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Abstract

Cement and concrete are of immense importance to society as concrete is the most widely pro-
duced and, after water, the second most consumed material on Earth. Traditionally, research in
construction materials has focused primarily on the mechanical properties of concrete. However,
significant carbon footprint related to the production of cement has attracted new scientific in-
terests that aim to reduce COs emissions both during clinker production and throughout the
use of concrete structures. Furthermore, novel high-tech applications of concrete have been re-
cently proposed, such as energy storage, batteries or optically active photonics, which make this
materials far more interesting. The present work explores radiative cooling as a strategy for
effective thermal regulation of modern buildings and cities. Due to the large-scale production
and widespread use of concrete, even modest improvements in its functional properties could
have a significant positive environmental impact.

As one of the potential solutions, photonic concrete (PC) has been proposed as an innovative
construction material with the potential to reduce the CO, footprint associated with energy
usage of buildings. By incorporating photonic and radiative cooling functionalities into cement-
based materials, PC represents a promising candidate for the next-generation thermal envelopes
and insulation. In particular, PC has attracted growing interest for daytime radiative cooling
applications. These technologies offer an energy-efficient approach to temperature regulation,
with the potential to substantially reduce the demand for air-conditioning, which is an important
contributor to global energy consumption. Beyond energy savings at the building scale, large-
scale use of radiative cooling materials could play an important role in mitigating the urban heat
island effect, a phenomenon caused by excessive heat absorption and limited night-time cooling
in densely built areas.

Radiative cooling is based on a passive dissipation of heat into outer space by emitting
thermal radiation through the atmospheric transparency window (ATW) in the infrared (IR)
wavelength range of 8-13 pm. Most of the radiation emitted within this spectral window is not
absorbed by the atmosphere and escapes directly into space, without contributing to atmospheric
warming. As a result, PC could decrease its surface temperatures even under a direct solar
irradiation. Thanks to reduced heat accumulation, PC could improve thermal comfort and
decrease the overall contribution of surfaces covered by concrete to heat trapping in urban
environments.

In order to study the radiative cooling potential of construction materials, we describe the
light-matter interaction, absorption, thermal emissivity and reflectance of concrete-related mate-
rials. Our analysis ranges from the simple cement-forming oxides, raw materials and additives,
through the most important cement phases, to hydrated concrete phases. Description of ra-
diative properties requires calculation of the optical properties of cement, concrete and related
phases. For this purpose, we used density functional theory (DFT) calculations, which allow for



an accurate description of materials at the atomic level. To overcome the inaccuracies of DFT,
we employed the GW method and the solution of the Bethe-Salpeter equation (BSE), which
accounts for the many-body electron-hole interactions necessary to obtain an accurate descrip-
tion of the optical spectra. This approach enables us to gain a detailed understanding of the
role of individual oxides in the optical response of cementitious composites. These findings are
particularly relevant for engineering of advanced composites, in which the optical functionality
of each oxide can be used to tailor thermal emittance and photonic response.

In order to evaluate the size-dependent optical properties, we applied Mie theory, multiple
sphere T-matrix method (MSTM) and the Hapke model to calculate scattering, albedo, emis-
sivity, reflectance and absorbance. We analyzed selective emissivity, net radiated powers, and
solar reflectance of the studied cement and concrete phases. Hydrated calcium silicates were
identified as the most promising candidates for radiative cooling applications due to their low
solar losses, high reflectance, and strong thermal emission. In general, many phases that natu-
rally occur in concrete exhibit intrinsic passive cooling capability. These findings demonstrate
that cement and concrete are not only construction materials but also promising platforms for
radiative cooling applications and beyond.

The thesis is divided into six chapters, starting an introduction to cement-based materi-
als, radiative cooling and dielectric properties of matter. Chapter 2 describes computational
methods and methodology used in this work. The results are organized into four chapters.
Chapter 3 establishes a solid foundation for calculating the optical and radiative properties of
cement and concrete by determining the ground-state crystal and electronic structures. Since
accurate optical spectra critically depend on reliable band gap values, we employed many-body
perturbation theory (MBPT), specifically the GW method, to overcome the band gap underesti-
mation inherent to semi-local exchange-correlation functionals. We assessed the influence of the
ground-state functional by comparing the generalized gradient approximation (GGA) and meta-
GGA exchange-correlation functionals. We showed that the SCAN+GoW, approach provides
impressive agreement with experimental data and provides reliable predictive capabilities.

In Chapter 4, we present the optical spectra of cement and concrete phases, including elec-
tronic and ionic contributions to the dielectric function. We compare results obtained within the
independent-particle approximation (IPA) and the BSE framework. Special attention is devoted
to excitonic features in simple cement-forming oxides, which constitute the backbone of more
complex phases. Complex refractive indices in the IR region are also provided. The results
presented in this chapter are essential for the discussion of the radiative cooling performance.

Chapter 5 focuses on the radiative properties in the bulk single-crystal limit. We analyze
emissivity spectra and their characteristic features, as well as temperature-dependent net radia-
tive powers, and solar radiation absorption.

In Chapter 6, we extend the discussion in Chapter 5 and provide a comprehensive analysis
of the radiative cooling potential of the studied materials. We evaluate size-dependent emissiv-
ity across the IR range and reflectance in the ultraviolet (UV), visible (Vis) and near-infrared
(NIR) regions. We examine the behavior of particles in both air and within a concrete-like
matrix approximated by the dielectric function of tobermorite 14 A. The radiative cooling po-
tential is assessed through a combined analysis of size-dependent emissivity, solar reflectance,
and absorption.



Resumen

El cemento y el hormigén revisten una enorme importancia para la sociedad, ya que el hormigén
es el material mas producido y, después del agua, el segundo mas consumido del planeta. Tradi-
cionalmente, la investigacion en materiales de construccion se ha centrado principalmente en
las propiedades mecanicas del hormigén. Sin embargo, la considerable huella de carbono aso-
ciada a la produccién de cemento ha suscitado un nuevo interés cientifico destinado a reducir
las emisiones de CO, tanto durante la producciéon de clinker como a lo largo de la vida 1til
de las estructuras de hormigén. Ademds, recientemente se han propuesto nuevas aplicaciones
de alta tecnologia del hormigén, como el almacenamiento de energia, las baterias o la foténica
opticamente activa, lo que hace que este material resulte mucho méas interesante. El presente
trabajo explora el enfriamiento radiativo como estrategia para la regulacién térmica eficaz de los
edificios y ciudades modernos. Debido a la produccién a gran escala y al uso generalizado del
hormigén, incluso pequenas mejoras en sus propiedades funcionales podrian tener un impacto
ambiental positivo significativo.

Como una de las posibles soluciones, se ha propuesto el hormigén foténico (PC) como un
material de construcciéon innovador con el potencial de reducir la huella de CO, asociada al
consumo energético de los edificios. Al incorporar funcionalidades de refrigeracion fotonica y
radiativa en materiales a base de cemento, el PC representa una opciéon prometedora para las
envolventes térmicas y el aislamiento de préxima generacién. En particular, el PC ha suscitado
un interés creciente para aplicaciones de refrigeracion radiativa durante el dia. Estas tecnologias
ofrecen un enfoque energéticamente eficiente para la regulaciéon de la temperatura, con el poten-
cial de reducir sustancialmente la demanda de aire acondicionado, que es un importante factor
que contribuye al consumo energético global. Mas alld del ahorro energético a escala de edificio,
el uso a gran escala de materiales de refrigeracién radiativa podria desempenar un papel im-
portante en la mitigacion del efecto isla de calor urbano, un fenémeno causado por la absorcién
excesiva de calor y el enfriamiento nocturno limitado en zonas densamente urbanizadas.

El enfriamiento radiativo se basa en una disipacion pasiva del calor hacia el espacio exterior
mediante la emisién de radiacién térmica a través de la ventana de transparencia atmosférica
(ATW) en el rango de longitudes de onda infrarrojas (IR) de 8 a 13 pm. La mayor parte de la
radiacién emitida dentro de esta ventana espectral no es absorbida por la atmdsfera y se escapa
directamente al espacio, sin contribuir al calentamiento atmosférico. Como resultado, el PC
podria reducir sus temperaturas superficiales incluso bajo irradiacion solar directa. Gracias a
la reduccién de la acumulacién de calor, el PC podria mejorar el confort térmico y disminuir la
contribucion global de las superficies cubiertas de hormigén a la retencion de calor en entornos
urbanos.

Con el fin de estudiar el potencial de enfriamiento radiativo de los materiales de construccion,
describimos la interaccion luz-materia, la absorcion, la emisividad térmica y la reflectancia de los
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materiales relacionados con el hormigén. Nuestro andlisis abarca desde los 6xidos simples que
forman el cemento, las materias primas y los aditivos, pasando por las fases mas importantes del
cemento, hasta las fases del hormigén hidratado. La descripcién de las propiedades radiativas
requiere el calculo de las propiedades épticas del cemento, el hormigén y las fases relacionadas.
Para ello, utilizamos calculos de la teorfa del funcional de la densidad (DFT), que permiten una
descripcion precisa de los materiales a nivel atémico. Para superar las imprecisiones de la DFT,
empleamos el método GW y la solucién de la ecuacién de Bethe-Salpeter (BSE), que tiene en
cuenta las interacciones de muchos cuerpos entre electrones y huecos necesarias para obtener una
descripcion precisa de los espectros 6pticos. Este enfoque nos permite comprender en detalle
el papel de los 6xidos individuales en la respuesta 6ptica de los compuestos cementosos. Estos
hallazgos son especialmente relevantes para la ingenieria de compuestos avanzados, en los que
la funcionalidad optica de cada éxido puede utilizarse para adaptar la emitancia térmica y la
respuesta foténica.

Con el fin de evaluar las propiedades épticas dependientes del tamano, aplicamos la teoria
de Mie, el método de la matriz T de esferas multiples (MSTM) y el modelo de Hapke para
calcular la dispersion, el albedo, la emisividad, la reflectancia y la absorbancia. Analizamos la
emisividad selectiva, las potencias radiadas netas y la reflectancia solar de las fases de cemento y
hormigén estudiadas. Se identificaron los silicatos de calcio hidratados como los candidatos mas
prometedores para aplicaciones de enfriamiento radiativo debido a sus bajas pérdidas solares,
alta reflectancia y fuerte emision térmica. En general, muchas fases que se dan de forma natural
en el hormigén presentan una capacidad intrinseca de enfriamiento pasivo. Estos hallazgos
demuestran que el cemento y el hormigén no son solo materiales de construccion, sino también
plataformas prometedoras para aplicaciones de enfriamiento radiativo y maés alla.

La tesis se divide en seis capitulos, comenzando con una introducciéon a los materiales a base
de cemento, el enfriamiento radiativo y las propiedades dieléctricas de la materia. El capitulo
2 describe los métodos computacionales y la metodologia utilizados en este trabajo. Los resul-
tados se organizan en cuatro capitulos. El capitulo 3 establece una base sélida para calcular
las propiedades 6pticas y radiativas del cemento y el hormigéon mediante la determinacion de
las estructuras cristalinas y electronicas en el estado fundamental. Dado que la precision de
los espectros 6pticos depende fundamentalmente de valores fiables de la banda prohibida, em-
pleamos la teorfa de perturbaciones de muchos cuerpos (MBPT), concretamente el método GW,
para superar la subestimacién de la banda prohibida inherente a los funcionales de intercambio-
correlacién semilocales. Evaluamos la influencia del funcional del estado fundamental compara-
ndo los funcionales de intercambio-correlacion de aproximacién de gradiente generalizado (GGA)
y meta-GGA. Demostramos que el enfoque SCAN+GyW ofrece una coincidencia impresionante
con los datos experimentales y proporciona capacidades predictivas fiables.

En el capitulo 4, presentamos los espectros 6pticos de las fases del cemento y el hormigén,
incluyendo las contribuciones electrénicas e iénicas a la funcién dieléctrica. Comparamos los
resultados obtenidos mediante la aproximacién de particulas independientes (IPA) y el marco
BSE. Se presta especial atencion a las caracteristicas exciténicas de los 6xidos simples que forman
el cemento, los cuales constituyen la base de fases mas complejas. También se proporcionan los
indices de refraccién complejos en la region del infrarrojo. Los resultados presentados en este
capitulo son esenciales para el analisis del rendimiento del enfriamiento radiativo.

El capitulo 5 se centra en las propiedades radiativas en el limite de monocristal macizo.
Analizamos los espectros de emisividad y sus caracteristicas, asi como las potencias radiativas
netas en funcion de la temperatura y la absorcién de la radiacion solar.
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En el capitulo 6, ampliamos el andlisis del capitulo 5 y ofrecemos un analisis exhaustivo
del potencial de enfriamiento radiativo de los materiales estudiados. Evaluamos la emisividad
dependiente del tamano en todo el rango del infrarrojo y la reflectancia en las regiones del
ultravioleta (UV), el visible (Vis) y el infrarrojo cercano (NIR). Examinamos el comportamiento
de las particulas tanto en el aire como dentro de una matriz similar al hormigén, aproximada
por la funcién dieléctrica de la tobermorita de 14 A. El potencial de enfriamiento radiativo se
evalua mediante un analisis combinado de la emisividad dependiente del tamano, la reflectancia
solar y la absorcion.






Chapter 1

Introduction

Buildings account for approximately 32% of global electricity consumption [1]. Depending on
geographic location and climate conditions, a significant fraction of this energy is spent on air
conditioning. Such high energy demand is closely linked to substantial CO, emissions associated
with electricity production. Therefore, buildings represent a major source of greenhouse gas
emissions and contribute significantly to global climate change. Consequently, strategies aimed
at reducing energy consumption of buildings have a potential to mitigate their environmental
impact and improve overall energy sustainability.

In recent years, significant efforts have been devoted to reduce the energy dependence and op-
erating costs of buildings through the development of construction materials with novel function-
alities. Among these, photonic concrete (PC) has emerged as a particularly promising solution,
with the potential to provide substantial cost savings and significantly lower COq emissions [2].
PC is well suited for daytime radiative cooling applications [2-5], which offers a passive way
to reduce air-conditioning demand and simultaneously helps to mitigate the urban heat island
effect [6]. The need for such technologies is underscored by the growing frequency and inten-
sity of summer heatwaves, which are further amplified by heat trapping in densely built urban
environments. Worldwide, these extreme events are related to tens of thousands of deaths ev-
ery year [7]. Hence, innovative approaches in urban planning, building design, and construction
materials development are necessary. In this context, passive cooling strategies, such as PC, rep-
resent a scalable, low-maintenance complement to existing climate adaptation measures, that
suggest new solutions in both urban development and material design.

Optimization of the photonic properties of PC relies on a thorough understanding of the
optical properties of cement phases and their additives. Since concrete is a heterogeneous com-
posite consisting of multiple constituents, its macroscopic response is commonly approximated
using effective medium approaches that average over the properties of the individual phases [2,5].
The key quantity governing the optical behavior and the design of PC is the complex dielectric
function. We therefore study the dielectric properties of a wide range of cement and concrete
related phases, as discussed in the following.

1.1 Cement and concrete

Cement is produced on a large scale to meet the growing demand for construction and infras-
tructure development. The most commonly used type, the ordinary Portland cement, is manu-
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1.1 Cement and concrete

factured through a high-temperature reaction between limestone (CaCO3) and various minerals
and clays. The resulting clinker consists mainly of calcium silicates, such as alite (C3S') and
belite (C2S), as well as minor phases including calcium aluminate (C3A) and calcium alumino-
ferrite (C4AF) [9], as shown in Figure 1.1. These complex clinker phases are composed CaO,
Si0,, Al,O3, and Fe;O3. These simple oxides are also commonly used as additives in concrete.

Cement is produced in rotary kilns, where high-temperature fusion of simple oxides leads to
the formation of clinker phases. The raw materials are first dehydrated and decomposed into
simple oxides at temperatures around 600 °C. Solid-state reactions among these oxides initially
produce belite, aluminate, and ferrite phases. Higher temperatures, above 1400 °C, are required
for the reaction of CaO with belite to form alite. The final composition of cement typically
contains up to 70 % of alite, approximately 20 % of belite, 5-15 % of C3A, and up to 10 % of
C4AF [10]. Alite and belite crystallize in various polymorphs with different reactivities toward
water. C3A crystallizes in a cubic structure and C4AF in an orthorhombic structure, but their
exact crystal structures depend on stoichiometry. Based on the chemical composition of the
raw materials, other oxides and impurities, such as Na and Mg, may also be present in cement
phases [J, 11].

Additives
Ca0, Si0,, CaCOs, MgO... C4AF

3 ﬂ ! :ﬁ Alite
- 55-70%

Belite
15-25%

Figure 1.1: Typical composition of ordinary Portland cement. Adapted from [12].

Concrete is formed through the hydration of cement, which acts as a binder between sand,
aggregates, fillers and additives. The main hydration products are calcium-silicate-hydrate gel
(C-S-H) and portlandite. The C-S-H gel is structurally closely related to tobermorite, but can
exhibit varying stoichiometry and may be partially or fully amorphous. The hydration of alite is
primarily responsible for early strength development, as most of it reacts within the first 28 days.
The hydration of belite produces the same phases as alite but proceeds at much slower rates and
therefore contributes mainly to the long-term strength. C3A reacts rapidly with water, which
significantly reduces the workability of fresh cement paste. The addition of sulfates, typically in
the form of gypsum, leads to the formation of a protective layer on C3A grains, which delays
hydration and prevents flash setting. As a result, ettringite (calcium-aluminum-sulfate-hydrate)
forms on the surface of C3A particles. C4AF also hydrates relatively quickly but contributes
little to the final mechanical strength and is responsible for the gray color of concrete.

The hydration of cement is an exothermic process. Upon contact with water, a rapid heat
evolution occurs, mainly due to the reaction of C3A and partly due to the formation of C-S-H

1Following the cement and concrete notation, where C, S, A and F stand for CaO, SiO3, Al;O3 and Fe,O3,
respectively.
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1 Introduction

(a)

—
(@)
~

L I o \Y v A
++ s
Ca5+7H20 TCSH +3CaH 460H e 46’1 28 dayS
- a2t catt - o
5 OH  Cattc oH o ~999,
= s
° Hao oW GO @ I
':'_,>" catt Crystals D G>)
@
ki on- S 7 days
o H20 § ~70%
< Q
£
e}
e >
Min. Hours Days Days
Time of Hydration
( Protective ettringite .
Iayer on C3A portlandite

' "wamed CyS H c, AF
pores .}on?te . 3

0] C-S—H

I ‘/ 0 ", C-S-H
gypsum —.A ‘: dIgSySF())?\Lllg;%” ‘ forms on

C4AF —wt . \caA ’

2 2! Ve

Fresh cement —9

{
-

i T ,. "
‘ porosity (.4

.“

~15min Cement mixed ~3 hoUrs  Cement paste ~28 98YS  Cement paste

with water starts to set hardened

Figure 1.2: (a) Typical hydration curve of cement [13], (b) depiction of the hydration process
on the micro scale [11], and (c) a sketch of the compressive strength of concrete as a function of
time.

on the surface of alite (phase I in Figure 1.2a). This stage is followed by the dormant period
characterized by a slow reaction rate (phase II). Subsequently, during the acceleration period
(phase III), alite hydrates rapidly, which leads to the formation of C-S-H gel and portlandite.
In the following deceleration phase, hydration of alite and belite continues within the growing
C-S-H shells (phase IV), and finally transitions into a slow, long-term reaction stage (phase V).
A depiction of the hydration process is shown in Figure 1.2b. The first panel illustrates the main
cement constituents. Upon the addition of water, gypsum begins to dissolve, which slows the
rapid hydration of C3A by forming a protective layer on the surface of the C3A grains, as shown
in the second panel. After the crystallization of ettringite, the dormant period (phase IT) begins.
The third panel shows the growth of C-S-H on alite and the formation of portlandite, which
corresponds to the acceleration stage, or phase III of the reaction. The final panel depicts the
steady-state period, during which most of alite and belite have been transformed into C-S-H gel.
The initially fast reaction of C3A reduces the workability of cement paste and must therefore
be controlled by the addition of sulfates. Concrete develops most of its compressive strength
within the first 28 days of curing, as shown in Figure 1.2c. However, hardening continues for
years, primarily due to an ongoing hydration and the gradual polymerization and bridging of
SiOy4 tetrahedra within the C-S-H structure [9, 11].

Additives are often incorporated into concrete to enhance specific properties of the final
composite. In fact, nano- and micro-scale oxide additions can transform cementitious composites
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1.2 Radiative cooling

into concrete-based metamaterials with exceptional photonic properties. Likewise, the pore
structure plays a crucial role in determining concrete performance. The optical functionality of
concrete composites is becoming increasingly relevant for applications such as radiative cooling,
energy efficiency, and photonics. The incorporation of carefully selected and engineered nano-
additives could enable the application of concrete within these emerging fields.

1.2 Radiative cooling

Radiation from Radiation from
Sun to Earth Earth to Space
UV | Vis | Infrared
] | ATW |
>,__.Z‘ Emitted <
g 0 _spectra
W c
0.2 um

absorption,

scattering

Atmospheric
absorption

H,0 CO, CH, 0,05 NO, S"ég{t'g'r?nhg
Figure 1.3: Spectra of solar irradiance and atmospheric absorption with contribution of different
molecules. The dashed red lines highlight the atmospheric transparency window. Adapted

from [15].

Radiative cooling is a naturally occurring phenomenon, commonly observed for example in
deserts. At night, sand releases the heat accumulated during the day using radiative cooling,
which leads to differences up to 40 °C between day and night. The physical principle of radiative
cooling is the efficient dissipation of heat within the frequency range of the atmospheric trans-
parency. The atmosphere is partially transparent in the IR atmospheric transparency window
(ATW), which spans wavelengths from 8 to 13 pm [3-5], as shown in Figure 1.3. Materials that
emit thermal radiation within this spectral range are thermally coupled to outer space rather
than to the surrounding atmosphere. This enables efficient heat transfer and faster decrease in
temperature that can even reach sub-ambient values. Similarly to the ATW, there is another
less significant transparency window around 20 pm, which can contribute to the cooling perfor-
mance. Since thermal radiation in the ATW range does not contribute to atmospheric heating,
the use of PC capable of radiative cooling has the potential to reduce the contribution of concrete
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to the greenhouse effect. As shown in Figure 1.3, most of the atmospheric absorbance comes
form the water molecules. The radiative cooling is therefore an especially good concept for hot
and dry areas with low cloud cover. The objective of the ongoing research is the development of
functional solutions based on radiative cooling that allow for efficient cooling even under daytime
conditions.

We propose passively cooled construction materials based on abundant and already easily
accessible materials, such as cement and concrete. Optically active PC offers a scalable solution
without the need for high-tech manufacturing processes. The passive radiative cooling technol-
ogy takes advantage of maximizing both the thermal emission within the ATW and the solar
reflectance. Recent studies have demonstrated the cooling potential of cement-based materi-
als [2, 16-19], that support the feasibility of concrete for radiative cooling applications.

The passive radiative cooling requires selective thermal emission in the mid-infrared ATW
spectral region. In order to obtain cooling performance, an object has to radiate more energy
than it absorbs. The net radiative cooling power Pg.q, or emittance, is defined as Proq=P prat-
Psun-Patm-Pnr, where Py is the power radiated by material, Pg,, are the losses from the
absorption of the solar radiation, P 4, are the losses from the surrounding atmosphere and
Pyr are the non-radiative losses from conduction and convection [3]. A detailed explanation
of radiative cooling equations can be found in section 2.7. A material is capable of radiative
cooling if the radiated power is greater than the sum of the absorption losses.

The efficiency of radiative cooling is primarily determined by two key parameters: high
emissivity in the IR region and high reflectance across the solar spectrum, which extends from
the UV to the NIR wavelengths. The selective emissivity increases P, while high reflectance
in the solar range reduces Pg,,. Since both emissivity and reflectance can be related to light-
matter interactions, the development and design of a new generation of PC-based green concrete
critically depend on a detailed understanding of the optical properties of cement and concrete
constituents.

1.3 Dielectric function

The dielectric function is a fundamental material property that defines how matter interacts with
light. It serves as a measure of a material polarizability, which is the ability to form internal
dipoles in response to external electric fields. While this value appears as a simple constant
in static fields, its behavior becomes significantly more complex in frequency-dependent fields
[20]. As the frequency of the external field varies, different physical mechanisms of relaxations
and resonances contribute to the overall dielectric response, which is schematically shown in
Figure 1.4.

The specific source of polarizability depends on the energy of the incident electric field. At
low frequencies (high wavelengths), the field varies slowly with response similar to the static con-
ditions. In polar or dipolar materials slowly varying fields allow for the physical rearrangement
of molecular dipoles and the movement of ions. At IR frequencies, the dielectric function cap-
tures resonant processes, specifically the absorption of energy by lattice vibrations or phonons.
Finally, at the sub-micron wavelengths of Vis and UV light, the displacement of electron clouds
and the excitation of electrons across the bandgap act as the primary source of polarizability [20].

The frequency-dependent dielectric function has the real and imaginary parts and writes
€ = €1 +1€9. The real part €; is related to the polarization response of the material and describes
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Figure 1.4: Different contributions to dielectric function as a function of wavelength. Adapted
from [21].

its ability to store energy under an external electromagnetic perturbation. The imaginary part
€2 accounts for energy dissipation and is responsible for absorption and losses.
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Figure 1.5: (a) Complex dielectric function with an exciton peak in the imaginary part, (b)
reciprocal space representation of excitons within the band structure with excitonic energy states,
the binding E, and band gap E, energies, and (c) exciton delocalization in real space.

In materials with a finite band gap, electrons excited by light of sufficient energy can interact
with the positively charged holes left behind and form bound quasiparticles known as excitons.
These excitonic states give rise to distinct features in optical absorption spectra that usually
appear as sharp peaks below the band gap energy, as illustrated in Figure 1.5a. The exciton
binding energy is defined as the difference between the corresponding band-to-band transition
energy and the location of the exciton peak. As a result of the finite binding, excitons can
introduce discrete energy levels within the band gap, as shown in Figure 1.5b. Depending
on their spatial extent and the atomic orbitals involved, excitons can exhibit varying degrees
of localization in real space, as shown in Figure 1.5c. On this basis, excitons are commonly
classified into delocalized Wannier-Mott and charge-transfer excitons, as well as highly localized
Frenkel excitons [22]. The Wannier-Mott excitons are typically formed between electrons and
holes located on the same type of atoms, while the holes and electrons of charge-transfer excitons
belong to different species of atoms. The Frenkel excitons are typical for molecules.
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The properties of excitons are strongly influenced by symmetry, dimensionality, and interac-
tions with the environment. Only excitons allowed by the optical selection rules can be directly
excited by light. On the other hand, dark excitons can play an important role in exciton dynam-
ics and relaxation processes. Although optical experiments primarily probe direct excitations
with near-zero momentum, finite-momentum excitons can be excited with the help of phonons.
The excitonic binding energy, lifetime, and radius depend on dielectric screening, temperature,
and coupling to phonons or defects. The reduced screening in low-dimensional systems normally
leads to a particularly strong electron-hole binding. Excitons may interact to form complex
bound states such as trions or biexcitons [22].

Understanding light-matter interactions in cement and concrete through the dielectric re-
sponse allows us to establish a foundation for the design of concrete-based composites with
tailored optical and radiative properties. These insights have the potential to guide the devel-
opment of advanced construction materials for passive energy management applications such as
radiative cooling, in line with sustainable and energy-efficient construction technologies.
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Chapter 2

Computational methods

The primary objective of this work is to calculate and understand the optical properties of cement
and concrete phases from first principles. A reliable description of light—matter interaction in
these materials requires an accurate determination of their dielectric response over a broad
spectral range, extending from the ultraviolet through the visible and into the infrared. To
achieve this, we used density functional theory (DFT) and the GW method, which provides
improved quasiparticle energies and more accurate band gaps, as well as the Bethe-Salpeter
equation (BSE) method. Excitonic contributions can significantly modify the optical spectra
near the band edge, particularly in wide band gap materials, as is the case for many cement-
forming oxides. By explicitly including these many-body interactions, the BSE approach yields
highly accurate dielectric functions.

As an addition to the experimental investigation, which is challenging due to a large number
of external parameters, we propose a theoretical study of the fundamental physical properties
of cement. First principles calculations have become well-established in the field of cement
and concrete research. The highly accurate predictive power of this theoretical approach have

been realized in for mechanical properties [23-25], thermoelectric properties [26], description of
crystal structure .
ground state properties D FTireé%rc])lrﬁse
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Figure 2.1: Diagram of the methods used in the thesis.
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2.1 Density functional theory

hydration [27, 28], structural analysis [29-31], and the design of cement-based nanocomposites
[32-35]. First principles calculations provide a comprehensive picture of the optical properties
of materials, ranging from the IR to UV—-Vis frequencies.

The methods introduced in this chapter are summarized in a schematic way in Figure 2.1.
The radiative cooling properties of cement and concrete related materials are evaluated based on
their emissivity and reflectance, calculated using Hapke theory. The photonic properties and size
depencence are available via Mie theory that requires dielectric functions as an input. Highly
accurate dielectric properties are calculated using first principles calculations, at the DFT level
and beyond. The combination of these methods provides a complete theoretical description of
radiative cooling properties and has a practical predictive potential.

2.1 Density functional theory

Theoretical solid-state physics and chemistry aim to predict material properties using a quantum-
mechanical description of materials. This allows the macroscopic observables to be described
by only few fundamental inputs on the atomic scale. These inputs are the number of electrons,
the nuclear charges and the ionic positions. Methods that seek to understand experimental
observations directly from the many-body quantum mechanics, without empirical parameters,
are therefore referred to as first principles or ab-initio calculations.

A quantum system is fully described by its wavefunction, from which experimentally accessi-
ble physical quantities are obtained by the action of appropriate operators. The total energy of
an interacting many-body electron-nucleus system is determined by the Hamiltonian, which in its
basic form consists of the kinetic energy of electrons and nuclei, as well as the electron-electron,
electron-nucleus, and nucleus-nucleus interactions. The Hamiltonian may be extended to in-
clude additional effects, such as magnetism, relativistic spin-orbit coupling for heavy elements,
or interactions with external fields [30].

In principle, the solution of the Schrodinger equation for a system of electrons and nuclei
defined by the full interacting wavefunction yields the exact total energy of the system through
the action of the Hamiltonian operator. However, the computational complexity of the problem
grows rapidly with the system size and a full quantum mechanical description of all interactions is
impractical for realistic materials. The first widely used simplification is the Born-Oppenheimer
approximation, which neglects the motion of the nuclei due to the large mass difference between
nuclei and electrons. Within this approximation, the total wavefunction is split into the electronic
and ionic parts. The Schrédinger equation is then solved for the electronic part with fixed nuclear
positions. The interaction between electrons and nuclei is defined by the external potential and
the nucleus-nucleus interaction contributes with a constant energy term [37].

Even with the Born-Oppernheimer approximation the number of interactions that needs to
be explicitly evaluated is prohibitive for the application in realistic systems. DFT provides a
framework, in which the central quantity is the electronic density rather than the complicated
many-body wavefunction. In DFT, the ground state density uniquely determines all ground
state properties, and the exact wavefunction is not required explicitly.

The theoretical foundation of DFT is given by the two Hohenberg-Kohn theorems [38]. The
first theorem states that, for a system of interacting electrons, the external potential is uniquely
determined, up to an additive constant, by the ground state electron density. Consequently,
there is a one-to-one correspondence between the ground state density, the external potential,
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and the ground state wavefunction, which implies that the density fully determines all ground
state properties. Since the Hamiltonian is defined by the external potential, the ground state
density defines all ground state properties of the system.

The second Hohenberg-Kohn theorem establishes the existence of an universal energy func-
tional of the electron density whose minimization with respect to the density leads to the ground
state energy. The second theorem basically establishes the variational principle in DFT. This
means that we only need an exact energy functional to determine both the ground state energy
and electron density by a self-consistent cycle. Together, these theorems justify the use of the
electron density as the fundamental variable in first principles calculations.

The goal of DFT is to describe the ground state of an interacting many-electron system
using the electron density as the fundamental variable. In the Kohn-Sham (KS) ansatz [39], the
interacting many-body problem is mapped onto an auxiliary system of fictitious non-interacting
electrons that reproduces the exact ground state density of the real system. The KS electronic
density is obtained as a sum of single particle densities

nr) =303 650 1)

constructed from the one-electron KS orbitals ¢; ,(r), where the sum runs over all occupied states
and the spin . The Kohn-Sham orbitals are auxiliary mathematical objects that reproduce the
exact ground state density and do not, in general, have a direct physical interpretation.

The total energy can therefore be expressed as a functional of the density,

Eln] = T[n] 4+ Ewxt[n] + Euln] + Ex[n]. (2.2)

The total energy is formally evaluated as an action of the wavefunction on the Hamiltonian.
The wavefunction in the KS framework is defined using the anti-symmetric Slater determinant
constructed from single-particle orbitals. Therefore, the kinetic energy of the non-interacting
KS electrons is given by the sum of the single-particle contributions as

Tl =3 > [ 6ot (<57 ) siatrrcir, (23)

where o represents the spin and ¢;,(r) are the single-particle wavefunctions. The integral in
Equation 2.3 can be written as (¢| — 1V?|¢) using the Dirac notation and atomic units. The
remaining density-dependent terms that contribute to the total energy are the classical Hartree

term
Ey[n] = %//%d?’rd?’r', (2.4)

the external potential energy due to interaction of electrons and nuclei,

Eoxiln] = /vext(r)n(r)d?’r, (2.5)
where Vexy = ) . {_ﬁ runs over all nuclei. Lastly, the exchange-correlation (xc) energy Ey.[n]
accounts for all many-body effects beyond the classical electrostatic interaction, including ex-
change, correlation, and the difference between the true fully interacting and KS kinetic energies.
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2.1 Density functional theory

The variational principle in DFT determines the ground state electron density by minimizing
the total energy functional with respect to the density. In the Kohn-Sham formalism, the
minimization is performed indirectly, with respect to single-electron orbitals. The variational
principle leads to the KS equations, a set of effective single-particle Schrodinger-like equations,
written as

(~57%+ Vaalr)) ,0) = 5,00, (2.6

where V.;/(r) is the effective potential comprising the external, Hartree, and xc potentials. The
total KS energy is given by

E=) e¥- / Vet (1) (r) A — Ey[n] + Eyo[n), (2.7)
j,occ
where GJKS are the KS single-particle energies.

In DFT codes, the KS equations are solved self-consistently. Starting from an initial trial
density, for example a superposition of atomic densities, the effective potential is constructed and
the Kohn-Sham equations are solved to obtain a new set of orbitals and eigenvalues. The single
particle eigenvalues and the new set of orbital coefficients are obtained from the diagonalization
of the Hamiltionian. These orbitals define an updated electron density, which is then compared
to the previous one. To improve convergence and ensure numerical stability, the new density
is typically mixed with the previous density using a suitable mixing scheme. This procedure is
repeated until self-consistency is achieved, i.e., until the input and output densities agree within
the chosen convergence limit. [30].

2.1.1 Exchange-correlation functional

The choice of the exchange-correlation functional is a crucial step in every DFT calculation.
All many-body effects beyond the classical electrostatic interaction, including exchange due to
the Pauli exclusion principle and correlation arising from Coulomb repulsion, are contained
within the xc functional. Local and semi-local functionals, such as those within the local density
approximation (LDA) or generalized gradient approximation (GGA), offer high efficiency but
suffer from systematic errors, for example the underestimation of electronic band gaps. More
advanced functionals, including meta-GGA or hybrid functionals, can improve accuracy at the
expense of increased computational cost. The quality of the xc approximations determines the
predictive accuracy and the computational cost of the calculation.

LDA is the simplest approximation to the xc energy, which is based on the assumption
that the electron density varies slowly in space [39]. In LDA, the xc energy at each point is
approximated by that of a homogeneous electron gas with the same local density,

EE%ﬂz/mw%mmm%, (2.8)

where €,.(r) is xc energy per-electron of the uniform gas. The exchange contribution is known
analytically, while the correlation energy is parameterized using quantum Monte Carlo simula-
tions. Physical interpretation of the xc interaction is provided by the xc-hole picture. Around
each electron, an exchange hole arises from the Pauli exclusion principle and integrates to -1
for electrons of the same spin, while a correlation hole originates from Coulomb repulsion and
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redistributes the density around electrons in the way the spatial integral of the correlation hole
density equals to zero. LDA adopts the xc hole of the homogeneous electron gas evaluated at
the local density. It preserves the exact properties of the xc-hole and reproduces the electron-
electron interaction reasonably well, since it depends only on the spherical average of the xc-hole.
Errors in the exchange and correlation contributions tend to cancel, which explains the accuracy
of LDA for systems with slowly varying densities, such as simple metals. However, the LDA
exchange potential decays as n(r)'/3 rather than the correct —1/r dependence, which together
with self-interaction errors leads to overestimated binding energies, underestimated bond lengths
and overestimated cohesive energies [30].

GGA is the semi-local extension of the LDA functional that incorporates the local density
gradient Vn [30], such as

ESCAp] = /n(r)e;mfo(s) &Pr + /n(r) [ 1+ H(n, Vn)]dr. (2.9)

Here F,(s) is the exchange enhancement factor that modifies the LDA exchange via a dimen-
(QZ:L) with the local Fermi wave vector kr, and the gradient
contribution to the correlation energy H(n,Vn). The limit s — 0 recovers the LDA approxima-
tion. The density gradient corrections try to account for inhomogeneities like different orbital
types or bonds. In the case of Perdew-Burke-Ernzerhof (PBE) functional, the exchange factor
is defined as F,(s) = 1 + rk — k?(1 + us?)~!, where x and u are coeficients defined in Ref. [10].
The GGA exchange hole extends further and becomes less deep in low-gradient regions (when
s is small), while gradient terms allow the hole to spread anisotropically or adjust its shape for
rapid density changes, which allows for a more realistic description of bonding. As a result,
GGA significantly improves bond lengths and geometries compared to LDA and achieves chem-
ical accuracy for many molecular and solid-state properties. However, due to their semi-local
nature, GGAs fail to capture long-range dispersion interactions, suffer from self-interaction and
band gap errors, cannot describe strong correlation effects and fail to mimic the exact 1/r — 0
behaviour.

The family of meta-GGA functionals represents a further development beyond the GGA
that introduces an explicit dependence of the xc functional on additional local ingredients. Most
commonly, these functionals include the orbital kinetic-energy density 7(r) = 7, |V;(r)|?
and, in some formulations, higher derivatives of the electron density [11]. By incorporating
7 alongside Vn, meta-GGAs gain access to information related to the local orbital structure,
which enables a distinction between different chemical environments, such as core, valence, and
bonding regions. The additional flexibility allows meta-GGAs to satisfy a larger number of exact
constraints, reduce self-interaction errors, and provide a more realistic description of the xc hole,
particularly in bonding regions. A general form of a meta-GGA xc functional can be written as

sionless density gradient s =

XcC

EmGCAL, _ / n(r) () Foo(s, ) dPr, (2.10)

where F,. is an enhancement factor which depends on the reduced density gradient s and the
dimensionless parameter a« = =% which measures the deviation from single-orbital behavior

unif

and is closely related to the electron localization function. Here, 1y = |Vn|?/(8n) is the von
Weizsacker kinetic-energy density, which is exact for any single-orbital system, and 7 is the
kinetic-energy density of the uniform electron gas. Therefore, the difference 7 — 7y quantifies the
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excess kinetic energy arising from orbital overlap and electron delocalization, while the quantity
Tunit Tepresents the fully delocalized limit. The SCAN functional was constructed to satisfy
all known exact constraints applicable to meta-GGAs [12]. By using « to interpolate between
the uniform-gas and rapidly varying limits, SCAN achieves improved accuracy for structural
properties and typically yields larger band gaps than standard GGA functionals such as PBE.

2.1.2 Plane-wave basis

In practical implementations of DF'T, a number of computational choices must be made, includ-
ing the selection of basis functions, the treatment of boundary conditions, numerical discretiza-
tion, and handling of core electrons. For extended crystalline systems, we commonly employ
the infinite crystal approximation and the periodic boundary conditions. In this framework, the
electronic wavefunctions obey Bloch theorem and are written as a product of the plane-wave
factor and the lattice-periodic function,

Yk (r) = e Tuy(r), (2.11)

where k is a crystal momentum vector within the first Brillouin zone (BZ), and the periodic
function u,x(r) with the periodicity of the crystal lattice. The periodic functions can be expressed
in plane waves, which makes it convenient to work in reciprocal space. The periodicity of
the system allows for the electronic problem to be defined within the repeated primitive unit
cell. Another simplification is the discretization of reciprocal space, which replaces integrals by
discrete sums over a finite set of k-points. The electronic structure is therefore determined by
sampling the BZ with appropriately chosen and converged k-meshes [30].

Plane-wave basis sets are highly efficient for describing regions where the wavefunctions
vary smoothly. However, near atomic nuclei, the wavefunctions exhibit rapid oscillations that
require a large number of plane waves. To overcome this limitation, most plane-wave DFT codes
use pseudopotentials, which replace the all-electron potential in the core region with a smoother
effective potential. Pseudopotentials yield pseudo-wavefunctions that are smooth near the nuclei
but match the true all-electron wavefunctions outside the core region.

A more advanced approximation used in many DFT codes is the projector augmented wave
(PAW) method, which combines the efficiency of pseudopotentials with explicit reconstruction

of the all-electron wavefunctions [13]. Pseudo-wavefunctions are in the augmentation region
replaced by a set of all-electron partial waves, so that the full wavefunction writes
[05) = 165) + D> _(13) = 145)) {Bl5) - (2.12)
J

The principle of the PAW method is shown in Figure 2.2. The full single-electron wavefunction
¢; is replaced by a smooth pseudo-wavefunction |<z§j> The pseudo- and all-electron wavefunctions
are identical in the interstitial region, while within the augmentation spheres the full wavefunc-
tion is reconstructed from all-electron, atom-centered partial waves v;. The partial waves 1); are
solutions of the Schrodinger equation for a reference atom and are products of radial functions
and spherical harmonics. The pseudo partial waves W]) correspond to ]g&} inside the pseudopo-
tential and must be subtracted from the pseudo-wavefunction. The projector functions p; are
used to bridge the pseudofunctions to the all-electron wavefunctions, they are smooth functions
that vanish outside the augmentation region [14].
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Another commonly used approximation is the frozen-core approximation, in which core elec-
trons are kept fixed and only valence electrons are treated explicitly. This approximation is
justified by the strong localization of core states and the fact that chemical bonding and most
macroscopic properties are governed by the valence electrons, while the core electrons mainly
provide a static screening. The number of valence electrons treated explicitly can be adjusted
and should be tested depending on the specific problem.

2.2 Many-body perturbation theory

The complicated many-body problem described by the Schrodinger equation can be simplified
by considering the solution for a system of non-interacting particles with the external potential
added as a perturbation. This is the philosophy of the many-body perturbation theory (MBPT)
methods. In practice, the reference solution is often given by DFT, and electron-electron inter-
actions beyond the mean-field level are incorporated through perturbative corrections.

The primary goal of MBPT is to describe excited-state phenomena, such as quasiparticle
energies and optical excitations, which are not fully captured by ground state DFT. In contrast
to wavefunction-based approaches, MBPT is formulated in terms of Green’s functions. The
central quantity is the one-particle Green’s function, which contains information about the
electronic structure and excitation spectrum of the system. Physically, the Green’s function
can be interpreted as propagation an electron added to (or removed from) the ground state 1)y
between two points in space and time. For this reason, Green’s functions are often referred to as
propagators. They provide direct access to quantities such as quasiparticle energies, lifetimes,
and spectral functions. Furthermore, higher-order Green’s functions allow for the treatment
of electron-hole (e-h) interactions, which lead to the description of excitonic effects within the
Bethe-Salpeter equation framework. A more detailed formal discussion of Green’s functions and
their role in MBPT is provided in Appendix A.

Finally, it is usually assumed that the external perturbation, such as an electromagnetic field,
is weak and treated using linear response theory. The Green’s functions and response functions
are therefore defined for the unperturbed system, with the external potential introduced as a
perturbation to calculate observable quantities, such as absorption spectra.

o) = + 330ANPRI0) - w)pelo)
augmentation :
sphere

/\

interstitial
region

Figure 2.2: Illustration of the PAW wavefunction for an atom a, decomposed into the augmen-
tation and interstitial regions.
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2.2.1 Dyson equation

Changes in the wavefunction caused by an external perturbing potential can be described using
the Lippmann-Schwinger equation [15]. In this representation, the Schrodinger equation can
be written in the integral form in terms of the free-particle Green’s function and the scattering
potential as

U(r,t) = o(r,t) + /;/ Go(r, t; ' YV (', ¢ )U(x', ') d*r'dt’. (2.13)

[terative substitution of the full wavefunction W on the right hand side of Equation 2.13 generates
a perturbative expansion known as the Born series, which describes the propagation of a particle
undergoing successive scattering events due to the potential V. By repeated substitution of ¥
one obtains a geometric series, which can be rewritten as

G = Gy + GoVG, (2.14)

which is the famous Dyson equation for Green’s function [16]. In interacting systems, the
full response can be expressed in terms of the non-interacting Green’s function G via the
Dyson equation. In interacting many-body systems, the potential V' is replaced by the self-
energy operator >, which accounts for exchange and correlation effects beyond the noninteracting
approximation.

2.2.2 Excitation energies

The non-interacting Green’s function Gy describes the propagation of a free particle. In order
to describe realistic excitations, we have to explicitly introduce particle addition and removal.
A convenient way of introducing the change in the particle count is available in second quanti-
zation, which is widely used for many-body problems. It provides a systematic way to describe
systems of many identical particles and automatically enforces quantum statistics and particle
indistinguishability. In many-body systems, the number of particles may be large or even vari-
able, and explicitly antisymmetrizing or symmetrizing wavefunctions in first quantization quickly
becomes impractical. Second quantization shifts the focus from many-particle wavefunctions to
operators that create and annihilate particles in single-particle states, which naturally fulfill the
Pauli exclusion principle. This formalism makes it straightforward to describe particle addition
and removal, whose propagation through the interacting system accounts for collective excited
states and all many-body processes [15—17].

The action of the creation operator ¢’ on the vacuum state |0) creates a particle in an
eigenstate | |7), c; |0) = |j), and the annihilation operator ¢ removes a particle, ¢;|j) = [0). In
the position representation, field operators can be defined as expansions over a complete set of
single-particle wavefunctions ¢;, as

Pi(r) = Z%’(F)C} (2.15)
d(r) = Z%’(ﬂ%’- (2.16)

The field operators represent addition or removal of a particle at position r from whatever single-
particle state 7 weighted by their amplitudes at that position. The field operators are the sums
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of all possible ways to add or remove a particle to the system at position r through any of the
basis states ¢;.

The Green’s function formalism can be naturally expressed in terms of field operators. To
describe propagation in time, one introduces the time-ordering operator, which ensures that
operators are ordered according to their time arguments [18]. The time-ordered one-particle
Green’s function is defined as the expectation value of a time-ordered product of field operators
in the many-body ground state, as

iG(r,t,x, 1) = (U | T (e, )T (o, )] [ 97 (2.17)
=t — ') (W [ (x, )1 (¢, )1 0g) — O(¢' — ) (L[ (r, ) (', )W), (2.18)

where W) is the exact ground state wavefunction of a system of N-electrons, and T is the time-
ordering operator. The first part of the one-body time-ordered Greens function in Equation 2.18,
also called the retarded Green’s function, is defined for ¢ > ¢’ and describes the propagation of an
electron from r’ to r, that was created at time ¢’ and annihilated at time ¢. It gives a probability
of finding an electron at (r,t) if an electron was created at (r/,¢'). Similarly, when ¢ < ¢/, the
second part in Equation 2.18, also called the advanced Green’s function, can be interpreted
as the propagator of a hole. In the presence of an external potential, single-particle Green’s
functions describe the propagation of particles and holes that interact with the environment via
a series of scattering processes defined by the Dyson equation Equation 2.14. Green’s functions
therefore provide a direct access to the excited-state properties that are not directly available in
ground state theories such as DFT.

In order to gain an explicit dependence on the excitation energies, one introduces complete
sets of many-body eigenstates of the systems with N+1 and N—1 particles. By inserting the
closure relation ) [W;) (V;| = 1 into Equation 2.18 and Fourier transforming from the time
domain to the energy domain, we obtain the Lehmann representation of the Green’s function

dN-H (r)dﬂfN—&-l(r/) dN_l(I‘)d*-N_l(I‘/)
G(r,v',w) = J ] + J _ : 2.19
( w) z]: w—EJNH—l—in ZJ: w—Eijl—in ( )

defined using the Dyson orbitals d, which describe overlap of the N and N £ 1 electron states
as d) '(r) = (UM M(r)|PY) and dY ' (r) = (UN|(r)[ ). Dyson orbitals are effective
one-electron wavefunctions associated with the addition or removal of an electron and include
all correlation and relaxation effects of the many-body states. The Lehmann representation
provides a direct link between the poles of the Green’s function and the many-body excitation

energies BN = ! — ¢ and EY 7' = ¢ — ¢!, where ¢ is the the total energy of the

ground state and eév £l is the total energy of the j-th excited state. The Lehmann representation
establishes a direct connection between the Green’s function and measurable excitation spectra,
such as those observed in photoemission and inverse photoemission experiments [17,18]. The
Lehmann representation is exact for interacting many-body systems and forms the foundation
of many-body perturbation theory methods such as the GW approximation.

The reformulation of the many-body problem in terms of Green’s functions requires solving
the corresponding equation of motion [15, 18, 19]. However, the equation of motion of single
Green’s function leads to a higher order, two-body Green’s function, the time variation of which
leads to a three-body problem and so on. This property is called hierarchy of Green’s function,
which makes the differential problem impossible to solve exactly.
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2.2 Many-body perturbation theory

The perturbation theory can be used to truncate the hierarchy of G by introducing a fictitious
external potential U. The functional derivative of a single particle Green’s function with respect
to U, using the notation (r,t) =1, (r',t') = 2 etc., results in

0G(1,2)
— = —(G(1,3;2,37) + G(1,2)G(3,37), 2.20
S0 = ~CL32.87) 4 GL2)G(G.8") (220)
where 3" represents infinitesimally larger time. The potential U is a mathematical tool to remove
the two-body term and is set to zero after the calculation. As shown in Appendix B, the solution
of the equation of motion of the one-particle Green’s function leads to the expression

@'% — hy(r) — VH(l)] G(1,2) — /2(1, 3)G(3,2)d3 = 6(1,2), (2.21)
with the non-interacting Hamiltonian hg, composed of the kinetic energy and the external po-
tential. The exchange-correlation interactions beyond the Hartree term are described by the
non-local and frequency dependent self-energy operator ¥. The Equation 2.21 is a self-contained
equation that can be expressed in terms of the Dyson equation G = Gy + Go2G.

By rewriting Equation 2.21, the self-energy [50] can be expressed as

%(1,2) = i/W(3, 11)G(1,4)T(4,2; 3)d3d4, (2.22)

where I' is the three body operator called irreducible vertex function that contains complex
functional derivative of the self-energy with respect to the Green’s function, and W is the screened
Coulomb interaction. Here W is screened via the dielectric function

W(1,2) = /6—1(1,3)uc(3,2)d3 =.(1,2) +/vc(1,3)x(3,4)vc(4, 2)d3d4
(2.23)
=v.(1,2) +/vc(1,3)P(3,4)W(4,2)d3d4,

where W and ¢! are time (or frequency) dependent quantities. These relations can be in the
matrix representation written as ¢! = 1 +v.x = (1 —v.P)™! and y = P + Puv.x, where
ve(1,2) = 0(ty — tg)m is the Coulomb interaction, y is the reducible polarizability and P
in the irreducible polarizability. The irreducible polarizability is defined as the variation of the
density due to the total potential.

The equations are in principle exact if the interacting Green’s function and the vertex function
are known. However, in practice the solution of the many-body problem has to be approximated.
A commonly used approximation is the GW method, which was employed in this thesis as well.

2.2.3 GW approximation

The equations for G, W, I', P and ¥ defined in the previous section form a self-consistent set
known as Hedin equations [51], which are graphically represented as a pentagram, as shown in
Figure 2.3. The self-energy and the vertex function contain functional derivatives of the Green’s
function and are difficult to be evaluated. One of the most widely used simplification is the GW
method, in which the self-energy is approximated as ¥ = iGW, by setting the vertex function
to one.
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Figure 2.3: Hedin’s pentagram and the GW approximation [53].

In practical GW calculations, one typically begins with a non-interacting Green’s function
Gy, constructed from the eigenvalues and eigenfunctions obtained within a mean-field ground
state framework, such as Kohn-Sham DFT. In the frequency domain, the non-interacting Green’s
function can be expressed as a sum over all occupied and unoccupied single-particle states, such

as
¢35 (r1) 5 % (r2)

w—€; L

Go(r1,r2,w) = Y (2.24)

J
with poles at the KS eigenvalues €;. The Lehmann representation of the non-interacting Green’s
functions can be expressed using DFT or other ground state orbitals instead of the Dyson
orbitals. Similarly, the polarizability within the random phase approximation (RPA) can be
written in terms of Gy. The free-particle irreducible polarizability becomes Py = —iGoGg = Xo.
Following Equation 2.23, the screened Coulomb interaction W becomes Wy = v, + v.xove =
ve + v.PyWy, and the self-energy is written as 3 = iGoW.

The self-energy contains exchange and correlation parts. The exchange part corresponds
to the Hartree-Fock exchange and can be written as ¥, = iGyv.. The correlation part arises
from the dynamical screening and is associated with the difference between the screened and
bare interactions, which writes ¥. = iGo(W — v.). Physically, the exchange term represents
first-order exchange processes, while the correlation term accounts for higher-order screening
processes and contains both bubble and ladder diagrams summed by the Dyson equation. By
replacing >,. with ¥, we obtain the Hartree-Fock approximation, while by replacing the self-
energy with the local exchange-correlation potential we obtain the definition of DFT. Therefore,
the GW approximation can be viewed as a dynamically screened generalization of the Hartree-
Fock theory [52].

As shown in Figure 2.3, the GW self-consistency can stop after performing a single circle,
which is called a single-shot GoW, method. After this first cycle, G, W or both can be updated
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2.2 Many-body perturbation theory

to continue the calculation, which leads to self-consistent GW solution.

The screened interaction W describes the bare Coulomb interaction modified by the response
of the electronic system. When an electron or a hole is added to the system, the surrounding
charge density rearranges, which reduces their interaction with the surrounding charges. The
screened interaction is weaker than the bare Coulomb potential. The screened particles, or so
called quasiparticles, mimic the excitations in interacting many-body systems, where added or
removed electrons induce local changes of density.

Quasiparticle energies are obtained by solving an effective eigenvalue problem in which the xc
potential is replaced by the non-local, energy-dependent self-energy. The quasiparticle equation
can be formulated based on Equation 2.21 and the Lehmann representation as

A5 () (r) + / Y(r, 1, w=¢,)¢;(r)d°r = ¢;¢;(r), (2.25)

where h%5 is the KS Hamiltonian. The self-energy is evaluated at energies that are at the
same time solution of the eigenvalue problem in Equation 2.25. After multiplying by (¢(r)| and
integrating, this non-linear equation leads to the expression for the GW quasiparticle energy,
which is defined as

w = 5 4 (0,(1)[S () — VIS ()65 (1)) (2.26)

where VX5 is the DFT xc potential. The non-linear quasiparticle equation Equation 2.26 has
multiple solutions due to the frequency dependence of the self-energy. The physically relevant
quasiparticle corresponds to the solution with the largest spectral weight, while additional solu-
tions correspond to satellite features associated with plasmon excitations and other many-body
effects. There are various methods to determine which solution corresponds to the quasiparticle
energy. Perhaps the simplest method is the linearization via a first order Taylor expansion of
the self-energy around the KS eigenvalues. This method assumes a small difference between the
KS and quasiparticle energies and evaluates only a single root of the quasiparticle equation. The
GW energies can be expressed as

" = €+ ZRe [(0,(n)[S(r.x', %) = VIS ()], ()] (2.27)

where Z; is the renormalization factor. More details can be found in Appendix B. The GW
corrected KS eigenenergies from Equation 2.27 open the bandgap and modify the DFT band
structure.

In practice, Green’s functions are not stored explicitly but the polarizability is calculated
directly from the KS energies and orbitals in reciprocal space and energy domain, as

unocc occ

iGr iG'r’
X(()},G’(q’w> _ QLBZ Z Z Z ka+q(1 . fck) <¢ck|e |¢vk+q> <¢vk—|—q|6 |§bck>7 (228)
k

€vktq — €ck +w E N

c v

which allows to calculate the screened coulomb interaction (W = v.e ™' = v.(1 — xov.)™!). A
convolution of W with Gy gives the self-energy that is used to obtain the quasiparticle energies.

The calculation of the irreducible polarizability is often the bottle neck of the GW calculation
as it sums over all occupied and unoccupied states. The large number of unoccupied (conduction)
bands is necessary, which makes the GW calculations difficult to solve. Therefore, the self-energy
is evaluated for a smaller subset of bands near the the band gap. The parameters that must
be carefully tested for convergence include the energy cutoff, which determines the number of
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2 Computational methods

G-vectors and the size of the dielectric matrix, the number of the electronic bands in the self-
energy summation, the number of k-points and the number of frequency points used to compute
the screening. An example of a convergence test for calcite is shown in Figure 2.4.

I point, 23 k-points F point, 23 k-points ENCUT = 400 eV, NBANDS = 384
9.1 0.15
(a) 9.30[(b) (g) —r
S 9.0 / = / = F
(0] [ — 0. r
= = 9.25F - 0.10
= — | = ] ~
o 8.9r — ENCUT 400 | @ ! — ENCUT 400 | =
gé ENCUT 500 § 9.0l | ENCUT 500 | @ 0.05f
5 8.8t — ENCUT 600 | — ENCUT 600 |
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8.7 I 1 1 1 L L 9.15 1 1 1 1 L L 0.00( 1 1 1 L 1
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Figure 2.4: Convergence test of the GW bandgap energy of calcite as a function of the (a—b)
number of empty bands at the I" and F points, and (c) the k-point sampling [51].

Overall, the GW method is primarily used to correct mean-field band structures and obtain
more accurate quasiparticle energies, particularly band gaps. The Green’s functions naturally
describe charged excitations, where the number of electrons is not conserved. This makes the
GW method directly comparable to photoemission and inverse photoemission experiments. In
this framework, the self-energy is generally complex and frequency dependent, where the real
part shifts the quasiparticle energies and the imaginary part determines the finite lifetimes, while
the screened interaction W is both time (or frequency) dependent and non-local [52].

2.2.4 Bethe-Salpeter equation

The GW method describes the charged excitations of a many-body system in terms of the propa-
gation of a single added or removed electron (or hole), as represented by the one-particle Green’s
function. However, neutral excitations that conserve number of electrons require description of
correlated electrons and holes. These processes are described by the two-particle Green’s func-
tion, which can be obtained as the functional derivative of the one-particle Green’s function with
respect to an external perturbation, as shown in Equation 2.20. Detailed information about the
BSE formalism can be found in Appendix C.

The BSE kernel is commonly separated into two contributions. One arises from the Hartree
term and describes the bare Coulomb interaction, while the exchange-correlation part yields
another due to the screened interaction W. Using the GW solution to define the self-energy, the
four point Hartree xc kernel leads to an effective e-h interaction of the form = = v, — W. Hence,
the two-particle BSE correlation function can be written as

L(1,2,3,4) =

Lo(1,2,3,4) + Lo(1,2,5,6)[v.(5,7)3(5, 6)(7,8) — W (5,6)5(5, 7)8(6, 8)|L(7, 8, 3, 4), (2.29)

or in the typical Dyson equation-like form L = Lo+ Lo=L for short. Here v, describes the
repulsive e-h interaction, which corresponds to the exchange term. The term containing the
screened interaction W provides an attractive direct interaction responsible for exciton formation.

In practice, Lg is typically approximated using the non-interacting Green’s functions, i.e.
Lo = —iGyGy. BSE calculations often start from the GW solution in order to use a corrected
band structure and to open the band gap by replacing the KS energies with the quasiparticle
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2.3  Many-body perturbation theory

eigenvalues in Equation 2.24. Furthermore, the screened interaction W is considered in the static
approximation evaluated at w = 0, which simplifies the BSE kernel.

Since the full four-coordinates equation for L is difficult to solve, the problem is projected
onto a basis of single-particle transitions between valence and conduction states, which defines
the so-called transition space. In this basis, the Bethe-Salpeter equation becomes an effective
eigenvalue problem

Hep e Xy = EZX)\ (230)

where E, and X, are excitonic eigenvalues and eigenfunctions. This equation can be written in

the matrix notation as
A B X/\ . 1 0 X)\
() () =20 5 231

The kernel matrix elements are in practice expressed in the single-electron basis. The matrices
A describe the resonant and anti-resonant transitions between the occupied and unoccupied
states. They define creation and annihilation of interacting electron-hole pairs or excitons.
The matrices B describe coupling between exciting resonant and deexciting anti-resonant terms.
The matrices A contain dominant terms and are related to absorption processes, therefore the B
matrices are neglected within the Tamm-Dancoff approximation (TDA), which is usually a good
approximation for extended systems. The use of TDA and real quasiparticle energies ensures
that the Hamiltonian becomes a Hermitian operator and the eigenvalue equation is simplified to

AXy = ExX. (2.32)

As a consequence, intrinsic exciton lifetime effects are neglected. These effects originate from
the imaginary part of the quasiparticle self-energy and from dynamical screening, which are not
included in the standard static BSE framework.

BSE calculations require a ground state solution to obtain orbitals and single-particle en-
ergies. A GW calculation is then performed to obtain the quasiparticle corrections and the
screened Coulomb interaction, from which the BSE excitonic matrix equation can be built.
Diagonalization of the excitonic Hamiltonian leads to the exciton energies and wavefunctions,
which can be used to compute optical spectra. The excitonic wavefunction can be written in
the basis of KS orbitals as

U(re,tn) = ) X a(re) (), (2.33)

cvk

where r, and rj, are the electron and hole coordinates and X §”k are the exciton amplitudes.

The convergence parameters important for BSE calculations are the number of occupied and
unoccupied bands, the maximum excitation energy, and the k-points sampling. An example of
the BSE spectrum convergence for calcite is shown in Figure 2.5. The sensitivity to the number
of bands included in the calculation is strongly system-dependent. In the case of well-behaved
excitons that are localized around a single k-point and involve a small number of valence and
conduction bands, the convergence of the exciton peaks is typically fast. The case of calcite
is different since excitons are delocalized over the first BZ and various bands are involved in
the excitations. The number of the bands determines up to which energy a reliable spectrum
is obtained, therefore a large number of bands must be included. Furthermore, the exciton
binding energy is sensitive to the k-mesh density and converges rather slowly, hence highly
accurate binding energies require very dense k-meshes.
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Figure 2.5: Convergence test of BSE spectra for calcite optical spectrum [54], with respect to

(a) number of occupied states, (b) number of virtual states, and (¢) the maximum transition
energy.

2.3 Dielectric response

We describe the optical properties of materials, such as the refractive index, absorbance, re-
flectance, and optical conductivity, in terms of the complex dielectric function e(w). Within
linear response, the dielectric function is a material property that relates the electric displace-
ment field to the electric field, D(w) = €(w)FE(w) [55]. The macroscopic dielectric function
can also be defined as the way in which the system responds to an applied external potential
Vgot = € ey, where the total potential is given by the sum of the external and induced poten-
tials, Vit = Vept + Ving. We are interested in the response to an external probe and therefore
define response functions that relate the induced change in the density to the external field. The
reducible polarizability y and the irreducible polarizability P are defined as

0N = XVeut (2.34)
on = P/Utota (235)

where n is the electron density. The dielectric function is a macroscopic quantity, but on the
scale of the unit cell, the external field introduces local rearrangements of charge, also known as
local-field effects.

First principles calculations allow for the calculation of the microscopic dielectric function
via the non-interacting reducible susceptibility, given by

S (- ) (61" |gy) (9" HS )

€ — € —w—11

Xeo (aw) = (2.36)
i.j
where f are occupation functions. This expression is known as the Adler-Wiser formula [56,57],
and describes how an external perturbation at one point in space induces a density response at
another point.
Within the independent-particle approximation (IPA), local-field effects are completely ig-
nored by identifying the macroscopic dielectric function with the head of the dielectric matrix,
i.e. G =G’ =0 [58]. The imaginary part of the macroscopic IPA dielectric function becomes

iqr 2
MIPA _ ZI ( (e ktale ™| Do) | >7 (2.37)

QBZ q—>0q oo €ck+q — €k — W — 7]

which is basically the Fermi golden rule for absorption.
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2.3 Dielectric response

At the level of the random-phase approximation (RPA), local-field effects arise from changes
in the Hartree potential induced by an external perturbation. The RPA dielectric function can
be expressed via the Dyson equation by approximating the interacting irreducible polarizability
with x°. The RPA microscopic dielectric function in reciprocal space is defined as

cee (A w) = dear + vea (A)X&e (W), (2.38)

and the macroscopic dielectric function is obtained from the head of the inverse matrix,

1
M,RPA _

€ (q,w) = (111_I>I(1) Tqw) (2.39)
The difference between the IPA and RPA expressions arises because, in the case of RPA, the
macroscopic dielectric function corresponds to the G = G’ = 0 element of the inverse microscopic
dielectric matrix. This element depends on all matrix elements of the dielectric matrix and
therefore cannot be obtained by simply inverting the head of the dielectric matrix, as is done in
the IPA approximation.

The dielectric function calculated using the BSE solution has the following form

2
ZI cvk ¢vk 01|67Z |¢c >X§Uk

EM,BSE(
2 Ey—w—1n

w) =2 hm ve(q (2.40)

This expression includes electron-hole interactions and excitonic effects [59]. The sum in the
numerator of Equation 2.40 defines the oscillator strength of an exciton A and describes the
probability of optical transitions. The BSE eigenstates redistribute spectral weight toward lower
energies, which typically produces a red shift of the optical spectrum. The BSE optical spectrum
includes local-field effects through the electron-hole exchange interaction, which mixes transi-
tions with different microscopic spatial character. The screened interaction W, which is usually
computed within the RPA as a part of the GW calculation.

2.3.1 Ionic dielectric response

UVVis NIR mid-IR

40— 5

€x

T

Wavelength [um]

Dielectric function

Figure 2.6: Full dielectric function of a-FesO3 with ionic and electronic contributions. The UV,
Vis, NIR and mid-infrared (mid-IR) ranges are highlighted.

The ionic contribution to the dielectric response dominates in the IR spectrum range and is
related to the lattice polarizability and absorbance. In order to obtain the optical spectrum we
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need to calculate the phonon vibrational energies and eigendisplacements [60]. The equation of
motion for an atom ¢ writes F; = M;a;, where F is the force, M; is the atomic mass and a; is the
acceleration. According to the Hellmann-Feynman theorem, the force is defined as the negative
partial derivative of the total energy with respect to the atomic displacement. The energy of a
system with atomic positions slightly displaced from equilibrium can be expressed as a Taylor
expansion around the ground state configuration. The truncation of the series at the quadratic
term leads to the harmonic approximation of the lattice vibration spectrum. The phonon modes
then define the absorption energies in the IR range and the location of the dielectric function
peaks.

In practice the phonon modes can be calculated using the finite differences method [61], or
density-functional-perturbation theory (DFPT) [60]. In the finite differences method, atoms are
displaced along each Cartesian direction at least twice and the ground state is recomputed for
every displacement. The calculated energies and displacements are then used to calculate forces
and the dynamical matrix. On the other hand, instead of displacing atoms explicitly, DFPT
calculates the first-order change in the electron density and potential due to infinitesimal atomic
displacements. Further information about the derivation of the ionic dielectric function can be
found in Appendix D.

Various optical functions can be obtained from the dielectric function, for example the com-
plex refractive index N=n+ik, reflecrance R and absorption coefficient « are given by

) 12
n(w) = % : (2.41)
22 ] 2
k(w) = —”ﬁ;?“ , (2.42)
(n—12+k
== - 2'4
Re) = e 24
4rk
L 2.44
0a=" (2.44)

The full dielectric function is obtained by the addition the electronic and ionic contributions,
as shown in Figure 2.6 for a-Fe;O3. It is obvious that the electronic polarization is responsible
for the absorption if the UV-Vis regions and above. The electronic dielectric constant e, is
defined as the asymptote of the plateau between the electronic and ionic ranges. The lattice
polarization is active in the IR spectral range. By establishing an accurate theoretical description
of the optical response, this work provides the foundation for engineering cement and concrete
phases with tailored photonic and thermal-radiative functionalities.

2.4 Mie scattering

Concrete-based photonic materials can be produced by incorporating nanoparticle additives. In
order to investigate this option, we study the size-dependent interaction with light, which can
be studied using classical Mie theory [2,62]. Mie theory is a rigorous electromagnetic solution of
Maxwell’s equations that describes the reflection, refraction, diffraction, and absorption of light
by individual spherical particles embedded in a homogeneous medium. It is often used as a first
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2.4 Mie scattering

approach to describe the scattering, absorption and extinction of light. Mie theory has been
shown as an accurate method for description of optical properties of oxide nanoparticles [2].

To bridge the computed dielectric functions with measurable optical variables, we employed
Mie theory [2,62,63] that accounts for light-matter interactions at the particle level. The Mie
coefficients a,, and b,, for the spherical particles are defined as

Nﬁ[pmjn(pm)]’jn(pp)—N [PpJn(Pp)] n(Pm)

W = N2 (o) (20) — N2 [Py o) V() (2.45)
o [omdn(pm)]'d (/%) [pp]n<pp)] n(Pm)
o) = PV in(Pe) = a0 () (246)

where N, and N,, are the complex refractive indices of the particle and medium, that enter
into the size parameters p, = 27rN,/A and p,, = 27rN,,/\, with the sphere radius r and
the wavelength of the scattered light A. The coefficients are defined in terms of spherical Bessel
functions j,, and spherical Hankel functions h,, of the first kind and order n, where the apostrophe
denotes the first derivative with respect to the argument. The Mie scattering efficiency is given

by

o

2
Quea = 75 > @+ 1)(|anl* + [ba]), (2.47)
m p=1
and the extinction efficiency by
2 o
Qeat = —- Y _(2n+ 1)Re(a, + by), (2.48)
m p=1

where o is the order of the Mie sum. The extinction coefficient is defined as the sum of scattering

and absorption Qeyt = Qsea + Quabs-
The angular dependence of scattered intensity is defined by the Mie phase function, which

is a function of the polar scattering angle 6 and the azimuthal scattering angle ¢ as

|S1]% + | Sa|?
2 M

/ / )sin(6)dfde = 1. (2.50)

The amplitude functions are defined as

p(0,9) = (2.49)

and is normalized as

o

Si(cosB) = Zl %[GHWH(COS 6) + b, 7, (cos 8)], (2.51)
So(cos ) = Z %[anrn(cos 6) + b,m,(cosb)]. (2.52)

The angular functions satisfy the recurrence relations

2n—1 n
mn(cos ) = — cos(0)mp—1 — -2 (2.53)
Tn(cos8) = ncos(0)m, — (n+ 1)m,_1, (2.54)
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with 79 = 0 and m; = 1.
Mie theory can be extended for spherical particles embedded in an absorbing medium [(4].
The corresponding coefficients are written as

. Nplpmn(pm)] b (pm) = Nplombin (pm)) P i (pm) (2.55)

Nol[ppjn(Pp)) Pl (Pm) — Nenlpmbin (0m) Ppiin(pp)

4 - Np[pmhn(Pm)]/ijn(Pm) - ]VP[fomjn(pm)]/pmhn(pm)7 (2.56)

Ny [P (pm)]’ppjn (Pp) — Nim [ppjn<Pp)]/pmhn(pm>

where subscripts m and p denote the medium and particle, respectively. The scattering, absorp-
tion, and extinction efficiencies in an absorbing medium are then expressed as

o

= 207k n m
sca ~ rnm[l i (77 - 1)@71] ;(2 + 1)I (Bn) (257)
m 20k, o+ 1)m
abs — rnm[l + (n _ 1)677] ;(2 + ].)I (An> (258>
e = 207k g n m
ext — rnm[l i (77 . 1)677] ;(2 + 1)1 (An + Bn) (259)

where n = 4nrk,,/\ and N,, = n,, + ik,, is the complex refractive index of the medium. The
coefficients A,, and B,, are

A — |Cn|2ppjn(Pp)[ijn(pp)y* - |dn|2ppj:<Pp)[ijn(Pp)]/

" 2mn, A1 ’ (2.60)
|an|2pmh;(pm>[pmhn(pm>], - |bn|2pmhn(pm>[pmhn(pmﬂl*
Bn = 2N A1 ’ (2.61)

and asterisk denotes the complex conjugate. This formulation generalizes standard Mie theory
and reduces to the usual expressions when the refractive index of the medium is real.

2.5 MSTM

Mie theory provides a solution to Maxwell’s equations in the single-particle limit and describes
the scattering of dispersed particles. In order to compare Mie and multiple-scattering effects,
we used the multiple sphere T-matrix (MSTM) method, which allows for the calculation of
electromagnetic scattering of aggregates composed of spherical particles [65,66].

The T-matrix method is a rigorous electromagnetic scattering approach based on the ex-
pansion of the incident and scattered fields in vector spherical wave functions. The scattering
response of a particle is described by the transition matrix, which relates the expansion co-
efficients of the incident field to those of the scattered field. The T-matrix depends only on
the particle geometry, composition, medium and wavelength, which allows efficient evaluation
of scattering properties for different incident-field configurations. The method is particularly
well suited for particles with sizes comparable to the wavelength and can be extended to treat
aggregates of multiple particles by accounting for multiple-scattering interactions between them.
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2.6 Hapke model

The T-matrix method is rigorous in the sense that the results are exact up to the truncation of
the vector spherical wave-function expansions [65,60].

In the MSTM approach, each sphere contributes its own scattering response, while electro-
magnetic coupling between spheres is included through a self-consistent solution of the scattered
fields. Translation matrices connect the vector spherical wave functions centered on differ-
ent spheres, so multiple scattering appears through the repeated coupling of fields between all
spheres in the cluster. This formulation enables accurate calculations of near- and far-field
optical properties of particle aggregates, including extinction, absorption, and scattering cross
sections [65,60].

2.6 Hapke model

The reflectance and emissivity of powders can be approximated using the Hapke multiple-
scattering model [67-70]. The Hapke model relates the optical properties of a particulate medium
to its directional reflectance and emissivity and provides an approximate solution to the radiative
transfer equation in a semi-infinite medium. The formulation incorporates multiple-scattering
effects through approximate analytical functions, such as Chandrasekhar H-function. The single-
scattering contribution is treated explicitly, while the multiple-scattering effects are approxi-
mated through analytical solutions of the radiative transfer equation based on Chandrasekhar’s
H-function, which can be interpreted as a two-stream approximation in the isotropic-scattering
limit. In this approximation the light propagation directions are separated into upward and
downward contributions and the total reflectance is expressed as the sum of diffuse radiation
reflected at different depths.

Within the isotropic multiple-scattering approximation (IMSA), the angular dependence of
multiple scattering is neglected even when the actual particle scattering is anisotropic. IMSA for-
mulation is based on several assumptions. Diffraction effects arising from closely packed particles
are neglected, and scattering is assumed to be isotropic, which is often a reasonable approxi-
mation for small, irregular, and randomly oriented particles. Moreover, the single-scattering
albedo is determined from the ratio of scattering to extinction efficiencies, which is valid when
particle sizes are sufficiently large compared to the wavelength. The Hapke model defines the
single-scattering albedo as a function of the complex refractive index and geometric scattering
processes, which includes contributions from external reflection and internal scattering processes
derived from Fresnel reflection coefficients. In addition, the Hapke single-scattering albedo de-
pends on the volume scattering coefficient, which is an empirical parameter [67,70,71].

2.6.1 Emissivity

Because of the limitations of Hapke model, we employ the Hapke-Mie approach, in which the
single-particle albedo w and asymmetry factor g are obtained from Mie theory. Since diffrac-
tion effects intrinsic to Mie theory are not physically meaningful for closely packed particles, a
correction in the form of diffraction subtraction has to be applied [71,72]. The corrected albedo
is then written as

w = 2wMie —1= 2Qsca

=250 -1 (2.62)
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where (5., and ()., are the Mie scattering and extinction efficiencies. The asymmetry parameter

is defined as )

9=73 /Oﬂp(e) sin(#) cos(#)do, (2.63)

where p(6) is the Mie phase function defined in Equation 2.49 [70]. The Hapke-Mie approach
eliminates the need for free parameters and allows the emissivity and reflectance to be modelled
using only the material constants n, k and the particle diameter.

The IMSA hemispherical emissivity ej, of a semi-infinite particulate material [68, 70] can be
written as 9
~
en = —1, (2.64)
§+7

with v = v/1 —w and £ = /1 — gw, where w is the single particle albedo and g is the asymmetry
parameter. This is a simplified expression for isotropic emissivity modified by the asymmetry
parameter to approximately account for anisotropic scattering in realistic particulate emitters,
which is valid for optically thick, rough, or particulate surfaces, where multiple scattering and
randomization of light directions result in nearly isotropic emission. Our tests showed that
the integration of the angle-dependent emissivity yields comparable results to the analytical
expression in Equation 2.64.

2.6.2 Reflectance

The simplest expression for Hapke reflectance assumes isotropic scattering p(6) = 1, which
corresponds to an idealized isotropic-scattering approximation. The single-particle reflectance
is given by

ri(i e, s) = —H ) (s), (2.65)

47{(:“% + He
where ¢ is the incidence angle, e is the reflected angle, and p; and p. are their respective cosines.
The phase angle s can be expressed as cos(s) = cos(i)cos(e) + sin(i)sin(e)cos(¢). In the case of
normal incidence (i = 0) considered here, the phase angle s is equal to the angle e.
Multiple-scattering effects are described by the Ambartsumian-Chandrasekhar H-function

[73]. The Hapke approximation to the H-function [67,09] writes
1-2 1 -
H(p) ~ [1 —wp (7"0 + 2TO'LL In i ,u)] , (2.66)
1
with the diffuse reflectance ry defined as
1—~
=— 2.67
"o=7 ¥ ( )
The H-function describes the average scattering of multiple isotropically scattering particles in
a semi-infinite particulate slab [70]. The anisotropic Hapke multiple-scattering reflectance has
the form Wi
r(i,e,s) = ————[p(s) + H(ue) H (1) — 1]. (2.68)

Am (i + pe)
The hemispherical reflectance is obtained by integrating the Hapke multiple-scattering reflectance

as
1

COSs

Th =

o /2
) /0 /0 (e, ¢) cos(e) sin(e)ded . (2.69)
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2.7 Equations for radiative cooling

Mie theory predicts a strong forward-scattering lobe, especially for larger non-absorbing par-
ticles. This forward lobe is dominated by diffraction and near-forward transmission contributions
and most light continues in the same direction. However, Hapke model assumes isotropic diffu-
sion reflectance of light, and a strong forward-scattering overestimates multiple-scattering effects
and total reflectance. Within the multiple-scattering approximation, the effect of strong forward

scattering can be reduced by using the modified van de Hulst transport albedo wy, [62], defined
as
(1-gw
=T 2.70
e 1 —gw ( )
The Hapke-Hulst (HH) hemispherical reflectance [62, 71-70] has the analytical form
ran () = (1 —s%)(1+2u,) (1—=s)In(1+2s)  ps(2u; — D)[In gy — In(1 + 1))
HIEV) = 0 (1 28 25205 — 1) 215 — 1 ’
(2.71)

where s is the similarity parameter, given by s = /1 — wy,.

In the context of radiative cooling, the goal is to identify materials with high emissivity in
the ATW and high reflectance in the solar spectral range. Therefore, the combination of Mie
and Hapke models provides a practical framework for designing photonic materials and coatings
based on particle size distributions.

2.7 Equations for radiative cooling

The power radiated by a material is given by an integral over a hemisphere of the product of
the black body radiation Ugg(T, A) and the directional emissivity ensq:(6, \)

w/2  poo
Pyt = 27r/ / sin(0)cos(0)Upp(That, A)errar (0, A)dOdA. (2.72)
0 0

The atmospheric radiance absorbed by the material is given by

w/2  poo
Py = 27?/ / sin(0)cos(0)Usg (T atm, N)enrar (0, A)eamm (0, \)dOdA, (2.73)
0 0

where 6 is the angle of radiation, e, (0, \) is the atmospheric emissivity, defined as e s, (0, \) =
1 —t(A\)/* with the atmospheric transmittance in the zenith direction ¢(\). The black body
radiation is by Planck’s law defined as

2hc? 1

UBB(T7 )\) - \o ehe/XkpT _ 1’

(2.74)

where X is the light wavelength, T" is the temperature, h is the Planck constant, ¢ is the speed
of light and kp is Boltzmann constant [3].

When solar absorption and non-radiative heat exchange are neglected, the net radiative
power Ppgr.q corresponds to the theoretical upper bound of the cooling power. Similarly to
Equation 2.73, the solar losses are equal to the product of the solar irradiation and the material
emissivity, written as

w/2  poo
Py = 21 / / in(6)c08(8) Lsun (\)ertar (6, N6, (2.75)
0 0
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with the solar irradiance Ig,,. Non-radiative losses are proportional to the heat conduction
constant h. and the temperature difference between the material and the surrounding as

PNR == hc(TAtm - TMat)- (276)

The coefficient of non-radiative losses h. depends on the weather conditions, especially the speed
of wind, and typically equals to 5-20 mVQVK.
The absorption of light propagating through matter is described by Beer-Lambert law, de-

fined as

I(d) = Ipe™, (2.77)

where [(d) is the intensity of light in depth d, I is the initial intensity and « is the absorption
coefficient. In the case of single-particle absorbance the parameter d is the diameter and the
absorption can be expressed as

—ad

Ai(dN) =1—Ry(\) — <(1 - Rl()\)Q)(l — eeade(A))) , (2.78)

Here R(\) is the single-particle reflectance. This expression assumes internal reflectance.

The relations discussed in this chapter are sufficient to describe the radiative cooling prop-
erties of the studied materials in a consistent manner. The combination of first principles
calculations, radiative transfer and radiative cooling equations provides a robust and predictive
framework for the analysis and design of radiative cooling materials. This combined approach
enables the connection between microscopic electronic structure and macroscopic optical and
thermal response without the need for empirical material parameters.
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Chapter 3

Crystal and electronic structure of
cement and concrete phases

In this chapter, we report on the results of structural relaxation and electronic band structures, as
well as the GW-corrected fundamental electronic band gaps, for various groups of materials. We
compare different exchange-correlation functionals for the ground state calculations of cement
and concrete related materials. Firstly, we describe simple cement-forming oxides, followed by
typical clinker and cement phases, then hydrated concrete phases, and finally raw minerals,
clays, and additives.

3.1 Computational details

For the purposes of this chapter, we employed DFT using a plane-wave basis set in combination
with the projector augmented wave (PAW) method [13], as implemented in Vienna Ab-initio
Simulation Package (VASP) [77,78]. The exchange-correlation potential was approximated using
GGA, following the Perdew-Burke-Ernzerhof (PBE) parametrization [10], and the meta-GGA
SCAN functional [12]. The first Brillouin zone was sampled using I'-centered k-meshes, in
particular a 6 x 6 x 6 mesh for CaO, calcite, TiOy and Ca(OH),, a 2 x 2 x 2 mesh for tobermorite
14A, C3AH, C3A, jennite and ettringite, a 3 x 3 x 3 mesh for tobermorite 11A and C4AF, and a
4 x 4 x 4 mesh for the remaining structures. Single-shot GoWj calculations [79] were performed
using 500 eV cutoff and 100 frequency points in combination with 400 bands for CaO, 680 bands
for a-Si0,, 528 bands for a-Al,O3, 512 bands for a-Fe,03, 1024 bands for calcite, 704 bands for
aragonite, 640 bands for C4AF and 512 bands for the remaining structures. With the exception
of simple oxides and CaCQOs, the GW band gaps were extrapolated to the infinite number of
empty bands.

3.2 Simple cement-forming oxides

Most of the cement and concrete phases are composed of the simple oxides, mainly CaO and
SiO,, and to a lesser extent, Al,O3 and FesO3. We analyze these four simple oxides in order to
determine the most convenient computational methodology for the purposes of the thesis. This
involves testing the performance of GGA and SCAN meta-GGA exchange-correlation functionals
in the calculation of the crystal and electronic structures of cement-related materials. We use
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3.2 Simple cement-forming oxides

R-3c

Figure 3.1: Crystal structures of CaO, a-SiOs, a-Al;O3 and a-Fe;O3 simple cement-forming
oxides. Both conventional and primitive computational cells are shown. The spin polarization
of Fe atoms is distinguished by the color.

both functionals as ground state staring points for the GoW calculations, which are compared
with available theoretical and experimental reports.

The crystal structures of CaO (Fm3m), a-SiOy (P3,21), a-Al;O3 and antiferromagnetic a-
Fe,O3 (both R3c), are shown in Figure 3.1. The corresponding lattice constants and volumes,
relaxed within the GGA and SCAN frameworks, can be found in Table 3.1. The lattice param-
eters obtained using the SCAN method are smaller than those predicted by the GGA method
and are closer to the experimental values. For CaO and a-Al,O3, the GGA calculations predict
unit cell volumes that are 1.5% and 3.4% larger than the experimental ones [30, 81], whereas
the SCAN functional predicts volumes that are 0.6% and 1.3% smaller, respectively. On the
other hand, both the GGA and SCAN methods overestimate the room temperature volume of
a-Si0q [32] by 8% and 4.2%, respectively [23]. In the case of a-Fe,Og, both functionals predict
the unit cell volumes that are smaller than the experimental values [31]; however, the SCAN
functional correctly predicts a smaller lattice parameter c. Note that ab-initio calculations do
not account for the effects of temperature, and in the typical case of a positive linear ther-
mal expansion coefficient, the relaxed lattice parameters should be slightly smaller than the
experimental values measured at room temperature, in agreement with our results.

A crucial parameter in the calculation of optical properties is the accuracy of the optical band
gap. Electronic band gaps calculated using different levels of approximation are compared with
available experimental values in Table 3.2. Although the GGA band gaps are systematically
improved by the SCAN functional, the GW method is necessary to closely reproduce the exper-
imental values. A comparison of band structures calculated using the SCAN and SCAN+GoW,
methods is shown in Figure 3.2.

Calcium oxide in the rock-salt (fcc) structure has been experimentally reported to have an
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3 Crystal and electronic structure of cement and concrete phases

Table 3.1: Relaxed lattice parameters and volumes of conventional unit cells of CaO, a-SiOs,
a-Al;O3 and a-Fe; O3 calculated using the GGA and SCAN functionals, compared with experi-
mental data.

GGA SCAN Experiment
alA]  c[A]  V[AY | a[A]  c[A]  V[A®] | a[A]  c[A] V[AY]
CaO | 4.827 4.827 112.48 | 4.782 4.782 109.36 | 4.803 4.803 110.80 |
SiOg | 5.045 5.532 121.94 | 4986 5.466 117.70 | 4.912 5.4039 112.93 |

[
[

Al,O3 | 4.804 13.110 262.00 | 4.748 12.952 252.82 | 4.756 12.982 254.25
FesO3z | 5.008 13.858 301.00 | 4.998 13.687 296.11 | 5.034 13.732 301.39

]
]
]
]

indirect band gap of approximately 6.2 eV [35], as indicated by the photoconductivity threshold
[30] and the absorption spectrum onset [37]. Low-temperature reflectance experiments have
reported direct gaps of 7.09 eV [88] at the T' point and 6.9-7.3 eV [88, 89] at the X point.
These values are closely approximated when using the SCAN+GyWj method [33]. Notably, this
approach yields better results than GoWy on top of the HSE03 hybrid functional [90], which is
computationally more expensive. Furthermore, SCAN+GoW, maintains the order of the direct
band gaps, which is consistent with the experimental findings (e.g. Eg > E?) On the contrary,
GoWy in combination with GGA or HSE03 reduces the gap at the I' point below the one at the
X point (E; < EX).

Table 3.2: Band gaps of CaO, a-Si0,, a-Al;O3 and a-Fe,O3 calculated using GGA and SCAN
with and without GoW, correction, compared to literature values.

GGA SCAN Hybrid .
Gap GGA L GyWo SCAN QW L GyWo Experiment
cao | T X 3.66 6.02 4.20 6.32 6.47 [00] 6.20 [20]
r-r 4.63 6.30 5.51 6.91 6.63 [00] 7.09 [38]
X - X 4.04 6.48 4.54 6.76 6.96 [00] 6.88 [39]
S0, M —T 5.65¢ 8.74 6.42 9.27 - 9.65 [01]
r-r 5.99 9.14 6.78 9.69 - -
AlLO3 [T -T 5.89 8.66 7.15 9.54 9.95 [02] 9.57 [93]
So — L° 0.67 1.32 1.49 2.42 5.05 [94] 2.60 [97]
FesOg3 b
So— So 0.76 1.42 1.52 2.50 5.10 [04] -

%Indirect gap between K and T.
bValence band maximum between I' and So, conduction band minimum between L and Hy.

¢Conduction band minimum is at three-fourths of the I'-T distance.

Quartz (a-SiOy) exhibits an indirect band gap with an optical absorption edge of 9.65 eV,
as measured by EELS at room temperature [91]. The GGA functional predicts an indirect gap
between the K and I' points, whereas all other tested methods predict a M—I" gap; however,
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3.3 Simple cement-forming oxides

the difference between the two gaps is minimal. GoWj on top of the LDA functional predicts
E; =94 eV or even E; = 10.1 eV [96,97], possibly related to the well-known underestimation
of the lattice constants by LDA [98]. Our largest calculated band gap was obtained using the
SCAN+GoW, method, although this value still underestimates the experimental gap [33]. The
smaller calculated band gap may be a consequence of the difference between the experimental
and SCAN lattice parameters.

a-Al,O3 is a direct gap insulator with an experimental optical absorption edge at 8.8 eV
[93,99]. Cryogenic measurements extrapolated to 0 K indicate a fundamental band gap of 9.57
eV at the I" point [93], a value that is almost exactly reproduced by our calculations using the
SCAN+GyWj approach [83]. Hybrid functional calculations with the GW correction result in
an overestimation of the experimentally observed band gap [92], making the SCAN functional a
more accurate starting point.

Hematite (a-FeyOs3) is a crystalline material that absorbs light in the visible spectrum, with
a band gap of 2.6 eV, as measured by photoemission experiments at room temperature [95].
Previous calculations have reported an indirect band gap [94, 100]. The SCAN+GyW, approach
yields good agreement with the experimental data, while the calculations performed using PBEOQ
hybrid functional and PBEO+GoyW, predict overestimated gaps [91]. The partially filled d
orbitals of Fe give rise to unpaired spins and antiferromagnetic coupling. The local magnetic
moment of the Fe atoms equals to 3.5 up and 3.9 pup within the atomic projection spheres,
as calculated using the GGA and SCAN functional [$3]. These values are comparable to the
experimental range of 4.2-4.9 pp [84,101].

Si0 Al;O3
10\ — &
= |
2
3 — Al
5 af
5 Opzszespmgg---r=--1—r--1----1  Ofpggesssss—eeezzosg Oksz Ll
- —
o SCAN*GoWo . e
|

| j s v :
X r L UXW L I' MK r A L F L HeSo I T F I L HeSo I T

Figure 3.2: Band structures projected on atoms, calculated for (a) CaO, (b) a-SiOs, (¢) a-AlyOs,
and (d) a-Fe;O3. Calculated using the SCAN functional and compared to the SCAN+GoW)
method. The zero energy was set to the valence band maximum in all cases.

The SCAN method produces results that are superior to those obtained using the GGA
ground state, particularly with regard to structural relaxation and electronic band gaps. A
comparison with the literature suggests that it performs better than some hybrid functionals as
well [33]. Therefore, all results presented in the following sections use the SCAN functional for
the ground state calculations.
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3 Crystal and electronic structure of cement and concrete phases

3.3 Cement phases

The production of cement involves the fusion of raw minerals and clays, which are composed of
the simple oxides described in the previous section. The most abundant phases in the resulting
clinker are alite and belite, which can crystallize in various phases with different levels of water
reactivity. Alite (CagSiOs or C3S) exhibits seven crystal structures, ranging from the triclinic
structure, which is the most stable at room temperature, to high-temperature rhombohedral
and monoclinic phases [9,11,102]. Belite (CaySiO4 or C2S) can be found in five crystallographic
structures, including hexagonal, orthorombic and monoclinic lattices [11,30]. Here, we represent
the clinker phases by monoclinic alite and g-belite, which are the polymorphs with high water
reactivity, a fact which is key to the cement functionality. Other less abundant clinker phases
include cubic tricalcium aluminate (C3A) and orthorombic tetracalcium aluminoferrite (C4AF),
also known as brownmillerite. Moreover, a common rock-forming mineral, CaSOy, is usually
added to the ordinary Portland cement. The stable phase at ambient conditions is the (-
anhydrate [103] and its hydrated form gypsum (CaSO4.2H,0) [104]. The crystal structures of
all studied phases are shown in Figure 3.3.

c=9.25A B=94.89°

7.08A
=6.72A

b
b

P2,/c

(pB=114.23°
C=5;(7___-—t\/<-ﬁg-ﬁlﬁ

15.09A

b=

-anhydrite X
p-anhyd “Gypsum

Figure 3.3: Crystal structures of monoclinic alite, S-belite and gypsum, orthorombic S-anhydrite
and tetracalcium aluminoferite (C4AF), and cubic tricalcium aluminate (C3A). The Fe atoms
in antiferromagnetic C4AF are distinguished according to their spin polarization direction.

The lattice parameters of the cement phases calculated using the SCAN functional are shown
in Figure 3.3 and Table 3.3 [105]. The relaxed lattice parameters of monoclinic alite are con-
sistent with the experimental values [I 1], with a slightly smaller monoclinic angle and a larger
c lattice parameter. The relaxed crystal structure of monoclinic S-belite agrees well with the
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3.3 Cement phases

experimental data [ 1]. Note that in the case of f-belite, the SCAN functional produces lower
deviations from the experimental lattice constants than the GGA functional [30]. The exper-
imental crystal structure of monoclinic gypsum is defined by the lattice parameters a = 6.28
A b=1522 A, ¢ =568 A and 8 = 114.08° [106]. While the monoclinic angle £ in gypsum
is consistent with the experimental value, the lattice constant a is slightly overestimated by
our calculations, potentially due to the neglect of van der Waals interactions in description of
the H-bonds [107]. The relaxed unit cell of orthorhombic S-anhydrate closely agrees with the
experimental values [103]. In the case of f-anhydrate, the SCAN functional provides better
agreement with the measured lattice parameters than the BSLYP hybrid functional [103]. The
relaxed lattice parameters of the cubic C3A [11] and C4AF [109, 110] agree very well with the
experimental values. The Fe atoms in brownmillerite are ordered antiferromagnetically with
local magnetic moments of 4 up.

Table 3.3: Lattice parameters and electronic band gaps of cement phases, to be compared with
experimental data. The angles that are not listed are equal to 90°.

SCAN Experiment Band gap [eV]
alA]  b[A]  A] B[] alA]  b[A]  c[A] B[] SCAN  GoWy
Alite 12.25 7.08 9.45 115.54 | 12.21 7.11 9.31 116.20 || 3.76 5.69

[11]
B-belite | 5.49 6.72 9.25 94.89 | 5.51 6.77 9.32 94.18 4.43 7.71

[11]
Gypsum | 6.41 15.09  5.76 114.23 | 6.28 15.22  5.68 114.08 || 5.52 9.51

[106]

CaSO4 | 6.19 6.98 6.99 90 6.24 6.99 7.00 90 6.88 9.92
[107]
C3A 15.21 15.21 15.21 90 15.23  15.23  15.23 90 [11] || 4.69 -
C4AF | 1434  5.60 5.32 90 14.52  5.57 5.35 90 1.49 3.24

The GW corrections are highly sensitive to various parameters and the convergence needs
to be carefully checked. We performed convergence tests with respect to the number of empty
bands and the energy cutoff in the GW summation, which are shown in Appendix E. Since the
convergence is generally slow and the unit cell size of the cement phases makes the calculations
with the fully converged setup impossible, we extrapolated the GW band gaps to an infinite
number of unoccupied bands. The fundamental gaps of the cement phases calculated using the
SCAN and SCAN+GyW, methods are listed in Table 3.3. Moreover, the band structures are
shown in Figure 3.4. Alite, S-belite, gypsum and C3A are direct band gap insulators, with the
smallest band gap located at the I' point. Contrarily, in S-anhydrite, the valence band maximum
(VBM) is located at the Y (0.5, 0.5, 0) high symmetry point and the conduction band minimum
(CBM) at the I' point. The indirect band gap equals to 6.88 eV, calculated using the SCAN
functional, and 9.92 eV using the SCAN+GyW, method. The smallest direct GoWq band gap is
located at the I" point and is equal to 10.47 eV [105]. The band gap of C4AF is located between
the T (0.0, 0.0, 0.5) and R (0.0, 0.5, 0.0) points. In calcium silicates, sulfates and C3A, the
band gaps separate the O-dominated valence bands from the Ca-dominated conduction bands.
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Figure 3.4: Band structures of alite, S-belite, gypsum, f-anhydrite, C4AF brownmillerite and
tricalcium aluminate C3A, calculated using the SCAN functional.

Conversely, the band gap in C4AF is located between the Fe d states.

The unit cell of C3A contains 264 atoms, which makes it too large to perform the GW
calculations. The GW correction calculated for its hydrate, C3AH (see Table 3.4), opens the
band gap by 40 %, so we can expect the real electronic band gap of C3A to be at least 6.6 V.

To the best of our knowledge, there is a lack of literature on the band gap measurements
of cement phases. The only found experimental value is the optical band gap of alite, which
is equal to 5.24 eV [105]. This value was extrapolated from the linear portion of the first
electronic absorption peak obtained via reflectance measurement. The calculated band gap of
alite is consistent with this value. Any deviations may be caused by the polycrystallinity of the
sample, the presence of various phases or impurities. Following the results for simple oxides in
the previous section, the agreement between theory and experiment for alite demonstrates the
reliability of the computational methodology applied in this study and the predictive power of
first principles calculations for the optical properties of cements.

3.4 Hydrated concrete phases

Concrete is obtained through the hydration of cement, which involves a series of complex chem-
ical reactions between the clinker phases and water. Hydration produces the concrete matrix
responsible for the mechanical properties required for construction purposes. During hydration,
several crystalline and poorly crystalline phases precipitate and form a dense microstructure
that governs strength development, durability, and long-term stability. The main binder in con-
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Tobermorite 11A Tobermorite 14A Portlandite Ettr”ingite
P1 P1 P-3m1 Cc

Figure 3.5: Crystal structures of hydrated concrete phases: triclinic tobermorite 14A, tober-
morite 11A and jennite, monoclinic ettringite, hexagonal portlandite and cubic C3AH.

crete is the calcium silicate hydrate (C-S-H) gel, which gives concrete most of its strength and
durability and constitutes the largest fraction of the hydrated cement paste. Although C-S-H
is generally poorly crystalline, its short- and medium-range atomic order is similar to that of
tobermorite crystal group, which makes it a reasonable structural analogue of C-S-H for sim-
ulations purposes. In this work, we describe the crystal structure of C-S-H using tobermorite

Table 3.4: Lattice parameters and the smallest electronic band gaps of hydrated phases, com-
pared with experimental data.

SCAN Experiment Band gap
alA]  b[A]  c[A] | a[A]  b[A] c[A] SCAN  GoW,
of] B[l ] of] Bl 7[] [eV]  [eV]

om. | %0 S b [y ST o
Til 966.5577 97i .2061 12233;.4445 65%9 75?())9 22i727:),.5s912] 467 150
T 865.6239 976?652 12282.2812 69?)4 793%3 27i%%.[2151 Jan 7o
C3AH 1%.051 129.051 1%.5)1 129.56 1%.056 12.520[111] 197 6.95
T i i
Jennite 1100i .5411 97%.2257 110051382 11001 ?380 976.2978 10i?)?€9.[(515>1 R EET
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Figure 3.6: Band structures of hydrated phases tobermorite, portlandite, jennite, ettringite and
C3AH.

11A (CasSigO17-5H20) and tobermorite 14A (CasSigO16(OH)2-TH,0), which differ mainly in in-
terlayer spacing and water content. The second most abundant hydration product is Ca(OH)a,
commonly referred to as portlandite, which crystallizes in a layered hexagonal structure and plays
an important role in maintaining the high alkalinity of the pore solution (liquid phase in pores
and capillaries during hydration). Other hydrated phases typically found in concrete include
jennite (CagSigO15(OH)g-8H20), which is another structural analogue of C-S-H at higher Ca/Si
ratios, C3AH (Ca3zAl;04-6H20), a calcium aluminate hydrate that may form under specific cur-
ing conditions with low concentration of sulfates, and ettringite (CagAly(SOy4)3(OH)12-30H,0),
a needle-like phase that precipitates at early stages of hydration in presence of gypsum and
strongly influences setting and expansion behaviour. The crystal structures of the concrete
phases are shown in Figure 3.5.

The lattice constants calculated using the SCAN functional are in a very good agreement
with experimental results, as shown in Table 3.4. Small deviations from measured values can be
attributed to temperature effects, structural disorder in real samples, and the presence of defects
or variable water content, which are not always fully captured in idealized computational models.
The crystal structure of tobermorite is defined by linear chains of SiO, tetrahedra linked through
bridging oxygen atoms, forming silicate chains separated by calcium ions and interlayer water
molecules. These silicate chains and the associated calcium coordination polyhedra are primarily
responsible for the stiffness and cohesion of the material. The relaxation of both tobermorite 11A
(T11) and tobermorite 14A (T14) predicts triclinic structures with the angles a and # slightly
deviating from the experimentally reported 90 degrees, which indicates a small distortion of the
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3.5 Raw materials and additives

lattice upon the full structural optimization. The structure of ettringite also differs slightly from
the reported monoclinic lattice.

Like the cement phases, the hydrates are wide band-gap insulators, as shown in Table 3.4
and Figure 3.6. Their large band gaps are consistent with the predominantly ionic and covalent
bonding character of calcium-oxygen and silicon-oxygen interactions and the absence of par-
tially filled d-states near the Fermi level. Direct band gaps at the I' point were found in T14,
portlandite, and ettringite. The indirect band gaps in T11, C3AH, and jennite are positioned
between the VBM at the Z (0, 0, 0.5), N (0, 0, 0.5), and V (0.5, 0.5, 0) points, respectively,
and the CBM at the I' point. Nevertheless, the differences between the smallest indirect and
the I'-point direct band gaps are minimal, which is a consequence of relatively flat valence band
edges. The extrapolation of the GoyW, band gap to an infinite number of empty bands repro-
duces the band gaps of T11 and portlandite calculated using more demanding self-consistent GW
approaches [20], which is another indication that the method chosen in this thesis is accurate.
The size of the ettringite computational cell was prohibitive to calculate its GW band gap within
a reasonable computational cost. The GW corrections performed for other systems studied in
this thesis open the gaps by approximately 40% to 80% compared to DFT calculations. Based
on these trends, we can expect the band gap of ettringite to be in the range of 6-7.7 eV.

3.5 Raw materials and additives

In this section, we describe the raw materials used in cement production, such as CaCOs and
clays, represented by kaolinite and illite, which can remain in cement as intrusions. Other
minerals, like TiO,, wollastonite (CaSiOsz or CS), but also CaCOgs, can be used as concrete
additives to enhance properties of the composite.

14,/amd

©Ca oTi . e
oAl o0 9K lllite Kaolinite
osi «H°C P1 P1

Figure 3.7: Crystal structures of calcite, aragonite, anasate, illite, kaolinite and wollastonite.

There are two main polymorphs of CaCOj3: hexagonal calcite (R3c) and orthorombic arago-
nite (Pnma). Calcite is stable at room temperature and pressure, but the metastable aragonite
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3 Crystal and electronic structure of cement and concrete phases

Table 3.5: Lattice parameters and electronic band gaps of calcite, aragonite, TiO, anatase,
kaolinite, illite and CS wollastonite, to be compared with experimental data.

SCAN Experiment Band gap
alA]  b[A] Al | a[A]  b[A] c[A] SCAN GoWy
of] BT[] of] Bl 7[°] [eV]  [eV]

Calcite 5£.)(())0 59(())0 1;3;)2 4;?)9 4;2)9 17.0162([)1 17] 6.05 3.35

Aragonite 4534 7{.)%1 59%8 45%6 75%7 5.749([)1 18] 488 781
(C

Anatase 35.;)7 3;)7 9{.)5())6 3;)9 35.;)9 9.529([)1 19] 9 58 3 86

Kaolinite 95i 1 752 15;336 8£7) :311 95i 1 760 13;3;16 7@%.[812? b sss oo

Hlite 95i 1 243 985?618 95?)4 95i .2700 1349.26 10':3 .égl] 435 707
122

S 1(7)3125 975'?)592 9869028 1(7)3013 975..3222 7%?6[01?: : 551 7.95

also occurs naturally as a rock-forming mineral at ambient conditions. The Ca cations in calcite
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Figure 3.8: Band structures of calcite, aragonite, anasate, illite, kaolinite and CS wollastonite
calculated using the SCAN functional.
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3.5 Raw materials and additives

occupy pseudo-cubic lattice sites at the centers of oxygen octahedra, as shown in Figure 3.7.
The CO3 2 groups with trigonal symmetry are located at the vertices of the oxygen octahedra
and create a planar arrangement. In contrast, the Ca cations in aragonite have ninefold coor-
dination with a nearly hexagonal symmetry and slightly aplanar CO3? groups. For calcite, the
SCAN functional predicts more precise lattice parameters than GGA [54]. The theoretical lat-
tice parameter a, shown in Table 3.5, is larger than that measured at room temperature, which
is consistent with the negative thermal expansion coefficient of calcite in the xy plane [117]
The experimental lattice constants at 0 K are equal to a(0K) = 4.994 A and ¢(0K) = 16.936 A,
extrapolated from cryogenic measurements using the linear thermal expansion coefficient [117].
The bond lengths calculated using the SCAN functional equal to 1.283 A and 2.350 A for the C-
O and Ca-O bonds, respectively, which are in qualitative agreement with the room temperature
experimental values of 1.288 A and 2.355 A [123].

The calculated crystal structures of aragonite, anatase (the tetragonal polymorph of TiOs)
and triclinic wollastonite agree very well with the experimental values. Kaolinite (SipAloO5(OH),)
is the simplest clay mineral, composed of a stacking of Si-Al-O bi-layers, as shown in Figure 3.7.
The Si and Al atoms form two quasi-hexagonal lattices placed on top of each other. Similarly,
illite is formed by the stacking of Si and Al layers separated by an alkali or alkali earth metal.
Note that aluminium silicate layers can even form nanotubes [124].

The calculations show a direct band gap at the I' point in kaolinite. The remaining five
structures have the CBM at the I" point and the VBM at: the F point (0.5, 0.5, 0.0) in calcite,
the X point (0.5, 0.0, 0.0) in aragonite, the X point (0.0, 0.0, 0.5) in anatase, the Y point (0.0,
0.5, 0.0) in illite and the T point (0.0, -0.5, 0.5) in CS, as shown in Figure 3.8. The calculated
band gaps are summarized in Table 3.5. Anatase has the smallest indirect band gap, equal to

3.86 eV, while its smallest direct gap is located at the I' point, equal to 4.36 eV. The largest

band gaps were found in kaolinite and calcite.
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Figure 3.9: Band gaps of cement and concrete phases as a function of the concentration of the
simple oxides CaO, a-SiOq, a-Al;O3 and a-Fe;O3. The band gaps of simple oxides are shown
by blue dots. The clinker phases are shown as orange, hydrated phases as light blue and clays

as green circles.

The GoWq band gap energies of all studied phases are summarized in Figure 3.9. In this
figure, each compound is placed along the horizontal axis according to the stoichiometric ratio
of the two principal simple oxides from which it is composed. As a result, calcium silicates are
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3 Crystal and electronic structure of cement and concrete phases

located between CaO and SiO,, calcium aluminates between CaO and Al,Osz, and clay minerals
between SiOy and Al,Os. This representation allows the band gap values to be compared not
only across individual phases but also in relation to their chemical composition and parent oxides.
In the case of C3A and ettringite, approximate band gaps were estimated by applying scaling
factors to the SCAN values. Specifically, the band gaps of C3A and ettringite were obtained
by increasing the SCAN gaps by 40% and 60%, respectively, based on the explicitly calculated
GW correction for C3AH in the case of C3A, and on the corrections obtained for gypsum and
anhydrite in the case of ettringite.

A clear trend can be observed for calcium silicates, whose band gaps generally follow the
Ca0/Si0, ratio, with the exception of alite, which exhibits a smaller band gap than expected. A
similar compositional dependence is observed for the clay minerals: kaolinite follows the expected
behavior based on its oxide constituents, whereas illite deviates from the trend, possibly due to
its more complex structure and chemical composition. Among calcium aluminates, C3AH, whose
band gap was explicitly calculated at the GoWj level, follows the general trend defined by the
band gaps of CaO and a-Al;O3. This comparison shows how the band gaps of complex cement
phases are largely governed by the electronic structure of their constituent oxides.

a-Fe;O3 and C4AF have band gaps within the visible range, which means they contribute
to coloration in cementitious materials. Furthermore, TiO, anatase absorbs in the UV region.
The band gap of alite lies close to the UV absorption edge and the presence of excitonic effects
may lead to weak absorption of UV light.

3.6 Outline

In this chapter, we presented the results of the structural optimization of a wide range of crys-
talline phases commonly found in cement and concrete. In addition to determining their equi-
librium lattice constants, we analyzed their electronic band structures and reported the funda-
mental band gaps obtained at different levels of theory, both with and without quasiparticle
corrections. These results provide a foundation for the next chapters, where the optical proper-
ties of the cements and concrete are investigated in detail.

The relaxed structures of the studied oxides, calculated using the SCAN meta-GGA func-
tional show consistently better agreement with available experimental lattice parameters and
structural data than those obtained using the conventional GGA calculations. Accurate struc-
tural models are particularly important, since small changes in bond lengths, angles, or coordi-
nation environments can significantly influence electronic and vibrational properties.

A similar trend is observed in the calculated electronic band gaps. The values obtained using
the SCAN functional are systematically larger and closer to experiment than those calculated us-
ing the GGA functional, and the inclusion of quasiparticle corrections within the SCAN+GoW,
framework improves the results even further. Our findings indicate that the SCAN functional
provides a reliable and computationally efficient ground-state for the electronic structure cal-
culations of cement-related materials. In contrast to hybrid functionals or the scissor operator
band gap correction, the SCAN+GyW, approach does not require semi-empirical parameters
and retains the predictive character of first principles methods. Based on these observations,
the SCAN and SCAN+GyW, approaches will be employed in the following chapters to study
the optical properties of cement and concrete phases in a systematic way.

Some hydrated phases, such as portlandite, gypsum, and kaolinite crystallize in layered
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3.6 Outline

structures composed of Ca-O or Si-O polyhedral sheets separated by interlayer water molecules
or hydroxyl groups (see Figure 3.3, Figure 3.5, and Figure 3.7). Similarly, tobermorite 14A and
jennite exhibit layered arrangements with partially connected slabs through the bridging oxygen
atoms. Thanks to the unusual structure, these phases could be exfoliated and studied as 2D
functional materials. Such low-dimensional materials could have unusual optical and vibrational
properties, including a strongly anisotropic dielectric response, the presence of various types of
Reststrahlen bands in the IR region, and the formation of excitonic states that may couple to
lattice vibrations or electromagnetic fields. These characteristics make layered calcium silicate
and aluminate hydrates promising candidates for exploring polaritonic phenomena and other
effects typically associated with two-dimensional materials.

Overall, the results reported in this chapter establish a consistent and reliable framework for
calculating the structural, electronic, and optical properties of the studied materials, which are
necessary for the analyses performed in the remainder of this work.
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Chapter 4

Optical properties of cement and
concrete

Standard DFT is useful for determining structural and qualitative electronic properties, but
does not provide satisfactory description of optical spectra, particularly near the absorption
edge. In many cases, the correct spectral features, such as the position of the absorption onset,
the redistribution of spectral weight, and the presence of bound excitonic states, can only be
reproduced by employing higher-level many-body techniques. In this chapter, we test various
methods to calculate the optical properties of cement-related materials and compare them with
experiment. We obtain both electronic and ionic responses, which together provide input for
the calculation of radiative properties and solar reflectance.

4.1 Computational details

The calculations described in this chapter were performed using VASP code [77,78]. The setup of
GoW calculations is described in the Methods section of the Chapter 1. The BSE spectra were
obtained using 8-14, 18-28, 18-16 and 16-30 valence-conduction bands for CaO, a-SiO,, a-Al;O3
and a-Fe; O3, respectively, with a maximum transition energy of 25 eV [23]. The BSE dielectric
functions were also calculated for 34-56, 43-44, 32-46, 24-40 and 25-40 valence-conduction bands,
respectively for alite, S-belite, gypsum, S-anhydrite and C4AF, with maximum transition ener-
gies of 18 eV for alite, belite and C4AF, and 25 eV for gypsum and anhydrite. The BSE spectra
of hydrated phases were calculated using 90-80, 30-60, 6-22, 42-80 and 30-60 valence-conduction
bands for T11, T14, portlandite, C3AH and jennite, respectively, with the maximum transition
energy of 15 eV for T11, T14, and jennite, 18 eV for C3AH and 25 eV for portlandite. The BSE
calculations with 18-24, 20-40, 12-20, 36-55, 34-52 and 34-60 valence-conduction bands were
performed for calcite, aragonite, anatase, CS, illite and kaolinite, respectively, with the highest
allowed transition energy of 17 eV for CS, 20 eV for illite and kaolinite, and 25eV for calcite,
aragonite and anatase.

In the case of simple cement-forming oxides, cement phases, calcite and portlandite, we
also employed a two-step k-mesh averaging approach to calculate the BSE spectra [125]. In
the first step, we conducted a single calculation to obtain the irreducible k-points with their
weights. Then, in a second step, we performed a series of calculations on k-meshes shifted
by the coordinates of the irreducible k-points from the first step. The averaged spectra were
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4.2  Simple cement-forming oxides

obtained as a weighted arithmetic mean of the dielectric functions calculated on each shifted
k-mesh [51, 83, 105]. The advantage of k-averaging is the reduction of spurious peaks and a
smoother spectrum. To obtain averaged dielectric functions, we performed averaging over 13,
16, 34, 32, 12, 13, 24, 10, 24 and 21 dielectric spectra for a-Fe,O3, CaO, a-SiO,, a-Al; O3, calcite,
portlandite, alite, -belite, gypsum and [-anhydrite.

An alternative way to calculate the excitonic spectra, the model-BSE (mBSE) approach [126],
was used to calculate excitonic wavefunctions of silica and alumina. Here the GW quasi-particle
corrections are replaced by the scissor operator to match the GoWq band gap, and the effective
screening W is replaced by a model dielectric response. This method reduces the computational
cost by avoiding the GW step and allows for the use of denser k-meshes.

4.2 Simple cement-forming oxides

4.2.1 Optical spectrum - electronic contribution

This section discusses the optical properties of simple oxides resulting from the polarization of
electrons by UV—Vis light. The imaginary part of the dielectric function, ey, of CaO, a-SiO,,
a-AlyO3 and a-Fe, O3 calculated using different levels of theory, is shown in Figure 4.1. The TPA
curves, depicted as blue lines, lack experimental spectral features. Quasi-particle IPA curves
calculated using the GoWy method, showed by orange lines, reproduce the experimental curves
at higher energies, but fail to mimic the spectral onset. The BSE results, shown as red lines,
reveal a significant redistribution of the spectral weights with respect to the GW results, which
gives rise to peaks around the absorption edge. This redistribution is a result of the electron-hole
interaction included within the BSE calculations. All four cement-forming oxides described in
Figure 4.1 display peaks in the BSE spectrum below the band gap energy. The peaks below the
electronic band gap are a sign of the exciton formation. The BSE curves are in close agreement
with the experimental spectra. In the following, all dielectric functions are plotted as an average
over the three polarization directions, i.e, € = (e, + €, + €,)/3.

In order to provide a detailed description of the prominent spectral features observed in
the BSE spectra, we analyze the peaks with the highest oscillator strengths (defined in Equa-
tion 2.40), calculated on denser k-meshes. The spatial distribution of exciton wavefunctions is
illustrated by the amplitude of the k-point resolved coupling coefficient between electrons and
holes, X¢"% which is defined in Equation 2.33. The electron-hole coupling coefficient between a
positively charged hole v in the valence band and a negatively charged electron ¢ in the conduc-
tion band are obtained from the solution of the BSE eigenvalue equation. The peaks observed
in the imaginary dielectric function €; can be related to the van Hove singularities that arise
from the critical points (My—Ms) in the joint band structure (JBS) [130, 131]. The M, critical
points, which correspond to minima in JBS, can potentially host bound excitons [131].

CaO

Three peaks in the experimental dielectric function of CaO were assigned to excitons [38], in
Figure 4.2 denoted as A, B, and C. The faint peak B, observed at low temperatures, is a series
of low-intensity peaks at the high-energy shoulder or the peak A. The BSE calculations resolved
all three peaks in good agreement with the experimental curve, except for an underestimation of
the intensity of the peak A, and a small blue shift of the peak B [83]. The highest valence bands
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Figure 4.1: Calculated and experimental [$5,88,127-129] electronic and ionic dielectric functions

of CaO, a-SiO,, a-Al;O3 and a-Fe;Og, using various levels of theory. The GW band gaps are
indicated as dashed lines. Calculated dielectric functions were obtained using averaging over
shifted k-meshes, as introduced in the Methods section. In the third column, the blue region
corresponds to the IR atmospheric transparency window.

are composed purely of oxygen 2p bands, while the bottom of the conduction region is mostly
made up of Ca d orbitals, which are hybridized at the I" point with O s states (see Figure 3.2a).
The holes are situated on the O atoms, while the excited electrons are mostly belong to the Ca
atoms. This configuration corresponds to the formation of charge transfer excitons.

The high-intensity peak A was associated with an exciton arising from the lowest energy
direct interband transition at the X point [85,88,90]. The results of our calculations, presented
in Figure 4.2b, support these findings. The exciton is formed by transitions from the VBM,
dominated by the O 2p states (e, symmetry), to the CBM, composed of Ca d electrons (by,). The
excitonic wavefunction, defined by X%, is highly localized in reciprocal space, which emphasizes
the need for dense k-meshes to accurately predict peak intensities. This dependence can be seen
from the higher intensity of the peak A calculated on a 20® k-mesh comparing with a 6 mesh.

The peak B was identified as a I" point exciton based on the observation of the spin-orbit split-
ting at low temperatures [38]. However, the hybrid functional calculations using HSE03+GoW
do not align with this interpretation, as the X-point band gap was predicted to be larger than
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Figure 4.2: CaO spectrum calculated using GoWy+BSE. (a) Dielectric function calculated on
a dense 20% k-points mesh (red line) with the corresponding oscillator strengths (green bars),
compared to € obtained by k-mesh averaging (blue line) and the experiment (full black line)
[85,88], with the calculated band gaps (dashed and dot-dashed black lines). The experimental
curve was shifted to match the excitonic peak A. (b-d) Band structures with contributions to
the excitonic wavefunctions of the peaks A, B and C, given by the circle size corresponding to
Xk [33].

the I-point gap [90]. In contrast, the SCAN+GyWj, method produced an inverse ordering of
the gaps (Eg > E?) as demonstrated in Table 3.2, supporting the I'-point origin of the exciton
B. As shown in Figure 4.2¢, the peak B has two principal contributions. The first contribution
is localized at the X point, while the second is situated in the vicinity of the I' point. This
suggests a combination of the exciton at the I' point with the second excitonic state of the peak
A (second energy in the excitonic Rydberg-like series), with overlapping energies. The I' exciton
thus originates from transitions between the O p states at the VBM (t1,) and the hybridized
Ca-O s states at the CBM (ay,).

The introduction of the e-h interaction gives rise to the sharp peak C at 11 eV, which
suggests its many-body origin. As shown in Figure 4.2d, the excitations from the VBM to the
third conduction band (e,) at the I' point contribute largely to the excitonic wavefunction of the
peak C. However, a larger contribution originates from points outside the high-symmetry paths.

The origin of the spectral features in the imaginary part of the dielectric function can be
traced back to the electronic band structure. In Figure 4.3 we plot the JBS of CaO, which
were obtained by subtracting the conduction bands from the valence bands. The colors in JBS
correspond to different conduction bands from which all valence bands were subtracted. The IPA
and quasi-particle IPA (SCAN+GyWy) spectra are directly proportional to the joint density of
states (JDOS) peaks in Figure 4.3c. For example, the distinct GoW, peak at 14 eV corresponds
to the maximum in JDOS due to transitions to the third conduction band at the X and L points,
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Figure 4.3:  Joint band structure of CaO calculated using (a) SCAN and (b) SCAN+GyW
methods, compared with the (c) k-mesh averaged (6x6) imaginary dielectric function calculated
using BSE (blue line), SCAN+GoW, (light blue line) and SCAN (grey line), as well as quasi-
particle JDOS (dashed black line). The energy of the peaks highlighted in the panel (c) are
represented by horizontal lines in the corresponding JBS diagrams in the panels (a) and (b).

whereas peak just below 12 eV coincides with a JDOS peak formed due to transitions to the
fifth and sixth lowest conduction bands at the I' point.

The excitonic peaks A, B and C shown in Figure 4.3a,b are related to M type critical points,
highlighted by the orange circles. The formation of the excitons A and B is related to the minima
in JBS at the X and I' points, respectively, as shown in Figure 4.3b,c. The peak C positioned
at 11 eV raises some controversy since it resembles a sharp excitonic peak, yet it is located
deep in the spectrum. The proposed explanation for the peak C was an exciton formed between

the third-highest valence band and the conduction band minimum [38]; however, this transition
could only produce a peak around 8 eV. A more plausible explanation is the I' point excitation
from the VBM to the third conduction band, deduced from the JBS [90]. In order to characterize

this peak we analyze both interband transitions and the BSE excitonic wavefunction. The GoW,
joint density of states exhibits a peak below 12 eV, which is related to the interband transitions
at the I' point. The peak C in the BSE spectrum is formed less than 1 eV below. This exciton
has a large e-h coupling contribution at the I" point with the binding energy of 0.56 eV. However,
roughly a double oscillator strength originates from outside of any high symmetry path. The
JDOS in Figure 4.3c also displays a small peak at the energy of the peak C, that originates from
the BZ edges. The peak C is therefore a combination of interband transitions and a I bound
exciton between the VBM and the third lowest conduction band.

a-Si0Oy

An alternative approach to the GoWy+BSE method is the use of a scissor operator and a
model screening function within the mBSE framework [126]. This approach is characterized by
favourable convergence behaviour of the exciton binding energies (E;) with respect to k-point
sampling. However, it does not incorporate the GW corrections to the electronic structure, which
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Figure 4.4: Optical spectrum of a-SiO,. (a) Dielectric function calculated using SCAN+mBSE
on dense 12% k-points mesh (red line), with corresponding oscillator strengths (green bars),
compared to GoWo+BSE averaged over multiple k-meshes (blue line), with the calculated band
gap (dashed black line). (b—d) Band structures with contribution to the exciton wavefunctions
of the corresponding peaks.

can lead to discrepancies with experimental data. In particular, the GW corrections affect the
localized d orbitals more than the p and s states [94]. This causes differences between the mBSE
and GoW+BSE spectra for materials containing Fe or Ca atoms. On the contrary, there is a
notable agreement between the two methods for a-Al,O3 and a-SiOq [33].

As shown in Figure 4.1, the experimental dielectric function ey of silica exhibits three main
peaks. The lowest intensity peak positioned at 14 eV is well reproduced by the GoyW, method
and originates from interband transitions. On the other hand, the two lower energy peaks are
resolved only by the BSE method [96, 132], which manifests their excitonic origin. Figure 3.2b
shows that the band gap separates the valence bands with mostly O p character from the mixed
Si and O conduction bands. Note that the lowest conduction band consists mainly of O s states.

The first excitonic peak A is composed of three high intensity transitions, labeled here as
A;—Aj3, and several lower intensity transitions, as shown in Figure 4.4a. The peak A is formed
primarily between the upper three O p valence bands and the hybridized Si-O s conduction
band minimum, as shown in Figure 4.4b and c¢. The peak A also contains contributions from
transitions to lower-lying conduction bands at the I" point. In comparison to CaQO, the excitonic
wavefunction of the peak A in a-SiO, is more delocalized in k-space, with contributions from
multiple bands. This k-space delocalization indicates the presence of more localized excitons in
real space.

The peak B is located above the fundamental band gap and corresponds to excitations
from lower valence bands. Figure 4.4c assigns the peak B to the first bright I' point exciton,
which originates from transitions between the fifth-highest valence band and the CBM. Its more
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Figure 4.5: Joint band structure of a-SiO, calculated using the (a) SCAN and (b) SCAN+GyW
methods, compared with the (c) imaginary dielectric function calculated using BSE (blue line),
SCAN+GoWj (light blue line) and SCAN (grey line). The energy of highlighted peaks are
represented by horizontal lines in the corresponding JBS diagrams.

localized excitonic wavefunction within the first BZ indicates that the exciton B is more dispersed
than the exciton A, which is consistent with the calculated hole charge density [90].

Figure 4.5 shows that the peaks A and B originate from excitations involving the lowest con-
duction band. The joint band structure of a-SiOy explains the formation of multiple transitions
with high oscillator strength that contribute to the exciton peak A. The transitions from the
uppermost valence bands to the CBM at the I' point are mostly M; saddle points, which are
unable to host an exciton [I31]. On the other hand, the JBS exhibits various minima in close
proximity to the I'" point, where excitons can form. This gives rise to many transitions that
contribute to the peak A, especially the distinct minimum in the I'—A direction responsible for
the exciton As, as shown in Figure 4.4c. The excitons of the peak A also contain e-h interactions
that originate from lower-lying bands at the I' point, as shown in Figure 4.4a,b. The contribution
to the coupling coefficient from the lower-lying conduction bands is roughly 30%, which implies
formation of a I' point exciton with large binding energy. The exciton A is therefore a resonance
state between a strongly bound I' point exciton and multiple interband transitions of similar
energy, which explains the many high oscillator strength contributions and the high intensity of
the peak. The third peak C emerges from transitions to the second and third lowest conduction
bands at the I' point, which is shown by the blue and red lines in Figure 4.5b.

The electronic band gap of a-SiO, has to be larger than the tabulated value of 9.65 eV [91],
since the first exciton peak was experimentally found at 10.3 ¢V [127]. The interband transition
peak C in the BSE spectrum is separated from its experimental equivalent by 0.7 eV. Given
that the calculated indirect band gap is 9.27 eV (see Table 3.2), the fundamental gap can be
estimated to be around 10 eV. This discrepancy arises since the experimental optical band gap
is evaluated from the interpolation of the linear part of the spectral onset. In the presence of
excitons, this method is strongly biased and can lead to a significant underestimation of the
electronic band gap. The shift of the SCAN+GyW, spectrum with respect to the experiment
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4.2  Simple cement-forming oxides

may be related to the overestimation of the theoretical lattice parameters (see Table 3.1).
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Figure 4.6: Optical spectrum of a-AlyO3. (a) Dielectric function calculated using SCAN+mBSE
on dense 12% k-points mesh (red line), with corresponding oscillator strengths (green bars),
compared to GoyWy+BSE (blue line), with the calculated band gap (dashed black line). (b, c)
Band structures with contribution to the excitonic wavefunctions of the corresponding peaks
weighted by the X{% term [33].

The experimental dielectric function of alumina shown in Figure 4.1 exhibits a small peak
below 10 eV and a prominent broad peak at 13 eV, the latter of which is also present in the
GoWy spectrum. We label these peaks as A and B. The positions and intensities of the BSE
peaks show an excellent agreement with the experimental data.

As shown in Figure 4.6a, the peak A has two strong contributions from nearly degenerate
excitations, labeled A; at 9 eV and A, at 9.25 eV, which is consistent with previous reports
[133,134]. The two excitons are highly localized at the I" point, as illustrated in Figure 4.6b—c.
They originate from the splitting of the O p orbital into a single p, uppermost valence band
with ag, symmetry, which gives rise to the exciton A, and a doubly degenerate p,,, band with
e, symmetry, which corresponds to the exciton A,. The splitting is detailed in the insets of
Figure 4.6b—c. The SCAN+GoW, method predicts the energy difference between the two split
bands to be 0.06 eV.

The BSE equivalent of the peak B is located at 12.5 eV, which is in good agreement with
the experimental results [128], as shown in Figure 4.1c. The experimental peak is split into the
lower and higher energy peaks, separated by 0.7 eV. The same splitting is observed in the e,
spectrum calculated using the BSE approach, but it is missing in the GoWj spectrum, which
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suggests the importance of the e-h interaction in the formation of the highest intensity peak of
alumina.
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Figure 4.7: Joint band structure of a-Al,O3 calculated using (a) SCAN and (b) SCAN+GyW,
methods, compared with the (c¢) k-mesh averaged imaginary dielectric function calculated using
BSE (blue line), SCAN+GoWj (light blue line) and SCAN (grey line). The energies of high-
lighted peaks are represented by horizontal lines in the corresponding JBS diagrams.

The optical spectrum of a-Al;O3 exhibits two main features, the exciton peak A and the high
intensity peak B, as shown in Figure 4.7c. The excitons that contribute to the peak A correspond
to the My critical points formed by transitions between the VBM and the Al-O hybridized CBM
with a s character (a;,). The high intensity peak B at 12.5 eV coincides with the transition
energy from the VBM to the second-lowest conduction band at the I' and T points, as shown
in Figure 4.7b. Furthermore, BSE calculations reveal an additional peak on the low-energy
shoulder of the peak B, right below 12 eV, which has a non-zero BSE oscillator strength. This
peak, in 4.7b—c plotted using dotted lines, corresponds to a bound exciton which stems from
transitions into the second lowest conduction band at the I' point.

Oé-FGgOg

The valence bands of hematite above -8 eV have been characterized as the flat Fe d states
hybridized with the O p states [94,135], in agreement with our calculations. The GW corrections
open the electronic gap and enhance the separation of bands without changing their order. The
VBM exhibits a mixed character, with contributions from the Fe d,./,. and d,, ,>_,2 states, as
well as the in-plane O p,/, electrons. The lowest conduction bands are mainly formed by the Fe
d states, which are split into two sets of bands, as shown in Figure 3.2. The SCAN functional
predicts the separation of the two sets of d bands to be 1.59 eV, in close agreement with the
GGA results [94]. The SCAN+GoWq method approaches the experimental value of 1.39 eV [13(]
by predicting a splitting of 1.43 eV.

The dielectric function of a-Fe,O3 measured at room temperature [129] exhibits a prominent
peak at 3 eV and a broader peak below 5 eV (Figure 4.1). These peaks originate from interband
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4.2  Simple cement-forming oxides

transitions between the d bands, since they are also present in the GW spectrum. The inclusion
of the e-h interaction red-shifts the GoWy spectrum by 1 eV. The BSE redistribution has a weaker
effect on the spectrum than in the wide band gap oxides. Nevertheless, the onset of the spectrum
is raised due to the formation of excitons with low binding energies, which are insufficient to
form a distinct peak. The dielectric constants of both the real and imaginary dielectric spectra
are higher in a-Fe;O3 than in the other three simple oxides, as shown in Table 4.1.

The BSE spectrum of a-Fe;O3 exhibits three distinct peaks below 7 eV, as shown in Fig-
ure 4.1, including several bright excitons below the band gap energy, as shown in Figure 4.8a.
The shoulder of the main peak is primarily formed by the exciton Ay, followed by the less intense
exciton A,, both of which are doubly degenerate. The Exciton A; is a band-edge excitation that
originates from two regions of the BZ with similar contributions between the So—I" and L—H,
points. The intensity of the exciton A, is one-fifth that of the main peak and has minimal in-
fluence on the spectral shape. Both excitons stem from transitions between the Fe d dominated
bands, which become symmetry-allowed thanks to the mixing of the valence states with the O
p orbitals.

The band gap edges in a-Fe;O3 consist of the flat d bands. Therefore, the bands in JBS
shown in Figure 4.9 are more compressed and the interband transitions responsible for the
spectral features are more difficult to track. The large number of available transitions results in
the spectral peaks with high intensity and multiple bright excitons. The main BSE peak, located
at 2.6 eV, is related to interband transitions from the upper valence band to the three lowest
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Figure 4.8: (a) Dielectric function of a-Fe,O3 calculated using GoWy+BSE calculated on a 83
k-mesh (red line), with corresponding oscillator strengths (green bars), compared to the BSE
spectrum averaged over multiple k-meshes (blue line), and the calculated smallest direct band
gap (dashed black line). (b, ¢) Band structure segments with contributions to the excitonic
wavefunctions of corresponding excitonic peaks, given by the size of circles.
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Figure 4.9: Joint band structure of a-Fe,Oj3 calculated using (a) SCAN and (b) SCAN+GyW,
methods, compared with (c) imaginary dielectric function calculated using BSE (blue line),
SCAN+GoWj (light blue line) and SCAN (grey line). Energies of the highlighted peaks are
denoted by horizontal lines in the corresponding JBS diagrams.

conduction bands. The onset of the spectrum is modified by the exciton A, which is located at
two JBS minima, highlighted by the orange circles in Figure 4.9b.

The delocalization of excitons in reciprocal space is larger in hematite than in CaO and
a-Al,O3, which indicates a more localized exciton in real space in hematite. Furthermore, the
contribution to the exciton wavefunction along the I'-T path is smaller in a-Fe,O3 than in other
directions, which suggests excitonic anisotropy. In fact, a-Fe;O3 shows the largest birefringence
among the four cement-forming oxides, with the exciton predominantly associated with the
polarization along the zy plane.

Binding energy

The position of an exciton peak is determined by the binding energy of the e-h pairs. The simple
Wannier-Mott (WM) model of exciton defines the binding energy E, as

(4.1)

with the Rydberg constant R ~ 13.6 eV, the reduced exciton mass 11, the high-frequency elec-
tronic dielectric constant €., and the principal quantum number n in the exciton Rydberg-like
series. The reduced effective mass p is defined as p=! = m_! +m; ', where m, and m, are the
harmonic averages of the electron and hole effective masses over different directions in reciprocal
space. The effective masses were obtained by means of the quadratic band approximation. The
exciton radius can be approximated as

Ty = ——, (4.2)
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4.2  Simple cement-forming oxides

Table 4.1: Electronic dielectric constant e, ionic dielectric constant e, effective masses of
electrons m,, light holes m;;, and heavy holes my;,, and reduced effective masses corresponding
to light g, and heavy holes iy, of CaO, a-SiOy, a-Al;O3 and a-Fe;Os, calculated using SCAN.
The effective masses are given in units of the electron rest mass my.

Dielectric constants Effective masses
SCAN SCAN+GW
ey € €7’ €7 €y €2, ms [mo]  my, [Fmo]  miy, Fmo] | e [mo]  pee [mo)

CaO 3.53 10.00 3.26 - r 0.31 0.33 1.82 0.16 0.27

X 0.46 0.75 1.62 0.29 0.36
SiO, | 2.32 234 2.02 2.19|2.18 2.19 r 0.47 0.93 2.39 0.31 0.39
Al,O3 | 3.06 3.03 599 7.68|2.84 2.81 r 0.35 0.50 3.28 0.21 0.31
FeyOs 9.89 838 42.66 8.77 | 8.16 7.06 Sol” 1.65 - 2.31 - 1.02

HyL 2.31 - 1.69 - 0.98

where ag is the Bohr radius (ap &~ 5.29 nm). The dielectric constants, effective masses and
reduced effective masses are collected in Table 4.1. The smallest effective masses were found in
CaO and a-Al;O3, while the largest effective masses are in a-Fe,O3 thanks to the flat d orbitals
at the band gap edges.

The static dielectric constants calculated using the SCAN functional are listed in Table 4.1.
The static electronic dielectric constant, €, can be obtained from the plateau of €; at wave-
lengths within the electronic band gap and below the onset of phonon absorption, where only
the electronic polarization contributes to the dielectric response, as shown in Figure 2.6. Cubic
CaO is isotropic with electronic dielectric constant equal to e, = 3.5. In comparison, a-SiO,
and a-Al,O3 show small anisotropy, with €., approaching 2.3 and 3.0, respectively. The largest
dielectric constant and anisotropy were found in a-Fe;O3. In comparison to GGA, the SCAN
calculations yield lower dielectric constants.

The BSE calculations predict CaO binding energies equal to 0.52 eV, 0.35 eV, and 0.56 eV for
the excitons A, B, and C, following the notation in Figure 4.2, respectively. In contrast, the WM
model estimates the binding energies of the three excitons to be 0.31 ¢V, 0.17 eV, and 0.27 eV.
The larger binding energy of the X point exciton, corresponding to the peak A, is in agreement
with the WM model, mainly due to the flatter CBM. The exciton radii were calculated as 6.1
A, 4.5 A and 2.4 A, respectively for excitons A, B and C.

In the case of CaO, a comparison can be made between the calculated and experimental
spectra measured at low temperatures (25 K) [88]. The experimental peaks at 7.25 and 10
eV, which originate from interband transitions, align with the BSE spectrum calculated on a
20 k-mesh when the calculated curve is blue-shifted by 0.18 eV. If we suggest the same error
in the entire band structure, this value corresponds to the GoW, underestimation of the band
gap. By adding this difference to the calculated GW band gap, we obtained E;( = 6.94 eV and
Eg =7.09. Similarly, the excitons in the experimental and BSE spectra agree within the shift of
0.56 and 0.42 eV for the peaks A and B, respectively. By subtracting 0.18 eV from the red-shift
of these calculated exciton positions, we can estimate the binding energies for CaO. In fact this
simple approach predicts Eff = 0.14 eV and EF = 0.11 eV [33]. The BSE calculation predicts
almost four times larger binding energies, which is caused mostly by the underscreening of the
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e-h interaction.

The peak A in a-SiO, has three main contributions with binding energies of 0.34, 0.31, and
0.33 eV, in order of decreasing oscillator strength. The first bright exciton, which originates
exclusively from the I' point, is the peak B with E, = 0.41 eV. The dark excitons are strongly
bound, with binding energies around 1.3 eV. When the WM model was applied at the I' point,
the binding energy of the exciton B was found to be 0.78 ¢V, with a radius of 3.94 A.

In the case of a-Al;,O3, the single peak observed below the band gap energy consists of two
excitons A; and A,. Their binding energies, calculated using the mBSE method, are 0.52 eV
and 0.55 eV, respectively. The WM model predicts that the heavy hole exciton is bound by
Ey(A;) = 0.30 eV and the light hole exciton by E;(As) = 0.46 eV. The corresponding radii are
7.9 A and 5.1 A.

The BSE binding energy of the exciton A in a-Fe;O3 equals to 0.23 eV. The WM model
predicts bonding energies of E, = 0.16 eV and E, = 0.15 eV and the exciton Bohr radii of r, = 5.1
A andr, = 4.9 A for the excitons located between the So—I' and Lo—H, points, respectively.
The flat d bands involved in exciton formation correspond to higher effective masses of electrons
and holes; however, the large dielectric constant of a-FesO3 reduces the binding energies.

The binding energies and exciton radii obtained using the WM model are only qualitative
since they depend greatly on the dielectric constant chosen. One possible approach to reduce the
binding energies and achieve better agreement with experiment is to use an effective dielectric
constant, which takes into account the ionic dielectric constant and lattice screening. The WM
exciton radius is the largest in Al,O3 and CaO, whereas the most localized exciton was found in
Si0O,, in agreement with the exciton wavefunction analysis in Figure 4.2-Figure 4.8. The simple
WM model correctly predicts the trends of the exciton binding energies and localization, but
a deep and precise insight into the mechanisms of the e-h interaction requires using the BSE
approach.

4.2.2 Optical spectrum - ionic contribution

In order to study optical properties in the IR range, we calculated the ionic contribution to
the dielectric response using the finite-differences method [139]. In this approach, a series of
self-consistent DFT calculations is performed for multiple small, symmetry-preserving ionic dis-
placements around the equilibrium positions. From the forces and the resulting changes in
the total energy, the dynamical matrix and Born effective charges are determined, which in
turn allow the calculation of phonon frequencies and the lattice contribution to the dielectric
tensor. This procedure captures the coupling between lattice vibrations and the macroscopic
electric field, which is responsible for infrared absorption. The ionic dielectric functions of simple
cement-forming oxides are shown in Figure 4.1, where the main phonon resonances and their
relative strengths can be clearly identified.

The frequency-dependent IR refractive indices and extinction coefficients are shown in Fig-
ure 4.10. These quantities are directly derived from the real and imaginary parts of the complex
dielectric function, following Equation 2.41 and Equation 2.42. The extinction coefficients calcu-
lated in this study are compared with available experimental curves [129,137,138]. To facilitate
comparison with polycrystalline or randomly oriented samples, the calculated curves were ob-
tained from dielectric functions averaged over the three principal polarization directions. It
should be noted that, with the exception of CaQO, the studied simple oxides exhibit optical
anisotropy, as demonstrated by the experimental curves. This anisotropy originates from the
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Figure 4.10: Refractive index n and extinction coefficient k& in the IR spectral range for (a)
CaO, (b) a-SiOq, (¢) a-Aly03, and (d) a-FeyO3, compared with experiments [129,137,138]. The
experimental curves are separated for the extraordinary (in the zy plane) and ordinary (along
the z axis) polarization rays. The refractive index n was shifted along the y axis for clarity. The
atmospheric transparency window is shown by shaded area.

lower crystal symmetry and the directional character of bonding in these materials, which leads
to polarization-dependent phonon modes and dielectric responses.

CaO exhibits a relatively simple IR absorption spectrum with a single dominant €; peak,
as shown in Figure 4.1. The absorption band coincides with the optical phonon branch at ap-
proximately 34 meV [I10] and, as a consequence, the experimental refractive index exhibits a
single pronounced peak at about 33 pm [137]. The positions of the experimental and calculated
extinction coefficient peaks are in very good agreement, as shown in Figure 4.10a, whereas the
intensities and widths differ somewhat due to temperature effects, anharmonic phonon broad-
ening, and possible microstructural effects that are not captured in calculations. Apart from
the IR absorption peak associated with lattice vibrations, CaO remains transparent over a wide
range of IR wavelengths and absorbs only at photon energies above the electronic band gap,
where interband electronic transitions become active.

In contrast, a-SiOy absorbs in the ATW region, highlighted by the shaded area in Figure 4.10,
thanks to several pronounced k peaks around 9 and 12 pm. These absorption features are as-
sociated with Si-O stretching and bending vibrational modes, which are strongly IR-active.The
simpler spectrum of a-AlyO3, characterized by three major peaks, agrees well with the experi-
mental data [129] and reflects the vibrational modes of the AlOg octahedra. Hematite exhibits
spectrum with the highest overall intensity and the largest static refractive index among the
oxides considered. In general, we report good agreement with experimental data for all four ox-
ides, particularly in the region below 20 pm, which is particularly relevant for thermal emission
and radiative heat transfer applications.

The static dielectric constants of the simple cement-forming oxides are summarized in Ta-
ble 4.1. The ionic contribution to the static dielectric constant is given by the large-wavelength
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limit of the ionic dielectric function, which includes the full effect of lattice polarization. The
isotropic ionic dielectric constant of CaO is equal to 10. On the other hand, the anisotropy of the
hexagonal lattice is reflected in the ionic dielectric constants of quartz, alumina and hematite,
which are equal to 2.0, 6.0 and 42.7 in the xy plane and 2.2, 7.7 and 8.8 along the 2 axis,
respectively. The total static dielectric constant is obtained as the sum of the electronic and
ionic contributions.

4.3 Cement phases

Figure 4.11 shows the electronic dielectric functions of the clinker and cement phases cal-
culated using the SCAN functional in blue, the SCAN+GyW, method in orange and the
SCAN+GyW+BSE method in red [105]. The electron-hole interaction included in the BSE
results causes a red shift in the spectral weights, manifested as an enhanced spectral onset
compared to GW spectra.

Alite exhibits a low-intensity excitonic peak below the band gap energy. This exciton forms
at the I point between the three topmost valence bands and the CBM. The valence bands are
mainly formed by O p electrons, while the CBM has s character with hybridized Ca and O
orbitals, as shown in Figure 3.4. The low energy tail of €¢; converges to the static electronic
dielectric constant, while the negative parts of the real dielectric function are related to the
formation of collective electronic excitations, called plasmons. The electronic dielectric constants
of monoclinic alite are almost isotropic, equal to 3.1. The negative values of the real part of the
dielectric function were found between 34 eV and 36 eV as calculated using the SCAN+GoW,
method [105].

Similarly to alite, the spectrum of S-belite is almost featureless below the band gap, as
shown in Figure 4.11. There is a small peak within the band gap which is related to a I' point
exciton. Our BSE calculations show that excitons in both alite and S-belite are delocalized
within the crystal [105]. The crystal structure of S-belite is slightly more anisotropic with
electronic dielectric constants equal to 3.13 along the z and z directions, and 3.19 along the
y axis. The GW calculations show that the real part of the dielectric function, €;, becomes
negative at around 30 eV over a short energy range.

Among the cement phases, gypsum has the most pronounced exciton clearly separated from
the rest of the spectrum, which reveals its large binding energy. This exciton originates at the
[ point [105]. The valence electrons are of the O p type, while the CBM is of the s type with
hybridization of all constituent atoms, as Figure 3.4 shows. The electronic dielectric constant of
2.54 is almost isotropic. The ¢; function calculated using the GoW, method approaches zero at
24 eV and 34 eV, but never reaches negative values.

[-anhydrate is an indirect insulator, which explains the lack of peaks below the indirect
gap in the BSE spectrum, as shown in Figure 4.11. However, spectral features appear below the
lowest direct band gap, suggesting the presence of bound excitons. The excitonic wavefunction of
the bright excitons is spread throughout the first BZ, suggesting low spatial extent and localized
electron-hole pairs [105]. The highest valence bands consist mainly of O p states with some
contribution from sulphur ions, as shown in Figure 3.4. The bottom of the conduction band is
characterized primarily by the Ca-S overlap and by the hybridization of O-S s orbitals around
the I' point. The electronic dielectric constant is anisotropic, with values of 2.73 and 2.75 along
the z and z directions, respectively, and 2.88 along the y axis. The plasmon peak is located at
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approximately 34 eV [105].

The electronic dielectric function of C3A was calculated on the IPA level only, due to the
large unit cell of C3A, shown in Figure 3.3. The cubic crystal exhibits an electronic dielectric
constant of 2.6, obtained from the low-frequency limit of the real part of the dielectric function.

Similarly to Fe;O3 hematite, brownmillerite has a smaller band gap due to the Fe d states at
the band gap edges. The BSE calculation reveals a peak below the GW band gap energy that is
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Figure 4.11: Calculated electronic and ionic dielectric functions of clinker and cement phases.
The vertical dashed black lines correspond to the GW band gaps, except from the case of C3A
where they represent the SCAN band gap. The blue regions in the ionic response panels show
the IR atmospheric transparency window.
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well separated from the rest of the spectrum. This separation indicates the formation of strongly
bound excitons in C4AF, which further reduces the optical absorption edge. Consequently,
C4AF absorbs in the visible spectral range, which leads to a potential overheating in outdoor
conditions. The static electronic dielectric constants are 4.02, 4.69 and 4.50 along the z, y and
2 axes, respectively.

The calculated ionic dielectric constants reveal a pronounced anisotropy in several of the
clinker and sulfate phases. The optical properties of monoclinic and orthorhombic crystal struc-
tures of the calculated cement phases are anisotropic due to their lower crystal symmetry. Most
of the cement oxides exhibit exciton peaks in only one polarization direction, resulting in dimin-
ished exciton peaks in the averaged spectra. Noteworthy, S-anhydrite exhibits excitons in all
three directions that are slightly shifted with respect to each other, which reduces their intensity
in the averaged spectrum [105]. The anisotropy in C4AF also reduces the height of the exciton
peak in the averaged spectrum. In this case, the exciton is formed in the y and z directions.

The ionic response is key when evaluating the radiative cooling potential of cement phases.
As Figure 4.12 shows, all cement phases exhibit absorption bands in the ATW region. The
refractive index of f-ahnydrite can be compared with experimental data [111]. The measured
and calculated curves overlap almost perfectly, with differences only in the intensity of the peaks,
which can be attributed to finite temperature effects during measurement.

In alite, the ionic dielectric constants along the z, y, and 2z axes are 6.07, 6.72, and 9.72,
respectively, indicating a moderately stronger lattice polarization along the z direction. f-
belite exhibits a larger overall ionic contribution, with values of 11.63, 15.73, and 11.88 along
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the x, y, and z axes, respectively. The particularly high value along the y axis suggests the
presence of strongly IR-active phonon modes involving displacements of calcium and silicate
units in that direction. Gypsum shows a markedly different behavior, with ionic dielectric
constants of 7.36, 2.71, and 2.61 along the x, y, and z axes, respectively. This strong anisotropy
can be attributed to its layered crystal structure and the orientation of sulfate groups and
water molecules, which leads to highly directional vibrational modes. In all three monoclinic
structures (alite, S-belite, and gypsum) the dielectric tensor also contains non-zero off-diagonal
xz components. These terms arise because the principal axes of polarization do not coincide
exactly with the crystallographic axes in monoclinic symmetry, which leads to coupling between
electric fields applied along different directions. For S-anhydrite, the ionic dielectric constants are
4.71, 4.42, and 3.73 along the x, y, and z axes, respectively. These values are smaller and more
isotropic than those of gypsum, which is consistent with the absence of water and the more
compact arrangement of sulfate tetrahedra in the anhydrite structure. In the case of C4AF,
the calculated ionic dielectric constants are 8.60, 10.53, and 8.29 along the z, y, and z axes,
respectively. The relatively high values reflect the complex crystal structure and the presence of
multiple cation species, which give rise to a complex spectrum of IR-active phonon modes that
contribute to the dielectric response. Finally, C3A exhibits an isotropic ionic dielectric constant
of 8.52 thanks to its cubic symmetry.

4.4 Hydrated concrete phases

The hydrated phases form the skeleton of concrete that provides strength and acts as a medium
for additives, air pores and other constituents. The calculated dielectric constants of the hydrated
phases are summarized in Figure 4.13. All the tested concrete phases have similar electronic
band gaps between 7 and 8 eV, which make them transparent to solar radiation.

The BSE spectrum of tobermorite 14A (T14) exhibits two low-intensity peaks below the
band gap energy. Its electronic polarizability is almost isotropic, with a dielectric constant of
2.37. The exciton peak is predominantly present in the x and y polarization directions, i.e. in
plane of the Ca-Si slabs. Overall, the inclusion of e-h interaction through the BSE formalism
has only a small effect on the spectrum of T14 when compared to the IPA curve.

Similarly, tobermorite 11A (T11) has a non-negligible dielectric function below the GW band
gap, but there are no clearly defined peaks within the band gap. In T11, the exciton peaks in
different polarization directions are shifted with respect to each other, which leads to a smoother
averaged spectrum. The electronic dielectric constants of T11 are slightly anisotropic, equal to
2.56, 2.51 and 2.53 in the x, y and z directions, respectively. Although the e-h interaction in T11
phases is not strong enough to form distinct exciton peaks, it redistributes the spectral weights
and is necessary for the accurate description of the optical spectra.

Portlandite exhibits a strong exciton peak just above 6 eV with the binding energy of 0.98 eV,
in agreement with the earlier reports [112]. The exciton peak is observed in the zy plane, which
corresponds to the Ca(OH), layers. Similarly to CaO, the dielectric spectrum of portlandite
has various high intensity BSE peaks at higher energies. CaO-based materials therefore have
strong e-h interactions that noticeably modifies the optical spectrum in a wide range of energies.
The electronic dielectric constants calculated using the SCAN functional are 2.65 in the x and
y directions and 2.57 in the z direction.

Hydrated tricalcium aluminate has a low intensity excitonic peak that is clearly separated

70



4 Optical properties of cement and concrete

&£, electronic €1 electronic lonic contribution
Wavelength [nm] Wavelength [nm] Wavelength [um]
QO L O S QO L O Q
EXDINENG N PSP N 09,0&,0 D% N
|IIIIIIIIIIII.I T | T T T T | T ]IIIIlIIIIlII|I T ] T T T T I T II'IIIlllIIIlIIIIlI T T T I T
- 5F— 1PA F i
— b(u\‘ —_ gg\évo — /m\\ S Of\":,v"\, ,,,,, Hsh I
8 : S G O
= ol ' - O_I ..... :l ...... R s | | ATW
5 10 15 5 10 15 30 60 100 140 180
lllllllll]ll III | T T T T T IIIIIIIIIIIII:I I T T T T I T 50 lllllllllllllll T T T l T
— 5t i 5r i
— 1 A 4
P & | o % E O-\""'* U meamm T
e ﬁ O
0 1 . . ., [ S R -5 I L ATW
5 5 g 100 140 180
w TTTT LLLLN L T T T T T T
= 5‘| l Imaginary
© ~ -— Real
= N T T A W B = *o (e WP - 1o S ———
=
|-
S o | ATW
100 140 180
T T [
5_
I o~
(ﬂ:) w boihmemmmmm e
@)
0 T S L A B -5 1 | ATW
5 10 15 5 10 15 (}0 60 100 140 180
w |IIII|IIII|IIII | T T T T T ]:IIIlIIlIlIIII] T T T T ] T 50 II'IIIlllIIIlIIIIlI T T T I T
2 O H
Do = R L Y
£ S e S T e
= ' ﬁ |
L ol — N -5 I L ATW
5 10 15 5 10 15 gO 60 100 140 180
I I H I I I I : I I 50 lll]lllllll TT I T T T l T
o 57 ! 5f i
= ’ . oo !
E W i - nl",/"l‘,wﬂv—'“"“‘" I?"A' ———— -1
9‘ I
o~ e (I S [ A TR A -5 ! L ATW !
5 10 15 5 10 15 30 60 100 140 180
Energy [eV] Energy [eV] Energy [meV]

Figure 4.13: Calculated electronic and ionic dielectric functions of hydrated phases. Dashed
black lines correspond to corrected GW band gaps (in the case of ettringite SCAN band gap).
Blue regions show the IR atmospheric transparency window.

from the spectrum below the GW band gap energy. The strongly bound exciton is located at
the I' point. The e-h coupling also introduces various peaks just above the band gap energy.
The isotropic electronic dielectric constant is equal to 2.56.

Since we did not calculate the GoWy+BSE spectrum of ettringite, we approximate its di-
electric function by the IPA solution. A comparison with other phases helps us to evaluate the
reliability of this approximation. The BSE spectra of T14, as well as those of alite and belite,
closely resemble the corresponding IPA curves, with only minor changes near the absorption
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onset and small excitonic features. These similarities indicate that e-h interactions in some wide
band gap phases have a relatively modest effect on the overall spectral shape. On this basis, a
simplified description of the dielectric response using IPA spectra in the cases of C3A and et-
tringite can be considered a reasonable first approximation. The calculated electronic dielectric
constants of ettringite are 2.24 in the x and y directions and 2.21 in the z direction. These
values indicate a very small anisotropy of the electronic dielectric response.

Jennite is a calcium silicate hydrate whose optical spectrum reveals a pronounced excitonic
feature at approximately 7 eV, with an exciton binding energy of approximately 1.07 eV. The
calculated binding energies are overestimated due to the sparse k-meshes used in the calcula-
tions and real binding energies may be less than half as large. The excitonic transitions are
the strongest along the y axis, with some low intensity contributions from the remaining direc-
tions. Despite the directional dependence of individual spectral features, the overall electronic
polarizability of jennite is nearly isotropic. The calculated electronic dielectric constants are
approximately 2.53, with only minor differences between the crystallographic directions.

Except from portlandite, all hydrated phases exhibit absorption peaks in the ATW region,
as shown in Figure 4.13. The absorption bands of T14, T11, ettringite and jennite in the ATW
region originate from the Si-O bond, as shown in Figure 4.10. The ionic dielectric constants of
T14 are 4.91, 4.07 and 5.85 along the z, y and z polarization directions, while somewhat larger
dielectric constants were found in T11, equal to 5.86, 5.77 and 5.29 for the z, y and z axes,
respectively. The most anisotropic dielectric constants were found in portlandite, with 8.85 in
the in-plane and 1.63 in the out-of-plane direction, which originates from its layered structure. In
contrast, the isotropic dielectric constant of cubic C3AH equals to 5.66. The dielectric constants
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Figure 4.14: Calculated complex refractive indices of hydrated concrete phases. The shaded
areas correspond to the IR atmospheric transparency window.
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of ettringite are 5.69, 4.64 and 6.25, and the dielectric constants of jennite are 5.17, 5.66 and
7.80, along the x, y and z axis, respectively. The complex refractive indices of concrete phases
in the IR range are plotted in Figure 4.14. A common feature of the hydrated phases is a series
of peaks around 2.5 pm which are related to the O-H vibration modes.
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Figure 4.15: Calculated electronic and ionic dielectric functions of raw materials and concrete

additives.
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4.5 Raw materials and additives

The main raw material used in the production of cement is CaCOj3 in the form of limestone,
which provides the primary source of CaO. Secondary input materials, most commonly clays
and aluminosilicates, supply SiO,, Al,O3, and other oxide building blocks required for the for-
mation of clinker phases. The electronic and ionic dielectric functions of raw materials and some
additives are summarized in Figure 4.15.

Both polymorphs of CaCQOs3, calcite and aragonite, display large redistribution of spectral
weights when comparing the GW and GW+BSE spectra. In calcite, the first high-intensity peak
is clearly associated with a strongly bound exciton, which appears well below the quasiparticle
band gap and dominates the absorption onset. On the other hand, the sharp peak observed in
aragonite is positioned just above the band gap and requires a more detailed analysis.

Even though CS wollastonite and illite exhibit some spectral features below the GW band
gap, they do not display high-intensity excitonic peaks comparable to those found in calcite
or kaolinite. Especially in the case of illite, the IPA spectrum could serve as a reasonable
approximation of the dielectric spectrum. Even though illite and kaolinite have similar layered
crystal structures, the latter exhibits well separated excitonic peak. The broad exciton peak in
kaolinite is composed of contributions in all three polarization directions.

The spectrum of anatase shows a well-defined exciton peak at the spectral onset, which is
most pronounced in the x and y polarization directions. This anisotropy reflects the tetrag-
onal crystal structure of anatase and the directional character of the Ti-O bonding network.
The presence of a strong excitonic feature at the absorption edge is consistent with previous
theoretical and experimental studies of TiOy polymorphs [113].

The electronic dielectric constants of calcite are 3.0 in the xy plane and 2.4 in the z direction,
consistent with the layered arrangement of CO;  units. A different structural arrangement of
aragonite causes a distinct dielectric response. Its electronic dielectric constants are 2.54, 3.16,
and 3.19 along the z, y, and z directions, respectively, with a more pronounced anisotropy and a
generally higher polarizability along two of the crystallographic directions. In CS, the electronic
dielectric constants are nearly isotropic, with values of approximately 2.77 along all principal
directions. The dielectric constants of illite are 2.62, 2.61 and 2.67 along the z, y and z axes.
These small differences indicate that the electronic contribution to the dielectric response is
only weakly affected by the layered structure of illite, at least in the range of static electronic
dielectric function. Kaolinite shows slightly lower values overall, with dielectric constants of
2.44, 2.55, and 2.46 along the z, y, and z directions. In contrast to the carbonates and silicates,
anatase exhibits larger electronic dielectric constants, reaching 6.76 in the xy plane and 6.27 in
the z direction. This enhanced polarizability is associated with the electronic structure of TiOg,
where the relatively small band gap and the presence of transition metal d states at the bottom
of the conduction band, as shown in Figure 3.8, increase the oscillator strength of interband
transitions.

Except from TiO,, the materials described in this section exhibit absorption peaks in the
ATW region, as shown in Figure 4.16. A direct comparison can be made between the calculated
and measured spectra for calcite and anatase [I14, [15]. The agreement in calcite is almost
perfect, while the positions of the absorption peaks in TiO4 agree very well with measurements.

In calcite, the ionic dielectric constants equal to 6.1 in the plane of the CO3? groups and 5.7
in the out-of-plane direction, which indicates a relatively small anisotropy of the ionic dielectric
response. In aragonite, the ionic dielectric constants are 4.74, 5.64, and 6.14 along the z, vy,
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Figure 4.16: Calculated complex refractive indices of raw materials and concrete additives.
The shaded area marks the IR atmospheric transparency window. The extinction coefficients
of calcite and TiO, are compared with experimental measurements along different polarization
directions [144, 145].

and z crystallographic axes, respectively. Comparing with calcite, aragonite shows a somewhat
larger directional dependence, which can be attributed to its orthorhombic structure and a more
complex arrangement of carbonate groups. For CS wollastonite, the ionic dielectric constants
are 4.71, 4.81, and 4.40 along the z, y, and z directions, respectively. These values are similar,
which indicates a small anisotropy response despite the chain-like silicate structure. The ionic
dielectric constants of the clay minerals are somewhat larger and more anisotropic. In illite, the
constants are 5.35, 7.19, and 6.18 along the x, y, and z axes, respectively, while in kaolinite they
are 9.91, 5.95, and 7.59 along the same directions. A different behavior is observed in anatase,
where the calculated ionic dielectric constants equal to 54.31 in the plane and 22.27 along the
out-of-plane direction. These very large values reflect the strong lattice polarization typical of
transition-metal oxides with highly polarizable Ti-O bonds and low-frequency optical phonon
modes.

CaCOg

Dielectric functions of both calcite and aragonite show high intensity peaks in the BSE spectra.
First we compare the spectra calculated using IPA and GoWy methods with those obtained using
the BSE formalism, as shown in Figure 4.17. The optical anisotropy between the two polarization
directions is found at all levels of theory. The spectral onset in both polymorphs is formed by the
polarization along the zy-plane, with a negligible contribution from the out-of-plane direction.
The IPA and GoW, spectra exhibit similar features, with a shift of approximately 3 eV between
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compared with experimental data [116]. The vertical dashed lines denote the indirect GW band

gaps.

each other. In both minerals, the spectra begin with a low-intensity peak, followed by the main
peak. In calcite, the prominent IPA and GW peaks arise from transitions to the two lowest
conduction bands at the BZ edges, as shown in Figure 4.18.

The excitonic peaks are formed almost exclusively in the in-plane polarization direction. In
calcite, besides the main excitonic peak at 8.2 eV, we report another lower intensity peak at 7.5
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Figure 4.18: Joint band structure of calcite calculated using the (a) SCAN and (b) SCAN+GoW)
methods, compared with the (c¢) k-mesh averaged imaginary dielectric function calculated using
BSE (red line), SCAN+GoWj (blue line) and SCAN (grey line). Energies of the highlighted
peaks are indicated by horizontal lines in the corresponding JBS diagrams.
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eV, which marks the onset of the spectral profile. The available experimental data on the light
absorption of calcite allows for comparison only up to 12 eV [116]. The experimental dielectric
function is characterized by a dominant peak in the in-plane polarization direction, followed
by two low-intensity peaks around 10 eV, in agreement with the BSE spectrum. The main
experimental peak is broader and of lower intensity, which is likely due to finite temperature
effects. Furthermore, thermal broadening may explain the absence of the small excitonic peak
predicted by BSE. The positions and intensities of the spectral features in the out-of-plane
polarization agree well with the experimental results. In aragonite, there is a small peak below
the main peak in the in-plane polarization direction as well, though it is not fully separated from
the spectrum.
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Figure 4.19: GoW+BSE excitonic spectrum of calcite. (a) Dielectric function e, calculated
using k-mesh averaging (red line), with BSE oscillator strengths (green lines) and dark exciton
energies (negative black lines), compared to the experiment [116]. (b) - (d) Amplitude of coupling
coefficient | X {*%| summed over all bands projected onto (100) plane of the Brillouin zone, showing
the reciprocal space distribution of excitons highlighted in the panel a. (e) - (g) Band structure
segments with | X$"¥| represented by the circle size, calculated on 123 k-mesh [54].

In order to understand the prominent BSE spectral features of calcite and aragonite, we
analyzed the excitonic eigenstates with the highest oscillator strengths, as shown in Figure 4.19
and Figure 4.20. The spatial distribution and the character of excitons can be determined from
the electron-hole coupling coefficient resolved in the k-space. Its amplitude, | X %[, is represented
by the size of the circles in Figure 4.19e—g and Figure 4.20b—d [54].
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The exciton wavefunction of calcite is delocalized in k-space, with contribution from multiple
valence and conduction bands, which explains the complicated convergence behaviour. We first
focus on the peak A, shown in more detail in Figure 4.19e. The exciton comprises transitions from
the non-bonding O p upper valence bands to the two lowest 7* conduction bands. The involved
valence bands are primarily composed of O p, states, and the conduction bands are made of the
hybridized C-O p, and Ca d orbitals. The topmost flat valence band with the O p,, character
has a negligible contribution to the formation of the exciton A. This exciton is delocalized across
the entire Brillouin zone, with a large contribution along the I'=T high symmetry path. This
delocalization is evident from the reciprocal space distribution of Y | X% in the (100) BZ cut,
as shown in Figure 4.19b. The largest contribution to the exciton is observed in the z direction,
with a peak at the T point [54].

In calcite, the main peak B is composed of two excitons with comparable optical strengths.
The exciton B; stems mostly from a single pair of bands that form the band gap edges (see
Figure 4.19f). The exciton develops between a hole in the non-bonding O p,, valence band and
an excited electron in the 7* band. In contrast to the exciton A, the exciton By is delocalized in
all k-space directions, except along the I'=T direction. The exciton localization in Figure 4.19¢
shows a disperse character with the highest contribution from the k-points situated between the
center and at the vertices of the BZ.

The exciton By has a complementary character to the exciton B;. It originates from the
transitions between the two topmost valence bands and the second lowest conduction band.
Analogously to the peak By, the contribution from the I'=T path to the peak Bs is reduced. The
largest contribution to | X§"%| comes from the bands where the exciton B; has small amplitude,
i.e., close to the BZ faces. The two peaks By and By taken together are responsible for excitations
between the three uppermost valence and lowest conduction bands [54].

Both excitons A and B are highly delocalized across the first BZ, which implies a significant
localization in real space. Furthermore, the diminishing exciton wavefunction of the peak B
in the I'=T direction, equivalent to the z direction, suggests a large anisotropy. The e-h pairs
are mainly localized on the CO3  structural units, and show a 2D-like in-plane behavior with
minimal extension along the z-axis, perpendicular to the CO3 planes [74].

The real space representation of the excitonic wavefunction has been reported with a hole
centered on an oxygen atom [51]. In agreement with the previous analysis, the main excitons
were found to be highly confined. The exciton A is localized exclusively on the CO3~ units with
negligible in-plane spatial extent. In contrast, both excitons B; and Bs involve Ca electrons and
a certain degree of delocalization. Despite the larger delocalization of excitons B; and Bs, both
are highly confined and involve mainly the nearest Ca atom and the CO3 units around the hole.
The exciton A is centered on a single CO3™ unit, which is typical of Frenkel excitons, while the
excitons B have some contribution from the Ca atoms, which qualifies them as charge-transfer
excitons.

In the case of calcite, the determination of the binding energy for an exciton delocalized in
k-space is problematic. We calculated the binding energy as the difference between the BSE
eigenvalue and the interband separation at the k-point with the largest contribution to the
oscillator strength. The BSE binding energies of the excitons A and B (see Figure 4.19) are
1.65 eV and 1.05 eV, respectively. The excitons centered on the planar CO3;  units with large
binding energies resemble the excitons in low-dimensional systems [117].

Similarly to calcite, the main peak in the dielectric function of aragonite was observed pre-
dominantly in the COj3 plane, as shown in Figure 4.17c-d. The BSE dielectric function of
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Figure 4.20: GoW+BSE excitonic spectrum of aragonite. (a) Dielectric function €, calculated
using k-mesh averaging (red line), with BSE oscillator strengths (green bars). (b) - (d) Band
structure with | X{¥| represented by the circle size, plotted for three excitons, calculated on a
8% k-mesh.

aragonite averaged over the three polarization directions is shown in Figure 4.20a. Even though
the e-h interaction significantly modifies the optical spectrum of aragonite, there are no promi-
nent peaks below the band gap energy in the BSE spectrum. This means that exciton peaks are
not formed below the band gap energy. Lower intensity of excitonic features in aragonite might
be related to the slightly aplanar arrangement of COj units that are the main contributors to
the excitonic effects in CaCOs3. In Figure 4.20, we defined the first bright exciton as the peak A
and the two lowest BSE peaks as B and C.

The exciton A is located below the band gap energy, however, its low oscillator strength
in not sufficient to form a distinct peak in the optical spectrum. It is the first I point exciton
formed between the VBM and CBM. The exciton wavefunction, shown in Figure 4.20b, identifies
a localized exciton with significant contribution in the I'=X direction. The almost dark exciton
A is strongly bound, with a binding energy of 0.75 eV. The low intensity of this excitonic feature
might be attributed to limited overlap between the initial and final electronic states

The exciton B is located at the band gap energy and forms a low-intensity peak in the optical
spectrum. Its position at the absorption onset suggests it is a band-edge exciton, arising from
transitions between the highest valence-band states and the lowest conduction-band states. The
exciton B originates from states located near the face of the first Brillouin zone, primarily along
the region between the Z and T high-symmetry points, as shown in Figure 4.20c.

The main peak C is composed of various high oscillator strength excitations, the strongest
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one of which is shown in Figure 4.20d. It is mostly a I'-point exciton between the sixth topmost
valence band and the third lowest conduction band, which explains the position of the peak
above the band gap energy. The binding energy is equal to 0.66 eV.

The anisotropy of calcite is reflected in its dielectric constants. At low frequencies, the
experimental €q is equal to 8.64 for the xy plane and 8.23 along the z axis [148]. The electronic
contribution, measured by far-infrared reflectance, yields €., = 2.63 and 2.17 along the zy and z
directions [148], which implies an almost isotropic ionic dielectric constant e; ~ 6. Our calculated
values are in a good agreement with these reports. The the local field effects within the GoW,
approximation at the level of RPA bring the values of €., even closer to experimental values [54].

4.6 OQOutline

The results presented in this chapter highlight the need for accurate and sophisticated approaches
when calculating the optical properties of cementitious materials and their constituent phases.
The combined SCAN+GyWy+BSE approach significantly improves the predictive capability of
first principles calculations and enables a parameter-free description of optical excitations, by
avoiding empirical corrections such as the scissor operator.

A common observation across many of the studied materials is the presence of bound electron-
hole pairs, or excitons, at or near the onset of optical absorption. These excitonic features,
although sometimes of low intensity, play an important role in shaping the spectral profile and
determining the effective optical gap. Their occurrence is closely related to the wide band gaps
and moderate dielectric screening characteristic of cement phases, which favors the formation
of excitons. The relatively low values of the electronic dielectric constants obtained for most
calcium silicates, aluminates, and hydrates are consistent with their predominantly ionic bonding
character and limited electronic polarizability, especially when compared with more covalently
bonded semiconductors or transition-metal oxides.

Accurate knowledge of optical and dielectric properties is essential for emerging applications
that extend beyond the traditional structural uses of cement-based materials. In particular, the
ability to predict the optical response in the IR and UV—Vis is crucial for the design of materials
for radiative cooling, thermal management, and photonic applications. The results obtained
in this chapter provide a reliable basis for modeling macroscopic optical properties, including
emissivity, reflectance, and absorption in heterogeneous systems. In subsequent chapters, the
calculated IR and UV-Vis spectra will be used to investigate size-dependent optical effects and
to predict the radiative behavior of both simple phases and complex cementitious composites.
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Chapter 5

Radiative cooling in the bulk

The radiative cooling technology has the potential to reduce the energy consumption and running
costs of buildings through the design of building materials with novel optical properties. For
instance, the photonic concrete (PC) can reduce the running costs and reduce the CO5 footprint
[2]. PC is a promising candidate for daytime radiative cooling applications [2—5], that aims not
only to reduce the large air-conditioning energy consumption, but also to mitigate the urban heat
island effect [6]. PC capable of radiative cooling will be able to passively dissipate heat into space
through the atmospheric transparency window (ATW) in the IR range of 8-13 pm [3-5]. The
heat radiated in the ATW does not warm the atmosphere, which reduces the overall contribution
of urban areas to the greenhouse effect.

This chapter focuses on the radiative properties of bulk cement and concrete phases, with
particular emphasis on their thermal emission and absorption in the IR range. We introduce and
describe the emissivity spectra obtained from heat-transfer models to quantify the thermally ra-
diated power. Similarly, we evaluate the absorption of incoming solar radiation in the bulk limit.
These models provide a consistent theoretical framework for linking intrinsic material properties,
such as optical constants and phase composition, to macroscopic radiative performance.

By establishing the modeling approach, the chapter lays the foundation for a systematic
investigation of the radiative properties of cement- and concrete-based materials. This analysis
represents a crucial first step toward understanding how these widely used construction materials
interact with solar and thermal IR radiation. In the following chapter, this framework is ex-
tended to account for size-dependent phenomena, which have an important effect on scattering,
emissivity, reflectance and therefore the overall radiative behaviour.

5.1 Computational details

In this chapter, we calculated the Mie scattering using the summation order of 35, as defined
in Equation 2.47 and Equation 2.48. The hemispherical emissivities were calculated using the
Hapke model and Mie single-particle albedo. The atmospheric transmittance was assumed for
the summer-time in Pamplona, Spain [/8] and the temperature of materials was set to 300 K.
The solar absorbance was estimated using the ASTM solar irradiation tables [119], with the net
solar power of 1017.7 %
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Figure 5.1: Complex refractive index and dielectric function of (a) CaO, (b) a-SiOs, (c¢) a-
Al O3, and (d) a-FeyO3. The ATW region is shown as grey and the Reststrahlen bands as violet
areas. Dielectric functions were shifted above the refractive index curves for a better readability.

One of the leading parameters regarding the radiative cooling performance is emissivity,
which can be expressed in terms of the complex refractive index within Hapke model. It is
therefore useful to examine the relationship between the dielectric function, the refractive index,
and emissivity. The refractive indices of simple cement-forming oxides are compared with their
dielectric functions in Figure 5.1. In this figure, the Reststrahlen bands, spectral regions where
the real part of the dielectric function €¢; becomes negative, are highlighted as violet regions.
The refractive index n approaches zero within the Reststrahlen bands, which is associated with
high reflectance. Similarly, k£ values grow there and reach the peak values where the imaginary
part of the dielectric function €, has the highest values.

Emissivity is a dimensionless quantity that ranges between zero and one. A comparison of
the refractive index and emissivity of simple cement-forming oxides (see Figure 5.2) reveals a
clear correlation between the two. Specifically, emissivity is reduced in the Reststrahlen bands
where the real part of the refractive index n is small. Reflectance dominates in Reststrahlen
bands, which leads to a suppression of thermal emission. Conversely, emissivity increases with
increasing refractive index, both within and outside of the Reststrahlen bands. Selective emis-
sivity describes the ability of a material to exhibit high emission within the ATW and reflect
radiation at other wavelengths. An ideal radiative cooling material would therefore combine
Reststrahlen bands located outside the ATW region with high emissivity within it.

In this chapter, the bulk or single-crystal-like emissivities are calculated for large particles,
which are described by the Mie single-scattering albedo. The bulk properties were obtained for
a representative particle radius of 5000 pm. The resulting emissivity spectra are compared with
the corresponding refractive indices data in Figure 5.2-Figure 5.5.

For radiative cooling applications, high emissivity within the atmospheric transparency win-
dow is essential. The presence of absorption bands within the ATW leads to reduced hemispher-
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Figure 5.2: Hemispherical emissivity and complex refractive index of (a) CaO, (b) a-SiO,, (¢)
a-Al, O3, and (d) a-FesO3. The ATW region is shown as grey and the Reststrahlen bands as
violet areas.

ical emissivity of bulk materials, which negatively affects the cooling performance. Among the
simple cement-forming oxides, shown in Figure 5.2, a-SiOs and a-Al;O3 exhibit significant ab-
sorbance within the ATW. In particular, a-SiO, shows absorption between approximately 8 and
14 pm, which originates from optically active phonons associated with various Si-O stretching
modes [150, 151]. These vibrational modes give rise to multiple peaks in the imaginary part of
the dielectric function ey [152] and the extinction coefficient & spectrum, which are responsible
for the corresponding emissivity minima. Similarly, the emissivity minimum observed in a-AlyO3
spans over the range of 13-17 pm and is associated to Al-O vibrational modes [153], which in-
cludes the ATW region. Because of these intrinsic vibrational properties, complex oxides that
contain SiOy or Al,O3 as constituents also exhibit absorption bands in the ATW. In contrast,
CaO and a-Fe;O3 have their dominant absorption bands at longer wavelengths outside of the
ATW and their bulk hemispherical emissivity remains high there. As shown in Figure 5.2b; the
only simple oxide that exhibits some selective emissivity within the ATW region is a-SiO,, with
two narrow Reststrahlen bands at the edges of the ATW region.

The emissivity spectra of the investigated cement phases are shown in Figure 5.3. All six
cement structures exhibit relatively high emissivity over a large portion of the infrared spectrum,
which indicates that these materials are generally efficient thermal emitters. At the same time,
each cement phase displays narrow emissivity minima within the ATW. In the case of alite, this
minimum does not significantly reduce the total radiated power, because it coincides with an
atmospheric absorption band located just below 10 pm (compare Figure 5.3 with Figure 1.3 and
Figure 5.6). Minima at other wavelengths within the ATW region affect the cooling properties
more negatively. Out of the cement phases, C4AF has the highest emissivity in the ATW with
only one shallow minimum. Compared to the simple oxides, the more complex crystal structures
of cement phases give rise to a larger number of optically active phonon modes. Each of these
modes contributes an absorption peak in the IR region, which in turn influences the spectral
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Figure 5.3: Hemispherical emissivity and complex refractive index of cement phases. The ATW
region is shown as grey and the Reststrahlen bands as violet areas.

dependence of the refractive index and extinction coefficient. When multiple absorption peaks
occur in close spectral proximity, their combined effect modifies the emissivity profile over a
broader wavelength range. In particular, the presence of closely spaced phonon resonances re-
duces the width and depth of individual emissivity minima, which leads to a smoother emissivity
spectrum. Among the studied cement phases, the spectral positions of the Reststrahlen bands
are the closest to the ideal selective-emitter configuration in gypsum, where the ATW region is
in between two high reflectance spectral regions.

The results for the studied concrete phases are shown in Figure 5.4. With exception of
portlandite, the hydrated phases exhibit complex crystallographic structures that strongly in-
fluence their optical response in the infrared spectral range. As in the case of cement phases,
this structural complexity leads to a dense distribution of vibrational modes, which reduces the
width of individual spectral features. As a consequence, the corresponding emissivity minima are
generally shallower and narrower than those observed in simpler oxides, which results in a more
uniform and relatively high emissivity across a broad range of IR wavelengths. In contrast, port-
landite has a simple crystal structure, which is reflected in the dielectric function characterized
by only a few prominent vibrational resonances. Accordingly, its emissivity spectrum exhibits
a single broad emissivity minimum located at wavelengths above 17 pm. Since this minimum
lies outside the ATW region, it does not significantly affect radiative cooling performance in the
single-crystal limit. The remaining concrete phases have emissivity minima that fall within the
ATW region. These minima are in T11, T14 and jennite similar to the emissivity minimum
found in a-SiO,, both in terms of the spectral position and shape. In a similar way, the emis-
sivity spectrum of ettringite partly resembles that of gypsum, which highlights the important
role of phase composition and hydration products in determining the radiative properties of con-
crete composites. These similarities suggest that the IR optical behavior of hydrated calcium
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Figure 5.4: Hemispherical emissivity and complex refractive index of some hydrated concrete
phases. The ATW region is shown as grey and the Reststrahlen bands as violet areas.

silicates and sulfates is largely governed by the vibrational modes of Si-O and SOy structural
units, which produce characteristic Reststrahlen bands in comparable wavelength ranges. Based
on the spectral distribution of the Reststrahlen bands, T11, T14, ettringite, and jennite exhibit
a certain degree of selective emissivity, as their reflectance bands partially surround the ATW
region.

The emissivity spectra of the raw materials and clays are shown in Figure 5.5. Both stud-
ied polymorphs of CaCOj3 exhibit high-intensity absorption peaks located just below the ATW.
These absorption features correspond to narrow and deep emissivity minima, which reduce ther-
mal emission in specific spectral intervals. In contrast, clays and CS display broader emissivity
minima and multiple absorption peaks within the ATW region. This behavior arises from their
more complex crystal structures, which give rise to numerous optically active vibrational modes
associated with Si-O and Al-O bonding environments. Anatase, on the other hand, has a simpler
crystal structure, which results in more widely separated absorption peaks and extended spectral
regions where the refractive index remains low. These features give rise to a broad emissivity
minimum that extends into the ATW region. A certain degree of selective emissivity was also
observed in aragonite, CS wollastonite, illite, and kaolinite. Low emissivity, or equivalently high
reflectance in the ATW above 10 pm is particularly unfavorable for radiative cooling perfor-
mance. In this spectral region, the atmospheric transmittance is the highest, which means that
thermal radiation emitted by a material can escape most efficiently into outer space through
there. Suppressed emissivity in this wavelength range therefore reduces the overall radiative
cooling potential, as it limits the thermal power that can be effectively dissipated.

Comparing to the simple cement-forming oxides, the spectral features of the complex phases
are narrower and shallower. The smoother spectra may be beneficial for maintaining relatively
high thermal emission over a wide spectral interval. Such characteristics are particularly relevant
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for the macroscopic radiative properties of concrete, where multiple phases coexist and their
individual spectral features are averaged in composite materials.

5.3 Net radiated powers

Radiative cooling occurs when the net radiated thermal power of a material exceeds the total
incoming energy from solar irradiation, atmospheric thermal radiation, and non-radiative heat
transfer processes such as conduction and convection. In order to isolate the radiative contri-
bution, we first evaluate the balance between thermal emission and atmospheric absorption. In
Figure 5.6a-b, two limiting cases are shown: a full black-body radiator and an ideal selective
emitter, in thermal equilibrium with the atmosphere at 300 K. The temperature-dependent ra-
diated power of a broadband emitter are approximated by Planck’s black-body radiation law,
defined in Equation 2.74. For such emitter, the total radiated power corresponds to the area
under the black-body radiation curve. The atmospheric losses are calculated by multiplying the
spectral radiance of the material by the atmospheric emissivity. Thermal radiation absorbed by
a radiating object from the atmosphere in thermal equilibrium is shown in Figure 5.6a as the
blue-shaded area.

Materials that emit strongly within the ATW release thermal energy into outer space through
spectral region where atmospheric absorption is minimal. As shown by the red-shaded area in
Figure 5.6, the emitted power within the ATW exceeds the absorbed atmospheric radiation in
that region. The resulting imbalance between emitted and absorbed radiation leads to a net loss
of energy, which leads to a temperature decrease below the ambient one. This energy difference
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Figure 5.5: Hemispherical emissivity and complex refractive index of (a) calcite, (b) aragonite,
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Figure 5.6: Radiated powers of (a) the black body radiator, (b) the perfect selective black-body
radiator, and (c) tobermorite 14A. The black curves are the black body radiation envelopes at
300 K, the red area shows the energy radiated by materials, and the blue area is the radiation

absorbed from the atmosphere. For tobermorite 14A the effect of the atmospheric temperature
on the radiated power is included.

is the fundamental mechanism of radiative cooling.

The cooling performance is defined as the difference between the radiated and absorbed pow-
ers. Therefore, materials with selective emissivity within the ATW region have better radiative
cooling performance, as demonstrated by the ideal case of a perfect selective radiator shown in
Figure 5.6b. The ideal selective radiator does not absorb radiation outside of the ATW region,
which significantly reduces atmospheric losses and increases its cooling capabilities at higher
ambient temperatures, as shown in Figure 5.7. Since realistic materials absorb in a wide range
of wavelengths, their radiated powers decrease quickly at higher atmospheric temperatures.

The radiated and absorbed powers of realistic materials are governed by their thermal emis-
sivities, which determine how efficiently a material emits and absorbs thermal radiation. The
radiated power of T14, shown in Figure 5.6¢, is reduced in comparison with ideal black-body
radiation due to the emissivity minimum at 8 pm, which is shown in Figure 5.4. The influence of
the atmospheric temperature on radiative cooling performance of materials is illustrated on the
example of T14. Because the emitted thermal radiation follows the shape of the black-body dis-
tribution, an increase in temperature shifts the atmospheric emission spectrum towards shorter
wavelengths and increases its overall intensity, as shown in Figure 5.6¢. As the ambient temper-
ature rises, the overlap between the material emission and the atmospheric radiation becomes
larger. Consequently, the power absorbed from the atmosphere increases and the net radiated
power decreases. Eventually, the cooling potential vanishes when the power emitted by the ma-
terial equals the power absorbed from the atmosphere. At this point, radiative equilibrium with
the surroundings is reached and no further cooling below the ambient temperature is possible.

5.3.1 Atmospheric losses

The radiated powers of bulk materials in the single-crystal limit are shown in Figure 5.7 as a
function of ambient temperature. The theoretical curves for black-body and the perfect selective
radiator are shown as the full and dashed black lines, respectively. The dashed colour lines
account for non-radiative losses, while solar losses were neglected. These results provide an
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upper limit of the radiative cooling performance and describe the temperatude-dependence of
the radiated powers.
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Figure 5.7: Net radiated power as a function of the temperature difference between material
at 300 K and the atmosphere for cement-related materials. The full lines represent atmospheric
losses and the dashed lines include non-radiative losses. The full black body radiator and selective
black-body radiator in the ATW are plotted with solid and dash-dotted black lines.

As shown in Figure 5.7, most cement and concrete phases exhibit high net radiated powers at
thermal equilibrium (AT = 0), with several materials reaching values comparable to those of the
black body. This trend indicates that many of the studied phases are efficient thermal emitters
under ambient conditions. In contrast, a low net radiated power is observed for a-Al,O3, due to
its deep emissivity minimum in the ATW spectral region. Similarly, clays, CS, and anatase show
reduced radiated powers. On the other hand, high net radiated powers are obtained for CaO,
iron oxides, portlandite, and CaCOs3. These materials benefit from their high thermal emissivity
in the ATW region, related to the absence of strong absorption bands in this region.

The BB selective radiator exhibits slowly decreasing net radiated power, as shown by the
dash-dotted lines in Figure 5.7. The slope of the net radiated power curves with respect to tem-
perature can be therefore related to the selectivity of the thermal radiation within the ATW.
The slope of the temperature-dependent radiated power curves is for most phases smaller than
that of the black-body radiation. Notably, large crystals of C4AF, portlandite, CaCO3 and
anatase reach higher radiated powers than the black-body radiator at higher ambient temper-
atures. These materials exhibit emissivity minima outside of the ATW region, which reduces
their atmospheric losses.

The net radiated power of a black-body emitter (solid black line in Figure 5.7) is higher
than that of a perfect selective radiator (dashed black line in Figure 5.7) at temperatures below
the equilibrium temperature. This regime corresponds to the region to the left of the vertical
dotted line in Figure 5.7, where the temperature of the emitter exceeds that of the environment.
Broadband emission across the entire infrared spectrum allows the black body to release more
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thermal energy overall. Even though part of this radiation is reabsorbed by the atmosphere,
it is possible to cool an object whose temperature is higher than that of its surroundings by
emitting thermal radiation at any wavelength. For this reason, many real material phases can
act as more efficient radiators than an ideal selective emitter at temperatures above ambient.
Radiative performance in this range is particularly relevant for applications in which devices
operate significantly above ambient temperature. One such example is the thermal management
of photovoltaic modules, where efficient heat removal significantly improves the performance [17].
Figure 5.7 also provides information about the temperature-dependence of the radiated pow-
ers. The zero-crossing with the z-axis determines the highest temperature difference between
the radiating material and the atmosphere. The radiated powers that include non-radiative
losses are plotted by dashed lines. We assumed the coefficient of non-radiative losses, defined
in Equation 2.76, equal to 10 %, which is an intermediate value. Non-radiative losses are
defined as a linear function of the temperature difference between material and the atmosphere,
therefore they change the slope of the net radiated power curves. The cooling potential without
considering the solar losses of the studied phases in the single-crystal limit is defined by the zero-
crossings of the dashed lines in Figure 5.7. Neglecting solar losses is a equivalent of the night
cooling. The largest cooling potential of around 7 K was found for hematite, C4AAF. portlandite
and CaCOgs. The lowest cooling temperature depends on location and the weather, since the
non-radiative, atmospheric and solar losses strongly depend on the atmospheric conditions.

5.3.2 Solar losses

Solar losses are caused by the absorption of more energetic radiation in the UV, Vis, and NIR
ranges, which is facilitated by the excitation of electrons. The absorption edge is given by
the optical band gap. Solar losses are defined similarly to atmospheric losses, but instead
of atmospheric transmissivity, the inputs are the solar spectral irradiation and the material
response in the UV-Vis—NIR region, as defined in Equation 2.75. The electronic response, band
gaps, and dielectric functions of cement and concrete phases were discussed in Chapters 1 and
2.

In order to estimate the solar losses, we use Beer-Lambert law in Equation 2.77. The solar
powers absorbed by macroscopic particles with diameter of 4 ¢cm subtracted from the radiated
powers are shown in Figure 5.8. The green bars show the radiated powers reduced by the solar
losses and the grey bars show the magnitude of the net radiated powers without solar losses,
which represent the theoretical upper limit of the thermal radiated power. Materials for which
solar loss exceeds radiated power are shown with red bars. In the case of the iron oxides the
complete red bars are not shown, since they by far exceed the thermal radiated powers.

Most oxides are wide-bandgap insulators, therefore the absorbance of the solar radiation is
minimal. The lowest solar losses were identified for CaCO3 and portlandite with almost zero
losses, followed by CaSQy, a-AlyOgs, belite, a-SiOy, C3AH, CS and clays. In contrast, the
smaller band gap of hematite and C4AF, calculated by SCAN+GyWj to be 2.42 eV and 3.24
eV, results in absorption of the UV—Vis frequencies. Consequently, a-Fe;O3 strongly absorbs
light and does not scatter UV—-Vis efficiently, as shown in Ref. [154]. This completely diminishes
the radiated thermal power of iron oxides. Similarly, CaO, alite and anatase have smaller band
gaps and absorb some UV light. The absorption spectrum of C3A was calculated at the DFT
level; therefore, the true bandgap is larger and the absorption in the UV range should be smaller.
Solar losses in these materials can be significantly reduced by increasing reflectance, for instance
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Figure 5.8: Radiated thermal powers of large crystals at 300 K in equilibrium with atmosphere
are shown in grey, the radiated powers reduced by solar losses as green bars and red bars
represent materials where the solar losses exceed the radiated powers. Dashed black line shows
net radiated power of the black-body radiator.

by using smaller particles that effectively reflect solar radiation.

5.4 Outlook

The radiative properties of cement and concrete phases are governed by their thermal emissiv-
ities, which control the amount of emitted and absorbed thermal radiation. We analyzed the
emissivity and radiative properties of perfect bulk crystals of cement and concrete phases. We
evaluated the theoretical upper limit of the radiative cooling power and determined the solar
absorption losses. Deviations from ideal black-body behavior, such as emissivity minima in
specific spectral regions, can significantly reduce the radiated power of certain materials. The
net radiative cooling power is also strongly temperature-dependent, as increasing temperature
enhances atmospheric absorption and eventually suppresses cooling when emitted and absorbed
powers balance out. The results demonstrate that both chemical composition and crystallo-
graphic complexity play a decisive role in determining the emissivity spectra of raw materials
and additives used in cement and concrete.

The results presented in this chapter already provide clear indications of which materials are
suitable for radiative cooling applications. In terms of radiated power, only alumina exhibits
distinctly lower values compared with other oxides. More critically, the solar losses associated
with iron-containing oxides are prohibitively high, which makes these materials unsuitable for
efficient radiative cooling.

Building on the findings of this chapter, further analysis focuses on strategies to mitigate
solar losses. One effective approach is to enhance light scattering in the UV-Vis spectral region
to reducing solar absorption. In this context, the photonic properties of cement and concrete
play a central role and form the cornerstone of photonic concrete development.
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Chapter 6

Photonic properties of cement and
concrete

A significant portion of the heat trapped in urban areas comes from the solar radiation absorp-
tion. Approximately 6% of the total solar energy falls within the UV range, 40% in the VIS
range and 54% in the NIR range [166]. The reflection of solar radiation is essential to reduce
the heating of buildings exposed to the sun. Because light scattering is maximized when particle
sizes are comparable to the wavelength of incident radiation, we investigate the photonic prop-
erties of cement and concrete phases to identify those that reflect solar energy most efficiently.
In parallel, we analyze the size dependence of emissivity to clarify how particle size influences
radiative cooling performance

The size-dependent interaction of light with matter can be investigated using classical Mie
theory [2, 62, ], which provides a description of single particle scattering and absorption
processes. This theory accounts for the reflection, refraction, and diffraction of light by well-
separated spherical cement particles. In the context of radiative cooling, the objective is to
identify materials that combine high emissivity within the ATW and strong reflectance of solar
radiation. As the interparticle distance decreases, scattering behavior and related optical prop-
erties are modified by multiple-scattering effects. The emissivity of densely packed powders can
be described using the Hapke multiple-scattering model [67,69,70,155]. Together, Mie scatter-
ing and Hapke emissivity models provide a good starting framework for the design of PC-based
radiative coolers.

This chapter examines the photonic properties of the main cement and concrete oxides over
the sizes ranging from the nano- to micro-scale. We used the full dielectric functions with ionic
and electronic contributions to compute the key photonic quantities, such as scattering efficiency;,
size-dependent emissivity, and spectral reflectance over a broad wavelength range. The results
of this chapter are essential to understand and tailor the radiative properties of cement- and
concrete-based components for environmental and energy-related applications.

6.1 Computational details
In this chapter, we calculated the Mie scattering using the summation order of 35, as defined in

Equation 2.47 and Equation 2.48. The scattering anisotropy was in the emissivity calculation
included via Equation 2.64. The Mie scattering order used in the calculation of the single-
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particle albedo and Hapke-Hulst (HH) reflectance was set to 45. In order to avoid the ill-defined
H-function and Hapke emissivity at albedo values approaching one, we truncated the albedo at
w = 0.999. We use HH method instead of the Hapke model, which fails at large albedo values
and can even predicts reflectance above unity. The atmospheric transmittance was assumed for
the summer-time in Pamplona, Spain [18] and the temperature of materials was set to 300 K.
The solar absorbance was estimated using the ASTM solar irradiation tables [119].

We performed scattering calculations using the MSTM code, which implements the multiple-
sphere T-matrix method for clusters of spheres with arbitrary sizes, refractive indices, and
spatial arrangements. The code solves Maxwell’s equations rigorously by accounting for multiple-
scattering interactions between spheres and provides access to orientation-averaged and fixed-
orientation optical properties. The Mie order was set to 10 and the particle clusters contained
960 and 370 spheres for diameters of 0.5 and 1 microns and 43 particles for all remaining particle
diameters. The number of spheres in a cluster was chosen such that the aggregates are larger
than the wavelength of the scattered light and at least 20 microns in diameter. The spherical
aggregates contained closely packed spherical particles.

6.2 Size dependent IR emissivity

Hapke theory approximates the multiple scattering processes in a qualitative way and can be used
to describe the emissivity spectra of particulate materials. The size dependence of emissivity
exhibits distinct trends across different spectral regions, governed by the values of the real and
imaginary parts of the refractive index, n and k [71]. In the bulk limit, strong absorption bands
characterized by large k values correspond to emissivity minima, known as class 1 behavior. In
these regions, surface reflection at particle boundaries dominates, which allows little radiation
to escape the material. Conversely, when n > 1 and k approaches zero, absorption is weak and
volume transmission becomes dominant, which leads to high emissivity. This regime, referred to
as class 3, typically occurs in spectral regions between absorption bands. Additionally, class 2
behavior is defined for intermediate values of k£ with n > 1 typical for weakly absorbing regions,
while class 4 behavior corresponds to regions where both k ~ 0 and n ~ 1 [71].

Class 1 behavior is characterized by strong absorption and high internal reflection. For large
particles, the thermal radiation generated within the interior of the material encounters only a
limited number of internal interfaces before reaching the surface. As the particle size decreases,
the number of internal reflections increases. Each internal interface contributes not only reflected
but also emitted radiation, which enhances the probability that thermal energy escapes from the
material. Consequently, the cumulative effect of multiple scattering events leads to an increase
in emissivity. Within strong absorption bands, this mechanism becomes particularly strong, as
emissivity increases with decreasing particle diameter [71].

In contrast, class 3 behavior is characterized by a reduction in emissivity for powders com-
posed of smaller particles [71]. In this regime, the increased number of interfaces associated
with decreasing particle size, together with n > 1, extends the optical path length within the
material. Because absorption remains weak due to small but nonzero values of k, the longer
optical paths increase absorption, which ultimately reduces emissivity.

The aforementioned behaviour is observed in Figure 6.1-Figure 6.5 for all oxides. The bulk
emissivity, shown as black curves, is close to unity at most wavelengths except from the class
1 absorption bands. Emissivity within the absorption bands increases with decreasing particle
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diameter, as indicated by the changing colours. The region of class 3 between the absorption
bands shows the opposite behaviour and emissivity decreases there.

The emissivity spectrum of CaO is shown in Figure 6.1a. The bulk emissivity shows a deep
minimum in the absorption band above 25 pm. Emissivity increases with decreasing particle
size in the absorption band (class 1) and decreases in the region of the shallow minimum (class
3), where a wide emissivity minimum eventually forms. As a result, a peak appears between
these two regions, which also known as the Christiansen feature [71] related to the class 4
behaviour, where n is close to unity and k is negligible. There is virtually no reflection at
interfaces at the Christiansen frequency and radiation freely escapes the material regardless of
the particle diameter. The Christiansen feature is material-dependent and has application in
the spectroscopy, especially in the planetary research [150,157]. The Christiansen peak can be
found in other oxides below the first IR absorption band.

Silica is well known for its radiative cooling properties [1], which arise from being optically
active within the ATW. The size-dependent emissivity of a-SiOs is shown in Figure 6.1b. Re-
duced particle sizes fill the emissivity minimum between 8 and 10 pm but also diminish the
high-emissivity regions between 10 and 18 ym. The total radiated power within the ATW de-
creases accordingly to the relative magnitude of these emissivity changes in the ATW region.
When the particle diameter decreases below 5 microns, a clear shift in the trend is observed
as the single particles become highly emissive across the entire wavelength range. The emis-
sivity spectra of a-SiO5 enable a direct comparison between the calculations and experimental
data [71, 156, 158]. The Hapke-Mie method successfully captures the size-dependent emissivity
trends by predicting an increase in emissivity within the absorption bands and a corresponding
decrease in the interband regions. The model predicts slightly deeper emissivity minima for
both class 1 and class 3, which may be attributed to the underestimation of multiple scattering
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Figure 6.1: Size dependent Hapke-Mie emissivity of cement-forming oxides (a) CaO, (b) a-SiO,,
(¢) a-Aly03, and (d) a-Fe;Og, in air. The line colours represent different particle diameters, and
the dashed lines correspond to the ATW. The high reflectance Reststrahlen bands are shown as
red areas.
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effects [71,159] and to anisotropic scattering in realistic silica powders.

The emissivity spectra of a-Al;O3, shown in Figure 6.1c, are dominated by a broad and
deep absorption band spanning through the 10-16 pm range, which significantly reduces the
emitted power within the ATW. The Christiansen feature, located at 7.5 pm, is broader than
in the case of silica. The particles with diameters below 5 microns become highly emissive
across the IR range as they become much smaller than the wavelength of light. As the particle
size decreases, the emissivity increases at all wavelengths. The emissivity measurements on
particulate a-Al;O3 show good agreement with our results in terms of both spectral features
and intensities [158, , 161]. Indeed, alumina nanoparticles have been reported to enhance
emissivity and improve the radiative cooling performance of polymer films [158]. Our calculations
support these findings and demonstrate the reliability of the theoretical approach.

The thermal emissivity of a-Fe,Ogz, shown in Figure 6.1d, is characterized by multiple broad
and deep minima, which arise from several absorption bands. For a-Fe,Ojs, trends similar to
those observed for the oxides discussed above can be identified. Similarly to CaO, hematite
microparticles efficiently scatter thermal radiation with wavelengths below 15 pm, as the first
absorption band is located at longer wavelengths than in a-SiO, or a-Al;O3. However, the
corresponding emissivity minimum does not extend into the visible wavelength range, which
implies low reflectance of solar radiation by hematite nanoparticles.

To quantify the effect of particle size on the radiated thermal power, we calculated the
radiated powers for each particle size in the same way as in the previous chapter. In Figure 6.2,
we present the net radiated powers for particle radii up to 200 microns in two different media:
air and C-S-H, approximated by tobermorite 14 A. The environment of concrete was simulated
using a modification of Mie theory for absorbing media [61]. The dielectric properties of the
C-S-H medium were approximated using the dielectric function of crystalline T14, which can be
found in Chapter 2.

The net radiated powers of simple cement-forming oxides, obtained by integrating the radi-
ated powers over the wavelengths in the range from 4.5 to 40 pm, are shown in Figure 6.2a. In
this representation, the single-crystal limit discussed in the previous chapter corresponds to the
particle diameters on the right side of each plot. For emitters in air, the highest radiated powers
in the large single-crystal limit were obtained for CaO and a-Fe,O3. However, this behavior
changes fast for smaller particles, as both minerals exhibit deep emissivity minima at diameters
below 50 microns. In contrast, a-SiOs maintains high radiated powers over a wide range of par-
ticle sizes, with a shallow minimum at diameters of around 7 microns. For even smaller particles,
the radiated power increases again, a trend that is common to all the studied materials in air.
Conversely, the radiated powers in the absorbing T14 medium initially decrease with decreasing
particle diameter and then remain nearly constant. Overall, silica particles exhibit the highest
radiated powers in both environments, with the exception of large CaO and a-Fe,O3 particles
with diameters over 500 microns.

The high radiated powers of sub-micron particles are a consequence of high emissivity, which
is almost equal to unity at these sizes. The comparison between calculated emissivity spectra and
experimental data for particulate samples shows excellent qualitative agreement. Nevertheless,
the Hapke-Mie theory employed in this work exhibits certain limitations when confronted with
experimental conditions. The Beer-Lambert law defines a linear dependence of the transmission
on the particle diameter. Therefore, below a critical diameter, particles become semitransparent
to most of the IR wavelengths, which is manifested by the increase of emissivity. The diameter at
which single spheres become semitransparent is defined by the minima in Figure 6.2. The emis-
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Figure 6.2: Sized-dependent net radiated powers of (a) simple cement-forming oxides, (b) cement
phases, (¢) concrete phases, and (d) raw materials, clays and additives in equlibrium with the
atmosphere at 300 K in air (left) and C-S-H-like medium (right) approximated by T14. The
horizontal dashed line represents the power radiated by the black-body.

sivities are obtained according to the Kirchhoff law e = 1 —r, with emissivity e and reflectance 7,
while transmittance was neglected. This approximation is valid for large samples and in spectral
regions dominated by absorption bands and agrees well with indirect experimental techniques
such as reflectance spectroscopy [129, 161]. However, the high emissivity of large particles in
broad non-absorbing wavelength ranges is, in reality, largely influenced by transmittance. The
spectral region below the first Christiansen feature corresponds to the non-absorbing interval
between the UV-Vis and infrared absorption bands, where emissivity is dominated by transmit-
tance. The reduction in emissivity observed for microparticles arises from enhanced scattering
at these wavelengths, which separates two transparency limits: the non-dispersive single crystals
and nanoparticles, that are too small to scatter infrared radiation effectively. The steep increase
of emissivity for small particles is a consequence of using a single-sphere approximation. Real
powders composed of particles with submicron diameters are not expected to increase the net

radiated power, as in the case of using the single-particle Mie albedo, as shown later by the
MSTM results.

The cement phases exhibit more complex emissivity spectra than the simple oxides, as shown
in Figure 6.3. In all phases, the emissivities of small particles show a deep minimum at the wave-
lengths below the ATW, which is in the case of gypsum interrupted by the O-H absorption band
just below 3 pm. Alite maintains high emissivity within the ATW even at smaller particle di-
ameters with exception of the Reststrahlen band at 10 pm. In contrast, gypsum and anhydrite
develop deep emissivity minima within the ATW, which reduces their radiative cooling perfor-
mance. C4AF particles display a high emissivity in the 11-15 pm range, which does not lie fully
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Figure 6.3: Size dependent Hapke-Mie emissivity of some cement phases in air. The line colours

represent different particle diameters, and the dashed lines correspond to the ATW. The high
reflectance Reststrahlen bands are shown as red areas.

within the ATW region. The size-dependent radiated powers of the cement phases are summa-
rized in Figure 6.2b. In air, alite, S-belite, and C3A maintain high-intensity emissivity peaks
within the ATW across all particle diameters. Consequently, decreasing the particle diameter
has the smallest negative impact on the net radiated power of these phases. For particles in
air, the largest decrease in radiated power is observed for anhydrite due to its deep emissivity
minimum around 12 pm. The C-S-H-like medium has almost no effect on the radiative powers of
alite, belite, gypsum and anhydrite, whereas the radiated powers of C3A and C4AF are reduced
in this medium.

The emissivity spectra of concrete phases are shown in Figure 6.4. With exception of port-
landite, the complex IR absorption spectra of hydrated phases reduce wide emissivity minima at
wavelengths below the ATW. Such wide emissivity minima are observed in portlandite, as well
as in most cement phases and simple oxides at wavelengths below the ATW range, or within
it in the case of CaO and hematite. The highest emissivity within the ATW was found in et-
tringite, jennite, and T14.These three phases show high selective emissivity within the ATW
region throughout all particle sizes. The size dependence of the net radiated powers of hydrated
phases is shown in Figure 6.2c. For particles in air, the radiated powers of concrete phases
remain high across all particle diameters. The largest decrease was observed in portlandite and
C3AH, whereas T14, ettringite, and jennite maintain high radiated power without pronounced
minima. The particles of T11, ettringite, and jennite embedded in a C-S-H-like medium exhibit
an increase in their radiated powers. In contrast, portlandite and C3AH show a large reduction
in net thermal radiated power in the C-S-H environment. This drop of the net radiated power
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Figure 6.4: Size dependent Hapke-Mie emissivity of concrete phases in air. The colour lines
represent different particle diameters, and the dashed lines correspond to the ATW. The high
reflectance Reststrahlen bands are shown as red areas.

arises because the high-emissivity region of the Christiansen feature in portlandite and C3AH
coincide with an absorption band of T14, which causes reabsorption and reduces net emission.

The size dependence of the emissivity spectra of CaCQOs, clays, anatase, and CS is shown in
Figure 6.5. The emissivity of particulate calcite decreases significantly within the ATW region,
similarly to CaO, anhydrite and other phases. Aragonite also exhibits a decrease in emissivity at
smaller particle diameters, although it is less pronounced than in calcite, thanks to the emissivity
peak around 9 pm. The emissivities of clays and CS remain high and largely independent of the
particle size in the spectral region above 10 pm. The emissivity of anatase remains high at 11 pm
due to the Christiansen feature located just below the first absorption band. These emissivity
trends are reflected in the size-dependent radiated powers shown in Figure 6.2d. Calcite exhibits
the largest reduction in the net radiated power at smaller particle sizes, whereas kaolinite and
illite appear to benefit from reduced particle diameters, similarly to alumina and C3AH. The
interaction with the T14 medium further diminishes the radiative cooling potential of CaCOj
and anatase, while CS and clays emit more in the presence of the C-S-H-like medium.

The size dependence of the thermal radiative performance of the studied oxides, shown in
Figure 6.2, indicates that certain materials are more sensitive to decreased particle sizes than
others. Most of the materials emit less at smaller sizes, with exception of ettringite, jennite, T14
and clays, which appear to benefit from the reduced particle diameters. The poorest performance
at small particle sizes in air was observed in CaO, a-Fe;O3, [-anhydrite, and calcite. The
radiative properties of the studied oxides embedded in a C-S-H-like matrix deviate significantly
from those in air. Notably, jennite, ettringite, illite, kaolinite, and CS are predicted to exhibit
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Figure 6.5: Size dependent Hapke-Mie emissivity of concrete phases in air. The colour lines
represent different particle diameters, and the dashed lines correspond to the ATW. The high
reflectance Reststrahlen bands are shown as red areas.

improved radiative performance in the concrete environment, making them promising candidates
for the design of PC.

The radiated power of hematite particles in air decreases to nearly half of the bulk values,
which further diminishes its suitability for radiative cooling applications, given its high absorp-
tion of solar radiation. In contrast, the second phase that contains Fe, C4AF, maintains high
radiated power even at smaller particle sizes. Since the band gap of C4AF is bigger than that of
hematite, it can potentially be a more suitable candidate for colored radiative cooling products,
such as paints [162].

According to Kirchoff law, the sum of emissivity and reflectivity equals to one. Thus, IR
regions with high emissivity are associated with low reflectance and a reduced scattering cross-
section. These suppressed scattering regions are observed in all oxides at their material-specific
Christiansen wavelengths, where the emissivity is high. While the height of the Christiansen
emissivity peak remains nearly independent of the particle size, its width increases as the particle
diameter decreases, which results in a broadening of the suppressed scattering region. The
emissivity minimum in the thermal IR range is both deepest and widest in CaO, as shown in
Figure 6.1a. This behavior arises from its relatively simple dielectric function and makes CaO
particles particularly effective reflectors of thermal radiation. In general, the particles with
diameters in the order of tens of microns reflect IR radiation most efficiently, as shown in the
size-dependent emissivity spectra. Powders with a size distribution in this range can therefore
act as effective reflectors of thermal radiation.

Experimental emissivity is strongly dependent on sample conditions. The isotropic scattering
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approximation is applicable to randomly oriented small particles, large absorbing or irregular
particles, rough surfaces, and closely packed powders. However, real samples may exhibit a
combination of these characteristics and may therefore require more advanced approaches that
account for anisotropic scattering lobes or enhanced backscattering [69, 70, 163-165]. The mag-
nitude of emissivity changes in different spectral regions as a function of particle size can depend
on the chosen scattering approximation. Deviations from experimental values may also arise
from the use of the Mie single-particle albedo. Incorporating multiple-scattering effects would
modify the size-dependent emissivities and, consequently, the net radiated powers. Nevertheless,
the use of IMSA captures general trends that are robust and highly instructive for understanding
radiative behaviour.

6.2.1 MSTM emissivity
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Figure 6.6: Size-dependent emissivity spectra calculated using Hapke model with multiple-
scattering albedo computed using the MSTM method of (a) CaO, (b) a-SiOs, (c) a-Al;O3, and
(d) a-FeyOs.

In order to evaluate if the use of the single-particle albedo is sufficient to describe multiple-
scattering effects, we compare size-dependent emissivity calculated using albedo from Mie and
MSTM methods. The T-matrix approach implemented in the MSTM method allows for the
full many-body interaction with light and provides scattering efficiencies of large aggregates of
spherical particles.

The size-dependent emissivity of simple cement-forming oxides is shown in Figure 6.6. The
size-related changes of emissivity follow the same trends and are consistent between the two
approaches. A comparison with Figure 6.1 shows that the two methods produce very similar
results in terms of the positions, shapes, and intensities of the spectral features down to particle
diameters of 5 microns. A discrepancy is observed for smaller particles, as the Mie single-
particle albedo predicts an increase in emissivity up to unity at micron and sub-micron diameters,
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whereas the use of the MSTM albedo does not predict such a rapid change in trends. The
difference arises because single particles become transparent to wavelengths much larger than
their diameter, which is not the case in aggregates and realistic assemblies of small particles. The
radiated powers and radiative cooling performance of simple cement-forming oxides calculated
using the multiple-scattering albedo are shown in Figure 6.15.

6.3 Size-dependent solar reflectance

Approximately 95% of the solar irradiance at the sea level consists of Vis and NIR light [166]. The
thermal losses due to the absorption of solar radiation can therefore be mitigated by achieving
high reflectance in this spectral range. We employed the HH method to calculate the hemi-
spherical multiple-scattering reflectance based on the theoretical frequency-dependent refractive
index. The reflectance was computed using the Mie single-scattering albedo for particles both
in air and embedded in tobermorite 14A.
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Figure 6.7: Size dependent averaged reflectance spectra of (a) CaO, (b) a-SiOs, (¢) a-AlyOs,
and (d) a-Fe;O3. Each curve was averaged over particles with diameters in the ranges specified
in the legend.

We calculated multiple-scattering reflectance for closely packed powders composed of spheri-
cal particles with diameters in the range of 0.1 to 10 microns, at wavelengths ranging from 0.2 to
10 nm. The solar reflectance curves averaged over different particle size ranges are summarized
in Figure 6.7. The averages were calculated for particles with diameters larger than 200 nm and
smaller than 1, 2, 4, and 8 microns, as distinguished by the colour of the corresponding curves.
The reflectance in air is indicated by full lines whereas reflectance in the T14 C-S-H-like medium
is shown by dashed lines. In air, the scattering of the UV—Vis radiation is most efficient for
a-Si0y and a-AlyO3 particles. CaO scatters UV wavelengths less efficiently due to its smaller
band gap, but it exhibits slightly highest reflectance in the NIR region. In contrast, a-Fe;O;
particles show very low reflectance in the UV—Vis range, with only a moderate increase in the
NIR range. The influence of the C-S-H-like (T'14) matrix is similar among the oxides. CaO and
a-Si04 exhibit small decrease of reflectance when embedded in the T14 medium, and the re-
flectance of a-Al;O3 decreases more noticeably. In the plotted range, the reflectance of a-FeyOg
is not affected by the T14 medium. The reflectance of a-AlyO3 in the solar range is reduced
more due to similarities between the refractive indices of alumina and T14, which reduce the
refractive-index contrast and consequently weaken scattering [167].

The reflectance of cement phases in the UV-Vis—NIR is shown in Figure 6.8 averaged over
different particle sizes to simulate realistic powders size distribution. Apart from C4AF, all
cement-phase nanoparticles exhibit strong reflectance of visible and NIR light in air, which
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Figure 6.8: Size dependent averaged reflectance spectra of cement phases. Each curve was
averaged for particles with diameters in the ranges specified by the legend.

indicates efficient scattering of solar radiation at these wavelengths. Unlike the other phases,
C4AF has a relatively small band gap, which leads to significant absorption in the UV range. As
a result, C4AF reflects only a small fraction of the incident solar radiation, similarly to a-FesOs.
Likewise, alite particles reflect less in the UV region, which is related to its smaller band gap
and weak excitonic peaks at the spectral onset. C3A shows comparable reflectance to [-belite,
p-anhydrite and gypsum, although its reflectance in the UV range starts to decrease earlier.
The reflectance of C3A was calculated using the IPA spectrum and the actual reflectance may
therefore be somewhat different.

When embedded in the C-S-H-like T14 matrix, the reflectance of most cement phases de-
creases. This reduction arises from partial matching of refractive indices between the particles
and the surrounding medium, as well as from absorption in the matrix itself, both of which
reduce scattering efficiency. Gypsum and C4AF are the phases whose reflectance is least af-
fected by the T14 matrix, and gypsum in particular maintains high UV—Vis reflectance in this
concrete-like environment. This suggests that gypsum nanoparticles could be effective in mini-
mizing solar absorption when incorporated into cementitious composites. The largest reduction
in reflectance within the T14 matrix is observed for S-belite and C3A. The presence of absorbing
surrounding medium introduces new features in reflectance, particularly in spectral regions close
to the absorption bands of T14. Most cement phases exhibit a region of strongly suppressed
reflectance just below 2.5 pm, where the refractive indices of the cement phases closely match
that of the T14 matrix.

The size-averaged reflectance spectra of concrete particles in both air and the T14 matrix
are shown in Figure 6.9. Overall, the hydrated phases exhibit high reflectance in air across the
solar wavelengths thanks to large band gaps. Reflectance of T14 and portlandite decays faster
in the UV range than in the case of other hydrates, but they maintain high values in the Vis
and NIR ranges. When embedded in the T14 matrix, the reflectance of several phases decreases
significantly. In particular, T11, portlandite, and C3AH show a pronounced reduction in UV-Vis
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reflectance, which decreases scattering and increases solar losses. On the contrary, ettringite and
jennite maintain high reflectance even in the T14 environment, which indicates that their optical
properties are less affected by the concrete-like matrix. For jennite and ettringite in particular,
the absorption bands occur at wavelengths similar to those of T14 within the considered spectral
range, so the surrounding medium has a small influence on their optical response. Overall, the
studied hydrated phases show potential for enhancing radiative cooling performance by reducing
the solar absorption losses thanks to their high reflectance.
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Figure 6.9: Size-dependent, averaged reflectance spectra of concrete phases. Each curve repre-
sents an average over particles with the diameters specified in the legend.

The averaged reflectance spectra of the various additives and raw materials in both air
and the T14 matrix are shown in Figure 6.10. All examined phases exhibit relatively high
reflectance across the UV—Vis spectral range, with the notable exception of anatase. TiO,
reflects significantly less UV light due to its small band gap; however, it reflects strongly in the
Vis and NIR ranges. Among the analyzed materials, CS shows the highest reflectance in air
across the solar spectrum, which indicates its strong scattering properties and low absorption
of solar irradiation. When incorporated into the T14 matrix, reflectance of calcite and clays
decreases most significantly. In contrast, reflectance of anatase and CS are affected less, with
relatively minor changes. The reflectance of visible light by most of the additives and raw
materials considered here is high, which is important for minimizing solar absorption in radiative
cooling applications.

The reflectance of powders in air in the range of wavelengths up to 10 pm is shown in
Figure 6.11. The non-hydrated phases display high reflectance over larger range of wavelengths
thanks to their simpler absorption spectra. The widest spectrum of wavelengths is reflected by
CaO and TiO,, followed by alite, S-belite and calcite, which reflect well wavelengths at least
up to 7 pm. The materials with O-H bonds in their crystal structure, namely hydrated phases
and clays, decrease their reflectance above 2.5 pm. The effects of the particle size distribution
are compared in Figure 6.11a-d for average over diameters between 0.2 and 1 microns, and in
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Figure 6.10: Size dependent averaged reflectance spectra of raw minerals, clays and additives.
Each curve represents an average over particles with the diameters specified in the legend.

Figure 6.11e~h for average over 0.2 and 8 microns. Larger particles slightly reduce reflectance of
short wavelengths and noticeably increase reflectance of NIR light, where new spectral features
emerge. The reflectance in the solar range remains high even for the largest particles.

The use of nanoparticles with an appropriate size distribution can enhance scattering and
reflectance, which could significantly lower the surface temperature. Therefore, we evaluate the
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Figure 6.11: Reflectance in air shown at wavelengths up to 10 pm, averaged for particle diameters
larger than 0.2 and smaller than (a—d) 1 micron, and (e-h) 8 microns.
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6.3 Size-dependent solar reflectance

average solar reflectance can using the expression

2 RO L ()X
(\)dA

Rgun = , (6.1)

2.5pum I
0.28pm = Sun

where R()) is the reflectance and I, the solar irradiance [168]. The integration limits were set
to include most of the solar irradiated power in the UV-Vis—NIR spectral region.

The average solar reflectance R, of the studied phases is shown in Figure 6.12 as a function
of particle diameter, where panels (a—d) represent the reflectance in air and panels (e-h) in the
T14 matrix. Each particle diameter represents reflectance of a powder composed of particles
with the same diameter. In air, the highest solar reflectance was obtained for CaO, CS, C3A,
a-Al, O3, a-SiO9, B-belite and alite. The reflectance of cement nanoparticles is high and similar
across the phases, while gypsum exhibits slightly lower reflectance due to O-H absorption bands
around 2.5 pm. Hydrated concrete phases also reflect well, among which ettringite, C3AH and
T11 perform better. The best reflecting additives at nanometer diameter scale are CS, CaCOs;
and illite.

The reflectance of solar radiation decreases with increasing particle size. However, some
materials have a reflectance maximum within the studied diameter range. For example the
maxima of the hydrated phases and CaCOj3 are located at particle diameters of approximately
300-500 nm. The smallest decrease of the solar reflectance due to particle size was found in
B-belite, C3A and CS. The simple oxides, except from hematite, are highly reflective and show
a small decrease of Ry, for larger particles. Portlandite is the most reflecting material at the
nanoscale but its reflectance reduces faster at larger particle sizes than in other hydrates. The
solar reflectance of the additives for large particles decreases the least in CS and anatase. The
largest reflectance reduction at large particle sizes was found in kaolinite, calcite and portlandite.

The reflectance in the T14 medium decreases for all cement related phase, as shown in
Figure 6.12(e~h). The least affected phases are CaO, a-SiO,, ettringite and anatase. On the
other hand, the largest decrease was found for belite, portlandite, T11 and calcite. Among the
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Figure 6.12: The average solar reflectance Ry, integrated between 0.2 and 2.5 pm of cementitious
phases at different particle sizes, (a-d) in air and (e-h) in the T14 medium.
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investigated phases, these materials are therefore particularly promising for PC applications,
with high reflectance over a broad range of particle sizes.
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Figure 6.13: Solar absorbance by single particles as a function of diameter for (a) simple oxides,
(b) cement phases, (c) hydrated phases, and (d) additives and raw materials.

We also calculated size-dependent absorbance of wavelengths up to 10 pm by single spheres
of all studied materials, as shown in Figure 6.13. Absorbance was calculated using Beer-Lambert
law and the internal reflections were taken into account as a sum of reflection and transmission
events, which lead to a geometric series, as defined in Equation 2.78. There are two materials
absorbing at all particle sizes — hematite and C4AF. The rest of materials absorb less than 100
Wm~2 at diameters below 10 cm. The least absorbing materials at large diameters are a-SiOs,
C3A and CS. Hydrated phases absorb more energy, therefore phases without O-H bonds, with
exception of anatase that has higher k values, are practically unrestricted by the particle size.
The absorbed power of most of the studied phases is lower than the radiated one up to diameters
of tens of centimeters in the perfect crystal limit. Hydrated phases become absorbing faster,
but diameters in the micrometer range have negligible absorbance. The thermal losses in these
materials are therefore completely determined by the reflectance. The linear size-dependence of
absorbance is typical for materials without strong absorption bands below 10 pm limit used for
the integration. This is the best seen for CaO, which has the only IR absorption band at 30 pm.
The non-linear dependences arise from the absorption bands and higher k values that increase
the losses at bigger diameters.

6.4 Radiative cooling potential

In order to compare the potential of the studied materials for radiative cooling applications,
we summarize the calculated radiated power, average solar reflectance, and solar losses in Fig-
ure 6.14. The green bars represent the lowest thermal radiated powers obtained with respect to
particle size in air, as discussed in Figure 6.2. The grey bars correspond to the highest theoretical
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6.4 Radiative cooling potential

radiated powers, following the analysis presented in Figure 5.8. The blue bars indicate the solar
reflectance Ry, defined in Figure 6.12, averaged over particle diameters up to 10 microns in air
to mimic the random size distribution in realistic powders. Lastly, the red bars show the solar
losses calculated using the averaged solar reflectance (blue bars). The powers in Figure 6.14 are
normalized to the black-body radiation at 300 K for purposes of comparison between materials.
The materials are arranged from left to right in order of decreasing radiative cooling capability,
according the difference between the lowest thermal radiated power (green bars) and the solar
loss (red bars).
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Figure 6.14: Radiative cooling of powders composed of cement-related materials. Green and
grey bars are the lowest and highest material radiated powers, blue and red bars are average
reflectances and solar losses of powders composed of particles with diameters in the range of
0.2-10 microns. Radiated abd absorbed powers are normalized to the black-body radiation.

According to the analysis shown in Figure 6.14, most of the studied phases are promising
candidates for radiative cooling applications. There are eleven materials whose radiated powers
are larger than solar losses in the used average reflectance setup, and are therefore capable
of daytime radiative cooling. These materials are jennite, illite, T14, a-SiO,, C3AH, CS, T11,
ettringite, S-belite, alite and C3A. Their performance is good thanks to their high emissivity and
low solar losses. The highest size-averaged reflectance was obtained for C3A, -belite, CaO, CS,
a-Al,O3 and a-Si0O,. The largest radiated power including solar losses were found for C3A, alite
and [-belite. Favorable behavior arises from the combination of high thermal radiated power,
high solar reflectance, and large electronic band gaps that limit solar absorption. Ettringite,
jennite, T14, T11, and illite maintain comparable or even higher radiated power at smaller
particle sizes, which shows that their cooling performance remains high in the micro- and nano-
particle regimes. On the downside, the water molecules make hydrated phases absorbing in the
NIR range, which reduces their radiative cooling performance. The phases without water or OH
groups are therefore better suited for daytime radiative cooling.

Radiative cooling has previously been reported for materials such as a-SiOs and calcite,
which are also included in the present study. As shown in Figure 6.14, calcite is located in
the second half of the radiative cooling performance ranking. Our analysis identifies additional
cement-related phases that are expected to perform even better than silica, which suggests that
they could further enhance radiative cooling capacity.
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Figure 6.15: Radiated powers and potential cooling capacity of cement related phases. Net
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powers (including solar losses) in red, night powers calculated using the MSTM albedo in green
and MSTM daytime powers in dark red. The minimum temperature that can be reached in
atmosphere of 300 K at night is shown as grey (black for MSTM) during night and yellow (light
green for MSTM) during day. Dashed blue lines are Mie single-scattering albedo powers, as
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6.4 Radiative cooling potential

In Figure 6.14, we show the radiative cooling performance of powders with an average size
distribution. Since the size dependence of powder reflectance strongly affects solar losses, we
plot the net radiative powers in Figure 6.15 as a function of particle diameter. Here, the radiated
powers without solar loses are shown in dark blue and are denoted as radiance at night. The
dashed dark blue lines correspond to the radiated powers shown in Figure 6.2, while the solid
lines below 10 microns are extrapolated in order to mimic the behaviour of realistic powders.
The steep increase in radiative power predicted using the Mie albedo arises from the limitations
of this method, as shown in Figure 6.6. The radiative powers calculated using the MSTM
multiple-scattering albedo, plotted as green curves in Figure 6.15, do not predict any rapid
change of trends for the smallest particles. The daytime radiative powers, shown as red and
dark red curves, were obtained by subtracting solar losses from the blue and green curves,
corresponding to the Mie and MSTM albedos, respectively. Furthermore, we estimated the
minimum temperature that each phase can reach during both nighttime and daytime conditions.
These are shown in grey and yellow for the Mie albedo, and in black and dark yellow for the
MSTM albedo, respectively. The minimum temperatures achievable through radiative cooling
in an atmosphere at 300 K were estimated from the zero-crossings of the temperature-dependent
net radiative powers shown in Figure 5.7. The cooling temperatures corresponding to the Mie
albedo results were extrapolated for particle radii below 10 pm and should therefore be regarded
as approximate. Non-radiative losses were included in the calculation of cooling temperatures
according to Equation 2.76, assuming a conduction-convection coefficient of h, = 10 Wm2K 1.

Net radiative powers of simple cement-forming oxides calculated using the single-particle
Mie albedo were compared with those obtained using the multiple-scattering MSTM albedo in
Figure 6.15a-d. In all four cases, the results are in good agreement when the steep increase in
the Mie radiative powers at the smallest particle diameters is neglected (solid dark blue lines).
The agreement is good for both nighttime and daytime radiative powers. Similarly, the cooling
temperatures calculated using the two methods compare well. This comparison shows that the
Mie albedo can be used to predict the radiative properties of these materials, provided that the
response for the smallest particles is appropriately extrapolated.

The analysis presented in Figure 6.15 shows that most materials exhibit positive daytime
net radiative powers, shown by the red curves, and are therefore capable of passive daytime
radiative cooling. The only exceptions are CaQ, because of its small radiated power, and iron
oxides, because of their large absorption. The highest daytime radiative powers, and therefore
the best radiative cooling performance, were predicted for alite, C3A, ettringite, and illite.
Powders of these materials composed of particles with diameters up to 10-20 pum still radiate
more energy than they absorb. Other well-performing materials include S-belite, tobermorites,
portlandite, C3AH, jennite, and wollastonite. Interestingly, a-Al,O3 powders with small particle
diameters are also capable of radiative cooling due to their high reflectance and the filling of
the emissivity minimum located in the atmospheric transparency window (ATW) region in the
bulk material, as shown in Figure 6.6¢c and Figure 6.1. In contrast to the results shown in
Figure 6.14, a larger number of phases are capable of daytime radiative cooling when composed
of monodisperse particles.

We also analyzed the lowest temperatures to which the cement and concrete phases can cool
under both daytime and nighttime conditions. The nighttime cooling ranges from 1 to 6 K within
the plotted range and is, in most cases, more efficient for larger particles. The highest nighttime
cooling capacities were found for iron oxides, aragonite, and clays. In contrast, daytime cooling
is more efficient for smaller particle sizes, as indicated by the yellow curves in Figure 6.15. As
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6 Photonic properties of cement and concrete

the MSTM results for the simple cement-forming oxides show, the cooling temperature curves
closely follow the shape of the daytime net radiative powers. The cooling temperatures of some
phases may be even higher than those predicted by the extrapolated temperature dependence.
Overall, the daytime cooling potential reaches up to 34 K.

The results presented here were obtained for ideal crystalline structures. In practice, many
phases present in concrete are partially or fully amorphous, such as C—S—H gel and silica. Amor-
phous materials generally exhibit broader and less well-defined ionic absorption peaks, and their
band gaps may differ from those of their crystalline counterparts. Furthermore, additional ex-
perimental factors, including finite temperature, material purity, cracks, surface roughness, and
particle shape, can significantly influence emissivity and reflectance.

6.5 Outlook

In this chapter, we analyzed the size-dependent emissivity of the investigated phases to identify
materials suitable for radiative cooling applications. The highest net radiated powers were
obtained for hydrated phases such as ettringite, jennite, tobermorite 14A but also alite and C3A.
Most of the studied phases maintain relatively high radiated power even at smaller particle sizes.
In contrast, the lowest size-dependent net radiated powers were observed for CaO, a-Fe;O3, a-
Al;Og, calcite, and f-anhydrite.Most of the cementitious phases reduce their thermal emissivity
at smaller particle sizes, with exception of alumina, T14, C3AH, ettringite, jennite and clays.

The multiple-scattering albedo obtained using the MSTM method justifies the use of Mie
theory for the calculation of emissivity down to particle diameters of 5 microns. The applicability
of the single-particle albedo below this value is very limited.

Furthermore, we evaluated the solar reflectance of all phases. Our results show that wide-
band-gap insulating materials generally exhibit high solar reflectance. The best performance was
found for CS wollastonite, C3A, S-belite, a-Al;O3 and CaO. These materials effectively scatter
incident solar radiation, particularly at sub-micron particle sizes. On the other hand, absorbing
oxides of Fe have markedly lower reflectance.

A combination of high emissivity in the ATW region and solar reflectance are prerequisites
for daytime radiative cooling, which can potentially achieve sub-ambient temperatures even
under direct solar irradiation. Considering these factors together, powders of C3A, alite and
[-belite are as the most promising candidates for daytime radiative cooling applications. The
powders of ettringite, T14, C3AH and illite with specific particle size exhibit similarly high
daytime radiative cooling. However, high reactivity with water makes the use of the clinker
phases complicated. The hydrated products are therefore good materials for radiative cooling,
regardless of their slightly increased solar losses due to OH groups.

The emissivity and reflectance of the studied phases embedded in the C-S-H-like T'14 medium
were also analyzed. Most phases exhibit reduced performance in a C-S-H-like environment,
though CaO, a-SiO,, gypsum ettringite, CS, anatase, jennite maintain high emissivity and re-
flectance when incorporated into a concrete-like matrix. These results demonstrate that the
interaction between individual phases and the surrounding matrix strongly influences their op-
tical behavior within the composite material.

Overall, our findings highlight the critical roles of particle composition, particle size, and the
surrounding matrix in determining the optical properties of cement phases. This understanding
is essential for optimizing the radiative cooling performance of concrete materials. Thus, cement
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and concrete emerge as promising candidates for radiative cooling applications.
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Conclusions

In this thesis we investigated the optical properties of common cement and concrete phases
in order to evaluate their radiative cooling properties. The underlying optical constants were
obtained from GoW, and Bethe-Salpeter calculations in order to include many-body effects. Our
results demonstrate that approaches beyond standard DFT are necessary to accurately predict
the optical response of cement-based materials and achieve excellent agreement with available
experimental data. The size-dependent phenomena were analyzed using Mie theory and Hapke
model. The outcomes of this study provide a guidance for the development of photonic concretes
capable of radiative cooling through the incorporation of nano- and micro-particles as cement
additives.

A comparison of exchange-correlation functionals reveals that the SCAN functional performs
better than the GGA functional in predicting both lattice parameters and DFT band gaps.
Importantly, the SCAN+GyWj approach yields electronic structures that are in better agreement
with experimental data. These findings indicate that SCAN provides an efficient and reliable
ground-state description for subsequent optical-property calculations, without the need for semi-
empirical variables.

Our results emphasize the crucial role of electron-hole interactions in achieving accurate
optical spectra, since these interactions account for exciton formation at the absorption onset.
Several cement and concrete phases exhibit excitonic peaks below the quasiparticle band gap.
More importantly, BSE redistributes and shifts the GW spectra, which is essential for obtaining
optical spectra that can be quantitatively compared with experimental results.

The computed dielectric functions, which include both electronic and ionic contributions,
provide reliable inputs for simulations of nanoparticle models in concrete composites with tailored
optical responses. Radiative cooling relies on two fundamental requirements: selective emissivity
in the atmospheric transparency window and high solar reflectance. Both properties can be
modeled using Hapke model in combination with Mie theory. While all studied materials exhibit
high emissivity in the bulk limit, certain phases maintain high emissivity even at small diameters.
The highest emissivity of particulate materials was found in ettringite, jennite, tobermorite, alite
and C3A. On the other hand, the lowest emissivity was obtained for CaO and hematite.

Arguably, solar reflectance is more critical for daytime radiative cooling than selective emis-
sivity, since even minor solar absorption losses can significantly reduce cooling performance.
Most wide-band gap materials exhibit high average solar reflectance. The highest values were
found for unhydrated phases, namely CS wollastonite, CaO, a-Al,Og, alite, S-belite and C3A.
Combining both emissivity and reflectance, the best materials for radiative cooling are C3A,
alite ettringite, tobermorites and [-belite. The high reactivity of clinker phases with water
makes their application difficult. Hydrated phases are more resistant to the humidity and offer
an efficient alternative to the clinker phases.
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Since concrete is a multi-phase composite, its solar reflectance can be tuned by controlling
both the composition and particle size of the additives. Owing to the abundance and low cost
of the constituent materials, this approach is highly scalable and compatible with existing pro-
duction technologies. In this context, the addition of CaO, a-SiO,, ettringite, anatase and other
discussed nanoparticles appears particularly promising. These findings further demonstrate that
interactions between individual phases and the surrounding matrix strongly influence the overall
optical response of the composite. Properly accounting for such interactions is essential for pre-
dicting the performance of cementitious materials in practical applications, including coatings
and structural concrete, where the embedding medium significantly affects reflectance.

This work provides atomic-level insights into the optical and radiative behavior of cementi-
tious oxides, which are key components in emerging concrete-based photonic and energy-efficient
technologies. We demonstrate that many cement-based materials are highly promising for day-
time radiative cooling applications. The most suitable candidates were identified based on three
key criteria: optical absorption onset (band gap), selective emissivity, and high solar reflectance.
Calcium silicates, particularly their hydrated phases, exhibit outstanding performance. In con-
trast, Fe-containing materials show substantial solar absorption losses, which are detrimental
for daytime radiative cooling. The thesis contributes to the advancement of materials design
through predictive, multiscale modeling.

The results obtained in this work provide a solid foundation for future research. The highly
accurate optical properties calculated here can be used in more advanced reflectance modeling
approaches, including explicit multiple-scattering simulations and polycomponent powder mod-
els. The effective dielectric response of concrete composites can also be approximated using
suitable averaging schemes based on the single-phase dielectric functions.

One of the broader goals of this thesis was to explore new high-tech applications of cement
and concrete beyond their traditional mechanical roles. Future work will therefore focus on low-
dimensional systems derived from selected cement phases. Their layered crystal structures and
excitonic properties open up new possibilities for novel applications in photonics and energy-
related technologies, which extend the functional scope of cementitious materials far beyond
conventional construction uses.
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Appendix A

Green’s functions representation

In general, Green’s functions are solutions to inhomogeneous differential equations with homo-
geneous boundary conditions and a Dirac delta function as the source term. They find wide
use in acoustics, fluid dynamics, thermodynamics, radiative transfer, electromagnetism or quan-
tum mechanics. The Green’s function can be used to transform an inhomogeneous differential
equation into an integral form as

Of(x) = glz), A1)
fx)= [ G(z,2")g(2") da’, (A.2)
OG(z,2') = 6(z — 2'), (A.3)

where O is a linear differential operator, g(x) is the inhomogenity source term and G(x,x’) is
the Green’s function. The relations in Equation A.1-A.3 hold thanks to the property f(z) =
[Z 6(x — ') f(2)da’ of the Dirac delta §(z — ') [16,169].

The Schrodinger equation is a linear homogeneous differential equation

~ 0

HY(r,t) — ia\lf(r, t) =0, (A.4)
where the Hamiltonian operator consists of the kinetic energy —3V? (—VQ% in the ST units) and
the external or effective potential acting on electrons V' (r,t). The equation can be reorganized

as

ot

with the right hand side representing the source term. Functions on both sides of the equation
are the same, which calls for a self-consistent iterative approach. This complicated many-body
problem can be simplified by considering a solution for a non-interacting system with the external
potential added perturbatively. This is the philosophy of the many-body perturbation theory
(MBPT) methods. Following Equation A.2, the wavefunction of a system of free electrons can
be written as

{13 + v?%] U(r,t) =V, D0 (r, 1), (A5)

o(r,t) = /Go(r, t, ' ) o (' ) dr, (A.6)
where the non-interacting Green’s function satisfies
1
{z% + VQE] Go(r,t, v/, t') =d6(r —')o(t — t'). (A7)



A0

In the noninteracting particle limit the two wavefunctions are equal, i.e., ¥(r,t) = o(r,1).
The physical interpretation of Equation A.6 is the time evolution of ¢y from a given time and
position, defined by r’ and #', to another time and space point, defined by r and t. Due to this
property, Green’s functions are also called propagators.

Changes in the wavefunction caused by an external perturbing potential can be described
using the Lippmann-Schwinger equation [15]. In this representation, the integral form of the
Schrodinger equation can be written as

U(r,t) = o(r,t) + /;/ Go(r, t; v/ V(' YU (x', 1) de'dt’, (A.8)
wmpww@+ﬁmemwwww%mwﬁwc (A.9)

The wavefunction is thus expressed recursively in terms of its values at earlier times®. Itera-
tive substitution generates a perturbative expansion known as the Born series, which describes
the propagation of a particle undergoing successive scattering events due to the potential. By
substituting ¥(r’,t') by a wavefunction at another space-time (r”,t"), we get

m:%+//%vw+//%wmwﬂmwg (A.10)

which is the first term in the Born scattering series. The Born series describes propagation of an
electron and in the interacting picture each interaction is a scattering event due to the potential.
The scattering events take place at successive times t > t’ > t” etc. By repeated substitution of
U one gets a simplified form

U =1+ (14+ GV + GVGyV +...)GoVy (A.11)
= o+ (1= GoV) " GoVehy. (A.12)

Equation A.11 was rewritten as a geometric series of operators using the expression Y _,_, a(z)"
= a(1 — x)~!. From Equation A.12 and Equation A.9, Dyson equation writes

GV == (1 - GoV)ilG(]V, (A13)
G =Gy + GyVGa, (A.14)
which is the famous Dyson equation for Green’s function [16]. In interacting systems, the full

Green’s function can be expressed in terms of the non-interacting one via the Dyson equation.
In interacting many-body systems, the potential V' is replaced by the self-energy operator X,
which accounts for exchange and correlation effects beyond the noninteracting approximation.

Green’s functions provide a description of propagation in space and time, which is closely
related to the time-evolution operator U

U(r,t) = /(r]U(t,t')]r'}lll(r’,t’) dr, (A.15)

Ut,t') = e HE), (A.16)

!The form Equation A.8 can be motivated by using the set of equations (E — Hg)o = 0 and (E — Ho— V)¢ =
0 for the wavefunctions, as well as HoGo = & and (Hy — V)G = 6, which lead to Gy = (E — Hp)™! and
G = (E—Hy— V)7l ie., G is the resolvent of H
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A Green’s functions representation

for a time-independent Hamiltonian. The time-evolution operator defines the wavefunction at
time ¢ knowing it at some earlier time, giving W(t) = U(t,t')U(¢'). The Equation A.15 uses the
position representation W(r,t) = (r|W(¢)). Using this notation, the Green’s function describes
propagation forward in time, like

G(r,t, v’ t") = —if(t — ') (x|U (¢, t')|r'), (A.17)

where 6 is the Heaviside step function, which is equal to zero for negative and one for positive
arguments. By inserting ths eigenstates of H, following the closure relation ), |n) (n| =1, we
obtain

G(r.t,x' ') = —0(t —t) ) (r]e”"n) (n|r'), (A.18)

n

= =0t —¥) Y (x|n) (nfr') e, (A-19)
= —0(t— 1) Gulr)gy(x)e i, (A.20)

The action of eigenstates on H produces eigenvalues €,,, and the basis in the position representa-
tion gives single particle orbitals ¢, (r). These can be obtained, for example, from the Kohn-Sham
solution. After the Fourier transform from time to energy domain, the non-interacting Green’s
function writes

G0<r7 r/7 w) = Z %, (A21)

where the in term ensures proper boundary conditions, guarantees causality by defining retarded
or advanced Green’s function and makes the Fourier transform well defined. It is important to
note that the poles of the Green’s function correspond to the single-particle eigenenergies.
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Appendix B

GW formalism

B.1 Second quantization in GW

In the position representation, field operators can be defined as expansions over a complete set
of single-particle wavefunctions ¢;, as

Pi(r) = Zd)i(r)cl, (B.1)
U(r) = Z@(r)q. (B.2)

The field operators represent the addition or removal of a particle at position r from whatever
single-particle state ¢ weighted by their amplitudes at that position. The field operators are the
sums of all the possible ways to add or remove a particle to the system at position r through
any of the basis states ¢;.

The Green’s function formalism can be naturally expressed in terms of field operators and
the time-ordering operator [1%]. The time-ordered one-particle Green’s function is defined as

iG(r, b, v 1) = (U T (r, 1) ()] [ 0)) (B.3)
= 9<t - t/> <\Ijév|¢(r7 t)l[ﬁ(rlv t/)lll/év> - 9<t, - t) <\I/év|'(w<r7 t)qu)(rlv t’)’\pé\/> ) (B4>

where 6 is a Heaviside step function, which is zero for negative and one for positive arguments
and W) is the ground-state wavefunction. The first part of the one-body time-ordered Greens
function in Equation B.4 for ¢t > t’ describes the propagation of an electron from r’ to r, that was
created at time ¢’ and annihilated at time t. It gives the propagation amplitude for adding an
electron at (', ¢’) and removing it at (r, ). Similarly, when ¢ < #’, the second part in Equation B.4
can be interpreted as the propagator of a hole. In this way, the single-particle Green’s function
describes the propagation of particles and holes in an interacting environment and provides
direct access to excited-state properties that are not directly available in ground-state methods
such as DFT.

In order to obtain explicit dependence on the excitation energies, we introduce a complete
sets of many-body eigenstates of the systems with N+41 and N-1 particles. Inserting the closure
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B.2 Equation of motion

relation ), [W¥;) (¥;| = 1 in Equation B.4, we obtain

iG(r, 0/ ) = 0(t — ) > (U [b(r, )W) (U (1) Tg)
. . (B.5)
=0t — 1) Y (T[T (e, )TN ) (BT ()

n

for all excited electronic states n. Using the time-independent field operators @@(r, t) = el 751/3(1“)6*"H ¢

we get

iG(r ) = 0(t — ') > (WY b (r) WA+ (UNH )T (x) Wy e BT et
! B.6
— O — 1) Y (W[ () [ON ) (N () Wy e BT ), (B6)

n

with the total energies EV*!. The first term describes the propagation of an electron introduced
to a system of N particles described by W)Y, with the resulting n-th excited system is described
by WYL On the other hand, the second term describes a system without one electron, which
corresponds to the direct photoemission experiment. The Fourier transform from the time
domain to the energy domain gives the Lehmann representation of Green’s function

ot ) = 37 AT |5 G ) B

— N+ 4 e N-1 iy
) + w— € m

where Nt (r) = (U |¢)(r)| N and the Heaviside step-function in the frequency domain
has the form [0(t — t/)e(=t)=1=)= (4 4 in)~!. The infinitesimal parameter 1 appears to
use complex frequencies for good behaviour of Fourier transform. The Lehmann representation
provides a direct link between the poles of the Green’s function and the many-body excitation
energies € = ENT1 _ BN and )1 = E}Y — EY~1 where ¢ is the the total energy of the
ground state and eév *1 i5 the total energy of the j-th excited state. The Lehmann representation
therefore establishes a direct connection between the Green’s function and measurable excitation
spectra, such as those observed in photoemission and inverse photoemission experiments [17,15].
This representation is exact for interacting many-body systems and forms the foundation of
many-body perturbation theory methods such as the GW approximation.

B.2 Equation of motion

The reformulation of the many-body problem in terms of Green’s functions requires solving the
equation of motion for the Green’s function [15,48,19]. The time derivative of the time-ordered
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B GW formalism

Green’s function gives

0 0 . .
i G tr ) == (T[T (r, )9 (', )] 25)

_ %e@ — ) (U (x, )T (0 )W)

O 1) (B ) (0 1) )

a A~
+ 500 = 1) (U [T (r, o (', 1))
5

=0t =) (T (x, t)(atﬁ(r’,t))lq’éw

= 6~ £)5(r — ) — i (T oy, )4 0 )] 05

Using the Heisenberg equation of motion for the field operator, the time derivative is defined as

~ A A~ ~ ~

1590, t) = [U(r,8), H] = ho(r)(r, 1) + /vc(r,P’W(r’,t)lﬁ(r’,t)lﬁ(r,t)dr’ (B.9)
where v, is the instantaneous Coulomb interaction and Ay is a one-particle non-interacting Hamil-
tonian. Substituting into the equation of motion gives

i%G(I‘, t,r’7t/) — 5(t _ t’)(g(r _ I'/> + ZhAO <\I/éV|T[772(I', t)i;T(I'/,t)]|\I/év>

- / v, ) (U T (", ) (e, ) (e, )9 (!, )] |05 "

=§(t —t)o(r — ') + ihoG(r, t, v ') — i/vc(r, )G (v, t, v " T )
(B.10)

with ¢ > t/. The equation of motion of single Green’s functions leads to a higher order, two-body
Green’s function. The time variation of the two-body function leads to a three-body problem
and so on. This property is called hierarchy of Green’s function, which cannot be solved exactly.

The equation containing two-body interactions can be solved using perturbation theory.
To truncate this hierarchy, one introduces a fictitious external potential U and considers the
functional derivative of the Green’s function with respect to U. Using the notation (r,t) = 1,
we can define the variation of a single particle Green’s function with respect to an external
perturbation as

0G(1,2)

—— = —-(G(1,3;2,3") + G(1,2)G(3,3" B.11

U (3) (1,3;2,37) + G(1,2)G(3,37) (B.11)
here 3% represents an infinitesimally larger time. The potential U is a mathematical tool used
to remove the two-body term and is set to zero after the calculation. Inserting Equation B.11

in Equation B.10 and using Equation A.7 yields

{z% - h}] G(1,2) —|—i/vc(1,3)G(3,3+)G(1,2)d3
9G(1.2) (B.12)
- i/vc(1+,3)T(’3>d3 =6(1,2).
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B.2 Equation of motion

Since —iG(3,3%) = n(3), which is the electron density, the second term in Equation B.12
describes the action of the Hartree operator on the Green’s function, written as VyG(1,2). The
third term contains interactions beyond Vy, i.e. the exchange-correlation effects. The equation
of motion of the one-particle Green’s function can be written as

z% ~ ho(r) — VH(1)] G(1,2) —/2(1,3)0(3,2)d3 = 5(1,2), (B.13)

introducing the self-energy operator ¥ that collects remaining interactions beyond the Hartree
term. Hence the exchange-correlation interactions are described by a non-local and frequency
dependent self-energy. The Equation B.13 is a self-contained equation that can be expressed in
terms of the Dyson equation G = Gy + GoXG.

By comparing Equation B.13 and Equation B.12, the self-energy [70] can be expressed as

%(1,2) —@// (1%,3 (9(;_13;1)G (4,2)d3d4, (B.14)
%(1,2) :i//vc(1+,3)G(1,4)8G(;U—%2)d3d4. (B.15)

Defining the total electrostatic potential as V' = U + Vj, the self-energy can be written as

$(1,2) = @/UC(1+,3)G(1,4)8%V%2) ggg§§d3d4d5

(B.16)
= i/W(1+,3)G(1,4)F(4,2;3)d3d4,

where I' is the three body operator called irreducible vertex function and W is the screened
Coulomb interaction. Here W is screened via the dielectric function

1,2 =6(1,2 -(1,3)x(3,2), B.17

(1L2) = G = T L2+ [w@3nG2, (B9

using Vi (1 ve(1,2) d2. The reducible polarizabilit is defined as the response of the
g =/ n(2) p ¥ X p

density to the action of an external potential

Con(l)  [0G(L1Y) . [0G(1,11)aV(3)
L2 =755~ —ave P71 Tave) oo™

= P(1,2) +/P(1,3)vc(3,4)x(4,2)d3d4

(B.18)

These relations can be in the matrix representation concluded as e ' =1+ v,y = (1 — v.P)7!
and y = P + Pv.x. The irreducible polarizability is defined as the variation of the density due
to the total potential, therefore

P(1,2) = gg % :/0(1,4)8G8_V—g5)6¥(5,2)d4d5

(B.19)
- —1/G(1,3)G(4,1)F(3,4; 2)d3d4,
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B GW formalism

by setting 17 = 2, using the chain rule agv(g) =—[G(1,4) 8%;((;)’5)G(5, 2)d4d5 and the defini-

tion of the vertex function from Equation B.16. Hence the screened Coulomb interaction can be
expressed as

W(1,2) = /6—1(1,3)%(3, 2)d3 = v.(1,2) +/vc(1,3)x(4, 2)v.(4, 3)d3d4
(B.20)
= v.(1,2) +/vc(1,3)P(3,4)W(4, 2)d3d4

Here W and € ! are time (or frequency) dependent quantities.

B.3 GW approximation

Within the GW method, the self-energy is approximated as ¥ = GW. This simple form is
obtained by setting the vertex function to unity. The screened Coulomb interaction W describes
the bare Coulomb interaction modified by the response of the electronic system. When an
electron or hole is added to a material, the surrounding charge density rearranges. The screened
interaction is weaker relative to the bare Coulomb potential. The screened particles are in the
GW method called quasiparticles.

In practical GW calculations, the starting point is usually a non-interacting Green’s func-
tion Gg, constructed from eigenvalues and eigenfunctions obtained from a mean-field theory
such as Kohn—Sham DFT. In frequency representation, this Green’s function can be written
schematically as a sum over all occupied and unoccupied single-particle state, as

On (1) ph S (ra)

w— €, £1in

Go(r1,1"27w) = Z

n

(B.21)

with poles at the mean-field eigenvalues and a small imaginary part =£7, which ensures the
proper boundary conditions. Similarly the polarizability can be approximated as a product
of Go, which is called the random phase approximation (RPA). The free particle irreducible
polarizability becomes Py=-iGoGo=Yo. Following Equation B.20, the screened interaction W
then becomes Wy = v, + vexove = ve + v.PoWy and the self-energy writes ¥ = iGoWy. These
Hedin relations depend on each other in a self-consistent loop. In practice, the GW calculation
can stop after performing a single circle, which is called a single-shot GW or GoW, method.
After the first cycle one can update G, W or both and continue the calculation, which leads to
a self-consistent GW method.

Quasiparticle energies are obtained by solving an effective eigenvalue problem in which the
exchange—correlation potential is replaced by the non-local, energy-dependent self-energy op-
erator. Starting from the Dyson equation and the Lehmann representation, the quasiparticle
equation can be written as

(ho(x) = Vit (r))da(r) + /2(1‘, r',w = €n)on(r) = engn(r). (B.22)

Since the self-energy depends explicitly on the energy, which is itself the eigenvalue of the
equation, Eq. (B.22) is non-linear and must be solved self-consistently in principle. In practice,
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B.3 GW approximation

the quasiparticle energy is often evaluated perturbatively with respect to a DFT reference system,
which leads to
W= e (Ga(0) |2 (r, 1, w) = Vor (1) [ga(r)) (B.23)

where VXS is the xc potential at the DFT level. Because the self-energy is frequency depen-
dent, this equation may have multiple solutions. The physically relevant quasiparticle solution
corresponds to the pole of the Green’s function with the largest spectral weight. A common ap-
proximation is to linearize the self-energy around the Kohn—Sham eigenvalue using a first-order
Taylor expansion

O (r, v w)
Oow

KS

Yon(r, v w) & 3, (e, v e ”) + (w— efs). (B.24)

w=eKS

This leads to the definition of the renormalization factor defined as

1—Re<M )] . (B.25)

ow
The renormalization factor Z,, measures how strongly an electron behaves like a well-defined
quasiparticle in an interacting system. It corresponds to the spectral weight of the quasiparticle
pole and takes values between 0 and 1. A quasiparticle peak with large Z, carries most of
the spectral weight, whereas satellite features have smaller weights. Since Z,, depends on the
derivative of the self-energy, it is close to unity when the self-energy varies slowly with energy and
its imaginary part is small near the quasiparticle energy. Within the linearized approximation,
the GW quasiparticle energies are finally given by

Z =

W — S 4 Z,Rel(6 (1) Sn (1,1, %) — VIS (1) 6(x))] (B.26)
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Appendix C

Bethe-Salpeter equation

Neutral excitations, such as electron-hole pairs, require description of the propagation of two
correlated particles by the two-particle Green’s function, which can be obtained formally from
the functional derivative of the one-particle Green’s function with respect to an external per-
turbation, as shown in Equation B.11. The two-particle correlation function can be defined

as
0G(1,2) 0G~1(5,6)
L(1,2;3,4) = ——FF = —-G(1,5) ————~

(1,2;3,4) oU(3,4) (1,5) oU (3,4)
using the chain rule. The Dyson equation for the G can be written in a compact form as
G = Go+GoXG. Dividing by G and G, one gets G~ = G;* — X. If the external perturbation U
is included in the single-particle Hamiltonian, this may be written schematically as = Gy ' —U—X.

Therefore Equation C.1 can be rewritten as

G(6,2) (C.1)

a[G61(57 6) — U<57 6) _ 2(57 6)]
L(1,2;3,4) = —-G(1 2 2
since Gy is independent of U and gggfg = 0(5,3)d(6,4). Equation C.2 becomes
%
L(1,2:3,4) = G(1,3)G(4,2) + G(1,5)G(6, 2)%
0%(5,6) 0G(7,8) (C.3)
= Ly(1,2,3,4 Lo(1,2
o(1,2,3,4) + Lo(1,2,5.6) 5775 573, 2)

= Lo(1,2,3,4) + Lo(1,2,5,6)=(5,6,7,8)L(7,8,3,4),

which is the Bethe—Salpeter equation (BSE) [47,49,52, 170].
Within the GW approximation, the BSE kernel is commonly separated into two contribu-
tions. One arises from the Hartree term and gives the bare Coulomb interaction, while the
exchange-correlation part yields another contribution involving the screened interaction W. Us-
ing the GW solution to define the self-energy, the four point Hartree-exchange-correlation kernel
is given by
_0%(5,6)  OV(5)0(5,6)  9%,.(5,6)
- 0G(7,8) 0G(7,8) 0G(7,8)

where the first term equals to v, and the second to W. In the standard approximation, this leads
to an effective electron-hole interaction kernel of the form = = v, — W. Hence, the BSE can be

=(5,6,7,8) (C.4)
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C.0

written as

L(1,2,3,4) = Lo(1,2,3,4) + Lo(1,2,5,6)[ve(5,7)5(5,6)0(7,8) — W (5,6)d(5,7)5(6,8)]L(7,8,3,4).

(C.5)
Here v. produces a repulsive electron-hole dipole-dipole interaction, which corresponds to the
exchange term. The screened interaction W provides an attractive direct interaction responsible
for exciton formation.

In practice, Ly is expressed in terms of the non-interacting Green’s functions, i.e. Ly =
—1GoGo, the GW eigenvalues are used instead of the KS single-particle energies in Equation B.21,
and the screened interaction W is considered in a static approximation, evaluated at w = 0, which
simplifies the BSE kernel.

In a basis of single-particle transitions between valence and conduction states, the Bethe—Salpeter
equation becomes an effective eigenvalue problem

HPF X, = B\ X, (C.6)

where E) and X, are excitonic eigenvalues and eigenfunctions. In the transition space, this
equation can be written in the matrix notation as

(A B)(2)=m( %) () o

The kernel matrix elements are in practice expressed in the single-electron basis. The matrices
A are called resonant while B contains coupling between resonant and anti-resonant transitions.
The matrix A is defined as

AZ”:,/ = (€, — €¢)0ppOcr + (V' |vc|vC) — (V' |Wcv)
— (60— oo + [ GG ey~ r)0ra)oulea)dradrs ()
= [ 62000 (e2)W (r1,52) (1) )i

The bare Coulomb interaction defines the dipolar interaction between cv at r; and v’ at ra,
while W mediates the direct charge interaction between a hole at r; and an electron at ry. The
matrix elements of B are defined as

B = (v |velec’) — (vo'|Wled) . (C.9)

The matrix A describes the resonant and anti-resonant transitions between the unoccupied
conduction ¢, ¢ and occupied valence v, v’ states. It describes the creation and recombination of
interacting electron-hole pairs or excitons. The matrices B describe coupling between excitation
and de-excitation terms. The matrices A contain dominant terms and are related to absorption
processes, therefore the B matrices are usually neglected. This approximation is known as the
Tamm-Dancoff approximation (TDA), which makes the Hamiltonian become Hermitian and the
eigenvalue equation can be simplified to

AXy = E\X, (C.10)

The use of a static screened interaction and the TDA leads to real exciton energies and neglects
lifetime effects, since finite lifetimes originate from the imaginary part of the self-energy and
from dynamical screening, neither of which is fully included in this approximation.
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Appendix D

Ionic dielectric response

The energy of a system with atomic positions slightly displaced from the equilibrium can be
expressed as a Taylor expansion around the ground-state configuration, which writes

OF R() 3
E(R Z ou e Z 8u1a8uJ5uIau‘]6 +O(U ), (Dl)

where the indices I and J run over nuclei, and « and [ define the Cartesian directions of
displacements. Expansion truncated after the third term gives the the harmonic approximation
of phonons. The second term corresponds to the force on a displaced atom and vanishes at
equilibrium. Equation D.1 can be rewritten as

1 0°Fr.(R
ER)=ERo)—> Y — ( 0)u1auw = E(Ro) + = Z D0 s5Ualy s, (D.2)
2 (9uJ5
IaJB IaJ,B
where @ is the matrix of second order force constants. The equation of motion becomes
F[ = M[CL[, (D?))
JE(R) d?uy,,
— =M D4
3u1a ez dt? ’ ( )
dup,,
— Z PQragpugp = MITQI- (D.5)

JB

In periodic systems, the atomic displacement can be expressed as a plane wave propagating with
wavevector ¢ as U (t) = Niae' e ! where v is the phonon mode and 7,,, is the polarization
direction vector along a Cartesian coordinate «.. Substituting this expression into the equation
of motion in Equation D.5 gives

- Z (I)IoaJBnJﬁyeiqRJe_iwyt = —MzwﬁnzayeiqR‘e‘iw”t, (D-6)
JB

Z (DIaJBnJBVG_iq(RI_RJ) = legnlau- (D7)
JB

This is a generalized eigenvalue problem because of the presence of the mass matrix on the right
hand side. In order to get an eigenvalue equation we redefine the eigenvectors using the square
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root of mass as uy,(t) = ﬁwweiqme’m”t. We then obtain a standard Hermitian eigenvalue
problem, which writes

> Diass(@)vss0(q) = W) V1ar(@) (D-8)
JB
1 .
D]aJﬂ(Q) — WCDI&JﬁeZq(RJ_RI)’ (Dg)

where Dy,y5(q) is the so called dynamical matrix in the harmonic approximation. Solving this
eigenvalue problem yields phonon frequencies and eigendisplacements.
The ionic contribution to the dielectric function can be written as

o 1 Saﬂu
capw) = Z Y R (D.10)

where the oscillator strength S,s, is defined as
S‘IBV = ZZ;ae/ylel/(q: O)ZZ;BeWJeV«l:O)' (Dl]')
Ie Je

Here Z* is the Born effective charge and e is the polarization direction. The dielectric function is
evaluated at the I' point since only zone-center optical phonons couple to a homogeneous electric
field due to near-zero momentum of photons.
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Appendix E

GW convergence

The GW convergence behaviour for the studied cement, concrete and related phases is shown
in Figure E.1. The GyW, bandgaps reported in this thesis were obtained by interpolating
to an infinite number of empty bands. Most systems show a nearly linear decrease over the
sampled range, which suggests smooth convergence with respect to the number of empty bands
(NBANDS). Tobermorite has the steepest slope among the shown fits, while C4AF and Anatase
have much flatter slopes, meaning their band gaps change less with NBANDS. Moreover, the
GW band gap of portlandite basically does not vary with NBANDS. It can be realized from
the convergence plots that the dependence on the energy cutoff is significantly smaller than
the dependence on the empty bands. In most materials with large computational cells the
dependence on the cutoff energy is even negligible.
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Figure E.1: Convergence of the GoW, bandgap as a function of the number of unoccupied
bands at different cut-off energies.
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