22nd ETSF Young Researchers' Meeting

Zaragoza, Spain

. - A% Max Planck Anstitute for\‘the Structuré and Dynamlcs of Matter (MPSD) ——
and Center fm‘“ Free-Electron Laser Science (CEEL), 22761 Hamburg, Germany - N\ ' :
L ' ! N

> psd @




A Field Worth a Nobel Prize

The “birth” of nonlinear optics

Nonlinear optics was “born” in 1961, in a seminal
paper by Peter Franken and coworkers, reporting
second-harmonic generation of a ruby laser in a
quartz crystal. This was just one year after T. H.
Maiman invented the first laser.

SHG: Second harmonic
generation

532 nm
1064 nm
WORLD’S FIRST LASER 1064 nm
MAY 16, 1960 : $32 nen
MALIBU, CALIFORNIA t —gm—p—-
By THEODORE H. MAIMAN y
Ve
1064 nm
Chiral Crystal

Two photons of IR (1064 nm) interact with a chiral crystal
to generate SHG (532 nm).

Nobel Prize in Physics 1981

They “founded a new field of science we now call
nonlinear optics” by mixing “two or more beams
of laser light [...] in order to produce laser light
of a different wavelength”

Nicolaas Arthur Leonard Kai M. Siegbahn
Bloembergen Schawlow
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Introduction — 1. What is “nonlinear optics”?

The total electric field inside the solid is:

E(r,t) = l [D(r,t) — P(r,t)]

80 : A 4

Electric displacement o
Polarization
(free charges)
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Introduction — 1. What is “nonlinear optics”?

In general, one can expand the polarization at different
orders in the perturbating field E:

x™ n-th order

P = PO + X(l)E + X(Z)EZ + X(3)E3 + - response coefficient
\ (susceptibility)
Intrinsic Nonlinear
polarization response
Linear * SHG
response * Pockels effect

Two-photon absorption
* Absorption (DC and optical) Kerr effect
 Refraction * High-harmonic generation

E(r,t)=l[D(r,t)—P(r,t)] ° ... ° ...

80 : A 4

Electric displacement o
Polarization
(free charges)

The total electric field inside the solid is:
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Introduction — 1. What is “nonlinear optics”?

The total electric field inside the solid is:

E(r,t) = l [D(r,t) — P(r,t)]

€o _i l

Electric displacement .
Polarization
(free charges)

In general, one can expand the polarization at different
orders in the perturbating field E:

x™ n-th order

P = PO + X(l)E + X(Z)EZ + X(3)E3 + - response coefficient
\ (susceptibility)
Intrinsic Nonlinear
polarization response
Linear * SHG
response * Pockels effect

Two-photon absorption
* Absorption (DC and optical) Kerr effect
 Refraction * High-harmonic generation

Cases where the expansion is not valid:

= very strong fields

* non-univocal relation between P and E (hysteresis)
= close to phase transitions
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Nonlinear optics boasts a wealth of possible applications: physics, optoelectronics, medicine, materials science

—and even in real life!

Introduction — 2. Applications

Nonlinear Optics in Life

Tversnfylr;g . Information
ase.rs an Materl.als Technology
Light Interactions
Telecom
New Colors Pulsing Sensors
Control: S Analysis Data
Mach ‘
Spatial & et Tools | Storage
Frequency '
{ | Spectroscopy )
Y : Signal

Applications that use these diversified lasers | Processing
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Introduction — 3. Scientific and technological applications

» Laser control: modify laser beam shape, wavelength, and intensity.
> Biological imaging: visualize protein dynamics in living systems.
» Quantum optics: generate entangled photons.

> Material characterization: reveal electronic and structural
properties of materials.

» Symmetry probing: study phase transitions and symmetry
breaking.

» Surfaces and interfaces: map deposited layers, size, and
orientation.

» Liquids: study liquid-liquid and gas-liquid interfaces.

» Optical fibers: wavelength conversion, signal amplification.

Simone Grillo | MPSD | YRM2026
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Theory and methods — 1. Comparing strategies

Frequency-domain
(perturbative) approaches

Based on a perturbative expansion of the
response with respect to the external field,
with explicit calculation of the n-th order
susceptibilities.

1. Expand analytically
2. Solve for y™
3. Strategy: sum-over-states, Sternheimer equation

Simone Grillo | MPSD | YRM2026 6

Real-time
(non-perturbative) approaches

Direct time propagation of the electronic system
under an external field, and the nonlinear response
is extracted from time-dependent polarization or
current.

1. Propagate system
2. Extract y(™ at any order from J(t) or P(t)
3. Strategy: time evolution




Theory and methods — 1. Comparing strategies

Frequency-domain
(perturbative) approaches

Based on a perturbative expansion of the
response with respect to the external field,
with explicit calculation of the n-th order
susceptibilities.

1. Expand analytically
2. Solve for y™
3. Strategy: sum-over-states, Sternheimer equation

« Direct access to each y (™
* C(lear physical interpretation

* Order-by-order derivation
* Complexity explodes
* Limited to weak fields
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Real-time
(non-perturbative) approaches

Direct time propagation of the electronic system
under an external field, and the nonlinear response
is extracted from time-dependent polarization or
current.

1. Propagate system
2. Extract y(™ at any order from J(t) or P(t)
3. Strategy: time evolution

« Extraction of y(™ at any order
* Suitable for strong fields

* Higher computational cost
No explicit formulas for y ™
e More cumbersome (Fourier) analysis




Theory and methods — 1. Comparing strategies

Frequency-domain Real-time

(perturbative) approaches (non-perturbative) approaches
Based on a perturbative expansion of the Direct time propagation of the electronic system
response with respect to the external field, under an external field, and the nonlinear response
with explicit calculation of the n-th order is extracted from time-dependent polarization or
susceptibilities. current.
Theoretical frameworks Theoretical frameworks
* Independent particle approximation (IPA) [1]  TD-DFT [4]
* Time-dependent density functional theory (TD-DFT) [2] * Nonequilibrium Green’s functions (NEGF) [5]
* Many-body perturbation theory (MBPT) [3] * Time-dependent Bethe-Salpeter equation (TD-BSE) [6]

* Time-dependent Schrodinger equation (TD-SE) [7]

In a nutshell:
Frequency-domain approaches are ideal for accurate and interpretable low-order response.
Real-time approaches provide a flexible route to nonlinear dynamics and higher-order effects beyond perturbation theory.

[1] Physical Review B 48.16 (1993): 11705 [4] Journal of Molecular Structure: THEOCHEM 914.1-3 (2009): 3-18
[2] Physical Review B 53.23 (1996): 15638, Physical Review B 82.23 (2010): 235201 [5] https://doi.org/10.1201/9780429493218
[3] Physical Review B 71.19 (2005): 195209, Physical Review B 65.3 (2001): 035205 [6] Physical Review B 84.24 (2011): 245110

[7] Physical Review B 88.23 (2013): 235113



Theory and methods — 1. Comparing strategies

Frequency-domain Real-time

(perturbative) approaches (non-perturbative) approaches
Based on a perturbative expansion of the Direct time propagation of the electronic system
response with respect to the external field, under an external field, and the nonlinear response
with explicit calculation of the n-th order is extracted from time-dependent polarization or
susceptibilities. current.
Theoretical frameworks Theoretical frameworks
* Independent particle approximation (IPA) [1]  TD-DFT [4]
* Time-dependent density functional theory (TD-DFT) [2] * Nonequilibrium Green’s functions (NEGF) [5]
* Many-body perturbation theory (MBPT) [3] * Time-dependent Bethe-Salpeter equation (TD-BSE) [6]

* |Time-dependent Schrodinger equation (TD-SE)|([7]

In a nutshell:
Frequency-domain approaches are ideal for accurate and interpretable low-order response.
Real-time approaches provide a flexible route to nonlinear dynamics and higher-order effects beyond perturbation theory.

[1] Physical Review B 48.16 (1993): 11705 [4] Journal of Molecular Structure: THEOCHEM 914.1-3 (2009): 3-18
[2] Physical Review B 53.23 (1996): 15638, Physical Review B 82.23 (2010): 235201 [5] https://doi.org/10.1201/9780429493218
[3] Physical Review B 71.19 (2005): 195209, Physical Review B 65.3 (2001): 035205 [6] Physical Review B 84.24 (2011): 245110

[7] Physical Review B 88.23 (2013): 235113



Theory and methods — 2. Real-time approach: EOM

Consider an effective Hamiltonian of a crystal coupled to a time-dependent electric field [1, 2]:

AT (t) = BY + Wi (E, t)

/\

Zero-field unperturbed Hamiltonian Perturbation term
(varying according to the level of theory) (coupling with the external field)

[1] Physical Review B 69.8 (2004): 085106; [2] Physical Review B 88.23 (2013): 235113
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Theory and methods — 2. Real-time approach: EOM

Consider an effective Hamiltonian of a crystal coupled to a time-dependent electric field [1, 2]:

AT (t) = BY + Wi (E, t)

/\

Zero-field unperturbed Hamiltonian Perturbation term
(varying according to the level of theory) (coupling with the external field)

Key point of this approach: time-evolution of the time-dependent Bloch states |v,,,(t)), periodic part of the states W, (1, t) = e*Tv, . (1, t).

States at time ¢ are obtained upon time-evolution according to the EOM:

[ﬁ;f f (t) — ihat] |V (0)) =0 Time-dependent Schriodinger Equation
(TDSE)

with the boundary condition for the zero-field time-zero states Y, (r,t = 0) = e®* 7, (1) (e.g. Kohn-Sham DFT states ¢.X3 (1) ).

[1] Physical Review B 69.8 (2004): 085106; [2] Physical Review B 88.23 (2013): 235113
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Theory and methods — 3. Real-time approach: Berry-phase formulation

A possible choice for the coupling to the electric field is the length gauge:
Wy (E, t) = —eE(t)f

» The position operator is ill-defined in periodic systems.
* An operator valid beyond the linear regime is required.

[1] Physical Review B 69.8 (2004): 085106; [2] Physical Review B 88.23 (2013): 235113
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Theory and methods — 3. Real-time approach: Berry-phase formulation

A possible choice for the coupling to the electric field is the length gauge:
Wy (E, t) = —eE(t)f

» The position operator is ill-defined in periodic systems.
* An operator valid beyond the linear regime is required.

Solution: Berry-phase formulation of the dynamical polarization [3]:

p, = (2n) Bzdkz <vnk

The perturbation term is defined in terms of field coupling operators Wy, :

vnk> King-Smith and Vanderbilt formula

Wi(E, t) = Wi (E, t) + W, (E,t)

containing a two-points central finite difference approximation of d_|vy)-

[1] Physical Review B 69.8 (2004): 085106; [2] Physical Review B 88.23 (2013): 235113; [3] Physical Review B 48.7 (1993): 4442
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Theory and methods — 4. Real-time approach: levels of theory

We are interested in crystalline solids, periodic systems:

Atomic structure
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Starting Hamiltonian

B (t) = BY + Wi (E, t)

All the complexity (and accuracy) of the description
lies in the choice of the unperturbed Hamiltonian H} .
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Theory and methods — 4. Real-time approach: levels of theory

We are interested in crystalline solids, periodic systems:

0
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Atomic structure Starting Hamiltonian

B (t) = BY + Wi (E, t)

All the complexity (and accuracy) of the description
lies in the choice of the unperturbed Hamiltonian H} .
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50 shades of Hamiltonians

HO + A
~o—
—O

Hamiltonian
0-field system

IA{O—l‘AQP F 0) A~

~I_-7

QP renormalization effects (@GW)
~— &~ onthe unperturbed system

H° + A®F 4 Vi (Ap) A-

’ Crystal local effects

—

H + AP + Vi (Ap) + £[AY]

TD renormalization effects !
on QP energies/optical excitations

Ap, Ay : variations in the density (p) and
density matrix (y) induced by the external field.

IPA
DFT, TB

IQPA

GW, scissor operator

TDH

TDaGW/TDBSE
HSEX, LSEX




Theory and methods — 5. Computational framework

Density Functional Theory (DFT)
Single-particle approach for the study of the ground-state
properties of materials (crystalline structure, phonons, DOS,...)

Conduction Band

@ Electron
O Hole

L
Valence Band M
DFT

Ground state properties
Underestimated band gap

Many-Body Perturbation Theory (MBPT)

Green’s function theory for the study of the excited-state
properties of materials (QP corrections, band offsets, excitons, ...)

Quasiparticle renormalization
Wrong absorption threshold

W

. Sq J\'('(H".!

electron-hole

interaction

GW BSE

Excitonic optical spectrum
Missing “exotic” effects

* Increased complexity
* Increased computational cost
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Theory and methods — 5. Computational framework

Density Functional Theory (DFT) Many-Body Perturbation Theory (MBPT)
Single-particle approach for the study of the ground-state Green’s function theory for the study of the excited-state
properties of materials (crystalline structure, phonons, DOS,...) properties of materials (QP corrections, band offsets, excitons, ...)
Conduction Band \_/ \__ __/ \./
@ Electron hv/{ W
OHGIE‘ : screened
. electron-hole
Valence Band .'.'.-.‘. ‘..()\ interaction
DFT GW BSE

\ ¥ ) A \
( Ouunmmzspmsu Yamt;ba©

Journal of physics: Condensed matter 21.39 (2009): 395502 Journal of physics: Condensed matter 31.32 (2019): 325902
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Theory and methods — 5. Computational framework

Integration of the EOM
d 20 L -
ha |vnk) = [Hl(c) + Wk(Er t) + Wk (E: t)] |vnk)

Operational scheme Perturbing field E(7)

1.  Start from zero-field zero-time Hamiltonian: “ @

eigenvalues &,,;, and eigenfunctions |, ) at the desired

level of theory (IPA, IQPA, etc.). | nk), €nk
1.  Integrate EOM in the presence of a monochromatic

electric field E(t) to obtain P(t).

ii. Fourier-transform P(t) to extract susceptibilities y ™ at

| J out
any order.
ii1. Repeat step (i1) and (ii1) varying the laser frequency P(t) ( \ ’\

within the desired energy range.

out

Fourier analysis: extract y(™ at any order

P(t) — z p(n) e—inth
n

P(t) = xWE@®) + xPE* () + x QB (6) + -

Journal of physics: Condensed matter 31.32 (2019): 325902; Physical Review B 88.23 (2013): 235113
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Original results — 1. Inducing and tuning SHG

Considering the polarization expasion P(t) = yWE(t) + y?E2(t) + ... 1in frequency space (P and E vectors and y™ tensors):

P(w) = x5 (w; 0)E;(w) +
2
+Xi(jlz (w; w1, w2)Ej(w1)Ep (w7) +
3
+Xi(jlzl(wi w1, Wz, W3 )Ej(w1) Ex (w2)E(w3) + ...
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Original results — 1. Inducing and tuning SHG

Considering the polarization expasion P(t) = yWE(t) + y?E2(t) + ... 1in frequency space (P and E vectors and y™ tensors):

P(w) = x5 (w; 0)E;(w) +

2 2 .
xS (@; w1, w2)Ej (1) Ex (@) + > X (ww,w2)
(3) , Output frequency Input frequencies
+Xijkl(w’ W1, W2, W3 )Ef (W) Ex(w2)E(w3) + ... Sum of Frequency generation | w = w; +ws | wi # wo
Second harmonic generation w = 2wy W] = Wo
Pockels effect W= Wy wo =10
Optical rectification w=1>0 W) = —ws
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Original results — 1. Inducing and tuning SHG

Considering the polarization expasion P(t) = yWE(t) + y?E2(t) + ... 1in frequency space (P and E vectors and y™ tensors):

P(w) = x5 (w; 0)E;(w) +
(2)

> X(Q)(w;whu&)

Xk (W; w1, W2)Ej(w1)Ep (wz) +
3
+Xi(jlzl(wi w1, Wz, w3 )Ej(w1)Ex(w2)E(w3) + ...

SHG: The electric field of the incident beam results in the
polarization of the medium, re-emitting light at the original
frequency w, but also at the frequency 2w;.

Excited state
- Virtual state
'y ' Y
AR T
¥
w;
AVAVY. |
Ground state Ground state
Two-Photon Excited Fluorescence Second Harmonic Generation
Involves real transition Involves virtual transition
Energy is partially lost Energy is conserved
Nanosecond response time Femtosecond response time
Frequency lower than SHG Frequency exactly doubled

Proceedings of the National Academy of Sciences 107.33 (2010): 14535-14540

Simone Grillo | MPSD | YRM2026

Output frequency Input frequencies
Sum of Frequency generation | w =w; +ws | wy # ws

Second harmonic generation w = 2wy W] = Wo
Pockels effect W= Wy wo =10
Optical rectification w=10 w1 = —Ws
1-Photon 2-Photon Second Harmonic Sum Frequency
Excitation Excitation Generation (SHG) Generation (SFG)

Virtual State = o = =|= = = = = -=F-=-=-=--- -F---- -3-[-- - -

GMEERES == =~ = =

Biophysical Reviews 12.6 (2020): 1321-1329



Original results — 1. Inducing and tuning SHG

Symmetries play a critical role in the nonlinear response of solids, including SHG.

Crystal System  Crystal Class

Nonvanishing Tensor Elements

1=Cy

1=5
2=0,

Triclinic

Monoclinic

m=Cyy

2/m=Cyp
222=D,
mm2 = Cy,

Orthorhombic

mmm = Dyy,

Tetragonal 4=0Cy4

4=25

Simone Grillo | MPSD | YRM2026

All elements are independent and nonzero
Each element vanishes

TR
XYZ, X2V, XX, XYX, YXX, YYY, Y22y YZX, YXZ, ZYZs \
zzy, zxy, zyx (twofold axis parallel to ) \|
XXX, XYY, X2Z, X2X,XXZ, YYZ, Y2V, YXY, YYX, ZXX, centrosym metric

2yy, 222, 22X, zxz (mirror plane perpendicular to ) 4 (inversion Centre)
Each element vanishes s

— A
Xyz,XZy, YZX, yXZ,2Xy, ZyX /
XZX,XXZ, YYZ, YZY» ZXX, ZYY, 222 _
Each element vanishes e

XyZ=—YyXZ,XZy = —YyIX,XZX = yZy,XXZ = yyZ,
XX = 2ZYY, 222, ZXY = —ZyX

XYZ = YXZ,XZy = YIX,X2X = —yZY, XXZ = —YyyZ,
XX = —Zyy, IXy =ZyX

ﬁ

A system displaying spacial inversion symmetry
(i.e. centrosymmetric) has vanishing susceptibility
tensors of even order (Y = y® = x(© =),




Original results — 1. Inducing and tuning SHG

Symmetries play a critical role in the nonlinear response of solids, including SHG.

A system displaying spacial inversion symmetry
(i.e. centrosymmetric) has vanishing susceptibility
tensors of even order (Y = y® = x(© =),

Crystal System  Crystal Class Nonvanishing Tensor Elements
Triclinic 1=C All elements are independent and nonzero
1=5, Each element vanishes e
Monoclinic 2=0Cp XYZ, XZY, XXY, XYX, YXX, YYY, Y22, YZX, YXZ, ZYZ, \\\
zzy, zxy, zyx (twofold axis parallel to ) \w
m=Cyy XXX, XYY, XZZ, XZX,XXZ, YYZ, YZ), VXY, YYX, ZXX, centrosym metric
Zyy, 222, 22X, zxz (mirror plane perpendicular to y) ///1 (I nversion ce ntre)
2/m=Cyy Each element vanishes I - 4
Orthorhombic 222 = Dy XYyZ,XZY, yZX, YXZ,2Xy,2yX /
mm?2 = Cy, XZX,XXZ, YYZ, YZY22XX,2YY, 222 ,,,///
mmm = Dy, Each element vanishes
Tetragonal 4=0Cy XYZ = —YXZ,XZY = —YZX, XX = YZY,XXZ = YyYyZ,
XX =YY, 222, ZXy = —ZyX
4=5, XYZ = yXZ,XZY = YIX,XZX = —yZy, XXT = —YyyZ,
XX = —ZYy, ZXy = ZyX

Example: y? (SHG). For a monochromatic field (with w; = w,):
PPQ2w) = yP(—2w)E?*(w)
Inverting spacial coordinates: r - —71: P and E (vectors) must change sign
—P?)(2w) = x¥ (-2w)E*(w)

If spacial inversion holds, the two relations must be equal, then y® (—2w) = 0.

» A system with such symmetry (centrosymmetric) cannot show SHG.

Simone Grillo | MPSD | YRM2026

Can we induce SHG in a
centrosymmetric system?




Original results — 1. Inducing and tuning SHG

| Our inspiration |

NAN
ETTER S pubs.acs.org/NanoLett

Electric-Field Switchable Second-Harmonic Generation in Bilayer

MoS, by Inversion Symmetry Breaking
J. Klein,*’%'@ J. Wierzbowskljf A Steinhoﬂf M. FIorian,i M. thisner,i"{s E Heimbach,” K. Miillerf
F. Jahnke,” T. O. Wehling ™ 7. J. Finley,*" and M. Kaniber®"

Nano letters 17.1 (2017): 392-398
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| Our objectives

SciPost Phys. Core 7, 081 (2024)

Tunable second harmonic generation in 2D materials:
Comparison of different strategies

Simone Grillo'*, Elena Cannuccia?, Maurizia Palummo’,
Olivia Pulci' and Claudio Attaccalite®*

1 University of Rome Tor Vergata, Rome, Italy
2 Aix Marseille Univ, CNRS, PIIM, Physique des Interactions Ioniques et Moléculaires,
UMR 7345, Marseille, France
3 CNRS/Aix-Marseille Université,
Centre Interdisciplinaire de Nanoscience de Marseille,
UMR 7325 Campus de Luminy, 13288 Marseille cedex 9, France
4 European Theoretical Spectroscopy Facilities (ETSF)

» Get more physical insights
» Validate experimental results
» Include excitonic effects

SciPost Physics Core 7.4 (2024): 081
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Original results — 1. Inducing and tuning SHG

In 2H-MoS, inversion symmetry is layer-dependent:

*  Odd number of layers — Inversion symmetry —— SHG
*  Even number of layers —— Inversion symmetry — SHG

SciPost Physics Core 7.4 (2024): 081

Simone Grillo | MPSD | YRM2026 17



Original results — 1. Inducing and tuning SHG

In 2H-MoS, inversion symmetry is layer-dependent:

*  Odd number of layers — Inversion symmetry —— SHG
*  Even number of layers —— Inversion symmetry — SHG

SHG can be induced (and tuned) by applying a static electric field € along
the non-periodic direction (out-of-plane).

SciPost Physics Core 7.4 (2024): 081

Simone Grillo | MPSD | YRM2026
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Original results — 1. Inducing and tuning SHG

In 2H-MoS, inversion symmetry is layer-dependent:

*  Odd number of layers — Inversion symmetry —— SHG
*  Even number of layers —— Inversion symmetry — SHG

SHG can be induced (and tuned) by applying a static electric field € along
the non-periodic direction (out-of-plane).

Two more terms appear in the second-order polarization:

(2)
Pi(2’<w>=2{x 2 (205 0, ) + 2 TE g)ﬂgl}Eﬂw)Ek(w)

Lk d&;
k
2 2 2
dx 2 (R(E), &) e f,,i(Ro,e) z - 0x2 (R E = 0)0r,,
dgl N E—0 681 — R—-Ry aTna 08,
SHG induced by the SHG induced by the
electronic distribution atomic displacements

SciPost Physics Core 7.4 (2024): 081

Simone Grillo | MPSD | YRM2026 17



Original results — 1. Inducing and tuning SHG

Electronic contribution to SHG with the SHG induced by the displacement of the atoms »n in
atoms fixed in their equilibrium positions. the direction a in the presence of an external field €
(2) (2) _
1m = w; W, w,
£,-0 &, lekl R-R arm 0&;
na
0.25 ; . . . 0.0006 , ' . .
No Field — No Field —
Er=0.5 MV/cm — ) Er =05 MV/cm —
0.20 1 Ep =25 MV/cm — | 0.0005 t Ep =25 MV/cm —
Ep =50 MV/cm — Ep =5.0 MV/cm —
0.0004
< 0.15
g 0.0003
55010

0.0002

).05 }
0.05 0.0001 ¢

0

0
1 2 S | 5 6 1 2 3 1
Photon Energy (eV) Photon Energy (eV)

6

3] 8

SciPost Physics Core 7.4 (2024): 081
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Original results — 1. Inducing and tuning SHG

Electronic contribution to SHG with the

atoms fixed in their equilibrium positions.

SHG induced by the displacement of the atoms » in
the direction a in the presence of an external field €

2
Z lim i (R € = 0) 011

R-Ry 0T,y d0&;
na

dxi (Ro, &) , )
Jimy =55 = Xija(~203 ©,0,0)
0.25 8

0.20 ¢

0.05

0

] p) 3

Photon Energ 01 2

Simone Grillo | MPSD | YRM2026

Monolayer No Field — |
Er=0.5 MV/em — |7 . I
Ep =12 MV/cm — e SO

] Er =05 MV/cm —
— = v —
Er = g.o MV /em Ep =25 MV/cm —
Er=5.0 MV/cm — | Ep =5.0 MV/cm —

6

wib

3

i
5 Gton Energy (eV)
SciPost Physics Core 7.4 (2024): 081
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Original results — 1. Inducing and tuning SHG

Electronic contribution to SHG with the Our observations [1] reveal a linear
atoms fixed in their equilibrium positions. dependence for small fields and a quadratic
dependence at higher fields, consistent with
(2) (Ry, &) the experimental findings [2].
1m Aijk 70 —)( (wawO)
£,-0 0 51 [ ]kl

T Gate voltage V5 (V)
Ly o 120 60 0 60 120
0.20 : . u,tqt«un«u(uu«m- ¢ ]
| - s _
| = =
i A _g i D 2L i
'5:‘% 0.10 \“1 od Elec t 1|n\|\ '_g 103 :_ _:
= 2 ;
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0.05 } -E i -
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1 > 3 f 5 6 N .
Photon Energy (eV)

[1] SciPost Physics Core 7.4 (2024): 081; [2] Nano letters 17.1 (2017): 392-398
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Original results — 2. LSEX approximation

SEX approximation: W(q + G,q + G")

Simone Grillo | MPSD | YRM2026

50 shades of Hamiltonians

HO + AP 4 Vi (Ap) + B[A-

Hamiltonian
0-field system

ﬁ-O + AQP

“~f-=" QP renormakgation effects (@GW)
-~ &~ onthe unpertibed system

H + ARF 1+ Vi (Ap)

' Crystal Ial effects

—

H + A" 1+ ViYoo)

TD renormalization effects !
on QP energies/optical excitations

Ap, Ay : variations in the density (p) and
density matrix (y) induced by the external field.

IPA
DFT, TB

IQPA

GW, scissor operator

TDH

TDaGW/TDBSE
HSEX, LSEX



Original results — 2. LSEX approximation

SEX approximation: W (q + G,q + G") 50 shades of Hamiltonians

Codes for simulating periodic systems rely on symmetries

for cost and performance. IPA
. . . . . . Hamiltonian DFT, TB
Real-time simulations with a time-dependent electric field 0-field system
b hallenging: . .
can be very challenging 0 4 AQP
* broken time-reversal symmetry ~—
 dense k—grids S~2t QP renormaNgation effects (@GW) IQPA
. Spil’l-OI’bit Coupling ~— &~ onthe unpertibed system GW, Scissor operator
* additional symmetry-breaking (e.g. static fields) - - -
* high level of theory H® + AP 4+ vy (Ap)
’ Crystal Idcal effects TDH

HC + A" + Vo)

TDaGW/TDBSE
TD renormalization effects HSEX, LSEX

on QP energies/optical excitations

Ap, Ay : variations in the density (p) and
density matrix (y) induced by the external field.
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Original results — 2. LSEX approximation

SEX approximation: W (q + G,q + G") 50 shades of Hamiltonians

Codes for simulating periodic systems rely on symmetries
for cost and performance.

Hamiltonian
Real-time simulations with a time-dependent electric field O-field system

can be very challenging: 70 L AQP
+
* broken time-reversal symmetry
. ~ * ’
® nse k-gri ~==" QP renormaNgation effects (@GW)
de. 5¢ g ds . ~— &~ onthe unpertibed system
* spin-orbit coupling

* additional symmetry-breaking (e.g. static fields)

* high level of theory H® + A®F + Vi (Ap)
We derive a simplified screened exchange term: ’ Crystal Idal effects
long-range screened exchange (LSEX): .,
(i) Only long-range is considered at first order (G = G’ = 0) H® + AP 4+ VH)@p)
(1) Additional G-vectors for desired convergence R '
on QP energies/optical excitations

(i11) Neglect local-field effects (can be relaxed if needed) L ,
Ap, Ay : variations in the density (p) and

density matrix (y) induced by the external field.
SciPost Physics Core 7.4 (2024): 081
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Original results — 2. LSEX approximation

SEX approximation: W(q + G,q + G") Only a few G-vectors are required to reproduce the first excitons.
. . . . . E);p ---
Codes for simulating periodic systems rely on symmetries LSEX1 —
for cost and performance. LSEX3 —
LSEX5
Real-time simulations with a time-dependent electric field HSEX

can be very challenging:

* broken time-reversal symmetry

* dense k-grids

* spin-orbit coupling

* additional symmetry-breaking (e.g. static fields)
* high level of theory

Im[e(w)]

We derive a simplified screened exchange term:

long-range screened exchange (LSEX): —- . . , .
1 1.2 1.4 L6 1.8 2 2.2 2.1 2.6
Photon Energy (eV)

(i) Only long-range is considered at first order (G = G’ = 0)

Imaginary part of the dielectric function of monolayer WSe,, calculated at
the BSE level, using both HSEX and LSEX approximations (with different
numbers of G-vectors). Our results [1] are compared with the experimental
measurements of [2].

(11) Additional G-vectors for desired convergence
(111) Neglect local-field effects (can be relaxed if needed)

[1] SciPost Physics Core 7.4 (2024): 081; [2] Nature communications 5.1 (2014): 4543
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Conclusions

O Nonlinear optics enables broad applications across
physics, medicine, and electronics. )§

O Real-time approaches provide direct access to optical
responses at any order with the same EOMs.

0 TDSE methods offer a flexible way to include
interactions beyond the IP picture.

L Nonlinear responses can be induced and tuned in
materials using appropriate means (e.g. electric fields)

+
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