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Ausgangspunkt:

• Das einfachste Beispiel: Wasserstoffatom mit einem Elektron und einem Kern
• Bekannt aus der Vorlesung: Das Elektron im Kernpotential wird durch die folgende Schrö-
dingergleichung (SG) beschrieben:
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Was ist Elektronenstrukturtheorie?

• Prinzipiell: SG für das Vielteilchenproblem (NE Elektronen und NK Atomkernen):
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• Einfache Modelle (zum Beispiel „Tight-Binding“ für quantenmechanische Bindung)
• Effektives Einteilchenproblem:(

p̂2

2m
+ V (r) + Σ̂

)
|ψn〉 = εn|ψn〉 =⇒ εn, |ψn〉

„normale“ SG, aber mit periodischen Potential V (r) und Vielteilcheneffekten Σ̂
• Ab initio-Methoden (z.B. Dichtefunktionaltheorie, Vielteilchenstörungstheorie):
Lösung ohne Modellparameter

• Durch Minimierung der Gesamtenergie: Optimale geometrische Struktur
• Berechenbare Eigenschaften: Energie der Elektronen (Bandstruktur, Zustandsdichte), La-
dungsdichte (Aufenthaltswahrscheinlichkeit), optische Absorptionsspektren, . . .

Zweidimensionale Materialien

Übergangsmetall-Dichalkogenide (MoS2 etc.)
• Zweidimensionale Monolagen (< 1 nm dick)
• Durch van der Waals Wechselwirkung: Bila-
gen, Multilagen, auf Substraten, . . .

• Interessante optische Eigenschaften
• Bilagen mit Moiré-Strukturen
• Kombination mit Ferromagneten, mit orga-
nischen Halbleitern, etc.
⇒ Optoelektronische Bauelemente

Screening of substrates: Red-shift of excitons
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high coupling strength between phonons and an electronic
continuum of 1/qBWF = −0.24 for polarization along the b
direction. This is comparable with values for metallic CNTs
reported between −0.2 and −0.6.6−8 In contrast, the line shape
of the RILS spectra of Ag2 measured along the a direction is
best described by a pure Lorentzian with 1/qBWF yielding a
vanishing coupling between phonons and the electronic
continuum. The observation of the highly anisotropic Fano
resonance can serve as a strong signature for the 1D nature of
the continuum.6−8 While the observation of a Fano line shape
is surprising in a semiconductor like CrSBr, this is not limited
to metallic systems like CNTs but this phenomenon is also
observed in gapped materials that generally exhibit pro-
nounced electron−phonon interactions.50,51 CrSBr has shown
a high intrinsic carrier concentration of ∼1013 cm−237 in
agreement with a high concentration of Br vacancy defects36

that induce n-doping in the material, which shifts the Fermi
level close to the conduction band. Moreover, low-dimensional
behavior and Fano physics52 have also been observed in
TiOCl, thereby suggesting that this is likely a universal effect in
materials that are of FeOCl-type. However, other possible
interpretations exist. For example, the line shape can be
affected by resonance modes from different points in
momentum space. Additional insight into the Raman process
is required to further elucidate the physics of the line shape of
the Ag2 mode and the complex resonance Raman spectrum of
CrSBr.

The observed 1D nature of the electronic system in this 2D
van der Waals material with 3D spin-exchange interaction is
unexpected. We can understand the behavior by considering
the flat conduction band along the Γ−X direction with its very
large DOS (see Figure 1c). Under the assumption that the

Figure 4. Quasi-1D excitons with high binding energy from dielectric and mass anisotropy in CrSBr. (a) Calculated optical absorption
spectrum obtained ab initio by solving the BSE of 1L CrSBr with an electric field polarized along the b direction (Γ−Y direction). The
spectrum shows four excitonic resonances. Ω1 and Ω2 originate from the two split conduction bands with a small energy splitting of E ,1 2

∼ 20 meV. The binding energies are given by 0.88 and 0.90 eV for Ω1 and Ω2, respectively. Ω3 and Ω4 are excitons from energetically higher
lying bands. (b) Calculated optical absorption spectrum from ab initio BSE of 1L CrSBr for the electric field polarized along the a direction
(Γ−X direction) showing the strong electronic anisotropy and the absence of Ω1 and Ω2. (c) Corresponding anisotropic real-space exciton
wave function of Ω1 and Ω2. (d) Momentum-space exciton compositions of Ω1 and Ω2 have large band contribution along the Γ−X
direction. (e) Calculated macroscopic momentum-dependent dielectric function ϵ2d(qx, qy) of freestanding 1L CrSBr exhibiting a strong
anisotropy along qx and qy. (f) ϵ2d(0, qy) and ϵ2d(qx, 0) as a function of q. First-principles results are shown by dots, while solid lines are a
guide to the eye. (g) Low-temperature (4.2 K) PL as a function of excitation power of bulk CrSBr. The spectrum shows a double resonance
for the 1s exciton (∼1.366 eV) due to the finite thickness of the flake (∼36.8 nm), and two signatures X* and X** at 1.380 and 1.391 eV,
respectively. The energy splitting between the 1s exciton and X* is ΔE ∼ 15 meV. (h) Reflectance contrast R taken at 1.6 K showing the same
resonances. (i) Corresponding derivative ΔR/ΔE. (j) False color plot of the magnetic-field-dependent differential reflectivity ΔR/ΔE with
the B field applied parallel to the c axis. The data show the 1s exciton, X*, and a faint signature of the X**. (k) Position of the 1s exciton
doublet and X*.
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FIG.| 4. Quasi-1D excitons with high binding energy from dielectric and mass anisotropy in CrSBr. a, Calculated
optical absorption spectrum obtained ab initio by solving the BSE of 1L CrSBr with an electric field polarized along the b-
direction (Γ− Y -direction). The spectrum shows four excitonic resonances. Ω1 and Ω2 originate from the two split conduction
bands with a small energy splitting of ∆EΩ1,Ω2 ∼ 20meV. The binding energies are given by 0.88 eV and 0.90 eV for Ω1 and
Ω2, respectively. Ω3 and Ω4 are excitons from energetically higher lying bands. b, Calculated optical absorption spectrum from
ab initio BSE of 1L CrSBr for the electric field polarized along the a-direction (Γ−X-direction) showing the strong electronic
anisotropy and the absence of Ω1 and Ω2. c, Corresponding anisotropic real space exciton wavefunction of Ω1 and Ω2. d,
Momentum space exciton composition of Ω1 and Ω2 have large band contribution along the Γ − X direction. e, Calculated
macroscopic momentum-dependent dielectric function ϵ2d(qx, qy) of freestanding 1L CrSBr exhibiting a strong anisotropy along
qx and qy. f, ϵ2d(0, qy) and ϵ2d(qx, 0) as a function of q. First-principles results are symbolized by the dots while solid lines
are a guide to the eye. g, Low-temperature (4.2K) PL as a function of excitation power of bulk CrSBr. The spectrum shows
a double resonance for the 1s exciton (∼ 1.366 eV) due to the finite thickness of the flake (∼ 36.8 nm) and two signatures X∗

and X∗∗ at 1.380 eV and 1.391 eV, respectively. The energy splitting between the 1s exciton and X∗ is ∆E ∼ 15meV. h,
Reflectance contrast ∆R taken at 1.6K showing the same resonances. i, Corresponding derivative ∆R/∆E. j, False color plot
of the magnetic field dependent differential reflectivity ∆R/∆E with the B-field applied parallel to the c-axis. The data show
the 1s exciton, X∗ and a faint signature of the X∗∗. k, Position of the 1s exciton doublet and X∗.

can furthermore be phonon-assisted.

The energetic shift in the magneto-reflectivity data of
the 1s exciton and the X∗ and X∗∗ suggests that the
main orbital composition is likely still from the two split
conduction bands. At the Γ point in bulk CrSBr, the
orbital composition of the lower conduction band is 59%
d(x2−y2), 21% d(3z2−r2), 10% pz while for the upper con-
duction band it is 60% d(x2−y2), 5% d(3z2−r2), 34% pz.
The upper conduction band has a much lower admix-

ture of Cr d(3z2−r2) orbitals which suggests a scenario in
which the exciton reacts less to an external magnetic field
since the magnetic moment is situated on the d-orbital.
This would suggest the potential origin of the X∗ and
X∗∗ from a transition that involves the upper conduc-
tion band. In general, the excitonic transitions are ex-
pected to inherit the orbital character, and this should
also be the case for potential indirect transitions that pre-
serve the orbital conduction band admixture away from

8

FIG.| 4. Quasi-1D excitons with high binding energy from dielectric and mass anisotropy in CrSBr. a, Calculated
optical absorption spectrum obtained ab initio by solving the BSE of 1L CrSBr with an electric field polarized along the b-
direction (Γ− Y -direction). The spectrum shows four excitonic resonances. Ω1 and Ω2 originate from the two split conduction
bands with a small energy splitting of ∆EΩ1,Ω2 ∼ 20meV. The binding energies are given by 0.88 eV and 0.90 eV for Ω1 and
Ω2, respectively. Ω3 and Ω4 are excitons from energetically higher lying bands. b, Calculated optical absorption spectrum from
ab initio BSE of 1L CrSBr for the electric field polarized along the a-direction (Γ−X-direction) showing the strong electronic
anisotropy and the absence of Ω1 and Ω2. c, Corresponding anisotropic real space exciton wavefunction of Ω1 and Ω2. d,
Momentum space exciton composition of Ω1 and Ω2 have large band contribution along the Γ − X direction. e, Calculated
macroscopic momentum-dependent dielectric function ϵ2d(qx, qy) of freestanding 1L CrSBr exhibiting a strong anisotropy along
qx and qy. f, ϵ2d(0, qy) and ϵ2d(qx, 0) as a function of q. First-principles results are symbolized by the dots while solid lines
are a guide to the eye. g, Low-temperature (4.2K) PL as a function of excitation power of bulk CrSBr. The spectrum shows
a double resonance for the 1s exciton (∼ 1.366 eV) due to the finite thickness of the flake (∼ 36.8 nm) and two signatures X∗

and X∗∗ at 1.380 eV and 1.391 eV, respectively. The energy splitting between the 1s exciton and X∗ is ∆E ∼ 15meV. h,
Reflectance contrast ∆R taken at 1.6K showing the same resonances. i, Corresponding derivative ∆R/∆E. j, False color plot
of the magnetic field dependent differential reflectivity ∆R/∆E with the B-field applied parallel to the c-axis. The data show
the 1s exciton, X∗ and a faint signature of the X∗∗. k, Position of the 1s exciton doublet and X∗.

can furthermore be phonon-assisted.

The energetic shift in the magneto-reflectivity data of
the 1s exciton and the X∗ and X∗∗ suggests that the
main orbital composition is likely still from the two split
conduction bands. At the Γ point in bulk CrSBr, the
orbital composition of the lower conduction band is 59%
d(x2−y2), 21% d(3z2−r2), 10% pz while for the upper con-
duction band it is 60% d(x2−y2), 5% d(3z2−r2), 34% pz.
The upper conduction band has a much lower admix-

ture of Cr d(3z2−r2) orbitals which suggests a scenario in
which the exciton reacts less to an external magnetic field
since the magnetic moment is situated on the d-orbital.
This would suggest the potential origin of the X∗ and
X∗∗ from a transition that involves the upper conduc-
tion band. In general, the excitonic transitions are ex-
pected to inherit the orbital character, and this should
also be the case for potential indirect transitions that pre-
serve the orbital conduction band admixture away from

Zweidimensionaler Ferroma-
gnet: CrSBr
• Ferromagnetismus innerhalb
einer Schicht

• Antiferromagnetismus zwi-
schen Schichten

• Interessante Spin-Struktur
• CrSBr: Starke Richtungsab-
hängigkeit der Elektronen und
optischen Eigenschaften
⇒ Manipulation der optischen
Eigenschaften durch externes
B-Feld

Aktuelle Bachelor-/Masterarbeit:
Exzitonen in CrSBr bei externem Magnetfeld:
• Externes Magnetfeld dreht die Spin-Polarisation in den einzelnen Schichten
• Übergang von antiferro- zu ferromagnetischer Konfiguration
• Ziel: Beschreibung mit möglichst einfachem Modellhamiltonian, basierend auf ab-initio Da-
ten (DFT, GW, BSE) für ausgewählte Konfigurationen

Organische Moleküle auf Oberflächen

• Moleküle bilden endliche Anzahl von Bindungen aus
⇒ Zustände (Molekülorbitale) mit anderen Eigenschaften als im Atom

• Besonders das höchste besetzte (HOMO) und das niedrigste unbesetzte (LUMO) Orbital
sind interessant
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• Kontaktierung mit etablierten Materialien (Silber- oder Goldelektroden) möglich
• Energetik kann durch Adsorption auf einem Substrat grundlegend verändert werden und
bietet Ansatzpunkte für gezielte Manipulation (z. B. STM)
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⇒ Ungeahntes Potenzial für zukünftige (opto)elektronische Anwendungen (Lichtemission,
Photovoltaik, molekulare Schalter, Sensoren, Einzelelektronen-Transistoren, Spintronik)

Aktuelle Bachelor-/Masterarbeit:
Adsorbierte Monolage organischer Moleküle (z.B. Tetracene) auf MoS2:
• Adsorbatschicht und Substratmaterial haben unterschiedliche Gitterkonstante
• Welche großflächige Struktur? Musterbildung?
• Resultierende elektronische und optische Eigenschaften
• Methodik: Techniken der Molekulardynamik und Optimierung; DFT-basierte klassische
Kraftfelder; ab-initio Vielteilchenstörungstheorie und deren Abbildung auf Modelle

Wechselwirkung Geometrie-Elektronen

Elektronen reagieren auf die geometri-
sche Struktur des Festkörpers

Manipulation optischer Übergänge
durch angelegten Druck

• Druck =⇒ Verformung =⇒ Verschie-
bung der Energiebänder

• auch: Modifikation der Elektron-Loch-
Wechselwirkung
⇒ Energetische Verschiebung als
Drucksensor

Quantenmechanische Wechselwir-
kung mit Gitterschwingungen
• Gekoppelte Schwingungen der Atome
+ Quantenmechanik =⇒ Phononen

• Kopplung mit Elektronen =⇒ Ver-
schiebungen elektronischer Energien
⇒ Änderungen als Temperatursensor

Exzitonen in MoS2 unter Druck:

microscope and placed on the surface of one diamond anvil in
a home-built microscopic stamping setup.27 Figure 1b displays
an optical micrograph of MoS2 crystals with different layer
numbers inside the diamond anvil cell, with distinctly different
colors for monolayer and bilayer areas. The corresponding
optical transmission spectra at ambient pressure and room

temperature can be seen in Figure 1c. For the monolayer, the
two main resonances, labeled A and B, are attributed to the
two direct intralayer excitons at the K point, which are split in
energy due to spin−orbit coupling (SOC).28 The bilayer also
exhibits A and B excitons with a slightly larger energy
separation and an additional resonance in between, represent-
ing the interlayer (IL) exciton.23 The energy separations
between these resonances are different for mono-, bi-, and
multilayer systems and can be used to confirm that the
investigated sample is indeed a bilayer.24 The spectra in Figure
1 (and subsequent figures) are obtained by subtracting the
measured wavelength-dependent transmittance of the sample
(in %) from 100%, which resembles the absorption of the
sample. Measured spectra of the MoS2 bilayer under different
pressures are shown in Figure 2b. As the pressure increases, the
three exciton resonances exhibit energy shifts, albeit with
different rates. The A (B) exciton shifts linearly to lower
(higher) energies with increasing pressure. This opposite trend
results in an increased A−B splitting, indicating an increase in
the valence band (VB) spin−orbit splitting (see the Supporting
Information for details). This effect is attributed to stronger
interactions between layers, as they come closer under
pressure, in agreement with previous studies.29,30 In Figure 2,
we present theoretically calculated absorption spectra (see the
Supporting Information for details) for pure out-of-plane
compression (Figure 2c) as well as hydrostatic pressure
(Figure 2d). When hydrostatic pressure is applied to the
bilayer, we observe a shift to higher energies, whereas out-of-
plane compression results in a shift to lower energies. This
contrasting behavior is caused by the response of the internal
lattice parameters to pressure. In the case of our out-of-plane
calculations, we keep the lateral lattice constant a fixed at its
zero-pressure equilibrium value of 3.18 Å. The vertical

Figure 1. (a) Crystal structure of monolayer and 2H-bilayer MoS2 in
the top and side view. The unit cell is marked by the red shaded
regions. a and d are the in-plane and out-of-plane lattice constants.
(b) Optical micrograph of MoS2 crystals inside the diamond anvil cell.
(c) Transmission spectra of monolayer and bilayer regions of MoS2
with the additional interlayer exciton resonance between the A and B
excitons in the bilayer. The data exhibit a high-frequency oscillation
caused by interference between the two diamond faces. A numerical
low-pass filter yields the smooth lines shown here.

Figure 2. (a) Schematic drawing of the experiment. By pushing the two diamond anvils together, the argon inside the cell compresses the MoS2
bilayer, which resides on the bottom anvil. (b) Measured spectra (1 − transmission) for different pressure values. The experimental data (gray) are
fitted (see the Supporting Information) with a model function (black) (c, d) Theoretical results for out-of-plane and hydrostatic compression.
Exciton shifts are indicated with colored arrows. The two calculated extreme cases show a blue- and red-shift, respectively. The shifts in the
experiment lie between these two cases but mostly resemble the calculations for out-of-plane compression. The relative absorption strength and
absolute energy positions of the different excitons are slightly different in experiment and theory.
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Diamant: temperaturabhängige Bandstruktur:

Electron-phonon interaction using a localized Gaussian basis set

Gerrit Mann, Thorsten Deilmann, and Michael Rohlfing

University of Münster, Institute of Solid State Theory
Institut für
FestkörpertheorieFT

Importance of electron-phonon interaction

• electronic structure calculations usually neglect

– zero-point renormalization (ZPR) for 𝑇 = 0 K
– electron-phonon renormalization (EPR) dependent on 𝑇

• electron-phonon effects are present in experiments and can be sizeable

(e.g. band gap ZPR as large as ∼ 0.5 eV [1,2]), especially for light atoms

• two methods in literature for solids in DFT:

– frozen phonon method

– Allen-Heine-Cardona (AHC) theory + density functional perturbation

theory (DFPT)

⇒ goal: find efficient implementation for localized orbitals

Allen-Heine-Cardona theory

• decouple electrons and nuclei (Born-Oppenheimer approximation)

• treat electrons within density functional theory (DFT) and

• treat phonons within harmonic approximation

• expand Kohn-Sham potential 𝑉 KS up to 2nd order in atomic displacements

and apply perturbation theory ⟶ bandstructure renormalization

– first order of 𝑉 KS ⟶ Fan-Migdal (FM) contribution

– second order of 𝑉 KS ⟶ Debye-Waller (DW) contribution

EPR from AHC theory

Fan-Migdal Δ𝐸FM
𝑛𝐤 = ∑

𝜈
∫ ∑

𝑚

|𝑔FM
𝑚𝑛𝜈(𝐤, 𝐪)|2

𝜀𝑛𝐤 − 𝜀𝑚𝐤+𝐪
(2𝑛𝐪𝜈(𝑇 ) + 1) d𝐪

ΩBZ

Debye-Waller Δ𝐸DW
𝑛𝐤 = ∑

𝜈
∫ 𝑔DW

𝑛𝑛𝜈𝜈(𝐤, 𝐪, −𝐪)(2𝑛𝐪𝜈(𝑇 ) + 1) d𝐪
ΩBZ

Finite differences implementation

• electron-phonon coupling matrix elements

𝑔FM
𝑚𝑛𝜈(𝐤, 𝐪) = ⟨𝜓𝑚𝐤+𝐪|Δ𝐪𝜈𝑉 KS|𝜓𝑛𝐤⟩

𝑔DW
𝑛𝑛𝜈𝜈(𝐤, 𝐪, −𝐪) = 1

2
⟨𝜓𝑛𝐤|Δ𝐪𝜈Δ𝐪𝜈𝑉 KS|𝜓𝑛𝐤⟩

• variations of the potential

Δ𝐪𝜈𝑉 KS = ∑
𝜅𝛼𝑝

𝑒𝜅𝛼,𝜈(𝐪)
√2𝑀𝜅𝜔𝐪𝜈

ei𝐪⋅𝐑𝑝
𝜕𝑉 KS

𝜕𝜏𝜅𝛼𝑝

Δ𝐪𝜈Δ𝐪𝜈𝑉 KS = 1
2

∑
𝜅𝛼𝑝

∑
𝜅′𝛼′𝑝′

𝑒𝜅𝛼,𝜈(𝐪)𝑒∗
𝜅′𝛼′,𝜈(𝐪)

√𝑀𝜅𝑀𝜅′𝜔𝐪𝜈
ei𝐪⋅(𝐑𝑝−𝐑𝑝′) 𝜕2𝑉 KS

𝜕𝜏𝜅𝛼𝑝𝜕𝜏𝜅′𝛼′𝑝′

• required quantities:

– electron: energy 𝜀𝑛𝐤, wave function 𝜓𝑛𝐤
– phonon: frequency 𝜔𝐪𝜈, polarization 𝐞𝜈(𝐪), occupation factor 𝑛𝐪𝜈(𝑇 )
– derivatives of the Kohn-Sham potential 𝜕𝑉 KS

𝜕𝜏𝜅𝛼𝑝
, 𝜕2𝑉 KS

𝜕𝜏𝜅𝛼𝑝𝜕𝜏𝜅′𝛼′𝑝′

• finite differences for derivatives:

1. make supercell and displace relevant atoms

2. solve Kohn-Sham equations self-consistently

3. evaluate derivative of 𝑉 KS using finite differences

Our approach

• AHC + finite differences:

1. calculate derivatives of 𝑉 KS via finite differences implementation

2. evaluate coupling matrix elements using Gaussian basis set

3. calculate EPR according to AHC theory

• advantages over AHC + DFPT:

– Gaussian basis matrix elements are 𝐪-independent
⇒ efficient evaluation of ∫ d𝐪

– no special treatment of diagonal DW terms (diagonal: (𝜅, 𝑝) = (𝜅′, 𝑝′))
– non-diagonal DW terms are accessible (non-diagonal: (𝜅, 𝑝) ≠ (𝜅′, 𝑝′))

• advantage over frozen phonon:

– limited supercell size

– few supercell calculations

• limitation: localized derivative is assumed

Test systems

• bulk Silicon and Diamond

• fcc lattices with two basis atoms

(tetrahedral structure)

• indirect semiconductors

• well studied for many years

Renormalization of the direct band gap

• two components

– Fan-Migdal term

– Debye-Waller term

(here diagonal only)

• opposite behavior with

rising temperature

• partial cancellation of

contributions −250
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• non-diagonal DW terms not included in this calculation

• reduction of the band gap for bulk Silicon and Diamond even at 𝑇 = 0 K
• effect is enhanced by rising temperature

Conclusion

• electron-phonon interaction modifies the bandstructure even at 𝑇 = 0 K
• the band gaps of bulk Silicon and Diamond reduce with rising temperature

• our approach via AHC + finite differences with localized Gaussian orbitals

– circumvents bottlenecks of established methods

– provides good agreement with AHC + DFPT approach

– makes non-diagonal DW terms accessible

⇒ goal reached: general method with moderate computational effort
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Aktuelle Bachelor-/Masterarbeiten:
Mechanik von MoS2 mit klassischen mechanischen Potenzialen:
• Ab-initio Energetik =⇒ Abbildung auf klassische Potenziale
• van der Waals Potenziale (z.B. Lennard-Jones) zwischen den Schichten
• Ziel: Verformung unter Druck, Phononendispersion, Biegungsverhalten, ...

Elektron-Phonon-Wechselwirkung von NTCDA auf Ag(111)
• Adsorbathöhe von NTCDA auf Ag(111) beeinflusst Energie des elektronischen Grenzflächen-
Zustands =⇒ Elektron-Phonon-Wechselwirkungseffekte

• Beschreibung mit möglichst einfachem/analytischen Modell
• Temperaturabhängige Energieänderung und Lebensdauer des Zustands

Themen einiger bisheriger Bachelor- und Masterarbeiten

• Van-der-Waals Wechselwirkung zwischen harmonischen Oszillatoren
• Modelluntersuchungen von Trionen: korrelierte Dreiteilchenzustände
• Elektronische Struktur von Dichalkogeniden
• Adsorbate auf Graphen und auf Metalloberflächen
• Exzitonen in Heterobilagen
• Elektron-Phonon Wechselwirkung in Gaußbasierter DFT
• Adsorption und Optik von Benzol auf MoS2


