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Abstract

This thesis investigates the structural properties of materials with kagome-layered crystal
structure, focusing on the new kagome metals AV3Sb5 and the shandites M3A2Ch2. The
former have only recently been synthesized and found to have a charge ordering phase that
doubles its unit cell, called a charge density wave (CDW). The latter have been known
for a long time and have also recently resurfaced because of some interesting transport
properties, possibly connected to topological effects, but none of them is known to have a
similar CDW phase. The thesis begins by providing an overview of the materials and their
crystal structures, highlighting the unique electronic features of the kagome lattice. It then
extends the existing phenomenological Landau theory for CDW-like structural transitions
in AV3Sb5 to the shandite crystal structure, revealing that the symmetries of M3A2Ch2

could potentially allow for a CDW phase. Density Functional Theory (DFT) is then
introduced as a computational tool to study the materials of interest. The simulations
on CsV3Sb5 confirm the presence of an unstable phonon mode, signifying a structural
instability, but are not able to identify electronic instabilities. Regarding the shandites,
we focus on Pd3Sn2Se2, where we examine its similarities and differences compared to
the kagome metals. Through simulations, we demonstrate that there are no indications
of any structural or electronic instability in Pd3Sn2Se2 and other shandite compounds.
Throughout the study, further investigations are proposed, such as studying the role of
apical ions, exploring different shandite compounds, searching for shandites exhibiting
CDW phases, and delving deeper into the interplay between phonons and electronic effects
in the CDW formation. In summary, this thesis contributes to our understanding of the
structural properties of kagome-layered compounds and their interplay with the electronic
properties, laying the groundwork for future research and applications in the shandite
materials.
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Chapter 1

Introduction

The kagome lattice (Figure 2.8) is a triangular Bravais lattice with three atoms per unit cell.
In their crystal structure, some materials - both found in nature and arti�cially synthesized
- contain sheets of atoms arranged in a kagome lattice. The name was �rst used in 1951 by
physicist Itiro Syôzi [1], who was referencing a pattern used in Japanese basket-weaving,
and has stuck since then. Syôzi was studying the Ising model on the kagome lattice, and
in the following decades most of the interest around kagome was related to geometrically
frustrated magnetism and the quest to �nd quantum spin liquids [2], magnetic systems
with large ground state degeneracy that fail to order even atT = 0 K due to quantum
oscillations. The Hubbard model on the kagome lattice has been studied extensively,
with numerical analyses �nding unconventional superconductivity, charge and spin orders
as possible ground states [3�5]. In recent years, interest in kagome materials has been
revamped because of some newly found materials with peculiar electronic properties, such
as pressure-tunable superconductivity [6], giant anomalous Hall e�ect (AHE) [7] and the
speculated presence of topological e�ects [8] and local loop currents [9].

The kagome metals AV3Sb5 (where A = K, Rb, Cs) have been the subject of extensive
research as they were the �rst kagome crystals discovered to exhibit superconductivity at
low temperatures. Despite the absence of magnetic ordering, these materials exhibit a
very large AHE. In a manner reminiscent of Cuprates and Iron-based superconductors,
the superconductivity in AV 3Sb5 emerges from and competes with another electronically
ordered phase known as a Charge Density Wave (CDW) [6]. While the theory of a CDW
in one dimension is well established in terms of a purely electronic Peierls instability [10]
stemming from the nesting of the Fermi surface, the microscopic mechanism in two dimen-
sional layered compounds is still highly debated [11]. In a heuristic sense, the CDW is a
phenomenon in which an electronic order and a periodic lattice modulation help stabilize
each other through the electron-phonon coupling. Numerous theoretical models have been
proposed to explain the microscopic electronic nature of the CDW in AV3Sb5, often in-
volving charge-bond orders and loop currents, referred to as real and imaginary CDWs. At
the moment, �rst-principles calculations have been able to predict the lattice instability in
AV 3Sb5, but it has not been easy to predict the electronic instability.

Recently, there has also been much interest about the ferromagnetic Co3Sn2S2 [8], with
Shandite structure and kagome layers of cobalt. Like the kagome metals, this material
has been found to have a large AHE [12], which is speculated to stem from its Weyl
semimetal nature. The shandites family M3A2Ch2 includes many other possible materials
with kagome layers, sometimes also referred to as half antiperovskite [13], but around them
there is not as much literature as Co3Sn2S2 [14, 15]. To the extent of our knowledge, none
of these materials have been found to undergo a CDW-like structural transition analogous
to AV 3Sb5.

In this work, we embark on a comprehensive exploration of the kagome lattice and the
intriguing possibility of interplay between structural properties and electronic degrees of
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Figure 1.1: How times have changed: (a) kagome basket weaver in Japan, 1915. Credit:
Wikimedia Commons; (b) screenshot taken from the 2D Semiconductors website, display-
ing a sample of the kagome ferromagnet Co3Sn2S2 for sale.

freedom. In Chapter 2 we present the materials and their structure more in detail and
we give some arguments for why the electronic structure of the kagome lattice might be
interesting by studying a simple tight-binding model. Chapter 3 focuses on presenting the
existing phenomenological Landau theory for CDW-like structural transitions in AV3Sb5

and extending it to shandites M3A2Ch2 which have slightly di�erent symmetries. The aim
is to compare these systems and identify symmetry-related factors that may determine the
potential for hosting a CDW phase. In Chapter 4 we give a quick introduction to DFT,
which we then employ in Chapter 5, to study some of the speci�c materials we mentioned.
By dissecting the materials' structures, we aim to shed light on the underlying mechanisms
governing the CDW phase and pave the way for future research in this �eld.
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Chapter 2

The kagome lattice

Kagome metals AV 3Sb5

In 2019, a new family of materials AV3Sb5 containing kagome layers of vanadium was
synthesized [16] and later found to be superconducting atT � 1 � 3 K [17�19]. Using
crystallography language, we describe their crystal structure by labeling the atomic coor-
dinates in the unit cell with their Wycko� positions . Using this convention1, the atomic
coordinates and multiplicities are determined by only using a letter (some lower symme-
try sites could also require one or more parameters). As shown in Figure 2.1a, these
compounds crystallize in theP6=mmm space group, where the V atoms are at the three
Wycko� positions g. The vanadium kagome lattice is sandwiched in between two layers
of antimony Sb2 at the four positionsh that form honeycomb lattices. Another antimony
Sb1 is contained in the same plane as the V kagome and is at the positionc, forms a
simple triangular lattice. Moreover, these layers are intercalated by triangular lattices of
the alkali atom A = K,Rb,Cs, sitting at the position a.

(a)

(b)

Figure 2.1: (a) Crystal structure of the AV 3Sb5 family, with the alkali atom in purple, the
vanadium ones in red and the antimony in gold. The distances measured in Å speci�cally
refer to KV 3Sb5. Figures adapted from Reference [16]

1For each space group, the table of all possible Wycko� positions are determined by symmetry and can
be found on the Bilbao Crystallographic Server [20].
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Figure 2.2: STM topography of an antimony Sb2 cleaved surface and respective Fourier
transform, for two di�erent temperatures. On the left, the high temperature phase, with
a small unit cell represented with red lines and that corresponds in reciprocal space to a
hexagonal BZ indicated by six Bragg peaks. On the right, the low temperature phase with
a doubled (2x2) unit cell that in reciprocal space corresponds to a smaller BZ, signaled by
six new Bragg peaks appearing. Figure adapted from Reference [21]

(a) (b) (c)

Figure 2.3: (a) Bare electronic susceptibility for a free electron gas on a 1D chain. The
function diverges at the nesting vector. (b) In a Peierls unstable system, if the electrons
are coupled to the lattice an acoustic phonon mode will become unstable at the nesting
vector. Figure adapted from Ref. [24]. (c) Fermi surface calculated with DFT, which
resembles the one obtained with ARPES. Figure adapted from Ref. [25].

Since their initial discovery, these materials have attracted considerable attention due
to their intriguing properties. Other than superconductivity, one remarkable feature that
has been observed and that we want to focus on, is an anomaly in various transport-
related quantities at temperatures around T � 80 � 100 K. One such quantity is the
in-plane resistivity, as depicted in Figure 2.1b. Detailed investigations using scanning tun-
neling microscopy (STM) topography maps [21] have revealed a connection between this
anomaly and a structural transition occurring within the material. During this transition,
the unit cell undergoes a doubling in both in-plane directions, as illustrated in Figure 2.2.
Moreover, it also experiences a doubling or quadrupling in the out-of-plane direction [22].
This structural transformation gives rise to a distinct phase known as a Charge Density
Wave (CDW), believed to originate from an electronic instability within the material. A
theoretical model commonly used to explain this type of phenomenon in one-dimensional
systems is the Peierls instability [23], which is driven by Fermi surface nesting: in a 1D
chain, the bare electronic susceptibility for an electron gas diverges at the nesting vector
2kF . This purely electronic instability also renders the lattice unstable, causing a soft-
ening of an acoustic phonon mode atq = 2kF known as a Kohn anomaly. In the stable
con�guration, the unit cell doubles and a gap opens at the Fermi level in the electronic
spectrum. In two-dimensional layered materials, however, the CDW picture could become
more intricate.

In AV 3Sb5, Fermi surface nesting may not be enough to cause an electronic instability.
Angle resolved photoemission spectroscopy (ARPES) measurement have indeed detected

4



(a)
(b)

Figure 2.4: (a) Experimental phase diagram for CsV3Sb5, �gure adapted from Ref. [32].
(b) Phonon spectrum obtained from �rst principles, adapted from Ref. [33]. Imaginary
frequencies are represented as negative for easy visualization. A heuristic explanation for
why imaginary frequencies indicate an unstable structure can be found in the next chapter.

a Fermi surface formed by a� pocket and a quasi-two-dimensional hexagonal sheet with
vertices on theM � L lines, matching DFT calculations [25], so that the electronic insta-
bility could, in principle, be caused by the nesting of this Fermi surface by theM vector
(see Figure 2.3c). In the low temperature CDW phase, ARPES is also able to measure
multiple gaps opening [26]. Most experimental evidences diverge from the simple Peierls
picture though, for example x-ray inelastic scattering measurements do not see any acous-
tic phonon anomaly [24], while coherent phonon spectroscopy predicts the condensation
of three optical phonon modes [27]. Moreover, there has been evidence of unusually large
AHE [7], time reversal symmetry breaking [28, 29] and 3-fold rotation symmetry breaking
[30] in the CDW phase, which have been speculated to stem from local loop currents [9,
31].

The AHE is a phenomenon where a material exhibits a transverse voltage perpendicular
to an applied electric current and an external magnetic �eld, even in the absence of any
magnetic �eld gradient. Unlike the ordinary Hall e�ect, which arises from the Lorentz force
acting on moving charges in the presence of a magnetic �eld, the AHE is usually associated
with the presence of spin-orbit coupling and magnetic ordering in the material. Its presence
in AV 3Sb5 is compelling, since these materials don't appear to be magnetically ordered,
and further point to an unconventional (non-Peierls) mechanism driving the CDW.

AV 3Sb5 o�ers an intriguing platform for investigating the interplay between electron-
phonon and electron-electron interactions. Its pressure-temperature phase diagram, de-
picted in Figure 2.4a, exhibits a dual-dome structure for superconductivity [6, 34] and the
charge order of CDW gets monotonically suppressed under increasing pressure. Several
studies have attempted to reproduce the superconductivity phase diagram using DFT [33,
35, 36]. While conventional electron-phonon driven superconductors can be analyzed using
methods like Eliashberg theory [37, 38] or the more straightforward McMillan formula [39]
to estimate the critical temperature from �rst-principles, whether these approaches are
su�cient or not remains a topic of debate. Regarding the CDW, previous DFT simula-
tions have successfully predicted the lattice instability (shown by the imaginary frequencies
in Figure 2.4b) and its pressure dependence [33, 40] and point to strong electron-phonon
coupling.

To gain a deeper understanding of the superconductivity exhibited in these materials, it
is crucial to clarify the symmetry of the CDW phase from which the superconducting phase
originates. In Chapter 3 we will explain why the imaginary phonon eigenvalues indicate a
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Figure 2.5: Conventional unit cell of the Shandite structure, containing three kagome
layers. The kagome atoms are colored in grey.

lattice instability and we will present a phenomenological symmetry-based theory that has
been recently proposed [41]. This theory can describe the in-plane and out-of-plane unit
cell doubling (i.e., the structural transition) but remains agnostic about the microscopic
nature of the order parameter. To get a better insight into what is the role of electronic
degrees of freedom and their interplay with the lattice, we will produce and show the
results of some of our own DFT calculations in Chapter 5. Moreover, we will compare
these materials to the shandites, which we introduce in the next section.

Shandites M 3A 2Ch 2

Shandite is the name given to the compound with chemical formula Ni3Pb2S2, discovered
in the late 1940s [42]. Several compounds with the same crystal structure M3A2Ch2,
shown in Figure 2.5, have been synthesized in the past decades, and are now typically
called shandites or half antiperovskites [43�47]. In this formula, M generally refers to a
transition metal, A to a post-transition metal and Ch is a chalcogenide.

In these crystals, which have space groupR�3m (No. 166), the kagome layers are formed
by the three M atoms sitting at the Wycko� position e. The kagome lattice is coordinated
by a triangular lattice of A1 atoms at the a position, and is intercalated by an additional
A2 atom at the b position and two apical Ch atoms at thec position.

We will examine more in detail the arrangement of kagome layers in this crystal struc-
ture in Chapter 3, for the moment we just notice that the three major di�erences between
M3A2Ch2 and AV3Sb5 are: (1) the inter-layer distances in shandites are typically much
smaller (around half as much as in the V-based kagome metals); (2) the layers are not
repeating in a direction perpendicular to the layer itself, but are slightly shifted, such that
it takes 3 layers to get a conventional unit cell with c axis perpendicular to the ab plane
(see left panel of Figure 2.5); (3) the system does not posses six-fold rotational symmetry,
both because of the shifted vertical stacking and because of the con�guration of the apical
ions above and below each kagome triangle. While in AV3Sb5 the Sb2 antimony act as the
apical ions and lie on the same plane, forming two honeycomb lattices, in M3A2Ch2 the
apical ions do not lie on the same plane and are alternating M2 atoms and Ch atoms (see
bottom right panel of Figure 2.5).

The mineral Rh3Pb2S2 was discovered in 1983. Subsequently, the series Rh3A2S2,
where A represents In, Sn, Tl, and Pb, has been also studied and found to possess a
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(a) (b)

Figure 2.6: Comparison of the arrangement of apical ions over the kagome triangles in:
(a) the kagome metals AV3Sb5 where the apical ions are the antimony Sb2 atoms; (b) the
shandites M3A2Ch2 where the apical ions are alternating M2 atoms and Ch atoms and
have di�erent distances from the kagome plane.

Figure 2.7: Weyl semimetal nature of Co3Sn2S2 and AHE. Figure adapted from Ref. [49].
(a) Two bands are crossing over an entire line, called the nodal line. (b) The degeneracy
gets lifted along the whole line other than in the two Weyl points. (c) Six couples of Weyl
points are found around the BZ. (d) The anomalous Hall angle, de�ned as the ratio between
the anomalous Hall conductance and the full conductance, as a function of temperature.
The angle reaches approximately 20% around 120 K, a value that is consideredgiant since
it is an order of magnitude larger than in usual ferromagnets.

shandite structure with kagome layers composed of rhodium atoms [46].
Recently, many works have focused on investigating the properties of ferromagnetic

Co3Sn2S2, which has been found to exhibit a giant AHE. This e�ect is believed to arise
from the compound's speculated Weyl semimetal characteristics [48�51], shown in Figure
2.7. In a typical semimetallic system, the valence and conduction bands overlap and
can become degenerate along an entire line referred to as the nodal line. However, in
systems lacking inversion symmetry, the introduction of spin-orbit coupling can break this
degeneracy along the entire line, except for two speci�c points known as Weyl points.
These Weyl points are found to be monopoles of Berry phase curvature and their existence
can even be predicted through �rst principles [52]. The emergence of Weyl fermions at
these points leads to chiral excitations, which could potentially explain the unconventional
behavior of electron �ow observed under a magnetic �eld, as measured by the AHE.

Furthermore, certain shandite compounds with palladium kagome lattices have also
been examined. For instance, Rh3Pb2S2 has been discovered to exhibit superconductivity
under high pressures [14] and has been theoretically investigated in relation to topological
phonon excitations [15].

Shandites provide a versatile platform encompassing various materials. In the subse-
quent chapter, we will delve into the study of the layered kagome structure of shandites
and extend the phenomenological theory of the CDW to these materials. Notably, no shan-
dite compound exhibiting a CDW that doubles the unit cell has been discovered thus far,
making it intriguing to examine the theoretical feasibility of such a phenomenon from a
structural standpoint. Furthermore, in Chapter 5, we will employ DFT simulations to gain
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