the Az, bands bow out from each other like the avoided crossing
depicted in Figure [6.4c. As shown in Figure [6.4k, this type of avoided crossing is the result of a

strong interaction between the two states that reaches a peak strength about halfway along the path
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Figure 6.5: k-resolved, band-resolved crystal orbital Hamilton (COHP) values in the Az 4 (a) valence band
(VB) of ZrNiSn, (b) VB of NbFeSb, (c) conduction band (CB) of ZrNiSn, and (d) CB of NbFeSb. In the VB,
the green curve represents X-d—Y -p interactions, the red curve represents X-d—Z-p interactions, the purple
curve represents X-d-Y'-d interactions, and the blue curve represents Y-p—Z-p interactions. In the CB COHP

plots, the red curve represents X-d—Z-p interactions, the green curve represents Y-d—Z-p interactions, and
the blue curve represents X-d-Y-d interactions.
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Figure 6.6: Magnitude of X-d-Z-p tight-binding hopping integral in the A3 4 bands in a generic half-Heusler
compound.

of the avoided crossing [169]. Based on the Az 4 VB and CB COHP values (Figure [6.5), the Zr-
d—-Sn-p and Nb-d—Sb-p interactions both satisfy this condition. This X-d—Z-p interaction is nearly
zero at I' and at X, and it reaches a peak in strength halfway along the I' — A—X line (bonding in
the VB and anti-bonding in the CB). The shape of the X-d-Z-p interaction can also be reproduced
using an analytical TB model describing a generic hH compound. The k-dependent interaction
strength, V4, for this interaction (quantified by the magnitude of the k-dependent hopping integral
coupling these two orbitals) in the Ag4 band is given by the Equation, |V,q| = 2|V,4x sin (7d)]| (see
Figure , where d varies from 0 at I' to 1 at X, and V)4, is the m-bonding interaction between

the d and p orbitals (see Appendix @ for details on derivation).

While the avoided crossing between the A3z 4 bands in ZrNiSn is between a predominantly X-d
state that increases in energy from I' to X and a predominantly Z-p state that decreases in energy
from I' to X, the explanation in NbFeSb is slightly different. In NbFeSb this avoided crossing is
better described as one between the X-d state and a Y-d state. As seen in Figure the I'y5 CB
state in NbFeSb is comprised of mostly Fe-d states with a smaller contribution from the Sbh-p states.
This is the inverse of the case in ZrNiSn, where the I'15 CB contains mostly Sn-p character with

some Ni-d character. Moreover, while the highest X5 VB state in ZrNiSn is described by mostly
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Figure 6.7: Heat maps representing the normalized band-resolved projected density of states (pDOS) of (a)
the I'15 valence band (VB), (b) the I'y5 conduction band (CB), (c¢) the X5 VB, and (d) the X5 CB in ZrNiSn
and of (e) the T'y5 VB, (f) the T'y5 CB, (g) the X5 VB, and (h) the X5 CB in NbFeSb. For the I'15 bands,
the pDOS shown is the average of the three triply degenerate bands comprising that state, and for the X5
bands it is the average of the two doubly degenerate bands. The orbital projections are normalized, such
that the sum of the orbital projection for each band at each k-point is equal to one.

Sn-p character with some Ni-p character, in NbFeSb, this state contains mostly Fe-d character with
a smaller contribution of Nb-d orbitals (and even less Sb-p and Fe-p). This difference in orbital
character is also reflected in the COHP values. The X-d-Y-d bonding interaction in the VB and

the Y-d-Z-p and X-d-Y-d interactions in the CB are more dominant in NbFeSb than in ZrNiSn
(Figure [6.5)).

Therefore, the behavior of the Az 4 VB in NbFeSb can be better understood by studying the

strength of the Nb-d-Fe-d interaction (Figure ) At the T" point, this interaction is very weakly
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anti-bonding and becomes more strongly bonding toward X. Overall, the strength increases from I"
toward X, but there is a peak in the strength about midway from I" to X (closer to X). The bonding
interaction decreases the energy of the Fe-d orbitals, so the fact that it is stronger at X than at
I is consistent with Fe-d orbitals being found below the bandgap at X (Figure ) and above
the bandgap at I' (Figure ) We note that the bonding interaction between the Nb-d and Fe-p
states is also present in the I'15 VB edge, which further pushes the energy of the Nb-d states at T"
down relative to their energy at X. While the X-d-Y-d interaction is less dominant in ZrNiSn, the
Zr-d—Ni-d interaction is also important for understanding the distribution of Zr-d states in ZrNiSn,
as the increase in strength of this interaction from I' to X further (in addition to the Zr-d—Ni-p
interaction) explains the presence of Zr-d states in the CBs at X and in the VB edge at I". Finally,
in contrast to ZrNiSn, the Y-d—Z-p interaction in NbFeSb increases the energy of the Y-d, rather
than the Z-p, orbitals at I in NbFeSb. Therefore, the increasing strength of this interaction from
X to I" (Figure ) further explains the presence of Fe-d orbitals in the CB at I'y5 (Figure )
and in the VB at X5 (Figure [6.7g).

This discrepancy between the orbital character of the highest X5 VB between the two compounds
is consistent with the energy of the Fe-d orbitals being greater than that of the Sb-p orbitals, while
the Ni-d orbitals are lower relative to the Sn-p orbitals in ZrNiSn. This might be expected from the
greater group number difference between Y and Z in NbFeSb compared to ZrNiSn. Consequently,
the Sb-p states at X are located deeper into the VBs, and do not appear heavily in the highest
X5 VB, while the Fe-d states dominate instead. Furthermore, because I'15 is an anti-bonding state
between the Y-d and Z-p orbitals, it will have character most closely resembling the higher energy
state, which is Sn-p in ZrNiSn and Fe-d in NbFeSb. In general, increasing the energy of the Y-d
orbitals (decreasing the group number of Y') will favor the behavior seen in NbFeSb, while decreasing
the energy of the Y-d orbitals (increasing group number of Y') would favor the behavior seen in

ZrNiSn.

Qualitative bonding pictures at the I'-point in ZrNiSn and NbFeSb are depicted in Figure [6.§]
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to illustrate some of their differences. We show the relevant bonding interactions in two steps: (1)
the formation of the zinc blende [Y Z]"~ polyanion, and (2) the subsequent interactions between
[Y Z]"~ and X" to form the hH XY Z structure. In both compounds the VB edge is depicted as
a bonding state between the X-d state and a hybridized Y-p anti-bonding state. Moreover, we can
see that because the relative energy of the Y-d orbitals is greater in NbFeSb, the ¢ (I';5) CB state

has more Y-d than Z-p character in NbFeSb but more Z-p than Y-d character than ZrNiSn.

6.2.3 Avoided Crossings along I' — A—L

The band gaps of hH thermoelectric compounds are established by avoided crossings that result in
an 18-electron (valence-balanced) valence band. Therefore, in order to understand the origin and
orbital character of the VB edges at I' and L and whether the VBM is at I' or L, we must study the
avoided crossings along the I'-L path. The symmetry labels for the relevant I', A, and L bands are
given in Figure Because the highest energy VB belongs to the Az symmetry representation, we
look at how the states in this As VB interact with other Ag bands, specifically the A3 CB and a
lower A3 VB (the second-highest A3 VB). While there are multiple A3 avoided crossings, we simplify
the analysis to focus on the avoided crossing that directly yields the bandgap. In both ZrNiSn and
NbFeSb, the I'-point VB edge is dominated by the X-d;, orbitals (Figures and c). As seen in
Figure and ¢, this X-d;, character can also be found at the L-point of the A3 CB (in the Lj
band). Therefore, the X-d;, orbitals in I-point VB edge come from an “X-d;, band” that would
run up in energy from I' to L, like shown in Figure (blue curve), if it were not for an avoided
crossing. The k-resolved, band-resolved COHP (Figure explains why this “ X-d;, band” would
run up in energy from I' to L. As seen in Figure [6.10p, in the highest A3 VB (VB upper), there
is a Zr-dy,~Ni-p bonding interaction that is strongest at I' and decreases toward L. Moreover, as
seen in Figure [6.10k, in the A3z CB, there is Zr-dy,~Ni-dy, anti-bonding character that increases
from I' (where it is 0 because there is no de-orbital character in I';2) to L. The former interaction

pushes the Zr-d;, orbitals down in energy at I', such that they are found in the VB, while the latter
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Figure 6.8: Qualitative sketches of the molecular orbital diagrams at the T'-point representing (a,c) the
formation of the [YZ]"~ polyanion and (b,d) the formation of the XY Z half-Heusler (hH) structure from
[YZ]"~ and X"*. The diagrams in (a)-(b) more closely resemble the bonding in ZrNiSn, and those in (c¢)-(d)
most closely resemble NbFeSb. The symmetry representations of the molecular orbitals with respect to the
Ty point group are shown, with the corresponding band symmetry labels shown in parentheses. The VB
edge at I" can be described as a bonding state between the triply degenerate X-d orbitals and a Z-p—Y-p
anti-bonding state. The relative energies of the atomic and molecular orbitals will vary as the chemistry of
the compound changes. Note that the energy scales in each of the four MO sketches are arbitrary.
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Figure 6.9: Electronic band structures calculated via DFT showing the normalized d-orbital contributions of
each band at each k-point. The thickness of the line represents the contribution from the designated orbitals,
and the dashed horizontal line represents the Fermi energy and is at the VB edge for both compounds. We
show the contributions of (a) the Zr-d;, orbitals in ZrNiSn, (b) the Ni-d. orbitals in ZrNiSn, (c) the Nb-
d;, orbitals in NbFeSb, and (d) the Fe-d. orbitals in NbFeSb. Symmetry representation labels for various
I' — A—L bands are shown in (a) and (c) for reference.
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Figure 6.10: k-point-resolved, band-resolved projected COHP values for various interactions in ZrNiSn in
(a) the second-highest A3 VB (VB lower), (b) the highest A3 VB (VB upper), and (c) the A3 CB. Negative
COHP values correspond to bonding character, while positive COHP values indicate anti-bonding character.

interaction pushes the Zr-d;, orbitals up in energy at L such that they are found in the CB.

Therefore, in order for there to be a bandgap along the A path, there must be an avoided crossing
between this “X-d;, band” and another band that would run down in energy from I' to L if there
were no avoided crossing (red curve in Figure ) In this case, we can consider an “X-d.—-Y-d,
band” that would run down in energy from I' to L, starting in the A3 CB. This band would run
down from I" toward L because of X-d.—Y-d. anti-bonding interactions that are strongest at I' and
decrease in strength toward L (see Figures ,c). Because the “X-dy, band” and “X-d.-Y-d.
band” belong to the same symmetry representation, As, they will interact (via X-dp,—X-de, X-di,—
Y-d,, etc. interactions) and undergo an avoided crossing like that shown in Figure to open up

the bandgap.

In both ZrNiSn and NbFeSb, the L-point VBM is dominated by Y-d. character, which cannot be
explained directly from the avoided crossing depicted in Figure [6.2] As seen in Figures [6.9p-d, the
Y-d, orbitals dominate at the I'-point of the lower A3 VB (the second-highest A3 VB). Therefore,
the origin of the Y-d,. states at the L-point VB edge can be explained by a Y-d, state that would run

up in energy from I to L if there were no avoided crossings. Again, the k-resolved, band-resolved



159

COHP explains why this Y-d. state increases in energy from I'" and ends at the L-point VB edge.
As seen in Figure , there is a strong Zr-d.—Ni-d. bonding interaction in the lower A3 VB that
pushes the energy of the Ni-d, orbitals down in energy. This interaction is strongest at I', which is
why the energy of this state is lowest at I'. Clearly, this Y-d, state does not form a continuous VB
in the actual band structure, so there is an avoided crossing between this “Y-d, band” (that would
exist if there were no avoided crossing) and another Az state that would run down in energy from

I to L.

6.3 Chemical Origins of X-Point Conduction Bands

For high-performing n-type hH thermoelectrics, it may be beneficial to engineer high valley degen-
eracy in the CB edge by converging the two competing CBMs at the X-point, such that Ny, = 2.
The X-point in hH compounds has D,y point group symmetry, and the two competing CBMs in
typical hH thermoelectrics have distinct symmetry representations within this point group, either
Xo (NbFeSb) or X3 (ZrNiSn) [68]. Similar CB behavior is observed in MgsSi-MgaSn solid solutions,
which also have two competing CBMs at the X-point, and it is found that peak thermoelectric
performance is obtained in the solid solution where the two CBs are converged [42,43]. In the
thermoelectric hH compounds studied here, the Xo band contains entirely X-d character, while the
X3 band has predominantly Y-d character hybridized with X-d and some Z-p character (see Figures
and [6.11F) Furthermore, as discussed in Ref. |68 the Xy state is expected to be non-bonding,
as there are no other available X, states from the Y- or Z-species (see Table [D.15). On the other
hand, X-d,y,, Y-d,2, and Z-p, all transform like the X3 representation of the Dy; point group,
and therefore interact with each other, such that the X3 CBM is predicted to have anti-bonding

character [68].

ZNote that the heat map in Figure is from DFT calculations that define X to be at X = 27(0,1,0), while
the group symmetry analysis is conducted assuming that X = 27(0,0,1). As a result, the orbital basis must simply
rotated, such that z — y when going from the group theory analysis to the DFT heat map plots. However, the d.
orbitals always map back onto d. orbitals and d:2 orbitals always back mack onto other d:> orbitals.
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Figure 6.12: k-resolved, band-resolved COHP values for the X-d-Y-d interactions in the I'1s — A;—X3 and
I'is — Ay—X5 bands in ZrNiSn and NbFeSb. The red lines correspond to the Nb-d-Fe-d interaction in
NbFeSb, and the blue lines correspond to the Zr-d—Ni-d interactions in ZrNiSn. The filled circles denote the
Ay band, while the plus (+) symbols represent the Ay band. At I', both of the I'15 states are anti-bonding,
and at X, the X3 state is anti-bonding, while the X5 state is non-bonding.

The COHP values for the I'jg — Ag—Xs and the I'j9 — A1 —X3 bands (Figure [6.12) are consistent
with these group theoretical predictions of the bonding character of the competing CBMs, and they
also give insight into why the CBM is located at the X-point rather than at the I'-point. In the A,
band the X-d-Y-d interaction is anti-bonding in the I'js band and decreases in magnitude along
the As band to zero in the X9 band. As a result, the Xo CB is completely non-bonding, and the Ao
CB decreases in energy from I' to X. Moreover, the COHP values show that the A; CB is an X-d—
Y'-d anti-bonding state along the entire band, including the X-point (X3 band). The anti-bonding
character in the A; CB is stronger at I' than at X, leading to the A; CB running down from I" to

X.

The analytical TB model of the generic hH compound can also explain the COHP behavior,
and hence, band behavior of the low-lying conduction bands from I" to X (see Appendix @ for more
details). In both the A; and Ay bands, X-d.—Y -d. interactions are present, and in the TB model, the

strength of the hopping integral in both bands is given by the expression |Vyy| = %\Vppﬂ cos (md/2)]
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Figure 6.13: Magnitude of tight-binding (TB) hopping integrals |V| for (a) the X-d.—Y-d. interactions in
the A; and A, bands and (b) the X-dio—Y-d, interaction in the A; band.

(Figure ) Thus, according to TB, this d.-d. interaction, which is anti-bonding in the low-lying
CBs, reaches a maximum strength at I' and decreases to zero strength at X. Moreover, in the Aq
band, but not the As band, there is a d.—d;o interaction, which is anti-bonding in the A; CB, given
by the TB hopping integral, |V = %\Vddﬂ sin (wd/2)| (Figure ) Therefore, the strength
of this interaction reaches a maximum at X and decreases to zero at I', but because the maximum
strength of this interaction is weaker than the maximum strength of the d.-d. interaction, the overall
interaction strength decrease from I" to X in the Ay band. However, unlike the As band, the Ay

band does not become non-bonding at X.

While looking at only the X-d-Y-d interactions is sufficient to understand why the CBM is at
X, in order to understand the orbital character and relative energies of the competing CBMs, a
more detailed approach is required. That is, these interactions do not explain the discontinuity of
character between I'12 and X3 (connected by Aq), the dominance of Y-d (Y-d.2) over X-d (X-dgy)
orbitals in X3, or why, as an anti-bonding state between X-d and Y-d, the X3 band is not always

higher in energy than the non-bonding X5 band. The discontinuity in the A; CB is due to avoided
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Table 6.1: COHP values (k-point and band resolved) for select bands at the X-point in ZrNiSn and NbFeSb.
Positive values of COHP indicate anti-bonding interactions, and negative COHP values indicate bonding
interactions.

Interaction ~ Band ZrNiSn COHP (eV) NbFeSb COHP (eV)
Y-d,»Z-p, X§B 0.34 0.36
X-dyyY-d X§P 0.42 0.54
X-dyyY-s X3P -0.83 -0.73

crossings with other A; states. Again, we use k-resolved, band-resolved COHP calculations (see
Table to formulate a qualitative molecular orbital picture (see Figure that is consistent
with observations in the CB structures. For instance, in addition to the X3 CB (denoted X{® in
Table having Y-d,2~X-d,, anti-bonding character, it also exhibits Y-d .~Z-p. anti-bonding
character (Figure ) The Y-d,2—Z-p, interaction explains why the Y-d,» states are pushed
up to be near the CB edge rather than in the VB. Additionally, there is a bonding interaction
between the X-d,, and Y-s states that pushes the X-d,, states lower into the VB (found in X;,/B,
the X3 band that is located between —2 eV and —3 eV below the VB edge) rather than near the
CB edge (Figure -c). This bonding character is apparent in the strongly negative COHP value
corresponding to this interaction in the X3yB band (Table [6.1). Note that all of the interactions
listed in Table[6.1] for the X-point are symmetry-forbidden at the I'-point. The TB hopping integrals

corresponding to these interactions along the A path are described in Appendix [D| for interested

readers (see Table [D.19).

The qualitative molecular orbital sketch depicted in Figure [6.14] also explains why compounds
like NbFeSb have the Xo CBM and why compounds like ZrNiSn have the X3 CBM. When the relative
energy difference between the X-d and Y-d orbitals is greater (e.g. ZrNiSn), the anti-bonding b}
(X3) state from Figure is lower in energy than the non-bonding X-d,2_,» (X2) state, resulting
in the X3 CBM (Figure ) On the other hand, when the energy difference between X-d and
Y-d is smaller (e.g. NbFeSb), the anti-bonding X3 from Figure is greater in energy than the
non-bonding X, state, yielding the Xy, X-d dominated CBM (Figure ) It is then evident

how tuning the relative energies of the X-d and Y-d orbitals is an effective method to converge
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Figure 6.14: Qualitative sketch of molecular orbital diagrams at the X-point that explain the character and
relative energies of the competing Xy and X3 CBMs. (a) The Y-d,2 orbitals interact with the Z-p, orbitals
to form a bonding and anti-bonding state, while the Y-d,>_,2 orbitals are non-bonding. (b)-(c) The X-d,,
orbitals interact with the Y-s orbitals to form a bonding and anti-bonding state below and above the two
competing CBMs, respectively. (b) When there is a greater difference between the relative energies of the
X-d and Y-d orbitals, the anti-bonding X3 state from (a) is the CBM. (c¢) When there is a smaller difference
(NbFeSb) between the relative energies of the X-d and Y-d orbitals, the non-bonding X-d,2_,2 state (Xs)
is the CBM. (d) The X3 anti-bonding state (from Y-d-Z-p interaction) in (a) interacts with the X3 bonding
states (from X-d-Y-d interaction) from (b) and (c), such that the X3 CBM has X-d-Y-d anti-bonding
character.
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the two competing CBMs. Increasing the difference in the energies of the X-d and Y-d orbitals
(assuming that the hopping integral /parameter, V', for the X-d-Y-d and Y-d-Z-p interactions is
not substantially altered) results in the energy of the X (non-bonding) CB increasing relative to

the X3 (anti-bonding) CB, which leads to an X3 CBM.

6.4 Chemical Origins of W-Point VBM

Because the W-point has a high valley degeneracy of Ny, = 6, understanding how to engineer hH
compounds and alloys with contributions from the W-point VBM can allow for the discovery of even
better p-type hH thermoelectrics [203]. Although Dylla et al. identify only one material that has
a distinct (not effectively converged) global VBM at the W-point (NbRhSn), six other compounds
where the W-point and L-point are converged within 100 meV are identified. All seven of these
W-pocket materials have a group-IV element (Ge, Sn, Pb) occupying the Z-site and a group IX
element (Co, Rh, Ir) occupying the Y-site. [182]. As discussed in Ref. 182, the orbital composition
of the W-point VBM is typically characterized by a larger Z-p contribution relative to the L- and I'-
point VBMs. That is, as seen in Figure while the L- and W- points of the highest VB are both
comprised of largely Y-d, orbital character, there is greater contribution from the Z-p orbitals at
W. This suggests that Y-d—Z-p interactions are important for understanding convergence between

the L- and W- point VB pockets.

We compare the orbital contributions and COHP values of two W-pocket materials (NbRhSn and
NbCoSn) with NbFeSb and ZrNiSn to better understand the origin of the W-pocket. In NbCoSn, the
L and W VBMs are effectively converged, while in NbRhSn, the W-point VBM is more prominent.
The importance of the Y-d—Z-p interaction is highlighted in the convergence trends plotted in
Figure [6.16p-b. As seen in Figure [6.16p, there is a clear correlation between the difference in
energy of the W- and L-point VB pockets and the difference in Z-p orbital character between the
W- and L-points — as the difference in % Z-p character increases, the relative energy of the W-

point VBM increases relative to the L-point VBM. Furthermore, as seen in Figure [6.16]b, there is
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Table 6.2: COHP values corresponding to the Y-d-Z-p interaction at the L and W VBMs and the energy
difference between the L and W VBMs for four different hH compounds.

Compound COHP (eV) at W COHP (eV) at L COHP (eV) (W-L) Evpm(L) — Eveu (W) (eV)
ZrNiSn 0.52 0.34 0.18 0.08
NbFeSh 0.43 0.24 0.19 0.37
NbRhSn 0.68 0.29 0.39 -0.15
NbCoSn 0.58 0.25 0.33 -0.02

a trend between the difference in the Pauling electronegativity [3,/6] of the Z- and Y- sites and the
difference in energy between the two VBMs. As the electronegativity difference increases, the energy
of the L-point VBM increases relative to the W-point VBM. NbRhSn represents an extreme case
where the Pauling electronegativity of the Z-site species is less than the that of the Y-site species,
which explains why it has a distinct W-point VBM. The COHP values describing to the Y-d-Z-p
interaction also highlight the importance of this interaction in the emergence of the W-point VBM
(see Table . The compounds that contain W-point VB pockets near the Fermi energy (NbCoSn

and NbRhSn) both have stronger relative COHP values at the W-point.

The W- and L-point VBMs begin emerging concurrently (with respect to the I'-point VBM)
because they are both dominated by Y-d. orbital character. That is, when the energy of the Y-d
states relative to the X-d states is high enough for the L. VBM to approach and exceed the energy
of the I' VBM, the energy of the W-point VB pocket can also begin to approach the VB edge.
In fact, based on the sixteen hH DFT calculations presented in this work, the trend relating the
group number difference between the Y- and X- sites and the energy offset between the I'- and
W-point VBMs closely resembles the trend describing the offsets between the I' and L. VB pockets
(see Figure ) Both the L- and W-point VB pockets begin emerging when the Y — X group

number difference is four or five.

Thus, we can also explain why all of the W-pocket compounds identified in Ref. [182 contain
both a Y -site species from group IX and a Z-site species from group IV. Because a group number

difference (Y-X) of four to five marks the point at which the L- and W-point VBMs emerge with
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0 (a) NbCoSn z-p (b) NbCoSn Y-d.
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Figure 6.15: Electronic band structures calculated via DFT for two hH compounds, NbRhSn and NbCoSn,
with VBMs at the W-point. The color and line thickness represents the normalized contribution of the (a)
Sn-p orbitals in NbCoSn, (b) Co-d, orbitals in NbCoSn, (c¢) Sn-p orbitals in NhRhSn, and (d) Rh-d. orbitals
in NbRhSn.
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Figure 6.16: (a) Scatter plot showing how the energy difference between the L and W VBMs (Evy g (L) —
Evpym(W)) varies with the difference in the normalized Z-p orbital contribution between the L and W
valence band edges. (b) Plot showing Ev (L) — Evpar (W) versus the Pauling electronegativity difference
between the Y- and Z-site species [3]. (¢) Plot of Evpp (W) — Evpam () versus the difference in group
number between Y and X. The blue points correspond to compounds that have a VBM at the I'-point, and
the red points correspond to compounds that have a VBM at the L- or W-points.

respect to the I'-point VB edge [182|, when the group number difference is five or higher, the I'-
point VBM is favored, and when the group number difference is four or less, the L and W VBMs
are favored. Given that hH semiconductors must have a valence electron count of 18, the restriction
of having a group number difference between X and Y of three or four effectively limits the hH
candidates to those containing Y-site elements from groups VIII (Fe, Ru, Os) or IX (Co, Rh, Ir)
and Z-site elements from group IV (Ge, Sn, Pb) or group V (As, Sb, Bi). Of these possible Y/Z
combinations, the one that favors the lowest electronegativity difference between the Y- and Z-sites
(to increase the energy W-point VB pocket relative to that of the L-point VB pocket) is a group-IX

Y -site and group-1V Z-site.

6.5 Tuning Band Edge Energies via Alloying

Assuming that the electronic band structures of substitutional alloys can be approximated as linear
interpolations of the end-member band structures, [32,33,42,/182,/188|,206,[207| the chemistry and
electronic structures of the end-member cases can be used as starting points to develop and un-

derstand alloying strategies for high valley degeneracy. In fact, Guo et. al show that this concept
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works in hH compounds |188|. Therefore, understanding the trends in the band-edge energies of

end-member compounds can help us understand /predict alloy behavior in terms of band degeneracy.

The origin of the VB convergence trends of end-member compounds (non-alloys) outlined in
Ref. 182 and of the CB convergence trends discussed in Ref. [188| can be understood through the
simple TB model of a diatomic molecule. It can be shown that increasing the on-site energy of either
atomic orbital state (E; or Fs) will result in the increase of both the bonding and anti-bonding
energy levels determined by Equation[6.1} Furthermore, it can be shown that the increase is greater
for the molecular orbital state that is closer in energy to the on-site energy that was changed [153)].
That is, modifying the on-site energy of the higher-energy atomic orbital has a greater impact on the
anti-bonding state, and moving the on-site energy of the lower-energy atomic orbital has a greater
impact on the bonding state. Therefore, the I'-point VBM and Xs CBM, which have mostly X-d
character are most sensitive to the on-site energy of the X-d orbitals, and the L-point VBM and
X3 CBM which have mostly Y-d character, are most sensitive to the energy of the Y-d orbitals.
In general, as the group number of the X /Y species increases, the on-site energy decreases [63], so
increasing the group number difference between X and Y increases the relative energy of the X-d
orbitals relative to the Y-d orbitals, which raises the relative energy of the I'-point VB edge relative
to the L-point VB edge and the energy of the Xy CB relative to that of the X3 CB. There is also
a secondary effect from Pauling electronegativity [182,/188|, as the electronegativity of an element

correlates to the on-site energy of its orbitals (and the group number).

It is important to note that the aforementioned relationship between the orbital energies and
molecular orbital energies assumes that the strength of the hopping parameter/integral, V', is not
altered (upon the chemical substitution) in such a way that it counteracts the effect of the atomic
orbital energy changes. The magnitude of the hopping parameter (interatomic matrix element)
depends on the interatomic distance, which can be be tuned through physical and chemical manip-
ulations. The strength of V' scales inversely with the interatomic distance which can be modified

via strain, temperature or alloying. Moreover, the interatomic matrix elements for d-orbitals in
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transition-metal-based compounds (describing the interactions between two d-orbitals or between
d-orbitals and s- or p- orbitals) increases with a value known as the d-state radius [63|. Because
substitutions that alter the atomic energies generally have at least some affect on the strength of
the interatomic matrix element, we may see cases where behavior deviates from what is expected

based only tuning the on-site energy terms.

Aliovalent alloying (substitutions) on the X- and Y- sites that change the average group number
difference can be used to consistently tune the convergence of the L and T" VB edges [182| and of
the competing Xy and X3 CBMs [188], but the predicted effect of isovalent substitutions on the
X and Y sites (based on end-member compounds) is generally less straightforward with regards
to the energy of the X-d and Y-d atomic orbitals. Based solely on the atomic orbital energies, we
would expect isoelectronic substitutions that increase the electronegativity of X or decrease the
electronegativity of Y to increase the energy of the L. VB edge relative to that of the I' VB edge
and to increase the energy of the X3 CB relative to the energy of the Xy CB. However, there are
instances where these trends do not hold, possibly because of changes in the hopping parameters
(interatomic matrix elements), V', that counteract the expected modifications in the band structure.
In fact, this is a possible reason why the group number is a stronger predictor than the Pauling

electronegativity [182,|188,208].

Specifically, there are cases where isoelectronic substitutions on the Y-site with more electroneg-
ative species increase the energy of the X3 band relative to the Xo band and where isoelectronic
substitutions on the X-site with more electronegative species increase the energy of the I' VB rela-
tive to the L VB. For instance, the value of E(X3) — E(X2) is greater in NbRhSn than in NbCoSn,
despite the Pauling electronegativity of Rh being greater than that of Co. This behavior may be
attributed to the fact that the d-state radius in Rh is greater than in Co [63], so the anti-bonding
Y-d-Z-p and X-d-Y-d interactions, which increase the energy of the X3 band, are stronger. Ad-
ditionally, the value of Eypy (L) — Eypam (D) is greater in NbCoSn than in VCoSn, which is the

opposite of what is expected based on the electronegativity of X. A possible explanation is greater
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overlap between the Nb-d orbitals and the Co-p orbitals compared to the overlap between the V-d
and Co-p orbitals (Nb-d has a greater d-state radius), which pushes the energy of the I' VB down in
energy more in NbCoSn than in VCoSn. That being said, despite some exceptions, the overall trend
still holds that as the electronegativity difference between X and Y increases, the I' VB increases

relative to the L VB and the Xy CB increases relative to the X3 CB [135]/182,208|.

Because the strategies for CB and VB convergence require similar chemical manipulations, es-
pecially in terms of the group number differences, we expect the relative energies of the com-
peting VBMs (at I" and L) and competing CBMs to be correlated. In fact, as seen in Figure
Evpu (') — Eypum(L) decreases with increasing F(X3) — E(X2) based on a sample of six-
teen DFT calculations of hH electronic structuresﬁ We observe that hH compounds with Ey (L)
< Eypum(T) tend to possess the X3 (Y-d) CBM, while compounds with Ey g (L) > Eyvpa (L) tend
to have the Xo (X-d) CBM. We also note that the W-pocket materials appear when E(X3) — E(X2)
is greater than -0.5 eV, suggesting that compounds where the CBMs are near convergence or where

the Xy CB is lower are more likely to have the W-pocket bear the VB edge (e.g., NbCoSn).

The strategy for enhancing VB degeneracy through the introduction of W-pockets near the band
edge requires tuning the chemistry of all three sites. The strategy for achieving convergence between
the W and I' VBMs is analogous to that for achieving convergence between the L and I' VBMs due
to the similar chemistry of the VB edge at L and W (both dominated by Y-d orbitals). That is, the
energy of the W-pocket relative to that of the I'-pocket can be increased by reducing the difference
in group number (or electronegativity) between the X- and Y-sites, which then concurrently raises
energy of the L-pocket relative to the I'-pocket. However, because the W-point has a stronger
dependence on Y-d—Z-p bonding than the L-point does, it is necessary to tune the electronegativity
difference between the Y and Z sites to converge the L- and W- pockets. Increasing the energy
of the Z-p orbitals relative to that of the Y-d orbitals would increase the energy of the W VBM
relative to that of the L VBM. In practice, this can be achieved via substitutions on the Y- and/or

Z-sites that reduce the electronegativity difference between Y and Z. We note that it may also be

3This same trend is reported in a larger sample size in Ref. 208
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Figure 6.17: Plot of Eypy(T) — Evpm (L) versus E(X3) — E(X3) (calculated from DFT-PBE) for sixteen
different half-Heusler compounds. Four different quadrants are defined according to the Ey gy (T')—Ev gar (L)
=0 and E(X3) — E(X2) = 0. Eypm(T) — Eyvpum(L) generally decreases with E(X3) — E(X2). The blue
region is comprised of compounds where the X-d orbitals dominate the higher energy VB (T") and the higher
energy CB (X32), and the red region is comprised of compounds where the Y-d orbitals dominate the higher
energy VB (L) and the higher energy CB (X3). Materials with W-pockets at or near (within 100 meV of)
the VB edge are denoted with green triangles.
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important to consider how the hopping parameter, V', may change upon substitutions.

6.6 Computational Methods

The first-principles DFT calculations were performed using the Vienna ab initio Simulation Package
(VASP) and employing projector augmented wave (PAW) pseudopotentials and the PBE exchange-
correlation functional. [48H511[87,88]. Spin-orbit coupling effects were not included in the electronic
structure calculations. A plane-wave cutoff energy of 500 eV was used for each calculation. The
structural degrees of freedom were relaxed using a I'-centered [89] k-point mesh of size 11 x 11 x 11,
until the forces on the atoms was less than 0.01 eV /nm. The electronic structure calculations were
performed using a I'-centered k-point mesh of size 15 x 15 x 15. The k-vector resolved COHP

calculations were performed using the version 4.0.0 of the LOBSTER software. [52-54,|150,209|

6.7 Conclusions

Band engineering to achieve high valley degeneracy is a promising method for achieving high ther-
moelectric performance in both n-type and p-type half-Heusler thermoelectrics. Though there are
dozens of hH thermoelectric candidates, they can be classified into three categories based on the
location of the VBM (L, I'; and W) and two categories based on the nature of the X-point CBM
(Xg or X3). Consequently, there are routes to improve the performance of both the n- and p-type
compounds by increasing Ny . For the p-type materials, this can be accomplished by engineering
materials with low symmetry VBMs (W or L) and/or by converging multiple VB pockets. Likewise,
the CB degeneracy, and hence, n-type performance, can be enhanced by converging the competing

X-d-dominated and Y-d-dominated CBs at the X-point.

In prior studies, high-throughput DFT studies have shown that the competing VBMs (at L and
I') and competing CBMs can be converged by simply adjusting the chemistry of the X- and Y-

sites. The key to understanding the origin of these chemical trends is observing that the I'ys VB
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edge and the Xy CB consists of mostly X-d character, while the L3 VB edge and X3 CB have mostly
Y-d orbital character. Therefore, substitutions on the X- and Y-sites that decrease the (average)
difference in group number between X and Y increase the energy of the L VBM relative to the T"
VBM and increase the energy of the X3 CB relative to the Xo CB, giving the basis for potential
alloying strategies. While previous bonding descriptions have failed to explain the origin of these
trends, in this work, we use avoided crossings and molecular orbital pictures informed by group
theory and COHP calculations to explain the origin, orbital character, and relative energy of these

transport edges, using ZrNiSn and NbFeSb as example cases.

Finally, we investigate the origin of the W-point VB edge and describe techniques to move this
high degeneracy pocket higher in energy toward the VB edge. The W-point VBM can be described
as a Y-d—Z-p anti-bonding state, and in general, increasing the energy contribution of Z-p orbitals
in the VB edge increases the energy of the W-point VBM relative to that of the L-point VBM.
Moreover, the strategy for converging the W- and I'-pockets is the same as that for converging the
L- and I'- pockets. Not only do these findings explain why hH compounds with Y -site elements from
group IX and Z-site elements from group IV exhibit W-pocket VBs, but it also suggests another
alloying strategy that can further enhance VB convergence: tuning the relative electronegativity of

the Y- and Z- sites or tuning the strength of the Y-d—Z-p interaction.

Broadly speaking, the work presented in this Chapter shows that recognizing various types of
avoided crossings is crucial to understanding and engineering complex electronic structures for a
variety of semiconductor-based applications. Future work in this area should focus on validating
these alloying strategies via experimental data and first-principles calculations of disordered alloy

systems containing aliovalent and isovalent substitutions.
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Importance of Mg-Sb Interactions in Achieving High Con-

duction Band Degeneracy in Mgs;Sb,

This chapter is largely reproduced with permission from M. K. Brod, S. Anand, and G. J. Snyder.
Materials Today Physics, 31, 100959 (2023) [113]|. Copyright 2022 by Elsevier Ldt.

7.1 Introduction

Recently, MgsSbo has gained significant attention as a highly promising new n-type thermoelec-
tric material for low- and moderate-temperature applications, competitive with state-of-the-art
BigTes [210H213|. Zintl-phase MgsSbhs is a low-cost, non-toxic thermoelectric material comprised of
Earth-abundant materials [210,212,214,215|. It crystallizes in the layered CaAlySis-type structure
(space group: #164; P3m1) (see Figure , and it contains two unique types of Mg-sites, Mg(1)
and Mg(2), distinguished by their coordination environment [213}216]. Mg(1) is octahedrally coor-
dinated by Sb atoms, while the Mg(2) is tetrahedrally coordinated by Sb atoms (Figure[7.1p,c) [217].
The competitive n-type performance of MgsSho-based thermoelectrics is largely attributed to its
relatively high conduction band (CB) degeneracy and low lattice thermal conductivity, xz. The
high valley degeneracy is due to the conduction band minimum (CBM) being located at a low-
symmetry point (U*) inside the 'TALM plane of the BZ (see Table in Appendix [A]), which
exhibits six-fold degeneracy (Ny = 6) [205,]212}218|. The relatively low lattice thermal conduc-

tivity in Mgs(Bi,Sb)s is the result of high anharmonicity caused by weak interlayer bonding and
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Figure 7.1: (a) Crystal structure of MgszSby. The blue and turquoise atoms represent Mg and the orange
atoms represent Sb. (b) The Mg(1) site (dark blue) is octahedrally coordinated by Sb, while (c¢) Mg(2)
(turquoise) is tetrahedrally coordinated by Sb.

asymmetric anion lone-pair electrons [219}220].

By contrast, p-type MgsSbs exhibits poorer thermoelectric performance than its n-type coun-

terpart because the valence band maximum (VBM) is located at the high-symmetry I'-point, giving

it lower valley degeneracy (Ny = 1) [210,212,215,221H223|. The VB edge is dominated by Sb-p

states (with Sb-s states deeper into the VB) |2061/218[224.225|, so the high-symmetry I'-point VBM

in MgsShs is the result of Sb-p—Sb-p interactions, which are most anti-bonding at I' and become
less anti-bonding (or more bonding) away from I'. In fact, this I'-point VBM is quite typical in
semiconductors that have VB states that are dominated by p-orbital-like states ,. Because
the anion-p rather than cation-states dominate the behavior of the VBs in CaAlsSis-type Zintl com-
pounds, the I'-point VBM is consistently present in this class of layered compounds, regardless of
the CBM location . However, the chemistry of the CBM, which is the focus of the present

work, is less straightforward.
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It is known that alloying MgsSbs with MgsBis can enhance n-type transport by increasing
the electron mobility (lowering m7) [32,131}210,211}226]. The change in electron mobility upon
Bi substitution can be attributed to an increase curvature around the electron transport edge at
U* 32,/131]. Increasing the Bi content also decreases the band gap energy, which reduces the
optimal thermoelectric operating temperature [32,227]. On the other hand, substituting Sb with

As increases the band gap energy but is detrimental to the electron mobility [23}225].

In order to better understand the low-symmetry CBM and the effects of alloying on electronic
transport, it is helpful to look at the chemical origins of the U* CBM. The states near the CB edge
exhibit mostly Mg-s character (with Mg-p contributions higher in the CB) [205,210,2241225/228|/229].
Thus, the behavior of the CB edge should be largely influenced by the Mg-s orbitals and their
interactions with neighboring orbitals. In prior works, the high-degeneracy U* CBM has been
attributed to Mg(1)-s—Mg(2)-s bonding interactions in the CB [205,224]. However, as discussed
later in this chapter, trends in the electronic structures of Mgz Xy (X = Bi, Sb, As) cannot entirely
be explained through Mg(1)-s—Mg(2)-s interactions alone (though these interactions may explain

carrier pocket anisotropy).

Here, we aim to elucidate the chemical origins of the low-symmetry U* CBM by considering
Mg—Sb interactions. We show that the Mg-s—Sb-p interactions play a critical role in the presence
of the low-symmetry CBM and are consistent with observed trends in the CB structure upon
anion-site substitutions. We show that the states surrounding the CB edge have Mg-s—Sb-p anti-
bonding character that reaches a minimum near U* (Figure . Increasing the strength of this
interaction increase the curvature around the CB edge, which should lead to an increase in electron
mobility. Prior studies overlooked the importance of the Mg-s—Sb-p interactions because the orbital
and bonding contributions from Sb-p at the U*—point are minimal [205]224] (Figure . That
being said, the importance of Mg-s—Sb-p anti-bonding is evident through trends in the electronic
structures (e.g., the increase in mobility when Sb is replaced with Bi), in the k-dependent orbital

contributions, and k-resolved crystal orbital Hamilton population (COHP) calculations [52,/53}230].
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Figure 7.2: Illustration of how Mg-s—Sb-p anti-bonding interactions yield the low-symmetry CBM at U* in
Mg3Shs. In this sketch, the relative size of the Sb-p orbitals qualitatively represents the relative contribution
of the Sb-p orbitals relative to the Mg-s orbitals and corresponds to the strength of the Mg-s—Sb-p anti-
bonding interactions. Mg-s—Sb-p anti-bonding interactions are weaker near U* and becomes stronger away
from U*, leading to a minimum (or local minimum) at U*.

Cation substitutions also influence n-type transport behavior. For instance, when Mg(1) is
replaced with a more electropositive species (Ca, Yb, Sr, Ba, etc.) the CB Fermi surface becomes
more anisotropic, while substitution with a more electronegative species (Be) decreases anisotropy
[205]. Higher Fermi surface anisotropy may be beneficial to thermoelectric performance, though it
could also have the detrimental effect of reducing carrier mobility [34146}224]231|. In this chapter,
we explain how these changes in the CB edge upon cation substitution are due to changes or

disruptions in cation-s—anion-p interactions.

7.2 Background: Orbital Chemistry Framework

Here, we describe a chemical framework based on the tight-binding (TB) model that can be used to
interpret density functional theory (DFT) results and understand how different orbital interactions
influence the location of the CBM, the electron mobility, and the band gap energy in Mg Xy (X =Bi,
Sb, As). In this section, we use TB band structures of toy models for crystalline semiconductors

to explain (1) how to determine the orbital interactions responsible for a given VBM or CBM and
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(2) how the shape of band edge can be modified using chemical manipulations. Details on the TB
model can be found Chapter [2|

7.2.1 Two-Orbital, Two-Band Model

As an example, consider a toy model of a binary FCC rock salt compound, M X, where only
nearest-neighbor M-s—X-s interactions are relevant. The energies of the M-s and X-s orbital
before interacting, the on-site energies, are given by Fj;_s and Ex_s. The interaction strength
between the two s-orbitals is given by the magnitude of the hopping integral which is a function
of k for a periodic crystal. For this system, the interaction strength reaches a maximum at the I'-
point and a minimum at the L-point. Along the I'-L path, the interaction is given by the expression,
Virx (1) = 6Vsse cos (wl/2), where [ varies from 0 at T" to 1 at L. The k-dependent cos (7l/2) term is
derived using the methods in Ref. 65, and Vi, is a constant that describes the interaction strength
between two s-orbitals that are in their most bonding state (i.e., two completely in-phase s-orbitals).
Analogous constants of the form Vjy,, exist for different types of orbital interactions (see Chapter

for more detail).

As discussed in Chapter [2] the electronic structure for this toy system, shown in Figure [7.3p,
can be calculated using Equation [2.24] and the band energies depend on both a local and non-local
term. The local term is related to the on-site energies of the orbitals weighted by their contributions,
and the non-local term is determined by the strength of the interactions between the orbitals. The
orbital character/contribution of a given orbital to a given band is given by |c"|?, where « labels the
orbital and n is the band index (see Equation . These values are shown in Figure —C for the
toy model. The |c?|? values describe the k-resolved, band-resolved partial density of states (pDOS)
for atomic orbital . The non-local term is described by the crystal orbital Hamilton population
(COHP) [52|, where positive COHP values indicate anti-bonding character, while negative COHP
values indicate bonding character. Here, we consider k-resolved COHP values [230], which describe

the interaction strength at a specific k-point in a specific band. The magnitude of the COHP values
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Figure 7.3: Electronic bands, orbital compositions, and crystal orbital Hamilton population (COHP) values
for a two-orbital tight-binding (TB) model serve as guides to interpret orbital contributions and COHP
values calculated from DFT. (a) TB band structure where the color of the bands represents the relative
contributions from the M-s (blue) and X-s (red) orbitals. (b) TB orbital contributions of M-s (blue)
and X-s orbital (red) to the lower band. (c) Orbital contributions in the upper band. (d) The non-local
term (COHP) reaches a maximum in magnitude at I' and is zero at L. These plots are based on a TB
model of an FCC rock salt structure comprising M-s and X-s orbitals with an hopping parameter given by
Varx (1) = 6Vieo cos (ml/2), where l = 0 at I and | = 1 at L and Vs, = —1/2. The on-site energies are
defined such that (Ep—s + Ex—s)/2=0and Ey—s — Ex_s = 1.

corresponds to (but is not necessarily equal to) the magnitude of Vj;x (k) and reaches a maximum

at T and a minimum at L (Figure [7.3().

The k-resolved orbital contributions (pDOS) and COHP values from the toy model described
here (Figure can be used as an initial reference for interpreting the chemical origins of a CBM
(or VBM) from first-principles DFT calculations. In this simple two-band model, the higher-energy
band would correspond to the CB edge near U* in MgsSby. Therefore, in order to show that the Mg-
s—Sb-p anti-bonding interactions are responsible for the U* CBM within this two-band framework,
we must show that the Mg-s contribution reaches a local maximum, and the Sb-p contribution
reaches a local minimum at U*. Moreover, we must show that the Mg-s—Sb-p COHP values are

positive (anti-bonding) and reach a local minimum around U*.
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Figure 7.4: The two-band tight-binding (TB) electronic band structure for a toy FCC crystal consisting
of M-s and X-s orbitals shows that both increasing the s-orbital interaction strength and decreasing the
energy difference between orbitals decrease the effective mass of the carriers. (a) Bands calculated with
A= L1(Eys—Ex,) =30¢eV and Vi, =-0.5 eV (magenta), -1.25 eV (green), and -2.0 €V (blue). (b) Bands
calculated with Vs, = —2.0 €V and A =1.0 €V (magenta), 5.5 eV (green), and 10.0 eV (blue).

7.2.2 Tuning Band Edge Curvature

After identifying the orbital interactions responsible for the CBM or VBM in a material, the TB
model can also be used to identify strategies to tune the shape of the band edge and optimize
transport properties (e.g., decrease the inertial effective mass). Here, we focus specifically on how
the band curvature and carrier mobility can be increased by tuning atomic orbital energies and
orbital overlap (interaction) strengths.

Consider the same M X toy model described in the previous section. We define a parameter A,
given by A = %(EM,S — Ex_s), to describe the energy separation between the two atomic orbitals.
Band structures for this toy model are calculated with various values for Viz, (constant A) and

various values of A (constant Vs, ), as seen in Figure The band width and curvature increases

with increasing s—s interaction strength, described by Vi, and with decreasing A, resulting in a
lower mj .

The results of this simple example can be generalized to explain some chemical trends in more
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complex electronic structures. When describing bands that result largely from an interaction be-
tween two orbitals, increasing the (k-independent) strength of the orbital interaction (i.e., the
magnitude of Viso, Vipo, Vipo, Vppr, etc.) and decreasing A increase the curvature around the band
edge and reduce the band effective mass. Thus, if the goal is to increase band curvature (and carrier
mobility) it is beneficial to reduce the energy difference between the interacting orbitals through
substitutions/alloying and increase the magnitude of the k-independent portion of hopping parame-
ter, V. Note that reducing the on-site energy difference can also decrease the band gap energy which
may be detrimental to thermoelectric performance by inducing bipolar effects if not optimized for

temperature.

7.3 First-Principles DFT Calculations

7.3.1 Conduction Band Location and Curvature

To evaluate the relative importance of the various bonding interactions in the CB structure of
MgsSbhy, we study the shape of the U* band in the three Mgz Xs (X = As, Sb, Bi) compounds
in the P3m1 space group using first-principles DFT calculations with the Perdew-Burke-Ernzerhof
(PBE) functional. [51]. We focus on the CB structure in the 'ALM plane because it captures the
critical points for understanding n-type transport (Figure . The 2D band energy heat maps
in the TALM plane for the three compounds are shown in Figure [7.5h-c. In all three compounds,
there is a CB minimum in the 'ALM plane a six-fold degenerate U* point, where the exact location
of U* varies slightly based on the compound and composition (coordinates given in Appendix .
In MgsAse and MgsBis, the additional CB pocket at I' emerges, implying a potential increase
Ny when MgsShs is alloyed with these compounds from the convergence between the U* and T’

bands [23,205,227].

Additionally, we plot the CBs along the LM, L*M* and A*U paths (see Figure ) and estimate

the inertial effective masses [18]/56] along the latter two directions to better visualize the curvature of
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Figure 7.5: 2D heat maps of the of the conduction bands (CBs) in the TALM plane for an energy window
of 0 eV to 0.4 eV above the CBM for (a) Mg3Bis, (b) MgsShy, and (¢) MgzAss. (d) Diagram of the first BZ
for the hexagonal Bravais lattice with special points in the TALM plane labeled.
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the CB edge around U* (see Figure . We include the band structures of MgszSbBi and Mgz AsSh
to better understand the potential effects of alloying. That is, these compounds represent cases
where we have 50% alloying on the anion-site. Recall that the exact coordinates of L*, M*, A* and
U vary slightly with composition, and the length along each of the three paths shown follows the
trend MgsAsy > MgszAsSb > MgsSby >MgsSbBi > MggBiQE The CB effective mass along each of
the two specified directions was calculated using the expression in Equation [67] where the term,
%QTJQE, was determined numerically by fitting a parabolic function around the U* point (see Table
in Appendix . The effective mass along each of the two directions is greatest for MgzAs, and
smallest for Mg3Bis, showing that the curvature of the CB edge around U* in Mg3 Xs increases as
X moves down the Pnictogen group from As to Sb to Bi. This increase in curvature coincides with
an increase in the I' —U* band gap energy. Moreover, the curvatures for MgsSbBi and Mg3AsSb
are intermediate between those of the end-member cases, validating that we can approrimate the
properties of alloy systems as interpolations of their end-member compounds. Note that the PBE-
GGA functional significantly underestimates the band gap energy (the band gap energy of MgsSbo
is ~0.6 eV [210}227]) but is acceptable for simply comparing the shape of the CB edge [211], and
the higher CB edge curvature in Mg3Bis is consistent with previous reports that find that alloying
MgsSbe with MgsBiy lowers the (inertial) effective mass of the CB edge [32,212,227]. Additionally,

the band curvatures for MgzSbBi and MgszAsSb falls between that of their end-member compounds.

. 2B\ "

Because carrier pocket anisotropy may be beneficial to thermoelectric performance [34], it is
worth noting that the chemistry of the anion-site can change the level of carrier pocket anisotropy

in the CB Fermi surface. If the Fermi energy is close enough to the band edge that only parabolic

!Note that this trend in BZ path-lengths actually favors higher curvature in MgsBis and lower curvature in
MgsAs, when all other parameters (A- and V-type parameters from the TB framework) are held constant. Therefore,
in order to ensure that the composition/chemistry of the compounds, and not the path lengths, are responsible for
the curvature, the curvature was calculated assuming constant path lengths across compounds, and the same trends
in curvature were found, indicating that the chemistry and not the unit cell size alone is responsible for the curvature
trends.
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Figure 7.6: DFT-calculated conduction bands along the LM, L*M* and A*U paths for (a) MgsBis, (b)
MgsSbha, (¢) MgsAss, (d) MgsSbBi, and (e) MgsAsSb. The inertial effective masses (calculated from band
curvature) for the L*M* and A*U directions are given. The lowest CB is marked with a thicker line width.
The horizontal dashed line represents the energy of the VBM at I'.
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effects are relevant (i.e., the Fermi surface is approximately ellipsoidal), then the level of anisotropy
could be compared via the ratios of the intertial effective masses along the I'A (mj.,.) to those
along I'M (mJ..;) directions. Based on the intertial effective masses, MgzAsy would be the most
isotropic and MgsBiy would be the most anisotropic [131]. However, it is not sufficient to assume
that the bands always behave parabolically. In AeMgo Xo-based compounds that possess the U*
CB pocket, anisotropy from non-parabolic effects arises when the M and U* bands align, causing
the U* pocket to stretch toward M in a non-parabolic manner [205,223|. As seen in Figure the
Fermi surface in MgsAss stretches toward M more so than MgsShs, while in MgsBis it stretches less
toward M, suggesting that alloying on the Sb-site with As may be more beneficial for promoting
carrier pocket anisotropy, while substituting with Bi may be detrimental. More detailed transport
calculations should be conducted to better understand the trade-off between anisotropy and inertial

effective mass.

These trends in the curvature and effective mass near the U* band edge are not consistent
with the hypothesis claiming that the Mg(1)-Mg(2) interactions are mainly responsible for the
U* CBM. In general, we expect the interaction strength between two orbitals to decrease as the
interatomic spacing between the atoms increases and as the difference in the on-site energies of the
atomic orbitals increases [6,63}64,226]. Because the Mg(1)-Mg(2) interatomic spacing increases
as we move down the Pnictogen group from As to Bi [23]213}223,225], we expect the strength of
the Mg(1)-s—Mg(2)-s interactions to be weakest in Mg3Bis and strongest in MgsSby. Therefore, if
the Mg(1)-Mg(2) interactions were the primary source of the U* CBM, then the dispersion would
be greatest (mj lowest) in MgsAsy and smallest (m] highest) in MgzBis. However, the opposite
trend is observed, motivating the study of additional interactions as possible sources of the low-
symmetry CBM. In a previous study, it was shown that as the Mg(1)-Mg(2) distance increases and
interaction strength decreases with increasing Bi content, the band curvature and carrier mobility
increase |226]. It was also shown that increasing the Mg(1)-Mg(2) distance through strain (without
substitution Sb with Bi) slightly increases carrier mobility but that adding Bi significantly enhances

this effect |226]. This study not only suggests that Mg(1)-Mg(2) interactions are not consistent
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with trends in the CB curvature, but it also suggests that the anion-orbitals play an important role

in the shape of the U* CB pocket.

The Mg—Sb interactions may explain the trends in curvature and mobility, and we expect the
CB to contain Mg—Sb anti-bonding states because the Mg states that dominate the CB edge are
higher in energy than the Sb orbitals. Based on the atomic orbital on-site energies, we expect the
Mg—X interactions to be strongest in Mg3zBis and weakest in MggAss because the energy of the
X-site orbitals increases relative to those of the Mg atoms as we move down the Pnictogen group
from As to Bi [63,226]. Therefore, we investigate the Mg-s—X-p interactions as a potential source

of the low-symmetry U* CBM using k-resolved pDOS and COHP calculations.

7.3.2 Orbital Character and COHP Values

We examine components of both the local and non-local contributions to the energy eigenvalues (see
Equation and Figure around the U* CBM to study the importance of the Mg—Mg versus
Mg—Sb interactions. Computationally, the contribution of different orbitals to the local term can be
determined by the relative orbital contributions (Figures , and the non-local, or interaction,
term can be calculated via COHP (Figure [52-54,/150L205].

The normalized relative orbital contributions (pDOS) along the LM, L*M* and A*U paths (see
Figure are consistent with Mg-s—X-p anti-bonding interactions leading to the U* CBM. Note
that the sharp minimum and maximum in Figures [T.7b and c, respectively, along A*U are due
to a band crossing that occurs at that point and are not bonding features. The greatest orbital
contribution to the U* band comes from the Mg-s orbitals with more contribution from Mg(1) than
Mg(2), and the total Mg contribution reaches a maximum near U* (Figure[7.7p-b). Additionally, the
X-p contribution reaches a minimum near U* (Figure ) These orbital characters are consistent
with the orbital characters of the toy model depicted in Figure [7.3k, where the red curve corresponds
to X-p and the blue curve corresponds to Mg(1)-s. Moreover, the relative contribution of the X-

p orbitals is greatest in MgsBis and smallest in MggAss, which is corresponds to the Mg-s—X-p
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interactions being strongest in MgsBis.

In light of Figure , which is based on a two-band (two orbital) model, we also look at the ratios
between the Mg(1)-s and X-p contributions and between the Mg(1)-s and Mg(2)-s contributions
as a proxies for the bond strength around the CB edge (Figure . Based on the two-band TB
model, as the bond strength between two orbitals increases, the ratio of the orbitals to the total
contribution of those two orbitals approaches 1/2, and as the interaction becomes weaker, the ratio
of the dominating orbital to the total approaches one (Figure —C). Given this framework and
the orbital ratios depicted in Figure the strength of the Mg(1)-s—X-p anti-bonding interaction
is weakest around U*, and the overall strength of this interaction is greatest in MgsBis and weakest
in MgszAsy. Furthermore, the orbital ratios suggest that the strength of the Mg(1)-s—Mg(2)-s
interaction generally increases from L to M and from L* to M* while reaching a smaller peak near

U*.

Moreover, we employ k-resolved, band-resolved (values for the lowest CB) projected COHP
(pCOHP) calculations in order to verify the nature of the orbital interactions (Figure . Here,
we focus mainly on the interactions involving the Mg(1)-s orbitals, as they provide the greatest
contribution to the CB edge character (Figure ) Again, the sharp peaks along the A*U path
(closer to A*) are due to a band crossing and are not bonding features. The Mg(1)-s—Mg(2)-s
interactions in the lowest CB are bonding (COHP < 0), while the Mg(1)-s—Sb-p interactions are
anti-bonding (COHP > 0). While there are small peaks in the strength of the Mg(1)-s—Mg(2)-s
interactions of MggSby and MgsBis near U* along the L*M* path, this peak is not seen in MggAss.
The Mg(1)-Mg(2) interaction generally increases in strength from L* to M* and from L to M, and
there is not a clear peak near U along the LM path for any of the compounds. The general increase
in the strength of the Mg(1)-s—Mg(2)-s bonding interaction from L/L* to M/M* (which is partially
counteracted by a general increase in Mg(1)-s—Sb-p anti-bonding strength) may also explain why
the anisotropy from the CB carrier pocket stretching (non-parabolically) toward M is largest in

MgsAss and smallest in MgsBiy. The Mg(1)-s—Mg(2)-s interaction, which is strongest in MgsAso
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Mg(2)-s, (¢) and X-p orbitals for the three Mgz X5 (X = Bi, Sb, As) compounds. The green dashed vertical
lines represent the location of the CB energy minimums for Mg3Sbs along each path. Red, green, and blue
curves correspond to MgzBis, Mg3zShs, and Mgz Ass, respectively.
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and weakest in MgsBis (due to the interatomic distances), pushes the energy of the M-point CB

pocket down, which promotes band alignment between the U* and M bands, and hence, anisotropy.

In contrast to the Mg(1)-s-Mg(2)-s interactions, the shape of the Mg(1)-s—X-p COHP coincides
well with the shape of the CB near the U* for all three compounds along all three k-paths shown.
The COHP values indicate that there is a local minimum in anti-bonding strength near U*, which
results in the CB energy increasing away from the U*-point and a minimum at U*. While the higher
values the Mg-s orbital character and Mg(1)-s—Mg(2)-s COHP strength and lower values of the Sbh-p
orbital character and Mg-s—Sb-p COHP are signatures of Mg-s—Sb-p interactions contributing to the
U* CBM, they are also the reason that these interactions have been overlooked in the past [205224].
Thus, in general, when trying to understand the chemical origins of a band extrema at a specific
point, it is often important to examine how the orbital character and interactions vary around that

point and not only examine that specific point.

Similar results are observed when we replace Mg(1) with Be [113|. In the three BeMga X (X =
Bi, Sb, As) compounds, there is an analogous minimum in the 'ALM plane at a low-symmetry U*
point. The lowest CB is dominated by Be-s and Mg-s orbitals, with a greater contribution from the

Be-s orbitals. The DFT and COHP calculations are consistent Be-s—X-p interactions (analogous
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Table 7.1: Tight-binding (TB) hopping parameters for a toy compound based on MgzShs. .

Parameter Bond Type Number Value (eV)
of Neighbors

Mg(1)-s-Sb-p o 6 1.4
Mg(2)-s—Sb-p (short) o 3 2.0
Mg(2)-s—Sb-p (long) o 1 1.8
Mg(1)-s—Sb-s o 6 -0.8
Mg(2)-s—Sb-s (short) o 3 -1.3
Mg(2)-s—-Sb-s (long) o 1 -1.0
X-p-Sh-p o 3 1.0
X-p-Sb-p T 3 -0.1
Frtg—s — Esyp N/A N/A 3.0
Ertg—s — Esps N/A N/A 10.0

to the Mg(1)-s—X-p interactions) being largely responsible for the low-symmetry CBM.

7.4 Tight-Binding Conduction Band Structure

Using a simple TB model based on the Mgs Xy structure, we can show that Mg-s—X-p interactions
are sufficient to explain the local minimum at U*, and we can qualitatively reproduce the trends in
band curvature seen in Mgz X5 compounds. The TB model used here describes a toy compound that
is based on the Mg3 Xy structure, where the TB parameters (Table are approximated based on
the parameters outlined in Ref. [63| (then adjusted to achieve a more realistic CB shape). The TB
results presented here are intended for the sake of qualitatively understanding the shape of the CB

edge and chemical trends in its behavior and are not meant to reproduce the full band structure of

Mggsbg.

The 2D energy heat map for the CB edge in the 'TALM plane (calculated using a TB model with
only Mg-s—X-p, X-p—X-p, and Mg-s—X-s interactions) can be seen in Figure . This TB model
predicts a CBM at U*. The corresponding Mg-s—Sb-p COHP values for the lowest CB in the TALM
plane, calculated using Equation are given in Figure [7.I0p. Based on these TB COHP values,

the Mg-s—X-p interactions are anti-bonding and reach a local minimum near U*. If only Mg-s—X-p
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Figure 7.10: Tight-binding (TB) conduction band (CB) structure and (projected) crystal orbital Hamilton
population (COHP) values between Mg(1)-s and Sb-p. (a) 2D CB energy heat map (energy variations over
a range of 0.0-3.0 eV above the CBM are shown) and (b) TB Mg(1)-s—X-p COHP values of the lowest CB in
the TALM plane (positive COHP values indicate anti-bonding interactions), calculated using a Mgz Xs-based
TB model that considers only Mg-s—X-p, X-p—X-p, and Mg-s—X-s interactions. (¢) 2D CB energy heat map
and (d) Mg(1)-s—X-p pCOHP heat map calculated using only Mg-s—X-p interactions.

interactions are considered, there is still a local CBM at U*—corresponding to a local minimum

in Mg-s—X-p anti-bonding character—but the minimum along LM is at the L-point (rather than

U), and there is a large CB pocket that emerges along the I'A line (7.10c-d). Despite the fact that
the model with only s-p interactions reproduces the CB edge less accurately, it shows that these

interactions are crucial in obtaining the U* minimum, as this general feature is maintained when

only these interactions are present.

Using this TB model, we can also reproduce the trend in band curvature observed when X
changes from As to Bi in Mgz Xs. This change is modeled by simply changing the energy difference
between the Mg-s orbitals and the X-p orbitals in our toy TB model based on Mg3 Xs. As mentioned

before, the difference between these on-site energies is greatest in MgzAsy and smallest in MgsBis
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Figure 7.11: Tight-binding (TB) electronic band structure of the lowest-energy conduction band (CB) in a
toy compound based on MgsXs upon varying the difference on on-site energies between the Mg-s and X-p
orbitals (24). The effective mass describing the CB edge increases (curvature decreases) as the on-site energy
difference increases from 3 eV to 5 eV, which qualitatively reflects how the value of A = %(EMQ_S —Ex_p)
increases from Bi to As when moving up the Pnictogen group.

. As seen in Figure as the on-site energy difference increases from 3.0 eV (the value used
to produce Figure to 5.0 eV, the dispersion and curvature of the bands near the U* CBM
decreases, resulting in increasing values of effective mass along each of the two directions shown.
Note that for this thought experiment, we keep the TB hopping parameters constant, but in reality

these values would change with chemistry.

7.5 Influence of Cation on Conduction Band Behavior

Because the CBM edge in the MgsXo compounds is comprised of mainly Mg-s orbitals, cation
substitutions can greatly influence the behavior of the U* CB pocket, and changes to the CB
structure with respect to cation substitutions can be explained by considering disruptions to the
Mg-s—Sb-p anti-bonding interaction. In AeMgsSby compounds (Ae = Be, Mg, Ca, Sr, Ba, YD)

where the Ae site is fully occupied by a more electropositive species (Ca, Sr, Ba, Yb), the CBM is

located at the M-point (Ny = 3) rather than at the U* point. [205218]228,232] Sun et al. find that

the Fermi surface pockets of MgsSbs alloyed with Ca, Yb, Sr, and Ba on the Mg(1)-site exhibits

greater anisotropy, while the electron Fermi surface of MgsShs alloyed with Be is less anisotropic.
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As mentioned earlier, the anisotropy of the electron Fermi surface is due to the carrier pocket
stretching (non-parabolically) toward the M-point [205,223]. Thus, assuming that the electronic
structure of a solid-solution mixture can be approximated via an interpolation of the electronic
structures of its end-members, [32,33,42,182.206},207] this trend in anisotropy is expected based on
the M-point CBMs in AeMgsSbs (Ae = Ca, Sr, Ba, Yb). That is, we can imagine the interpolation
between a CB with a minimum at U* and a minimum at M as a band that stretches between U*
and M, and the more of the M-CBM compound present, the more that the CB pocket will stretch
toward M, and vice-versa. Moreover, Wood et al. show experimentally that substituting Yb on the
Mg(1) site is detrimental to thermoelectric performance because it decreases the electron weighted
mobility [224]. Similarly, Imasato et al. report that La-doping on the cation site also decreases the

electron mobility [231].

Substitutions on the Mg(1)-site modify the orbital character of the band edge which alters
the Mg(1)-s—Sb-p interactions that contribute to the U* CBM. To better understand the influence
of these substitutions, we study the CB behavior and corresponding orbital contributions of the
end-member compounds for two representative cases: BeMgaSby and CaMgaSbe (see Figure .
Because BeMgaShy exhibits the U* CB pocket and CaMgaSby does not (it has an M-point CBM)
(Figure [7.12p-b) [205/[218], the interactions near the CB edge in BeMgsSby should be more similar
to those in MgsShy than the interactions near the CB edge of CaMgaShy. The level of similarity (or
dissimilarity) between band structures is reflected in the orbital composition of the lowest CB near
the band edge. The lowest CB in BeMgyShs is dominated by Be-s and Mg-s orbitals, with a greater
contribution from the Be-s orbitals (see Figure ) There is also a substantial contribution from
the Sb-p orbitals, which reaches a minimum near U*. On the other hand, as seen in Figure [7.12(d,
the lowest CB in CaMgsSbhs is dominated by states more closely resembling Ca-d with some Mg-s
character and very little Ca-s and Sb-p character. Similar Ae-d dominated orbital character is seen
in the lowest CB of SrMgaShy and BaMgaSbe, which have the same M-point CBM [113]. Clearly,
the orbital character of the CB edge in BeMgsShs, dominated by Ae-s and Sb-p character, is more

similar to that in MgsSbe than CaMgyoSbsy is. Cation-site substitutions that remove the s-orbitals
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Figure 7.12: 2D energy heat maps of the lowest conduction band (CB) in (a) BeMgaShy and (b) CaMgaSbo
in the TALM plane showing an energy window of 0 €V to 0.4 €V above the conduction band minimum. (c)
Energy (top) and orbital contributions (bottom) of the U* band from the Be-s, Mg-s, and Sb-p orbitals
in BeMgsShy. (d) Energy (top) and orbital contributions (bottom) of the lowest CB from the Ca-s, Mg-s,
Ca-d, and Sb-p orbitals in CaMgySbs. In the top panels of (¢) and (d), the dashed horizontal lines denote
the Fermi energy.

near the CB edge disrupt the cation-s—anion-p interactions, and therefore, stretch the CB Fermi
surface toward M. On the other hand, cation-site substitutions that retain the Ae-s character are less
disruptive and (as in BeMgsSbs) may disfavor the stretching of the carrier pocket toward M .
The lower anisotropy upon Be-alloying may be due to a lower energy separation between the Be-s
states and Sb-p states than between the Mg-s and Sb-p states, leading to stronger anti-bonding

near M/M*, which disfavors U*~M band alignment.

7.6 Computational Methods

The first-principles DFT calculations were performed with the Vienna ab initio Simulation Package
(VASP) and employing projector augmented wave (PAW) pseudopotentials and the PBE functional
derived from a gradient-generalized approximation (GGA). [48151},[87,88] without including spin-
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orbit coupling effects. All calculations were performed using a plane-wave energy cutoff of 500
eV. The structural degrees of freedom were relaxed until the forces on the atoms were less than
0.01 eV/nm using a I'-centered k-point mesh [89] with KPPRA~ 4000 (KPPRA = K-Point Per
Reciprocal Atom). The electronic structure calculations were performed using a I'-centered k-point
with KPPRA~ 8000. The k-resolved pDOS values (Figure were normalized such that at each
k-point, in each band, the sum of all the atomic-orbital contributions (from VASP) are equal to one.
The k-vector resolved COHP calculations were performed using the version 4.0.0 of the LOBSTER

software, using the pbeVASPFit2015 basis set [52-54,|1504230].

7.7 Conclusion

The excellent n-type performance of MgsSby is due to the fact that the CBM is located at the
low-symmetry U* point in the BZ, which has a high valley degeneracy of Ny = 6 and relatively
light m7. In this chapter, we explore the chemical origins of the low-symmetry CBM in light of
changes to the CB edge structure upon substitutions on the anion (and cation) site. While previous
studies attribute the U* CBM to bonding interactions between the Mg(1) and Mg(2) orbitals, these
interactions cannot fully explain the increase in mobility when MgsSbs is alloyed with Bi on the

Sh-site.

We show that that Mg-s—Sb-p anti-bonding interactions are consistent with the U* CBM and
can explain mobility trends with respect to alloying on the Sb-site (with Bi or As). Based on
DFT and COHP calculations, there is Mg-s—Sb-p anti-bonding character near the CB edge, which
reaches a minimum in strength at U*. Increasing the strength of this interaction (e.g., substituting
Sb with Bi) leads to an increase in band curvature around the CBM. Additionally, a TB model
based on MgsShs qualitatively reproduces the U* CBM and highlights the importance of the Mg-s—
Sb-p interactions. Furthermore, substitutions on the octahedrally coordinated Mg(1) site alter the
behavior of the CB edge due to changes or disruptions to the Mg-s—Sb-p anti-bonding interactions.

When Mg(1) is replaced by Be, the Ae-s—Sb-p (Ae = Be, Mg) interactions are still present near



198

the CB edge, so the U* CBM is maintained. On the other hand, when Mg(1) is replaced with
more electropositive, isovalent species, such as Ca, Ba, or Sr, Ae-s states near the U* CB edge are

replaced with states more closely resembling Ae-d orbitals, so the CBM moves toward the M-point.
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Conclusion and Future Perspectives

Because the transport properties of thermoelectric materials depend greatly on their electronic band
dispersions, band engineering in k-space has proven highly effective in optimizing thermoelectric
performance across a wide range of thermoelectric materials. Specifically, it is considered beneficial
to have thermoelectric materials with complex Fermi surfaces, characterized by high valley degen-
eracy and carrier-pocket anisotropy. In this thesis, we investigated the orbital chemistry of and
chemical trends in the complex electronic structures of a variety of thermoelectric semiconductors
in order to better understand and predict band engineering strategies. A number of methods were
employed to elucidate the chemistry of electronic structures, such as tight-binding (TB), density

functional theory (DFT), crystal orbital Hamilton populations (COHP), and group theory.

We first explored the orbital chemistry of the valence bands in IV-VI semiconductors, like rock-
salt PbTe. We developed a TB framework—including numerical, analytical, and visual descriptions—
to understand important features in the valence bands of PbTe and applied this framework to explain
the origins of high valley degeneracy and band convergence in PbTe. The TB model shows that the
strength of cation-s—anion-p interactions are the primary determinants of Fermi surface complexity,
with anion-p—anion-p interactions being of secondary importance, as the valence band maxima are
primarily cation-s—anion-p anti-bonding states with mostly anion-p character. The anion-p—cation-p
interactions are not particularly important in predicting trends in convergence—the valence band
edges are non-bonding or nearly non-bonding with respect to these interactions—but they are im-
portant in explaining the locations of the different valence band pockets. Furthermore, we showed

using TB that higher convergence in PbTe (and IV-VI rock salt semiconductors in generally) may
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lead to changes to the Fermi surface complexity beyond a nominal increase in valley degeneracy.
It may also lead to more fundamental changes to the nature of the Fermi surface, specifically the

dimensionality of transport.

We then extended this IV-VI semiconductor framework to understand the chemical origins of
changes in the valence band structure of GeTe upon the cubic to rhombohedral transformation,
marked by a reduction in the primitive-cell interaxial angle and the offset of the Ge-atom from
the center of the Te-octahedron. As GeTe transforms from its cubic to rhombohedral phase, the
VBM goes from being located at the L-point (with the ¥ band slightly lower) to being along the
>-line. DFT calculations over a range of interaxial angles and offsets show that Fermi surface
complexity is greatest when GeTe is in its cubic phase or slightly distorted. Also, using DFT, it
is shown that the Ge-offset is primarily responsible for the > VBM in the rhombohedral phase,
though the interaxial angle influences the relative energies of other valence band pockets. Using
TB and COHP calculations, it is shown that changes with respect to the interaxial angle can be
explained through changes to the s-p anti-bonding character at the various VBMs, while changes
with respect to Ge-offset are largely due to the emergence of cation-p—anion-p bonding character
(in tandem with a reduction in cation-s—anion-p anti-bonding character) in the valence band edges

when inversion symmetry is broken.

Next, we investigated the chemistry of both the conduction and valence band edges in transition-
metal-based half-Heusler thermoelectrics. There are three possible locations where the VBM can
be located and two competing (potential) CBMs at the same k-point, providing possible routes to
enhance band convergence and achieve higher valley degeneracy for both n-type and p-type ver-
sions of these compounds. While the chemical trends dictating band convergence in half-Heuslers
were fairly well-understood, the origins of these trends were not as well-understood because there
is significant variation in the orbital character along the band edges. The discontinuity in orbital
character renders simple molecular-orbital-like diagrams (representing only the I'-point) insufficient

for fully understanding the chemical make-up of the band edges. We explained the chemical ori-
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gins of the band edges using k-dependent bonding diagrams and showed that recognizing avoided
crossings across the band gap are crucial for understanding the k-dependent chemical contributions
of the band edges. We employed band-resolved, k-resolved COHP calculations in conjunction with
group-theory and TB analysis to explain these avoided crossings and their implications for alloying

strategies.

Finally, we explored the chemical origins of high conduction band degeneracy in Zintl-phase
MgsSby. Mgs(Sh, Bi), alloys are very high-performing mid-low temperature thermoelectrics due to
the CBM being located at a low-symmetry, six-fold degenerate point in the Brillouin zone. While
prior studies have suggested that Mg-s—Mg-s interactions are responsible for the low-symmetry
CBM, we showed that this explanation cannot fully explain trends in electron mobility with respect
to alloying. We proposed an alternative explanation that focuses on the importance of the cation-
s—anion-p interactions. We show using DFT, COHP, and TB that these interactions can, in fact,
explain the existence of the highly-degenerate CBM, in addition to explaining mobility trends with

respect to alloying.

There are numerous possible topics for future investigation related to this dissertation. While
this thesis focused primarily on Fermi surface complexity and high valley degeneracy, the orbital-
chemistry approach to understanding electronic dispersions can be applied to a variety of different
band structure features and associated properties, such as band gap energy, band inversion, carrier
mobility, and deformation potential (see Equation [68]. Additionally, applying codes that
numerically (rather than analytically) predict transport properties, such as BoltzTrap2 [151] or
AMSET [152], to TB band structures could provide new and unique types of insight into how
different orbital interactions influence transport properties. Finally, predictions of how alloying will
influence the band structure Fermi surface for all the material families discussed in this thesis can

be explored using super-cell DFT calculations (e.g., special quasi-random structures).
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Brillouin Zone Special Points

Here, special points in the first Brillouin zones (BZs) of face-centered cubic (FCC), rhombohedral,
and hexagonal Bravais lattices are given in terms of the primitive lattice basis vectors. The con-
ventions for the labels BZ labels follow those described in Ref. 137E] When using these points to
calculate Bloch phase factors of the form, e?*", the k-points must first be multiplied by a factor of
2.

In general, the real-space lattice vectors are given by a, b, and ¢, and the reciprocal-space lattice
vectors are denoted by a*, b*, and c*.

A.1 Face-Centered Cubic

Given that the FCC lattice constant is given by a, the conventional lattice vectors for the FCC
lattice are given by:

e a=(a0,0)
e b=(0,a,0)
e c=(0,0,a).

The primitive lattice vectors for the FCC lattice are given by:
e a=(0,a/2,a/2)
e b= (a/2,0,a/2)

e c=(a/2,a/2,0).

1See Ref. [137| for labeled Brillouin zone diagrams.
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Table A.1: Special points in the face-centered cubic Bravais lattice first Brillouin zone in reciprocal lattice
coordinates.

Label | xa* | xb* | xc*

0 0 | 0
3/8 | 3/8 | 3/4
12 [ 12 ] 1/2
5/8 | 1/4 | 5/8
1/2 | 1/4 | 3/4
12 0 |1/2

=il

A.2 Rhombohedral

Given that the lattice constants for the rhombohedral lattice are given by a and -, where « is the
primitive-cell interaxial angle (see Chapter , the lattice vectors are as follows:

e a= (acos(y/2),—asin(y/2),0)
e b= (acos(v/2),asin(y/2),0)
e c= (acos(v)/cos(7/2),0,ay/1 — cos? (7)/ cos? (7/2).

Table A.2: Special points in the first Brillouin zone of the rhombohedral Bravais lattice in reciprocal lattice
coordinates, where nn = (1 4+ 4 cosy)/(2 + 4cosv), and v = 3/4 — n/2.

Label | xa* | xb* | xc*
r 0 0 0
B n 1/2 | 1-n
B1 1/2 | 1-n|n-—1
F 1/2 | 1/2 0
L 1/2 0 0
P n v v
X v 0 —v
Z 1/2 | 1/2 1/2

A.3 Hexagonal

The lattice vectors for the hexagonal lattice are given as follows:

e a=(a/2,—aV3/2,0)



e b=(a/2,a/3/2,0)
e ¢c=(0,0,c).
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Table A.3: Special points in the hexagonal Bravais lattice first Brillouin zone in reciprocal lattice coordinates.

Label | xa™ | xb* | xc*
r 0 0 0
A 0 0 1/2
H 1/3 | 1/3 | 1/2
K 1/3 | 1/3 0
L 1/2 0 1/2
M 1/2 0 0
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PbTe Hamiltonian

This appendix is largely reproduced with permission from M. K. Brod and G. J. Snyder. Journal
of Materials Chemistry A, 9, 12119-12139 (2021) |47]. Copyright 2021 by the Royal Society of
Chemistry.

The analytical tight-binding solutions for rock salt PbTe without spin-orbit coupling were de-
termined by solving for the eigenvalues of the Hamiltonian given in Equation using the Slater-
Koster matrix elements [65]. The Hamiltonian, H, is an Hermitian matrix, so H;; = Hj;, where
ﬁji is the complex-conjugate of Hj;. The 8-dimensional TB basis is Pb-6s, Pb-6p,, Pb-6p,, Pb-6p.,
Te-5s, Te-5p,, Te-5py, Te-5p.. This Hamiltonian can be generalized for any IV-VI rock salt com-
pound, where Pb represents the anion and Te represents the cation. The k-point must be in their

Cartesian form to use the following equations.

Hyy Hyp -+ Hig

. Hy1 Hap --- Hog

ao | o (B.1)
Hgy Hgy --- Hgg

We do not provide the expressions for every Hamiltonian element, but representative examples
of Hamiltonian elements are given below in Equations [B.2HB.9| FE}_, represents the on-site energy
terms, where a denotes the orbital (s or p) and b denotes the element (Pb or Te). The overlap
parameters of the form, V,g,,, where a and /3 represent the two orbitals (s or p) and m represents
the type of bonding (o or 7). When there is an element label in the subscript, the overlap parameter
represents the interaction between the next-nearest neighbors for that element (Pb or Te). When
there is no element referenced in the subscript, then the parameter represents a nearest neighbor
interaction between Pb and Te. However, V;,,1 and Vj,s2 are used here to distinguish between the
two different nearest neighbor s—p interactions. Vip,1 denotes the interaction between the Pb-s and
Te-p orbitals, and Vo2 denotes the interaction parameter between the Te-s and Pb-p orbitals.

Hi1 = Epy—s + 2Vss5 pplcos (kza/2 + ky/2) 4 cos (kza/2 — kya/2)+
cos (kya/2 + k.a/2) + cos (kya/2 — k.a/2)+
cos (kya/2 + k,a/2) + cos (kya/2 — k,a/2)] (B.2)
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0
Hyp = —7%‘/;120.7]3[)[5111 (kza/2 + kya/2) + sin (kga/2 — kya/2)+

sin (kya/2 + k,a/2) + sin (kya/2 — k.a/2)] (B.3)

Haz = (Vipo,po — Vppr,pp)[cos (kza/2 + kya/2) — cos (kza/2 — kya/2)] (B.4)
His = 2Viso[cos (kza/2) + cos (kya/2) + cos (k.a/2)] (B.5)

Hig = —2iVipo1 sin (kga/2) (B.6)

Has = —2iVypoo sin (kza/2) (B.7)

Hag = 2Vppo €08 (kpa/2) + 2Vppr[cos (kya/2) + cos (k.a/2)] (B.8)

Hz7 = Ere—p + (Vppo,re + Vppr,1e) [cos (kza/2 + kya/2) + cos (kza/2 — kya/2)+
cos (kya/2 + k.,a/2) + cos (kya/2 — k.a/2)]+
2Vppr Telcos (kza/2 + k,a/2) + cos (kya/2 — k.a/2)] (B.9)
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1D-, 2D-, and 3D-Like Transport in IV-VI Rock Salt Semi-
conductors

This appendix is largely reproduced with permission from M. K. Brod and G. J. Snyder. Journal
of Materials Chemistry A, 9, 12119-12139 (2021) [47]. Copyright 2021 by the Royal Society of
Chemistry.

Here, we consider a transport model developed using the Boltzmann transport equation (BTE)
[56,/58L167,|128,233-236] to model thermoelectric transport IV-VI semiconductors—like PbTe— to
understand how it changes as the valence bands become more highly converged. The spherical 3D
Fermi surface pockets have a degeneracy of 4, and the Fermi-surface cylinders for the 2D case have
a degeneracy of 12 , radius |k|, and length lop = 27/a, where a is the lattice parameter. For a
cylinder oriented along the z-axis, k% = k2 + kz, with analogous expressions for all three directions.
In PbTe, the 1D Fermi surface can be described as sheets with thickness 2|k|, a square cross-section
characterized by a side length of I1p = 2v/27/a, and degeneracy of 6. For a sheet aligned in the
x-y plane, |k| = |k,|, with analogues in all three directions.

C.1 Density of States

The expressions for the DOS in each type of Fermi surface (distinguished by the dimensionality of
transport), gmp(e) (m = 1,2,3), where e = E/kpT, and E is the energy below the VBM, are given
in Equations These DOS expressions account for all 4 spheres, 12 cylinders, and 6 sheets.

12(2m:)1/2 e
gip(e) = %(kBT) 1/2=1/2 (C.1)
12m}
2(2m* 3/2
93D(5) — (71_2%?)’(]{377)1/281/2 (03)

The above expressions for the DOS can be used to give the hole concentrations per unit cell in
each dimension, as given in Equations 4.13
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C.2 Electrical Conductivity
In general, the electrical conductivity is given in Equation [45,/58.(67]

o(T) :/e;T(E)vz(E)g(E) <_5{E> dE, (C.4)

where v(E) is the carrier velocity at a given energy and can be broken down into its directional
tensor components. For instance, the z-component of the velocity, can be found by taking the
partial derivative of energy with respect k.

Vp = — = — (C.5)

In the 1D topology case vZ(E) = 2E/m}, in 2D v2(E) = E/m}, and in 3D v2(E) = 2E/3m/},
where v, (E) is the velocity component along the z-direction. For a cubic material, v, = v, = v,.
The expression for v(F) is the same regardless of the type of geometry because for the 1D case,
v (E) = v2(E), in 2D v?}(E) = 20%(E), and in 3D v?(E) = 3v2(E), yielding v?(E) = 2E/m} for all

three geometries [58].

In this model, we assume a DOS dependent scattering rate which would come from an energy-
independent matrix element in Fermi’s golden rule as used in analytic theories of deformation
potential or acoustic phonon scattering [58]. The DOS dependence gives an energy-dependent
scattering time, 7, given by 7 = 19", where r depends on the assumptions made in the scattering-
time model used. 7y is a constant that is given by 7y = £ 0:1; , where m7 is the intertial effective
mass [18]. For the constant scattering time approximation (7 independent of energy), the scattering
exponent is given as r = 0. If we assume acoustic-phonon scattering, the value of r is —1/2,0, or 1/2
for the 3D, 2D, and 1D cases, respectively. The value of r for acoustic-phonon scattering is chosen
such that the energy dependence of 7 is inversely related to the energy dependence of g (1 < 1/g).

If a constant scattering time approximation is used, r = 0 for all Fermi surface geometries.

The term %T(E)QP (E)g(F) in Equation can be combined to the single term og(E), which is
the electrical conductivity transport function |58|. That is, we can write the electrical conductivity

as o = [op(E) <—%> dE. Furthermore, o (FE) can be written in terms of a transport coefficient,

0g,, through the expression, og(F) = 0g,e°, where s = 1/2 4+ r,1 +r, or 3/2 + r for the 1D, 2D,
and 3D cases, respectively, and the form of o, varies with the dimensionality of the band, as seen
in the following set of equations.

(C.6)

OFy,1D =

86(2m€kBT)l/2u mp\ 2
a?mh 0 Me

8emkpT my
OFEy2D = 73,% <b> (C.7)

Tah? Me
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OEy3D = (C.8)

3m2h3 Me

Me

de (2mekpT)>? <m;;>3/ 2
Ho

Because we assume Ny = 4 for the 3D pockets at L in PbTe, we can rewrite equation in
terms of mp,5g, Where mp,g = mz42/3.

ook pT)Y> « 3/2
e( mekp ) 0 (mDOS> (C.9)

TEo,3D = 3m2h3

Me

In Equation [C.9} the term, ug (mDOS ) , is the weighted mobility, p,,, for the 3D effective mass

model. [18,58/128] Therefore, we can rewrite o, 3p in terms of fu,.

e (2mekpT 3/2

It is instructive to rewrite Equations |C.6 in terms of the hole concentration (see Equations
in Chapter [4). The reduced Fermi level (Er), or reduced chemical potential (p), is given
by n= E F / ]{ZBT.

2 pipepo
== A1
. _ 2papepio (C.12)
T3 Roln) |
; _ 2pspepio (C.13)
Eo,3D 3 F% (77) .

Using Equation [C.4] along with Equations [C.IIC.I3] the electrical conductivity for each case
can be expressed as follows.

. 2p1peg 1 Fr—%(n)
o1p = 73 <T + 2) 7F_%(77) (C.14)
2 F,
oop = 0 (r 1) EZ% (C.15)
0
_ 2p3pepo 3 Fy1(n)
03D = 5 <7' + 2) i) (C.16)

If we use the acoustic-phonon approximation for scattering time, these equations can be simpli-
fied, as shown below.
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2p1pepo Fo(n)
= 1
o1D 3P0 (C.17)
2
Top = m%wo (C.18)
2 F
o3p = 2Pepeio Fon) (C.19)

3 Fi(n)

Using the constant scattering time approximation (r = 0), it is evident from the conductivity
expressions that, only 1/3 of the charge carriers contribute to the electrical conductivity for the
1D-like bands, 2/3 contribute to the conductivity in the 2D-like bands, and all of the charge carriers
contribute to the conductivity in the 3D-like bands. That is, we can write the electrical conductivity
for these three cases as o1p = (1/3)pipepo, o2p = (2/3)papepo, and osp = pspepp.

C.3 Seebeck Coefficient

The general expression for the Seebeck coefficient, «, is expressed in Equation [C.20]

a(T) = (’fB) [ o) (~£) (e = n)de

_ (C.20)
¢ [o(e) (—gl) de
This expression can be reduced to Equations [C:2IHC.23] for the 1D-3D bands.
3
o= (") L (©21)
e ) | (r+3)F,_1(n)

o ( ks ) [<r +2) Faln) n} o

e ) r+ )R
_ kj (T—i_%) Fr-l—%(n)
= ( e > (r+3)Fpi(n) - n] (C.23)

When the acoustic-phonon scattering approximation is used, these expressions reduce to that
found in in Equation for all three dimensionalities.
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C.4 Lorenz number

The electronic component of the lattice thermal conductivity can be expressed as k., = LoT', where
L is the Lorenz number, given in by L = Z&% — a?. The expression for kg is given in Equation

[235,237)

ko(T) =T <kf>2 /(s —n)?0(e) (—jﬁ) de (C.24)

Therefore, the Lorentz factor can be written in the forms shown in Equation [C.25

2 (r+3)(r+3)E_ smF._1(n)— (r+3 2F3 1(n)
L1D2<kB> (r+3) (r+a) B S e (C.25)
(r+3) F2 . ()

-

N

(ke (r+3) (r+ 1) Fra()Fr(n) — (r +2)* F2,(n)
L2D_< > (r + 1)2 F2(n) (C-26)
’I"ZT';FSFl—T§2F23
Lop — <]<;>2( +2)( "'2) r+§(77) 2r+2(77) ( +2) r+§(77) (c.27)

If we use the acoustic-phonon scattering approximation, all three of the above expressions reduce
to the equation for L given in Equation

C.5 Quality Factor and Figure of Merit

In general, the 2T for this effective-mass model in all three cases can be calculated using Equations
[C.281C.301

2Tip(n, B) = o*(n) (C.28)

k 62
(r+1/2(>§1/D%T m + L)

1
2

2Ton(n, B) = o*(n) (C.29)

kp/e)?
By + L)

Tl B) = —— o D (©:30)
T B o + L)
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The quality factor, B, is defined in terms of op, in Equation |[18,/58]. For each topology,
the quality factory is calculated from the corresponding og,.

B_ <"CB>2 o5, T (C.31)

e KT,

For the acoustic-phonon scattering assumption used in here and in Chapter [d] the ezpressions
for 2T as a function of 9 are identical for the 1D-, 2D-, and 3D-type bands, and given in Equation
410
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Additional Half-Heusler Data and Analysis

D.1 Group Theory Analysis in Half-Heusler Compounds

The content in this section is reproduced with permission from the Supporting Information in M.
K. Brod, S. Anand, and G. J. Snyder. Advanced Electronic Materials, 8(4), 2101367 (2022) [153].
Copyright 2022 by Wiley-VCH GmbH.

D.1.1 Introduction: Group Theory Description of Crystal Orbitals

Group theory is a powerful tool for understanding the orbital interactions responsible for the elec-
tronic structure of half-Heusler (hH) compounds. In this section, we use the methods outlined in
Refs. 4| and [5| to analyze and characterize the hH electronic structure using group theory. Zhou et
al. have also described the hH electronic structure using similar group theory approaches in order
to understand bonding at the L-, X- and I-points [68|. By classifying orbitals at various k-points
or along high-symmetry lines in the Brillouin zone (BZ) by their symmetry representations, we can
determine which orbital interactions are allowed or forbidden by symmetry and which bands may
undergo avoided crossings with each other. When determining the symmetry representations of
atomic orbitals in a crystal, it is necessary to determine both the symmetry representation of the
atomic orbitals themselves and the representation of the sub-lattice sites they occupy. Thus, in
general, we can express the total representation (I'*°') of an atomic orbital on a certain crystallo-
graphic site as the direct product of the representation of the single atomic orbitals (I'°™) and of
the atomic site (I'*%): Tt = '™ @ T'*s |4/ 5]. In order to determine the symmetry representation
of atomic orbitals, it is useful to represent them as polynomials that exhibit the same symmetry
transformation properties. These equivalencies for s, p, and d orbitals are given as follows:

° s—>9:2+y2+22
® Dx TPy Y Pr 2

o dpy — wy; dpz — T2 dy, — Y2

® dyo_2 — 2?2 —y% do — 222 — 2% — 92
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Here, we look at the symmetry representations at the I'-point, X-point, and L-point and along
the A and A symmetry lines. The point group symmetries of the I'-point, X-point, and L-point
in the half-Heusler structure (space group #216) are T, (43m), Doy (42m), and Cs, (3m), re-
spectively. The point group symmetries of the A and A symmetry lines are Co, (mm2) and Cs,,
respectively. |68] The character tables for these point groups are given in Tables [4,5]. The
first column contains the labels for the irreducible representations with the corresponding band
label(s) in parentheses. The naming convention for the irreducible representations is such that A
and B represent the one-dimensional representations, E corresponds to a two-dimensional represen-
tations, and T' denotes three-dimensional representations. The dimensionality of the representation
corresponds to the degeneracy of the molecular orbitals or bands belonging to that representation.
The A; representation is always the identity representation, so the direct product of the A; repre-
sentation with another representation, I', yields I'. Note that we use I" to denote a generic symmetry
representation (not to be confused with the zone center k—point, which is also denoted as I').

The character tables are useful tools for categorizing different atomic orbitals and bands by their
symmetry representation in different parts of the BZ. The first row contains the symmetry classes
and number of symmetry elements contained in the class, and the last two columns contain the
linear and quadratic polynomial basis functions for each irreducible representation [4,/68]. These
basis functions correspond to the atomic orbitals that belong to that representation and are derived
assuming that the orbital is located at the origin of the point group. The entries in the table are
the characters, x, of each symmetry class for each representation [4}/5].

Table D.1: Character table for the Ty point group. [4L[5]

E | 8C3 | 3Cy | 654 | 60,4 | Linear Quadratic
AT [1] 1 1 1|1 2+ y? + 22
A, To) | 1] 1 [ 1 [ 1] 1
E () [ 2] -1 2 0 0 22 —y?, 222 — 2% — 92
Ty Ts) |3 0 | -1 | I | -1
T, (T'y5) | 3 0 -1 -1 1 T, 2 TY, T2, YZ
Table D.2: Character table for the Doy point group. [4L|5]
E | 254 | Ca(z) | 2CY | 204 | Linear | Quadratic
A Xy [ 1] 1 1 1 1 x? 4 y?, 22
A, Xy [ 1] 1 1 1] 1
By (Xp) | 1] -1 1 1|1 x? —y?
By (X3) | 1| -1 1 -1 1 z xy
E(Xs) | 2] 0 -2 0 0 T,y Tz,Yz
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Table D.3: Character table for the Cs, point group in the standard setting (axis of 3-fold rotation parallel
to the z-axis). [4L5]

E | 2C5(z) | 30, | Linear Quadratic
A4, 1 1 1 2 x? 492, 22
Ay | 1 1 -1
E |2 -1 0 T,y 2 — 2, xy, 22,92

Table D.4: Character table for the Cs, point group in the standard setting (vertical mirrors in the zz and
yz planes). |4,5]

E | Co(2) | op(zz) | 0u(yz) | Linear | Quadratic
A |1 1 1 1 z 2, y?, 22
Ay | 1 1 -1 -1 xy
By |1 -1 1 -1 T Tz
By |1 -1 -1 1 Y Yz

Because the group operations in standard setting of the Cs, and C3, point groups do not
coincide with point group settings required to describe the A-line and A-line (including the L-point),
respectively, in the BZ for space group #216, we re-derive the basis functions for the character tables
of the (5, and (4, so that they are compatible with the symmetry of the X- and L-points of the
hH crystal structure (Tables and [D.6). That is, for the A-line, ka = (0,0,2dn/a), where d
varies from 0 at T to 1 at X, the mirrors should coincide with the (110) and (110) (z +y and z —y)
planes, and the axis of the 4-fold rotoreflection (or rotoinversion) should be parallel to the z-axis.
Furthermore, for the A-line, ka = (7wl/a,wl/a,wl/a), where [ varies from 0 at I" to 1 at L, the 3-fold
rotation axis is parallel to the [111] direction and the mirrors coincide with the (110), (101), and
(011) planes (they go through the cube edges). Note that when we use the appropriate setting
for the Cb, point group, we must combine the B; and By (As and Ay4) representations into a 2D
representation, By (Asy4), in order to represent the symmetry properties of the z, y, zz, and yz
basis functions.

Table D.5: Character table for the Cs, point group describing the kx = (0,0, 27 /a) point in the BZ for the
hH crystal structure.

E | Co(2) | og(z+y) | gz —y) | Linear Quadratic
A (A) |1 1 1 1 2 22 4y, 22, xy
As (Ag) |1 1 -1 -1 22 — q?
Bio (Az4) | 2 -2 0 0 x,y T2,Y2
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Table D.6: Character table for the C3, point group describing the kr, = (7/a, 7/a, w/a) point and ka =
(wl/a, wl/a, 7l/a) line in the BZ for the hH crystal structure.

E | 2C5(2) | 30, Linear Quadratic
Ay (L, Ay) | 1 1 1 rT4+y—+z 22 + % + 22,
Ty +xz+yz
Ay (Lo, Ag) | 1| 1 1
E (Ls, A3) | 2 -1 0 |[2z2—z—y,x—y | 222 —22—9% 2% — 12,
20y —xz — Yz, 2 — Yz

D.1.2 Finding Basis Functions using the Projection Operator

The linear and quadratic basis functions (given in the character tables), and hence, atomic orbitals
belonging to each representation can be determined using the projection operator, [4./5] P, where
n labels the irreducible representation. The projection operator for an irreducible representation, n,
is given by Equation In this expression, [,, is the dimension of the irreducible representation,
R is the symmetry operation, h is the number of symmetry elements in the point group (also known
as the order of the group), xn(R) is the character of the symmetry operation for the irreducible
representation, n, and R is the symmetry operator. If we apply P" to some arbitrary vector or
trial function, it will either return zero or a vector/function (either the same as or different from
the trial function) that transforms like the irreducible representation denoted by n |4,[5]. The
resulting non-zero vector is a basis function of that irreducible representation. Moreover, any linear
combination of basis functions yields another valid function that transforms like that representation.
To determine the linear basis terms, we use the trial functions, x,y, and z, and to determine the
quadratic basis terms, we use the trial functions, zy,zz,yz, 2%, y?, and z2. In order to aid in the
mathematical analysis, we can define three separate vector spaces with bases, {z,y, 2}, {22, 92, 2%},
and {zy,zz,yz}, defined in Equations [D.2HD.4] Additionally, we can make use of the fact that
pn |1 + ¢2) = pr lp1) + P |p2), for arbitrary functions ¢; and ¢s.

Ly .
P :ﬁzxn(R)*R (D.1)
R

1 0 0

)= (0] ly)=|1]; [|2)=|0 (D.2)
0 0 1
- -

2%y = 0|5 [|y*)=|1]; [£5)= |0 (D.3)
0] 0 1]
1] [0 0]

[wy) = 0] 5 fzz) = |1|; |yz) = |0 (D.4)
0] 0 1]
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As an example, we look at the projection operator for the By representation of the Doy point
group. First, we apply the eight symmetry operations of the Doy point group to our trial functions.
The results of these transformations on the individual linear and quadratic trial functions are sum-
marized in Table Next, we multiply the result of each transformation by the character of its
respective group elements within the By representation of the Dyy point group and take the sum
of all the resulting functions. The outcomes of this procedure are given in Table Note, that
we assume that the axis of rotation of the Sy operations is parallel to the z-axis. Additionally, the
Cy(z) and Ca(y) operations belong to the CY class referred to in the Dyg character table (Table[D.2)).
For each of the different three X-points, the point group basis vectors must be rotated accordingly.
For example, for kx = (0,27 /a,0), the axis of rotation is parallel to the y-axis.

Table D.7: Transformations of linear and quadratic functions under Doy point group operations.

E | Sy(—=7/2) | Sa(4+7/2) | Ca(x) | Ca(y) | Co(2) | oa(z +y) | oalz —y)

r | x —y Y x —x —T —y Y

Y Yy xz —T —-Y Y —Y —Z xz

z z —Zz —Z —Z —Z z z z
Ty | TY —XY —XY —XY —XY zy zy zy
Tz | T2 Yz —yz -1z Tz -1z —yz Yz
yz | yz -1z Tz Yz —yz | —yz -1z Tz

D — ” 2 2 2 2 ” 2
2 2 2 ” ” ” 2 2
Z2 22 22 22 22 Z2 Z2 Z2 Z2

Table D.8: Transformations of linear and quadratic functions under Doy point group operations multiplied
by the characters of the group element within the By irreducible representation of the Dsy point group with
the sum/h (h = 8) given in the last column.

Sy(=m/2) | Sa(+7/2) | Ca(z) | Caly) | C2(2) | oalz +y) | oalxr —y) | Sum/h
T | x Y —y - T -z —y Y 0
Y Y —x x Y —y —y —x T 0
z z z z z z z z z z
Y | TY zry Ty Yy Yy ry Yy ry zry
Tz | Tz —yz Yz Tz —xz —xz —yz Yz 0
yz | yz Tz —xz —yz Yz —yz —xz Tz 0
22 | 22 _y2 v — 2 — 2 2 Y2 Y2 0
W2 | 42 — 2 ) iy 2 Y2 ) 2 0
22 | 22 —z 22 —z2 —z2 22 22 22 0

Thus, it can be shown that the only linear term that is returned after applying the projection
operation to each of the linear trial functions is z and that the only quadratic term returned after
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applying the projection operation to each of the quadratic trial functions is xy. That is, pPn |2) = z,
and P" |ry) = xy. Therefore, the linear and quadratic basis functions for the Bs irreducible
representation of the Doy point group are z and zy, respectively, and hence, the orbitals (at the
point group origin) belonging to this irreducible representation are the p, and d,, orbitals.

As another example, we repeat the same procedure for the By representation. The transfor-
mations multiplied by the corresponding characters of the Bj irreducible representation of the Doy
point group along with the sums for each trial function are given in Table [D.9 The only non-
zero result of the projection operator on our nine trial functions are pn |x2> = %(:UQ —1?) and
pn ‘y2> = %(y2 — 2?). If we choose the trial function 2% — y? we get pn ‘x2 — y2> = 22 — ¢
Therefore, we have shown that 22 — 32 is a basis function for the B; representation of the Doy point
group and that the d,2_,2 orbital belongs to this representation. Additionally, because all of the
characters corresponding to the A; representation are one, it is simple to show (sum over the rows
of Table that the basis functions for the A; (X;) representation are z% + y? and 2. Linear
combinations of these basis functions include x? + 2 4+ 22 and 22 — 22 — 2, showing that s and
d.> belong to this representation (if centered at the origin of the point group).

Table D.9: Transformations of linear and quadratic trial functions under Dy4 point group operations multi-
plied by the characters of the group element within the Bj irreducible representation of the Doy point group
with the sum/h (h = 8) given in the last column.

E | Sa(=7/2) | Sa(+m/2) | Co(z) | Ca(y) | Co(z) | oa(x+y) | oalz—y) | Sum/h
T | x Y —y x —x —T Y —y 0
y |y —x Yy -y Yy x —x 0
z z z z —Z —Z z —Z —z 0
Ty | Ty Ty Ty —xy —xy Ty —xy —xy 0
Tz | T2 —yz Yz —xz Tz —xz Yz —yz 0
Yz | yz xz —xz Yz —yz —yz Tz -z 0
) p) 2 Y2 2 2 ) 2 Y2 %($2 )
AR ) — 2 Y2 Y2 Y2 — 2 — 2 %(y2 —2?)
22 ] 22 ) —22 22 22 22 — 22 —22 0

An analogous procedure is used to determine the basis functions for the Cs, point group, repre-
senting the symmetry of the A-line and L—point. Here, we use the point group operations describing
the little group along A = 7(1,1,1) and at L. = 7(1,1,1). The results of each symmetry operation in
the C3, point group on the linear and quadratic trial functions are summarized in Table By
simply summing over the rows in Table it is straightforward to see that the basis functions
for the Ay (A1, Ly) representation are x +y + z, 22 +y> + 2%, 2 +y + 2, and 2y + 22 + yz, as given
in Table [D.6l
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Table D.10: Transformations of linear and quadratic trial functions under C'3, point group operations.

E [ O} (7 [ou(@) [0u(y) | 0uz)
x| x|y z x z Y
Y|y z T z Y T
z |z | =z Y Y x z
Ty |y | yz | T2 Tz Yz xy
xz |z | Y | Y2 xy xz yz
yz | yz | xz | xy yz xy Tz
2 T2 | 22 ) P> 2
2 | 22 | 22 2 2 2
2222 2 22 2

Following the same procedure as before, the basis functions (orbitals) for the Ay (Lg, Ag) and E
(Ls, A3) can be determined by multiplying the results of the group operators on each trial function
(Table by the corresponding characters (Table, as described by Equation The results
of this procedure are summarized in Tables [D.11] and [D.12] Note than for the E representation,
l, = 2 in Equation because it is a 2D irreducible representation.

Table D.11: Transformations of linear and quadratic trial functions under Cs, point group operations mul-
tiplied by the character of the group element within the Ay irreducible representation.

E[CI]C3]ou(z) ]| ou(y) | ou(z) | sum/h

T | x Y z — —z —y 0
¥y |y z x —z —y —T 0

z z x Y —y — —2 0
xy | zy | yz | xz | —xz | —yz | —ay 0
rz | xz |2y | yz | —xy | —xz | —yz 0
yz | yz | zz | 2y | —yz | —xy | —x=2 0

2 T2 [ 22 —a? — 2 2 0
AR AR 52 Y2 22 0
2222 [ -2 — 2 ) 0
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Table D.12: Transformations of linear and quadratic trial functions under C, point group operations mul-
tiplied by the character of the group element within the E irreducible representation.

E Ci | C3 [ ou(x) | ouly) | ou(z) 2x (sum/h)

x| 2 | —y | —z 0 0 0 %(233 —y—2z)
y | 2y | —z | —=x 0 0 0 l(2y —z—1)

z | 22| =z | —y 0 0 0 :1,)(227 —z—y)
zy | 20y | —yz | —x=z 0 0 0 %(23:@/ —xz —Yyz)
rz | 222 | —xy | —yz 0 0 0 %(2952 —xy —yz)
yz | 2yz | —xz | —xy 0 0 0 %(2yz —zy — x2)
22 [ 222 | —? | =22 0 0 0 3207 — y? — 2%
y? | 2y | =22 | —2? 0 0 0 %(2y2 — 2% - 2?)
22| 222 | 2% | = 0 0 0 3(227 —2? — %)

Clearly, there are no valid linear or quadratic basis functions corresponding to s, p, or d orbitals
that belong to the As representation of the Cs, point group, while there are multiple choices of basis
sets for the E representation. There is no unique choice for the linear and quadratic basis functions
of the E representation, so we only seek two linearly independent basis functions for each of the
three vector spaces (Equations . For example, looking at the {x,y, z} space, the results
of the operations performed in Table are v1 = 2|x) — |y) — |2), v2 = 2]y) — |z) — |2), and
vz = 2|z) —|x) —|y). These three vectors are not linearly independent. For instance, v1 +vg = —vg.
If we take wg to be one basis function, the second one can be found by simply adding 2v; to vs,
which gives 3 |x) —3|y) ~ |z) —|y). Therefore, (2z —x —y, v —y) is a suitable linear basis set for the
FE representation of the Cs, point group along A and at L. By performing an analogous procedure
for the functions in the {x2,%2, 22} and {xy, 22,yz} spaces, it can be shown that (2zy — xz — yz,
rz —yz) and (222 — 22 — 2, 22 — 9?) are suitable choices for the quadratic basis functions.

D.1.3 Sub-lattice Symmetry Representations

After the irreducible representations of the atomic orbitals centered at the point group origin are
determined, the representations of the unique sub-lattice sites, X (0,0, 0), Y (1/4,1/4,1/4), and Z
(1/2,1/2, 1/2), must also be derived to determine the full representation of each orbital occupying
each sublattice. |4,/68] Consider an element at position, 4, in the unit cell with coordinates r;. If we
apply an arbitrary point group operation, R to r;, we obtain R-r;= Tjt, where 74 = 7 +t. The
index, j, denotes a sub-lattice site within initial unit cell, and the vector, t defines the translation
vector between the new position and 7. The character for a given lattice site for a point group
operation, R, is given by Xi(R) = OR i rj P}, where OR,r;r; = 1 if the group operation, R, maps the
coordinates of site i onto an equivalent lattice site in the same or neighboring unit cell (i.e. a site that
is an integer number of lattice translations away from the initial site) and dg ., ,, = 0 otherwise. [4]
P,i is the phase factor, defined as P,i = ¢'®t. That is, for a given k-point, if i = j, the character of
the lattice is simply given by the phase factor corresponding to the translation (at the I'-point, all
values of Pli are equal to one). However, because each site in the hH compounds is occupied by a
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different element, we can take the simpler approach, as it can be shown that g, = 1 for every

point group operation R. Therefore, for the hH crystal structure, X};(R) = P,i = ¢kt

We will illustrate this procedure by determining the representation of the Y-site at the X-point
in the BZ. Using the Cartesian basis for the direct and reciprocal lattice vectors, we define the
Y-site as ry = (%, ¢, ¢) and the X-point with kx = (0,0,27/a), where a is the lattice constant.
The lattice vectors for an fcc lattice given in a Cartesian basis are a1 = (§,§,0), a2 = (5,0, 3),
and a3z = (0, 5, 5). Because the point group symmetry of the X-point is Doy, we apply each group
operation of this point group to ry and determine the corresponding translation vector, ¢ and
translation phase factor, P}g . The results of this analysis are summarized in Table . For this

example, we only give the result of a representative group element for each class.

Table D.13: Transformations of Y-site Cartesian coordinates for representative group elements of each class
in the Doy point group along with the corresponding translation vectors and phase factors.

E Sa(—7/2) Cs () Ca(2) oa(z +v)

rie |G 5 -D (-5 -D =59 [ (4-5.9)

¢ (O’O’O) (_%’0’_%) (0’_%’_%) (_%7_%70) (_%7_570)
kx -t 0 -7 -7 0 0
PY 1 -1 -1 1 1

Comparing the phase factor of each symmetry class to the character table for the Doy point
group (Table , it is clear that the Y-site in the hH structure belongs to the Bs representation at
the X-point (also shown in Ref. 68). It can be shown that for the I'-point (Ty), L-point (C3,), A-line
(Cay) and A-line (C,), all three sites (X, Y, and Z) all belong to the Aj, or identity, representation.
Furthermore, the X- and Z-sites at the X-point also belong to the A; representation. Therefore,
the Y-site at the X-point is the only sub-lattice/k-point combination (considered here) where the
atomic orbitals on that site do not belong to the symmetry representation of the atomic orbitals
themselves. In order to determine the symmetry representation of each orbital on the Y-site at the
X-point, we take the direct product of the atomic orbital representation and the site representation.
A simple way to determine the direct product of two representations is to simply take the product
of the characters. That is, the character of the total representation for an orbital on a lattice site,
corresponding to a point group element, R, is given by x*%(R) = x°"P(R) x x**(R). For instance,
if we want to determine the representation of the d,2_,2 orbitals on the Y-site at X, we multiply
the characters of the Bj representation and the By representation, as shown in Table [D.14]
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Table D.14: Multiplication of characters from the B; and Bs representations of the Dyy point group.

E | 254 | Ca(z) | 2C% | 204
B (X3) |1 1 1 -1
By (X3) | 1 1 -1 1
Bi® By | 1 1 -1 -1

Comparing the last row of Table to the rows of Table we can see that the direct
product of the By and Bs representations is the Ao representation. Repeating this analysis for the
remaining orbitals, we can determine remaining representations. The representations for all three
crystallographic sites at the X-point are given in Table These results are in agreement with

those given in Ref. [68

Table D.15: Symmetry representations of atomic orbitals at the X-Point (Dag).

Site | 8 | Pz | Py | P2 | day | dyz | dez | dy2 dxz,yz
X |A|E|FEF | B | B | E| E | A By
Y | By | E|E|A | Ay | E | E | By Ay
Z |AW |\ EF | E|By| By | F | E | A4 By

D.2 Electronic Structure Calculations

Contents of this section are reproduced with permission from the Supporting Information in M.
K. Brod, S. Anand, and G. J. Snyder. Advanced FElectronic Materials, 8(4), 2101367 (2022) [153].
Copyright 2022 by Wiley-VCH GmbH.

The values given in Tables have been calculated using DFT+PBE without spin-orbit

coupling.
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Table D.16: Energy offset of the L and W VBMs, the difference in normalized Z-p orbital character between

the W and L points, and the Pauling electronegativity difference between the Y- and Z-species [3L/6].

Compound | Eypy (L) — Eypy(W) | Z-p Character | Elec. Neg. Diff.

(eV) (W-1L) (Z-Y)
NbCoSb 0.26 0.08 0.17
NbCoSn -0.02 0.13 0.08
NbFeSb 0.37 0.08 0.22
NbFeSn 0.07 0.13 0.13
NbRhSn -0.15 0.20 -0.32
ScNiBi 0.42 -0.04 0.11
ScNiSb 0.40 -0.03 0.14
TaCoSn 0.06 0.10 0.08
TaFeSb 0.36 0.07 0.22
TiCoSb 0.28 0.03 0.17
TiNiSn 0.29 0.05 0.05
VCoSn 0.03 0.10 0.08
VFeSb 0.24 0.06 0.22
YNiSb 0.26 0.01 0.14
ZrCoShb 0.28 0.06 0.17
ZrNiSn 0.08 0.07 0.05
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Table D.17: Energy offset of the W and I' VBMs and the group number (GN) difference between the X and

Y sites.

Compound GN Diff. EVBM(F) — EVBM(W)

(Y — X) (eV)

NbCoSb 4 -0.25
NbCoSn 4 -0.34
NbFeSb 3 -0.51
NbFeSn 3 -0.50
NbRhSn 4 -0.20
ScNiBi 7 1.29
ScNiSb 7 1.25
TaCoSn 4 -0.16
TaFeSb 3 -0.42
TiCoSb 5 0.34
TiNiSn 6 0.72
VCoSn 4 -0.11
VFeSb 3 -0.27
YNiSb 7 1.01
ZrCoSb 5 0.12
ZrNiSn 6 0.51
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Table D.18: Group number (GN) and Pauling electronegativity difference between the Y and X species and
the energy offset of the I' and L VBMs and of the X3 and Xy CBMs.

Compound GN Diff. Elec. Neg. Diff. EVBM(F) — EVBM(L) E(Xg) — E(Xg)

(Y — X) (Y — X) (eV) (eV)

NbCoSbh 4 0.28 -0.51 0.09
NbCoSn 4 0.28 -0.32 -0.04
NbFeSb 3 0.23 -0.88 0.64
NbFeSn 3 0.23 -0.57 0.36
NbRhSn 4 0.68 -0.06 0.53
ScNiBi 7 0.55 0.88 -1.35
ScNiSh 7 0.55 0.85 -1.40
TaCoSn 4 0.38 -0.22 -0.37
TaFeSh 3 0.33 -0.78 0.38
TiCoSb 5 0.34 0.06 -0.14
TiNiSn 6 0.37 0.43 -0.66
VCoSn 4 0.25 -0.14 0.30
VFeSh 3 0.20 -0.51 0.82
YNiSb 7 0.69 0.74 -2.17
ZrCoSb 5 0.55 -0.16 -0.69
ZrNiSn 6 0.58 0.43 -1.36

D.3 Half-Heusler Tight-Binding Interactions

In this section, we derive some of the k-dependent tight-binding (TB) hopping integrals—as defined
by the TB solution for the energy levels in a diatomic molecule (Equation — in transition-
metal based half-Heusler (hH) compounds. For all of the d-d-type orbital interactions, we assume
Vadas ~ 0, and therefore only consider the ddm and ddo interactions [63,/169]. The values of the
Visdos Vpdos Vpdr, Vado, and Vggr, interaction parameters can be approximated using the values in
Harrison’s solid state table for ZrNiSn [63]. For the I' — A—X path in the first Brillouin zone, we
define the parameter, d, to describe the distance along the path at a point ka = (0, 0, 27d). At T,
d =0, and at the X-point, d = 1.

D.3.1 X-d-Z-p Interaction along A3, Bands

The TB interaction strength between the X-d and Z-p orbitals along the I'y5 — Az 4—X5 bands can
be determined by finding the TB matrix element between the X-d,, and Z-p, orbitals, defined as
H,. .. It can be shown that the matrix elements H,., and H,., are always equal to zero and
that H,., = H,.,. Moreover, assuming that ka is parallel to the z-axis, it can be shown that

sz,y = Hoyx — sz,z =0.
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Using the approach outlined by Slater and Koster [65], the matrix elements, H,., and H,.,
can be written as follows:

Hy.w = Hy,y = —2iVpir x z[sin (kga/2) + sin (kya/2) + sin (k.a/2)]. (D.5)

In Equation Vpar,x z denotes the hopping integral between the X-d and Z-p orbitals, and
a is the lattice constant of the compound. However, we can simplify this matrix element along the
A = 27(0,0,d) direction to Hy,, = Hy,y = —2iVpgr xzsin (dm). Therefore, using the reduced
TB basis set, {X-dy., X-dyz, Z-py, Z-py}, we can write the Hamiltonian, ﬁxd,zp, describing the
X-d-Z-p interaction along I'is — A3 4 — X5 as follows (Equation :

Ede 0 Ha:z,:c 0
0 EX—d 0 sz,x

HXd,Zp - H;ckz:r: 0 EZ—P 0 (DG)
0 Hy, . 0 Ez;_,

In the above equation, H}, =z and H* denote the complex conjugate of H,., and H,, ,, re-
spectively. The eigenvalues of the Hamlltoman defined in Equation [D.6]are given below in Equation
Both the positive (+) and minus (-) solutions are doubly degenerate, giving a total of four

eigenvalues.

1 1
Ex,z, = 5(Bx-a+ Ezp) + 5\/(Ex_d — Bz )2 +16V2, ., sin? (dm) (D.7)

Comparing Equation [D.7]to Equation [2:22] we can define the effective diatomic hopping integral
as
V(d) = Q%dw,XZ sin (dﬂ') (D8)

D.3.2 X-d-Y-d Interaction along A; and A, Bands

In order to understand the behavior of the A; CB, we must consider the interactions between the
X-d,2» and the Y-d,2 orbitals and the interactions between the X-d,, and the Y-d,2 orbitals along
the A path, as both of these interactions are allowed by symmetry (see Table . Along the As
path, we need only consider the interaction between the X-d,2_,2 and Y-d 2_,2 orbitals.

The Hamiltonian matrix element describing the interaction between the X-d,» and Y-d,2 orbitals
or between the X-d2_,» and Y-d,2_,2 orbitals is given by the expression,

2 , .
Hp = ngdm xy (emialkethyThe) /4 4 o—ia(—ka—kyth)/4 )

e—ia(kz—k’y_kZ)/‘l + e_ia(_km+ky_kz)/4), <D9>
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Therefore, the Hamiltonian describing either the X-d.»~Y-d.2 interactions or the X-d,2_ Y-
d,2_,2 interactions along A is given in Equation

Ex_q4 $Viar, xy cos (nd/2)

D.10
%Vddw,XY COS (7Td/2) Ey,d ( )

HXdande - [

The eigenvalues of this Hamiltonian are given in Equation [D:11]

1 1
EXde,Yde - i(EX7d + Eyfd) + 5\/(Ede — Ey,d)2 + 4[(8/3)Vddﬂ-,Xy COS (7Td/2)]2 (Dll)

Therefore, the effective hopping integral between the X-d, 2
between the X-d 25 and Y-d,2 orbitals (A;) is

_y2 and Y-d,2_ 0 orbitals (Ag) and

V(d) = %vddmxy cos (d/2). (D.12)

The Hamiltonian describing the interaction between the Y-d,» and the X-d,, orbitals, is given
by Equation [D13]

EX—d *%ivddmxy sin (7Td/2)

| . (D.13)
%Zvddw,XY sin (7Td/2) Ey_d

Hdey’dez =

The Hamiltonian describing the Y-d,,~X-d,2 interaction is analogous to that given in Equation
[D13] with X replaced by Y and Y replaced by X. It is straightforward to see that the corresponding
eigenvalues for both cases are given by Equation

1 1 8v/3 ,
EXdzy ,de2 = i(EX_d + Ey_d) + 2\/(EX—d - Ey_d)2 + 4[7Vdd7r,XY S (7Td/2)]2 (D.14)

Thus, the effective hopping integral for the X-d;,~Y-d.2> (and X-d,2~Y-d,,) interactions along
A is

V(d) = S\fvddmxy sin (wd/2). (D.15)

D.3.3 X-d,»—Z-s Interaction along A; Bands

The Hamiltonian element describing the interaction between the X-d,» and Z-s orbitals along
A1 is given by the two-center integral, H,» ; = 2V40, x7z(cos (md) — 1). Thus, the corresponding
Hamiltonian is given by Equation below.
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Ex_q4 2Viio,x z(cos (md) — 1)

2Vido, x z(cos (md) — 1) Ey . (D.16)

HXdz27Zs = |:

The two eigenvalues of this Hamiltonian are given below.

1 1
Exyy 2. = 5 (Ex-a+ Bz-s) % 51/ (Bx-a— Ez-o)? + 42Vao,xz(cos (xd) — D] (D.17)

Hence, the effective TB hopping integral describing the Ay X-d,2—Z-s interaction can be ex-
pressed by Equation [D-1§]

V(d) = 2Vsqe,x z(cos (md) — 1) (D.18)

D.3.4 X-d,,~Y-s Interaction along A, Bands

The Hamiltonian element describing the interaction between the X-d,, and Y-s orbital along A is

Hyys = —%—\/gvsdg,Xy sin (wd/2), and hence, the Hamiltonian can be written as follows:
N 43 .
Hdey,Ys = | 4iv3 EX_d. 3 Vado, Xy sin (md/2) (D.19)
Y2Voio,xy sin (md/2) Ey_s
The two eigenvalues of Equation are
1 1 443
_ 1 4 _ 2 FVo : 2
dgyr¥s — - - - - a, ° :
EX,, e = 5(Ex-a+ By s)iQ\/(EX d— By ) +4] 5 Vd xy sin (7d/2)] (D.20)

Therefore, we can write the effective TB hopping integral for the X-d,,~Y-s interaction.

V(d) = 4\3/§VSdJ,XY sin (7d/2) (D.21)

D.3.5 Y-d,»—Z-p, Interaction along A; Bands

Next, we look at the Y-d,2—Z-p, interactions that contribute to the A; bands. The Hamiltonian
element describing this interaction is given by H,» , = —%‘/pdmyz sin (wrd/2). We can then write
the corresponding Hamiltonian.

Ey_d _%%deZ sin (7Td/2) (D.22)

Hy, . 7. = |
dez ' Lp, %‘/pdﬂ.7yz sin (7'['d/2) Ezfp
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The associated eigenvalues are given as follows:

1 1 8 .
Eydz27zpz = i(EY_d =+ EZ—p) + 2\/( Y—d — EZ—p)2 + 4[§Vzudﬂ-7yz sin (7Td/2)]2 (D23>

Hence, the effective hopping integral for the Y-d,.—Z-p, interaction contributing to the A; bands
can be written as

V(d) = gvpdﬂ-’yz sin (7Td/2). (D.24)
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D.3.6 Summary of Interactions

Table D.19: Summary of effective k-dependent tight-binding hopping integrals V(d).

Band Symmetry | Interaction | Equation Trend in Strength
Az 4 X-d-Z-p |D.8| 0 at I" and X, maximum halfway between I' and X
Ay/Ay X-d.—Y-d, D.12 Decreases from I' to X
Aq X-dpy—Y-d,2 D.15 Increases from I" to X
Aq X-d,2-Y-dgy D.15 Increases from I' to X
Aq X-d,2~Z-s D.18 Increases from I' to X
A1 X-dyyY-s D.21 Increases from I' to X
Aq Y-d,»~Y-p, D.24 Increases from I" to X
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Additional Information for Mg;Sby Analysis

The contents of this appendix are reproduced with permission from M. K. Brod, S. Anand, and G.
J. Snyder. Materials Today Physics, 31, 100959 (2023) [113|. Copyright 2022 by Elsevier Ldt.

E.1 Calculating Effective Mass from Band Curvature

This appendix provides supplemental information to Chapter [/, which discusses the importance of
Mg—Sb interactions in high conduction band degeneracy in MgsSbo.

The second derivative of energy with respect to k is determined by finding the value of 2a for
the parabolic fits (E — Eypy = ak? + bk; + ¢) for each material along the L*M* and A*U paths.
These values are given in Table[E.I] We use k; to denote the distance in k-space along the specified
path.

Table E.1: Value of 2a (§%E/0k?) for the parabolic fits (F — Ep = ak? + bk, + ¢) along the L*M* path and
A*U path.

L*M* Path A*U Path

Compound | 02E/0k? (eV-A2) | 92E/0k? (eV-A?)

MggBiQ 70 21
MgngQ 48 17
MggASg 37 13
Mg3SbBi o8 19
MgsAsSh 40 14
BeMgQBiQ 92 19
BeMgQSbQ 62 14
BeMg2A82 34 11
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Figure E.1: Parabolic fit (solid black curve) of the U* conduction band edge (colored dots) used to calculate
the effective mass along the L*M* direction and the A*U directions for (a) MgsBia, (b) MgsSba, (c) MgsAss.
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Figure E.2: Parabolic fit (solid black curve) of the U* conduction band edge (colored dots) used to calculate

the effective mass along the L*M* direction and the A*U directions for (a) MgsSbBi and (b) MgsAsSb.
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Figure E.3: Parabolic fit (solid black curve) of the U* conduction band edge (colored dots) used to calculate
the effective mass along the L*M* direction and the A*U directions for (a) BeMgyBis, (b) BeMgaSha, (c)
BeMgyAss.

E.2 Location of U* for AeMg>X, (Ae = Mg, Be; X = Bi, Sb, As)

The locations of the local conduction band minimums inside the TALM plane (at the U*-point)
are listed below (rounded to two decimal places), where the coordinates are given in the reciprocal
lattice basis.

e MgsBis: (0, 0.41, 0.33)

o MgsShy: (0, 0.42, 0.34)

e MgsAsy: (0, 0.44, 0.33)

e MgsAsSb: (0, 0.43, 0.33)

e MgsSbBi: (0, 0.41, 0.34)

e BeMg;Biy: (0, 0.42, 0.32)

e BeMgySbsy: (0, 0.43, 0.33)

e BeMgyAsy: (0, 0.45, 0.30)
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E.3 Density Functional Theory Structural Parameters

Table E.2: Lattice constants for AeMgsXo (Ae =Be, Mg; X =As, Sh, Bi) calculated using DFT-PBE (no
SOC).

Compound | a (A) | ¢ (A)
BeMgoAsy | 4.15 6.45
BeMgoShy | 4.41 | 7.04
BeMgoBis | 4.52 | 7.28
MggASQ 4.29 6.76
MgsBis 4.71 | 7.46
MgsAsSh 4.45 | 7.03
Mg3SbBi 4.65 | 7.38

Table E.3: Bond lengths in Mgz X calculated using DFT-PBE (no SOC).

Bond Bond length (A) | Bond length (A) | Bond length (A)
MgsBis MgsSba MgsAso
Mg(1)-X 3.18 3.12 2.93
Mg(2)-X (short) 2.95 2.85 2.63
Mg(2)-X (long) 3.04 2.96 2.78
Mg(1)-Mg(2) 3.90 3.77 3.47
Mg(2)-Mg(2) 3.31 3.28 3.13

Table E.4: Bond lengths in MgzSbBi and Mgz AsSb calculated using DFT-PBE (no SOC).

Bond length (A) Bond length (A)
MgsSbBi MgsAsSb
Mg(1)-X 3.16 (Bi), 3.13 (Sb) | 3.03 (Sb), 3.03 (As)

Mg(2)-X (short) | 2.91 (Bi), 2.88 (Sb) | 2.80 (Sb), 2.67 (As)

Mg(2)-X (long) | 3.05 (Bi), 2.95 (Sb) | 3.04 (Sb), 2.71 (As)

Mg(1)-Mg(2) 3.78, 3.89 3.51, 3.74
Mg(2)-Mg(2) 3.29 3.21

Bond




Table E.5: Bond lengths in BeMgy X5 calculated using DFT-PBE (no SOC).

Bond Bond length (A) | Bond length (A) | Bond length (A)
BeMgBi2 BeMg2Sba BeMg2Asz
Be-X 2.95 2.90 2.73
Mg-X (short) 2.95 2.83 2.58
Mg-X (long) 3.13 3.03 2.86
Be-Mg 3.80 3.65 3.31
Mg-Mg 3.14 3.12 3.05
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The plots in this Appendix provide supplemental data to Chapter [5, which describes the chemical

origins of the valence band structure in GeTe in the rhombohedral and cubic phases.
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Figure F.1: Schematic of the valence band (VB) edge energies (L, Z, 3, n, and A ) with respect to the
L-point CBM (shown in black) as a function of the Ge offset, §, when the primitive-cell interaxial angle is
constant at v = 58° (top) and v = 60° (bottom). The band edge energies (shown with dashed lines) are
calculated from density functional theory (DFT) using the Perdew—Burke-Ernzerhof (PBE) functional and

spin-orbital coupling (SOC).
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Figure F.2: DFT-calculated electronic band structure of GeTe (no SOC) with varying values of atomic offset,
J, and interaxial angle, 7. (a) GeTe band structure calculated with v = 58° and varying d, (b) v = 60° and
varying 4, (¢) 6 = 0.0 and varying ~, and (d) § = 0.03 with varying 4. The energy is set such that the ¥
VBM is at 0 eV.
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Figure F.3: k-resolved, band-resolved projected crystal orbital Hamilton population (pCOHP) values vs.
interaxial angle v in the Z (magenta), L (red), ¥ (blue), and 7 (turquoise) VBMs in GeTe. For the Z band,
the COHP values are always calculated at the true Z-point, even when it is not where the maximum near
(or on) Z occurs. COHP of Ge-s—Te-p interaction when (a) § = 0 and (b) 6 = 0.03. COHP of Ge-p-Te-p
interaction when (c) § = 0 and (d) 6 = 0.03.
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